'™ forests

Article

The Effect of Informal Tourist Trails on the Abiotic Conditions
and Floristic Composition of Deciduous Forest Undergrowth in

an Urban Area

Kinga Kostrakiewicz-Gieratt 1*{, Artur Pliszko 2

check for

updates
Citation: Kostrakiewicz-Gieratt, K.;
Pliszko, A.; Gmyrek, K. The Effect of
Informal Tourist Trails on the Abiotic
Conditions and Floristic Composition
of Deciduous Forest Undergrowth in
an Urban Area. Forests 2021, 12, 423.
https:/ /doi.org/10.3390/£12040423

Academic Editor: Idalia Kasprzyk

Received: 20 February 2021
Accepted: 29 March 2021
Published: 1 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Katarzyna Gmyrek !

Department of Tourism Geography and Ecology, Institute of Tourism, Faculty of Tourism and Recreation,
University of Physical Education in Cracow, Jana Pawta II 78, 31-571 Cracow, Poland;
katarzyna.gmyrek@awf.krakow.pl

Department of Taxonomy, Phytogeography, and Palaeobotany, Institute of Botany, Faculty of Biology,
Jagiellonian University, Gronostajowa 3, 30-387 Cracow, Poland; atur.pliszko@uj.edu.pl

*  Correspondence: kinga.kostrakiewicz@awf krakow.pl

Abstract: The study aimed to assess the effect of informal tourist trails on the abiotic conditions and
floristic composition of deciduous forest undergrowth in an urban area. The study was carried out
in the Wolski Forest in Krakéw (Poland) in 2020 using a total of 400 plots (1 m x 1m) situated in
close (CL) and further (FU) vicinity of informal (<50 cm in width) and formal (>150 cm in width)
tourist trails in the forest interior and forest edge sites. Agreater content of N-NH4, P, and K occurred
in the forest interior sites, while greater light intensity, species number, total plant cover, and stem
height were found in the forest edge sites. Greater light intensity and a higher percentage of total
and damaged plant cover were recorded in CLplots, while a greater height of plants was seen in
FUplots. The number of species was higher in plots located along informal trails than in plots along
formal trails. The dominance of therophytes and autochorous species along informal trails in the
forest interior sites might be a result of successful diaspore dispersal by people walking, while the
substantial share of zoochorous species along formal trails suggests their dissemination by dogs
accompanying visitors. The dominance of forest and ruderal taxa in the forest interior sites suggests
unfavourable conditions for the germination of meadow and grassland species. The higher cover-
abundance of alien plants in CL plots along informal trails and FU plots along formal traits suggests
that alien plants growing near the formal trails are more exposed to mechanical damage.

Keywords: plant traits; soil properties; species composition; urban forest

1. Introduction

Urban forests, which constitute large areas of urban greenery, play a major role in the
functioning of cities. The most often emphasised values of urban forest areas are favourable
climatic conditions, varied topography, significant biodiversity, and the presence of water
reservoirs. Good communication with the city centre makes them attractive places for
active rest and recreation, ensuring the well-being and health of residents and tourists [1,2].
The importance of urban forests for recreation has been confirmed by many authors [3-11].

On the other hand, the development of tourism and recreation can be a serious threat
to urban forests. The negative consequences of the excessive tourist traffic are represented,
among others, by sewage production, air pollution, waste generation, noise, increased
probability of fire ignition, scaring away of animals, as well as trampling due to illegal
pathways. The establishment of spontaneous (informal) paths by tourists, runners, and
cyclists significantly affects the soil conditions and species composition of the patches
located in the vicinity of the trails [12]. The impact of spontaneous treading of informal
paths on soil properties and/or vegetation in patches located in the vicinity of trails
in urban forests is of increasing interest among researchers. Hitherto, investigations
have focused on the effects of formal and informal trails on forest strata [13-18], soil
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microbial community [19], and soil physical and chemical properties [15,16] as well as
the impact of illegal trails on habitat fragmentation [20]. Nevertheless, the current state
of knowledge is still insufficient; the impact of informal tourist trails on soil properties
and vegetation characteristics still constitutes one of the main issues requiring further
investigation, according to Ballantine and Pickering [21]. In this study, therefore, we aimed
to assess the influence of informal tourist trails on the abiotic conditions and floristic
composition of deciduous forest undergrowth. The specific goals were to investigate the
effect of (i) the type of tourist trails (informal and formal), (ii) the distance from the trails,
and (iii) the location of tourist trails in the forest interior and forest edge sites on

e  Selected abiotic conditions (light intensity on the forest floor, soil moisture, pH, and
chemical properties).

e Plant cover features (number of species, total plant cover, the height of the tallest
plants, and plantcover damaged by trampling).

e  Cover-abundance of species representing different life forms, dispersal modes, habitat
affiliations, and origin.

2. Materials and Methods
2.1. The Study Area

The study was conducted in the Wolski Forest (in Polish: “Las Wolski”), Lesser Poland
Voivodeship, southern Poland. The Wolski Forest lies in the Polish Jurassic Highland, in the
western part of the city of Krakow (Figure 1A), and covers ca. 420 ha. The highest elevated
hills are Sowiniec (358 m a.s.l.), Pustelnik (352 m a.s.l.), and Srebrna Goéra (326 m a.s.l.) [22].
The geological substrate of the Wolski Forest consists of Upper Jurassic limestones and
loess formations of various thickness, on which brown soils rich in nutrients, as well as
black earth and alluvial soil, developed [22,23]. The loess soils are strongly exposed to
water erosion, especially on slopes [24]. The Wolski Forest is situated in the temperate
climate zone, with an average annual air temperature of about 9 °C and average annual
precipitation of about 700 mm [25]. The area is very diverse in terms of microclimate. In
summer, the south-facing limestone rocks heat up to 60 °C, whereas in shady gorges, the air
is humid, with a temperature lower than 20 °C [26]. The Wolski Forest is occupied by tem-
perate deciduous forests—with beech and oak as dominant species—covering about 89% of
the area. The highest situated areas are overgrown by a mixed forest (Pino-Quercetum Mat.
et Polak.), while the shady gorges, by oak-hornbeam forest (Tilio-Carpinetum Anonim). On
the north-facing shady slopes, Carpathian beech woodland (Dentario glandulosae-Fagetum
W.Mat. ex Guzikowa et Kornas$) is present. The shady steep rocky walls are covered by
mosses and ferns, and the open calcareous south-facing rocky walls and shelves favour the
development of xerothermic thickets and saxatile grasslands. Moreover, the forest clearings
of the Wolski Forest are occupied by semi-natural (Molinio-Arrhenatheretea R.Tx.) and
anthropogenic (Artemisietea vulgaris Lohm., Prsg et R.Tx. in R.Tx.) vegetation [23,26-28].

The Wolski Forest is the largest green area in Krakéw and belongs to agroup of mu-
nicipal forests [24]. In 1981, it was included in the Bielarisko-Tyniecki Landscape Park
due to its high natural value. There are three nature reserves within the Wolski Forest,
one of which (Panieniskie Skaty, 6.41 ha) protects a 150-year-old tree stand [24]. Apart
from natural, landscape, and historical values, the Wolski Forest plays a major recreational
role for Krakow’s citizens, and it is an undisputed tourist attraction [22,24,27]. There are
several recreational clearings within the Wolski Forest, namely Polana Sowiniec (4.2 ha),
Polana Bielaniska (1.7 ha), PolanaJacka Malczewskiego (1 ha), Polana Juliusza Lea (0.9 ha),
Polana Wincentego Wobra (0.9 ha), and Polana Harcerska (0.1 ha). Moreover, there are
eight marked hiking trails, a cycling path, a horse-riding trail, and a cross-country skiing
route. The most popular tourist attractions are the Krakéw Zoo, the Przegorzaty Castle, the
Pilsudski Mound, and the Camaldolese Monastery [22,27]. In the Wolski Forest, plant com-
munities have been negatively impacted by improper forest management and the planting
of alien tree species such as Aesculus hippocastanum L., Pinus nigra ].F.Arnold, P. strobus L.,
Quercus rubra L., and Robinia pseudoacacia L. In addition, citizens and tourists contribute to
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the destruction of habitats and the loss of native species by trampling, dumping rubbish,
and collecting rare plants [23,24,26].
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Figure 1. Location of the study sites (A) and the sampling design (B). Abbreviations of study sites are
explained in Table 1; yellow circles mean formal trails, red circles mean informal trails; CL indicates
the plot located near the trail, FU indicates the plot located far from the trail.
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Table 1. The characteristics of study sites.
Study Site Study Site Width of Trail (cm) GPS Coordinates of Trail Elevation of Trail (m)
Location Code Informal Formal Informal Formal Informal Formal
N50°03.749’ N50°03.740
FIl 3% 155 E19°51.263’ E19°51.337 328 290
N50°03.287" N50°03.287
FI2 49 200 E19°51.405 E19°51.298’ 335 344
Forest N50°03.478’ N50°03.456
interior F3 4 260 E19°50.910'  E19°50.919' 334 363
N50°03.556 N50°03.561’
Fla 35 210 E19°50.521'  E19°50.509" 331 321
N50°02.683’ N50°02.780
FI5 50 190 E19°50.311’ E19°50.275 239 21
N50°03.187’ N50°03.181
FEL 31 237 E19°51.249’ E19°51.216’ 341 339
N50°03.657’ N50°03.799’
FE2 48 110 E19°51.529’ E19°51.664 323 255
Forest edge N50°03.294  N50°02.865
FE3 38 190 E19°52.017 E19°50.345’ 272 285
N50°02.927 N50°03.567"
FE4 48 250 E19°50.077’ E19°50.756/ 290 359
o / o !
FE5 34 290 N50°03.526 N50°03.437' 284 16

E19°51.741" E19°51.466

2.2. The Plot Sampling Design

Ten locations of plot sampling were selected, including five locations within the forest
interior (FI) and five locations on the forest edges (FE). In each location, two pathways, one
narrow (up to 50 cm in width) and one wide (at least 150 cm in width), were selected. The
narrow pathways were spontaneously created by visitors and served as informal tourist
trails, whereas the wide pathways represented formal tourist trails and were treated as a
control group. The forest interior trails were located inside closed canopy stands, whereas
the forest edge trails were in open areas but no more than 20 m from the fully stocked
stands, including vegetation of clearings and other open places outside the forest. The
detailed location of the trails is given in Table 1. Ten pairs of 1 m X 1 m research plots
were established along each trail. The pairs were systematically distributed every 2 m
(alternately on both sides of the path). Each pair consisted of a plot labelled CL (close),
located 10 cm from the edge of the trail, and a plot labelled FU (further), located 2 m from
the CL plots. A total of 400 plots were recorded. The side of the trail (left or right) where
the plot sampling began was randomly selected by a coin toss. However, if any next plot
selected according to the sampling scheme was in a place occupied by a fallen tree or a
trunk of a large tree, a new plot was established on the same side of the trail, maintain
a2 m distance from the previous plot. The location of study sites and plot sampling design
are presented in Figure 1.

2.3. The Measurement of Abiotic Traits within the Plots

Field studies were conducted in June and July 2020. In the central part of each plot,
the light intensity at ground level, soil reaction, and soil moisture were measured. The
values of the light intensity were measured using a Volt craft LX-10 0-199900 1x. The soil
reaction and moisture were measured using a handheld BIOWIN device. The range of the
moisture scale was from 1 to 10, where values 1-3 indicated dry soils, 4-7 humid soils, and
8-10 wet soils. Additionally, a total of 80 soil samples were collected using a stainless steel
soil spatula. They were taken in the CL and FU plots, located in pairs 5 and 6 along the
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tourist trails (Figure 1B). Thick, matted roots and gravel at or near the soil surface were
removed before the sample collecting. Soil samples were collected from the central part of
the plots. The equal soil samples weighing ca. 0.5 kg were taken from the top of the soil
horizon to the depth of 10 cm below the ground surface. The samples were kept in paper
bags not fully closed to allow gas exchange. In the laboratory, the soil samples were sieved
(2 mm) and subjected to chemical analyses. The content of phosphorus (P), potassium (K),
nitrite (N-NO2), nitrate (N-NO3), and ammonium nitrogen (N-NH4) were determined
using VISOCOLOR ®kit (Macherey-Nagel), which assures the high quality and accuracy
of results.

2.4. The Measurement of Plant Cover Traits within the Plots

The height of the tallest plant shoot of the undergrowth was measured in each study
plot using a folder tape. The percentage of total plant cover and the percentage of plant
cover damaged by trampling were visually evaluated within each plot in the under-
growth. Furthermore, for each plot, the vascular plant species growing in the under-
growth were determined. The seedlings and saplings were determined according to Csa-
pody [29] and Muller [30]. The number of species growing in each plot was calculated. The
cover-abundance of each species was visually estimated according to the Braun-Blanquet
scale [31]. The explication of points on the scale is as follows:

“uo

+”—species covers less than 1% of the plot area.
“1”—species covers 1%-5% of the plot area.
“2"”—species covers 6%—25% of the plot area.
“3”—species covers 26%-50% of the plot area.
“4”—species covers 51%—75% of the plot area.
“5”—species covers 76%—-100% of the plot area.

2.5. The Selection of Ecological Traits of the Species

To assess the species response to tourist activities, we selected plant traits that were
thought to be “ecologically meaningful” concerning persistence in the stressful environments
caused by activities of humans (trampling) and accompanying animals (ground browning,
wallowing). These included life form, dispersal mode, habitat affiliation, and species origin
(native or alien). The list of species recorded in the plots is presented in Table Al.

The life form of species proposed by Raunkiaer was assigned based on the Pladias
Database [32]. The following life forms were distinguished: phanerophytes (PH), lianas
(L), chamaephytes (CH), hemicryptophytes (H), geophytes (G), and therophytes (T). In the
case of the occurrence of more than one life form, the first one was chosen.

The dispersal mode of species was assigned using the PladiasDatabase [32]. The
following dispersal types were distinguished: Allium (mainly autochory, as well as anemo-
chory, endozoochory, and epizoochory), Bidens (mainly autochory and epizoochory, as well
as endozoochory), Cornus (autochory and endozoochory), Epilobium (mainly anemochory
and autochory, as well as endozoochory andepizoochory), Lycopodium (mainly anemochory,
as well as autochory, endozoochory, epizoochory, and hydrochory), Sparganium (mainly
autochory and hydrochory), and Zea (dispersal strategy rarely or never dispersed by gener-
ative diaspores and do not form vegetative aboveground diasporas). The full description
of dispersal modes isprovided by Sadlo et al. [33].

Habitat affiliation of species appearing in the plots was assigned according to Ma-
tuszkiewicz [34]. Particular species were assigned to (i) forest species (occurring in Euro-
pean mesotrophic and eutrophic deciduous forests from the Querco-Fagetea Br.-Bl. et Vlieg.
class; acidophilic, oligotrophic, and mesotrophic deciduous forests with a predominance
of oaks from the Quercetea robori-petraeae Br.-Bl. et R. Tx. class; alder and shrub thickets
from the Alnetea glutinosae Br.-Bl. et R.Tx. class; coniferous forests from Vaccinio-Piceetea
Br.-Bl. class; shrub formations functionally related to the forest from Crataego-Prunetea
Tx.), (ii) grassland species (occurring in calcareous grasslands from the Festuco-Brometea
Br.-Bl. et R.Tx. class; thermophilic fringe communities representing the Cratego-Prunetea
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and Trifolio-Geranietea sanguinei Th. Miiller classes; sandy grasslands Koelerio glaucae-
Corynephoretea canescentis Klika in Klika et Novak), (iii) meadow species (occurring in
communities representing the semi-natural and anthropogenic turf meadow communities
from the Molinio-Arrhenatheretea class and alpine herbal and herbaceous plants from the
Betulo-Adenostyletea Br.-Bl. class), and (iv) ruderal species (occurring in ruderal commu-
nities of perennial plants from the Artemisietea vulgaris class; natural and semi-natural
nitrophilous communities from the Galio-Urticenea (Pass.) Th. Miiller in Oberd. subclass;
moderately nitrophilous communities of summer therophytes Bidentetea tripartitii R.Tx.,
Lohm. et Prsg; nitrophilous communities of logging, trampled, and ruderal areas from the
Epilobietea angustifolii R. Tx. et Prsg class; semi-ruderal xerothermic pioneer communities
from the Agropyretea intermedio-repentis (Oberd. et all.) Miiller et Gors class; communities
of arable fields and ruderal sites from the Stellarietea mediae R.Tx., Lohm. et Prsg 1950
class; communities of small therophytes on moist and wet mineral substrates from the
Isoéto-Nanojuncetea Br.-Bl. et R.Tx. class).

The origin of species was assigned based on the Alien species in Poland database [35]
and references therein; the alien and native taxa were distinguished according to this
source. The alien species was understood as a species or lower taxon, introduced outside
its natural past or present range, that might survive and subsequently reproduce. The
native species to a given area is a species that has been observed in the form of a naturally
occurring and self-sustaining population from historical times. The invasive status of
alien species was also assigned following the Alien species in Poland database [35] and
references therein. Plants determined solely on genera, such as Epilobium sp. and Rubus
sp., were excluded from the analyses. Moreover, cultivated plants such as Malus domestica
Borkh., Lolium multiflorum Lam., and Ribesuva-crispa L. were excluded from the analysis of
habitat affiliation.

2.6. The Data Analysis

The mean light intensity, soil moisture, soil reaction, height of the tallest plant shoot,
number of species, percentage of plant cover damaged by trampling, and percentage of
total plant cover were calculated separately in each CL and FU plot located along the
informal and formal tourist trails in the forest interior and forest edge sites.

The normal distribution of the untransformed data was tested using the Kotmogorov-
Smirnov test, whereas the homogeneity of variance was verified using the Levene test at
the significance level of p < 0.05.

The Student’s t-test was used to test the statistical significance of differences in (i)
light intensity, (ii) soil moisture, (iii) soil reaction, (iv) height of the tallest plant shoot, (v)
number of species, (vi) percentage of total plant cover, and (vii) percentage of plant cover
damaged by trampling between plots located

(i) ata different distance from tourist trails,
(ii) along informal and formal tourist trails, and
(iii) in forest interior and forest edge sites.

The Mann-Whitney U test was applied to check the statistical significance of differ-
ences in the content of P, K, N-NO2, N-NO3, and N-NH4 between plots located

(i) ata different distance from tourist trails,
(ii) along informal and formal tourist trails, and
(iii) in forest interior and forest edge sites.

The analyses were computed using STATISTICA software (version 13).

The chi-square test with Yates correction for continuity was applied to check whether
there were significant differences between the plots located in the forest interior and forest
edge sites, along informal and formal tourist trails, as well as in the plots located at diverse
distances from the border of trails with regard to the cover-abundance degree of species
representing various life forms, dispersal modes, habitat affiliations, and origins. The
chi-square test was conducted using the interactive calculation tool [36].
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3. Results
3.1. The Characteristics of Light Intensity and Soil Conditions

The mean light intensity in the CL and FU plots located along informal and formal
tourist trails in the forest interior and forest edge sites ranged from 711.2 Ix to 35,399.8 Ix.
The statistical analysis showed that light intensity was greater in CL plots than in FU plots
(Figure 2). It did not differ between informal and formal tourist trail plots in the forest
interior sites, and it was much greater along informal trails in the forest edge sites. The
light intensity was significantly greater in the forest edge sites than in the forest interior
sites. Such a tendency was found in CL (t = —6.2, df = 98, p < 0.001) and FU (t=—-3.7,
df =98, p < 0.001) plots located along formal trails as well as in CL (t = —5.7, df =98,
p <0.001) and FU (t = —4.6, df = 98, p < 0.001) plots located along informal trails.

Informal

tourist trails

Forest interior Forest edge

Formal
tourist trails

Informal
tourist trails

Formal
tourist trails

() t=-1.5* () t=-1.6* () =_3.8%** () t=0.9ns

X X X X ,—\
45,0007 45,0007 45,0007 45,0007
30,0001 30,0001 30,000 30,0007t
15,0004 15,0004 15,000 15,0004

= ) ’l‘

CL FU CL FU CL FU CL FU

| t=13ns | | t=—q.90 |
=-0.2ns| | t=-3.1%

Figure 2. The mean values of light intensity (Ix) at ground level (£SD) in closer (CL) and further (FU) plots located along
informal (width < 50 cm) and formal (width > 150 cm) tourist trails within the forest interior and forest edge sites. The
statistical significance level: ns- not significant, * p < 0.05, ** p < 0.01, ** p < 0.001.

The mean soil reaction ranged from 7.1 to 7.3, and it did not differ significantly
between CL and FU plots or between informal and formal tourist trail plots (Figure 3).
The soil reaction was similar in the forest edge and forest interior sites in CL plots located
along formal trails (t = 0.15, df = 98, p = 0.87) and in FU plots located along informal trails
(t=0.09, df =98, p = 0.92). The soil pH was significantly greater in the forest edge sites
in FU plots (t = —2.6, df = 98, p < 0.05) located along formal trails as well as in CL plots
(t=—2.7,df =98, p < 0.01) located along informal trails.

The soil moisture, ranging from 4.7 to 5.5 on average, did not differ significantly be-
tween the CL and FU plots or between the informal and formal tourist trail plots (Figure 3).
Moreover, it was similar in the forest edge and forest interior sites in CL plots located along
formal trails (t = 0.89, df = 98, p = 0.37) and along informal ones (t = 0.02, df = 98, p = 0.98)
as well as in FU plots located along informal trails (t = —1.76, df = 98, p = 0.08). Higher
levels of soil moisture in the forest edge sites were recorded in FU plots (t = —2.8, df =98,
p < 0.01) situated along formal trails.
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Forest interior Forest edge
Informal Formal Informal Formal
tourist trails tourist trails tourist trails tourist rails
t=6.7ns t=6.7ns t=7.9ns t=709ns

9.0] 9.0] 9.0T 9.0]
1 | | | I

6.0 6.0 6.01 6.0
3.0 3.0 3.04 3.0
Soil
reaction
CL FU CL FU CL FU CL FU
| t=0.2ns | | t=-1.1ns |
| t=041ng | t= 0.90ns]
t=6.7ns t=6.7ns t=7.9ns t=7.9ns
9.0T 9.0T 9.07 9.07]
6.01 6.0t 6.07 6.01
3.0 3.0 3.0 3.0
Sail
moisture
CL FU CL FU CL FU CL FU
| t=1.6ns | | t=0.38ns |
| t=-0.02ns| | t=0.98ng]

Figure 3. The mean values of soil reaction (+5SD) and soil moisture (+SD) in closer (CL) and further (FU) plots located
along informal (width < 50 cm) and formal (width > 150 cm) tourist trails within the forest interior and forest edge sites.
The statistical significance level is explained in Figure 2.

The mean content of ammonium nitrogen (N-NH4+) ranged from 0.78 to 25.35 mg/kg
of soil, and it was similar in CL and FU plots as well as in informal and formal tourist
trail plots (Figure 4). The mean content of N-NH4+ was markedly greater in forest interior
sites in CL (U = 18.5, p < 0.01) and FU (U = 24.0, p < 0.05) plots located along informal
trails as well as in CL (U =18.0, p < 0.05) and FU (U = 18.0, p < 0.05) plots located along
formal trails.

The mean content of nitrite (N-NO2) ranged from 0.4 to 3.0 mg/kg, and it was similar
in CL and FU plots as well as in informal and formal tourist trail plots (Figure 5). The
mean content of N-NO2 did not differ between forest interior and forest edge sites. Alack
of difference was recorded in CL (U = 50.0, p = 1.0) and FU (U = 45.0, p = 0.73) plots located
along formal trails as well as in CL (U =45.0, p = 0.73) and FU (U = 45.0, p = 0.73) plots
located along informal trails.
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Forest interior Forest edge
Informal Formal Informal Formal
tourist trails tourist trails tourist trails tourist trails
U = 36.0ns U = 38.0ns U =36.5ns U =42.0ns
(mg/kg (mg/kg (mg/kg1 (mg/k91
36.0] 36.0 36.0 ] 36.07
240t 240t 240t 240t
12.0 12.0 120+ 120+
z &
CL FU C FU FU CL FU
| U =41.0ns | | U = 39.5ns |
| U = 37.0nd | U = 44.0ng]

Figure 4. The mean content of ammonium nitrogen (N-NHy) in mg/kg (+SD) in soil samples of closer (CL) and further

(FU) plots located along informal (width < 50 cm) and formal (width > 150 cm) tourist trails within the forest interior and

forest edge sites. The statistical significance level is explained in Figure 2.

The mean content of nitrate (N-NO3) ranged from 49.4 to 67.5 mg/kg, and it did
not differ between CL and FU plots or between informal and formal tourist trail plots
(Figure 5). The mean content of nitrate (N-NO3) was similar in forest interior and forest
edge sites. It was observed in CL (U = 46.5, p = 0.82) and FU (U = 49.0, p = 0.96) plots
located along formal trails as well as in CL (U =41.0, p = 0.52) and FU (U = 35.0, p = 0.27)
plots located along informal trails.

The mean content of phosphorus ranged from 7.0 to 22.2 mg/kg of soil, and it did
not differ between CL and FU plots or between informal and formal tourist trail plots
(Figure 6). The mean content of phosphorus was greater in forest interior sites than in
forest edge sites. The differences were recorded in CL (U =19.5, p < 0.05) and FU (U =17.0,
p < 0.05) plots located along formal trails as well as in CL (U = 14.0, p < 0.05) and FU
(U =16.0, p < 0.05) plots located along informal trails.

The mean content of potassium ranged from 7.0 to 22.2 mg/kg of soil, and it was
similar in CL and FU plots as well as in plots of informal and formal tourist trails (Figure 6).
The mean content of potassium was significantly greater in forest interior sites than in
forest edge sites in CL (U = 15.0, p < 0.05) and FU (U =16.5.0, p < 0.05) plots located along
informal trails as well as in CL (U = 18.5, p < 0.05) and FU (U =18.0, p < 0.05) plots located
along formal trails.

3.2. The Characteristics of Plant Cover Traits

A total of 158 plant taxa were recorded in the study sites (Appendix A, Table Al). The
mean number of species ranged from 4.3 to 10.0 and did not differ between CL and FU
plots. However, it was significantly greater in informal tourist trail plots than in formal
tourist trail plots, particularly in forest edge sites (Figure 7). The number of species was
significantly greater in forest edge sites in CL (t = —3.3, df =98, p < 0.01) and FU (t = —4.5,
df = 98, p < 0.001) plots located along formal trails as well as in CL (t = —9.4, df = 9§,
p <0.001) and FU (t = —10.1, df = 98, p < 0.001) plots located along informal trails.

The height of the tallest stems of undergrowth plants ranged from 14.5 cm to 80.5 cm
on average, and it was greater in FU than in CL plots. Moreover, it did not differ between
informal and formal tourist trail plots located in the forest interior sites, while it was
significantly greater along informal trails in the forest edge sites (Figure 7). The greater
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height of plant stems in the forest interior was noted in CL plots located along formal
trails (t = —3.3, df = 98, p < 0.01). Alack of difference among forest interior and forest
edge sites was found in FU plots located along formal trails (t = 0.8, df = 98, p = 0.42).
Markedly greater values of undergrowth plant height in forest edge sites were recorded
inCL (t=—-24,df =98, p <0.01) and FU (t = —4.6, df = 98, p < 0.001) plots located along
informal trails.

Content
of N-NO2

Content
of N-NO3

Forest interior Forest edge
Informal Formal Informal Formal
tourist trails tourist trails tourist trails tourist trails
U =50.0ns U =47.0ns U =46.5ns U =39.0ns
(mg/kg) (mg/kg) (mg/kg) W (mg/kg)
6.0] 6.0] 6.0] 6.0]
40t 40T 401 40T
2.01 2.0 L 2071 2071
CL FU CL FU CL FU CL FU
| U=450ns | U = 49.0ns
| U = 45.5ns| | U = 45.5ns |
U =40.5ns U =44.5ns U =46.0ns U =42.5ns
(mg/kg) (mg/kg) (mg/kg) (mg/kg)
90.0T 90.0T 90.07 90.07
60.01 60.01 60.0 - 60.0
30.04 30.04 30.01 30.0
CL FU CL FU CL FU CL FU
| U=495ns | | U=465ns |
| U = 45.0ns]| | U = 35.0ns|

Figure 5. The mean content of nitrite N-NO,and nitrate N-NOj3 (£SD) in soil samples of closer (CL) and further (FU) plots
located along informal (width < 50 cm) and formal (width > 150 cm) tourist trails within the forest interior and forest edge

sites. The statistical significance level is explained in Figure 2.

The total plant cover percentage ranged from 36.8 to 71.4 on average, and it was
significantly greater in CL than in FU plots located along informal tourist trails. Moreover,
it was markedly greater along informal trails than along formal trails (Figure 8). The total
plant cover had much greater values in forest edge sites than in the forest interior sites in
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CL (t = —2.4,df =98, p < 0.05) and FU plots located along formal trails (t = —2.5, df =98,
p <0.05) as well as in CL (t = —6.4, df = 98, p < 0.001) and FU plots located along informal

trails (t = —51, df =98, p < 0.001).

Forest interior Forest edge
Informal Formal Informal Formal
tourist trails tourist trails tourist trails tourist trails
U =39.5ns U =43.0ns U =40.5ns U =37.0ns
(mg/kg (mg/kgl (mg/kg1 (mg/kg?l \‘
307 30] 30] 30]
20t 20t 20t 20t
101 101 101 101
Content of P [ [ ]
CL FU CL FU CL FU CL FU
| U =47.5ns | U =42.5ns |
| U = 43.5ns| | U = 36.5ns|
U =40.0ns U =45.5ns U =41.0ns U =39.0ns
(mg/k91 (mg/kg)| (mg/kgi (mg/k91
1207 1207 T 1207 1207
il T
801 80 80T 80T
40 40 40+ 40 1
Content of K |l|
CL FU CL FU CL FU CL FU
| U=44.4ns | | u=43.0ns |
| U = 41.5n| | U = 41.1ng|

Figure 6. The mean content of phosphorus (+SD) and potassium (+SD) in soil samples of closer (CL) and further (FU) plots
located along informal (width < 50 cm) and formal (width > 150 cm) tourist trails within the forest interior and forest edge

sites. The statistical significance level is explained in Figure 2.

The mean percentage of plant cover damaged by trampling ranged from 0.1 to 3.1
and was significantly greater in CL than in FU plots; moreover, it did not differ between
informal and formal tourist trails (Figure 8). The contribution of trampled plant cover
did not differ between forest interior sites and forest edge sites in FU plots located along
formal trails (t = 0.36, df =98, p = 0.71) as well as in CL (t = 0.83, df = 98, p = 0.40) and FU
(t=0.82, df =98, p = 0.41) plots located along informal trails. Only in CL (t = —2.7, df = 9§,
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p < 0.01) plots located along formal trails was it much greater in forest edge sites than in
forest interior sites.

Forest interior Forest edge
Informal Formal Informal Formal
tourist trails tourist trails tourist trails tourist trails
t=-0.5ns t=-1.1ns t=-0.8ns t=-0.9*
12.0] 12.07 12.0'& 12.07
8.01 8.0 8.0 8.0
4.0 4.0 4.0 4.0
Number
of species [
CL FU CL FU CL FU CL FU
| t=38 | | t=-34* |
| t=19* | | t=-3.3"
t=0.9ns t=22* t=3.0* (cm) t=5.2"*
(cm) (cm) (cm),—\ cm ,—\
90.0T 90.0T 90.07 90.0]
1
60.0 60.01 60.0 60.01
30.0; 30.0 30.0 30.0¢
Height
of stems
CL FU CL FU CL FU CL FU
t=-0.73ns | | t=—5.2m |
| t = 0.53ns| | t=—4.0%

Figure 7. The mean values of number of species (SD) and height (cm) of the tallest undergrowth plant (+SD) in closer
(CL) and further (FU) plots located along informal (width < 50 cm) and formal (width > 150 cm) tourist trails within the
forest interior and forest edge sites. The statistical significance level is explained in Figure 2.

3.3. The Characteristics of Species Groups

In the majority of CL and FU plots, therophytes and hemicryptophytes were the
most abundant species. Moreover, in forest interior sites, therophytes dominated along
informal tourist trails. The cover-abundance of phanerophytes in the undergrowth was low;
however, it was higher in FU than in CL plots (Figure 9). Therophytes dominated in forest
interior sites, while hemicryptophytes dominated in forest edge sites. It was observed in
CL (x*> = 55.2, p < 0.001, df = 5) and FU (x? = 78.6, p < 0.001, df = 5) plots located along
informal trails as well as in CL (X2 =53.3, p <0.001, df = 3) and FU (x2 =453, p <0.001,
df = 3) plots located along formal tourist trails.



Forests 2021, 12, 423 13 of 28

Forest interior Forest edge
Informal Formal Informal Formal
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plant cover | [ ]
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Figure 8. The mean values of total plant cover (£SD) and the percentage of plant cover damaged by trampling in closer
(CL) and further (FU) plots located along informal (width < 50 cm) and formal (width > 150 cm) tourist trails within the
forest interior and forest edge sites. The statistical significance level is explained in Figure 2.

In CL and FU plots, the Allium dispersal mode dominated. Additionally, the Bidens
and Cornus types were abundantly represented in plots located along formal tourist trails
(Figure 10). Comparing the forest interior and forest edge sites, the Allium dispersal
mode dominated, while the cover-abundance of species representing other modes differed
significantly in CL (x*=121.2, p <0.001, df = 6) and FU (x2 =63.0, p <0.001, df = 6) plots
located along informal trails as well as in CL (x? =59.9, p <0.001, df = 6) and FU (x% = 66.0,
p < 0.001, df = 6) plots located along formal tourist trails.

Habitat affiliation differed substantially between forest interior sites (domination of
forest and ruderal species) and forest edge sites (domination of grassland and meadow
taxa). It was confirmed in CL (x? = 12.8, p < 0.001, df = 3) and FU (x? = 22.3, p < 0.001,
df = 3) plots located along informal tourist trails as well as in CL (x? =238, p <0.001, df = 3)
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and FU (x? = 30.6, p < 0.001, df = 3) plots located along formal tourist trails. The ruderal
species dominated particularly in CL plots located along informal trails in forest interior
sites (Figure 11).

Informal tourist trails Formal tourist trails
X2 =14.2%* X2 = 28.5%**

1.5T 1.5T 1.5T 1.5T

1.0r 1.0t 1.0+ 1.0t

0.5 0.5+ 0.5+ 0.5+
Forest
interior ] ,—-_L, ] n

PhLCh HGT PhLCh HGT hLCh HGT PhLCh HGT
plots CL plots FU plots CL plots FU
X2=33.7
| X2 =29.4%
X2 = 54.0%** X2 = 49,744

1.57 1.57 1.5T 1.57

1.01 1.01 1.01 1.01

0.5+ 0.51 0.5+ 0.5+
Forest
edge N N | a

PhL ChH G T hLChHGT Ph LChHGT Ph LChH G T
plots CL plots FU plots CL plots FU
| x2=133.9" |
| X2 = 146.0%**

Figure 9. The mean cover-abundance degree of species (+5SD) representing phanerophytes (Ph), lianas (L), chamaephytes
(Ch), hemicryptophytes (H), geophytes (G), and therophytes (T) per plot in closer (CL) and further (FU) plots located along
informal (width < 50 cm) and formal (width > 150 cm) tourist trails within the forest interior and forest edge sites. The

statistical significance

level is explained in Figure 2.

In study sites, there were only 14 alien species, including 9 invasive species (Appendix A,
Table Al). However, the predominance of alien species in the cover-abundance of under-
growth was noticed in most of the plots (Figure 12). Comparing the forest interior and
forest edge sites, the cover-abundance of alien species differed significantly in plots CL
(x? =638, p <0.01, df =1) and FU (x2 =75, p <0.01, df = 1) located along informal tourist
trails as well as in CL (x?> = 9.5, p < 0.01, df = 1) and FU (x? = 12.7, p < 0.001, df = 1) plots
located along formal tourist trails.
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Informal tourist trails Formal tourist trails
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Figure 10. The mean cover-abundance degree of species (£SD) representing Allium (A), Bidens (B), Cornus (C), Epilobium
(E), Lycopodium (L), Sparganium (S) and Zea (Z) dispersal type per plot in closer (CL) and further (FU) plots located along
informal (width < 50 cm) and formal (width > 150 cm) tourist trails within the forest interior and forest edge sites. The
statistical significance level is explained in Figure 2.
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Figure 11. The mean cover-abundance degree of species (+5SD) affiliated with forest (F), grassland (G), meadow (M) and
ruderal (R) habitats per plot in closer (CL) and further (FU) plots located along informal (width < 50 cm) and formal
(width > 150 cm) tourist trails within the forest interior and forest edge sites. The statistical significance level is explained

in Figure 2.
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Figure 12. The mean cover-abundance degree of alien (A) and native (N) species (£SD) per plot in closer (CL) and further
(FU) plots located along informal (width < 50 cm) and formal (width > 150 cm) tourist trails within the forest interior and

forest edge sites. The statistical significance level is explained in Figure 2.

4. Discussion
4.1. The Effect of Informal Tourist Trails on Light Intensity and Soil Conditions

In forests, the light intensity in the undergrowth depends on the cover of the under-
story and canopy layers [37] and references therein. For this reason, the light intensity is
higher in the canopy gaps [38] as well as at the forest edges [39]. Informal trails are usually
created by humans to take a shortcut, pass other trail users, avoid barriers such as muddy
areas or fallen trees, view flora and fauna, explore nature, etc. [40] and references therein.
Interestingly, tourist trails can increase the light intensity within forests by decreasing the
cover-abundance of shrub and tree species. This effect is caused by regular trampling and
other mechanical damage to woody plants (phanerophytes) occurring on tourist trails and
their verges [40] and references therein. On intensively used trails, trampling may lead to
the loss of vegetation [41]. In our study, the cover-abundance of young phanerophytes in
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the undergrowth layer was low in plots located close to the informal and formal tourist
trails. Our results suggest that even in the close vicinity of the informal trails in the forest—
which are usually very narrow—the light intensity can be higher than in places situated
far from these trails. Nevertheless, Roovers et al. [42] evidenced that the distance from
footpaths in temperate deciduous forests does not affect light availability (measured by
Ellenberg’s light indicator values).

Informal tourist trails did not affect soil pH, moisture, and content of ammonium
nitrogen, nitrite, nitrate, phosphorus, and potassium in plots in both forest interior and
forest edge sites. However, the soil in plots located further from formal pathways and the
soil in plots located close to informal pathways were more alkaline in forest edge sites
than in forest interior sites. The soil in plots located further from formal pathways was
moister in forest edge sites than in forest interior sites. Moreover, the soil of plots located
along informal and formal pathways contained more ammonium nitrogen, phosphorus,
and potassium in forest interior sites than in forest edge sites. Our results correspond with
the studies of several authors e.g., [43,44] who evidenced that the soil in forest clearings
shows significantly lower potassium and phosphorous content than in forest plots, most
likely due to leaching loss. Kooch et al. [45] proved that base cations’ leaching potential
increases with the expanding of canopy opening areas in mixed forests, and therefore the
soil is poor in nutrient elements in large canopy gaps. Moreover, the authors pointed out
that the leaching potential of soil nutrients increases with expanding canopy gaps and
augmentation of water drainage and streamflow. Additionally, it is worth mentioning
that Ellenberg’s indicator values of nitrogen were significantly higher in coniferous forest
interior than in forest edge stands in Lithuania [39]. Interesting results were also provided
by Zhou et al. [46], who studied the effect of road width on roadside vegetation and
soil conditions in forests in eastern China. The authors evidenced that the soil moisture
increased from forest edges to the forest interiors along both wide and narrow roads,
without significant differences. Moreover, the soil pH at the edge sites was significantly
less acidic than that at the interior sites along the wide roads. The soil total nitrogen tended
to increase from the road edge to the forest interior, without significant differences along
the wide roads, while no effects of distance from the road on soil available phosphorus
were found. The soil total nitrogen and soil available phosphorus did not change along
narrow roads. According to Pankiw [40] and references therein, the removal of vegetation
by trampling may lead to the rapid erosion of mineral soils, especially on slopes, and the
erosion causes higher stress to plants because it reduces the water retention and nutrient
accumulation abilities of the soil. Moreover, on tramped trails, the soil is more compacted,
which reduces soil aeration and water infiltration, and there is less organic litter, which
also affects some plants [40] and references therein. Litter protects deposited seeds against
movement, drought, predation, and early germination [47] and references therein. Soil
erosion occurs commonly on tourist trails, and it was observed during our study as well as
in other studies concerning urban forests e.g., [48].

4.2. The Effect of Informal Tourist Trails on Plant Cover Traits

The creation and persistence of new informal trails in forest habitats depend on the
intensity and frequency of disturbance by passing humans. The species richness decreases
significantly in the place where the new trail is created, but this process can be rapidly
and fully reversed when human activities are not allowed to continue [49]. However, the
long use of informal trails by humans can cause different effects on species richness in
forest areas. In our study, surprisingly, the species richness was higher in plots located
close to the trails than in plots located further from the trails only in the case of formal
tourist trails in the forest edge sites. In other cases, the distance from the tourist trails did
not affect the number of species. Generally, human paths have a positive impact on plant
richness [50]. One of the most important factors influencing species richness in forests
is light availability [37]. Although the light intensity was higher in plots located close
to tourist trails than in plots located further from the trails, species richness was similar
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despite the distance in forest interior sites. Similarly, the distance from tourist trails did
not affect species richness in plots of informal trails in forest edge sites, though the light
intensity was much higher in plots located close to the trails. Our results suggest that
better light intensity does not always increase species richness in forests and that other
factors can be involved. On the other hand, the higher number of species in plots of forest
edge sites than in plots of forest interior sites can be explained by greater light availability,
allowing the growth of light-demanding species. The higher species richness in the forest
edge than in the forest interior has been repeatedly observed in temperate [51,52] and
tropical forests [53,54], while in the boreal forest this trend is rather weak [55]. Moreover,
the decrease in plant richness from forest edge to interior was also observed along narrow
roads in various types of forests in eastern China [46].

The plants growing in plots located further from the tourist trails were taller, except
for the plots of informal trails in forest interior sites, where the height of stems was
similar. Plants growing close to the tourist trails experience more trampling and other
mechanical factors than plants growing further from the trails, and therefore they are
usually shorter [40,56]. In the forest interior and forest edge sites, the total plant cover was
higher in plots located along informal tourist trails than in plots located along formal trails;
however, there was no effect of distance on total plant cover in formal trails. Moreover,
plant cover was higher in forest edge sites than in forest interior sites. Our results suggest
that formal tourist trails have a more negative effect on adjacent plant cover than informal
trails. The plant cover of undergrowth is strongly affected by light availability [37] and
trampling e.g., [40,41,57]. According to Roovers et al. [58], dry forests dominated by oaks
and birches are less sensitive to trampling than mesophilous forests dominated by elms. In
our study, the plant cover damaged by trampling was higher in plots located close to the
tourist trails than in plots located further from the trails, except for formal trails in forest
interior sites. The plant cover damaged by trampling was similar in plots of informal and
formal trails, except for the plots located close to the trails in forest interior sites. Moreover,
the plant cover damaged by trampling was higher in plots located close to formal trails in
forest edge sites than in forest interior sites.

It is obvious that plant cover experiences more mechanical damage in the vicinity
of tourist trails [40,56]. Numerous authors have claimed that tourist dispersion might
have a negative influence on vegetation, especially in trail verges e.g., [59]. Our results
suggest that plant cover is more prone to destruction by trampling in the vicinity of formal
tourist trails in forest edge sites than in forest interior sites. However, the grasses, which
had a high cover-abundance in the forest edge sites, are considered the most tolerant and
resilient plants to trampling [40] and references therein. It is also worth mentioning that
many other species, such as Hypochoeris radicata L., Juncus tenuis Willd., Plantago major L.,
Sagina procumbens L., and Trifolium repens L., show considerable resistance to trampling,
and they are commonly found along roadsides and pathways [34,60]. In contrast, some
forest species, like Pteridium aquilinum (L.) Kuhn, show low resistance to trampling [61].
In the case of clonal plants occurring in the undergrowth, human trampling can trigger
mechanical stress and reduction of sexual reproduction through damage to flowering stems
and/or impact on the number and dimensions of leaves. This was observed in populations
of Anemone nemorosa L. [62] and Mercurialis perennis L. [63]. Moreover, human trampling
and soil digging by dogs accompanying humans can contribute to genet fragmentation and
vegetative propagation of species creating thin and delicate connections between ramets
such as Fragaria vesca L. [64], Maianthemum bifolium (L.) EW. Schmidt [65], Mercurialis
perennis [66], and Milium effusum L. [67].

4.3. The Effect of Informal Tourist Trails on Species Groups

The cover-abundance of life forms in undergrowth differed between the plots located
along informal and formal tourist trails in the forest interior and forest edge sites. The
cover-abundance of phanerophytes was higher in plots of forest interior sites than in
forest edge sites. A similar result was presented by Avon et al. [68]. The plant cover in
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plots of forest interior sites was dominated by therophytes, whereas the plant cover in
plots of forest edge sites was dominated by hemicryptophytes. According to Pescott and
Stewart [41], vegetation dominated by hemicryptophytes and geophytes recovers from
trampling to a greater extent than vegetation dominated by other life forms. On the other
hand, the loss of phanerophytes by trampling may lead to better light conditions on the
forest floor [37,40,41]. Our results suggest that the cover-abundance of therophytes and
phanerophytes is negatively affected in the close vicinity of informal and formal tourist
trails in forest interior sites.

In the forest interior and forest edge sites, the cover-abundance of species representing
various dispersal modes differed between informal and formal tourist trails. However,
in all plots the Allium mode dominated. Our results suggest that informal tourist trails
enhance the cover-abundance of plants with the Allium dispersal mode in contrast to formal
tourist trails, especially in forest interior sites. This can be explained by the fact that people
who usethe trails facilitate the explosive seed dispersal of autochorous plants representing
Allium mode by touching the plants. They can also create the gaps in plant cover that
serve as safe sites for seedling recruitment [69]. Presumably, the substantial abundance of
Impatiens parviflora DC. observed in our study was caused by the frequent use of trails by
humans and the creation of gaps where the species can achieve a high seed germination
rate [70]. Moreover, the considerable role of humans in facilitating dispersal of ballistic
diaspores of species presenting considerable germination rates in forests was evidenced
in the case of Geranium robertianum L. [71] and Oxalis acetosella L. [72]. The substantial
share of the Bidens and Cornus dispersal modes, especially along formal trails, suggests
the successful dissemination of diaspores by dogs accompanying visitors via fur and
excreta [73]. At the same time, it is worth mentioning that the substantial occurrence of zoo
chorous taxa along wide trails was also observed in calcareous grasslands in Krakéw [56].
Moreover, Pickering and Mount [74] evidenced that people passing the formal tourist
trails can disseminate diaspores of numerous species via clothing and equipment. The
role of tourists as unintentional seed dispersal agents was also reviewed by Pickering
and Mount [75].

The plots of forest interior sites were characterised by the dominance of forest and
ruderal species in cover-abundance of undergrowth. On the other hand, the plots of
forest edge sites were dominated by grassland and meadow species in cover-abundance
of undergrowth. A wide ecological spectrum of species in plots located in forest edge
sites suggests that the soil had a rich seed bank and there were suitable conditions for
seedling recruitment. The increase of species richness in the soil seed bank and presence
of taxa affiliated to various habitats in forest interior—forest edge gradient was previously
observed by Devlaeminck et al. [76], among others. Furthermore, a lack of grassland
species and only slight occurrence of meadow taxa in forest interior sites most likely was
caused by unfavourable conditions for their seed germination (too much shade from trees
and shrubs), which was observed inter alia in temperate deciduous forests [77,78] as well
as in subtropical and tropical forests [79]. Our results suggest that, in forest interior sites,
the presence of formal tourist trails causes a higher reduction in cover-abundance of forest
and ruderal species than does the presence of informal trails. This can be explained by the
fact that the forest and ruderal species are less resistant to trampling than meadow and
grassland species [40] and references therein.

According to Danielewicz et al. [80], 180 alien plant species have been found as
naturalised in the Polish forests, and 20% of them strongly affect the composition and
structure of the forest communities. The number and cover of alien plants in urban
forests can be influenced by various factors, such as canopy gaps, vegetation type, light,
disturbance frequency, soil fertility, and moisture [81,82]. Interestingly, in the urban forests
of Poznan, western Poland, the cover of alien plants was the highest in Salicetumalbae R.Tx.
and the lowest in Carpinionbetuli Issl. em. Oberd. and Pinus sylvestris L. monocultures.
Moreover, the light and the disturbance frequency were negatively correlated with the
cover of alien species, whereas the soil fertility was positively correlated with the cover of
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alien species [82]. Although the number of alien species was much lower than the number
of native species in the undergrowth of the Wolski Forest, alien species had much higher
cover-abundance than the native ones. The cover-abundance of alien plants was higher in
plots located close to informal tourist trails than in plots located further from these trails,
in both forest interior and forest edge sites. In contrast, the cover-abundance of alien plants
in plots located close to formal tourist trails was lower than in plots located further from
the formal trails, especially in the forest interior sites. Our results suggest that the distance
from informal and formal tourist trails may affect the cover-abundance of alien plant
species differently. Alien plants growing near the formal trails seem to be more exposed
to mechanical damage than alien plants growing near the informal trails. On the other
hand, native plants seem to be more sensitive to damage than alien plants [40]. The area of
the Wolski Forest has been increasingly occupied by invasive alien plants, as have other
parts of Krakéw [26,83]. During the study, we observed numerous individuals of Impatiens
parviflora in forest interior sites as well as Solidago canadensis L. and S. gigantea Aiton in
forest edge sites. These species are among the most common and most noxious invasive
plants in Poland [84]. The increase in the abundance of invasive alien species in urban
forests may lead to a loss of native species [48,81]. The creation of informal trails in forests
carries the risk of introduction of new alien species and may lead to a better penetration of
alien plants that have been already introduced to forest communities. Unfortunately, the
diaspores of many alien plants can be easily dispersed by users of trails, allowing further
spread and invasion [40,85,86].

5. Conclusions

Vegetation in urban forests is constantly impacted by human activities. The creation
of informal trails by citizens and tourists causes changes in soil conditions and leads
to fragmentation of plant cover and loss of native species. The effect of informal trails
on abiotic conditions and floristic composition of deciduous forest undergrowth may be
different and may result both from the location in the forest interior and forest edge sites
and the distance from the trail. The greater light intensity at ground level in close vicinity
to tourist trails might be a consequence of mechanical damage of woody plants by passing
people. The greater content of ammonium nitrogen, phosphorus, and potassium in forest
interior sites might be related to the leaching of cations from sites situated on the forest
edge. The number of species can be greater along informal tourist trails, particularly in
forest edge sites where the light intensity is higher. In addition, the total plant cover
can be greater close to informal tourist trails in the forest edge sites. The use of trails by
citizens and tourists contributes to damage of plant cover by trampling and reduces the
height of plants in sites located close to the trails. The predominance of therophytes along
informal trails in the forest interior sites seems to be related to the ballistic dispersal of
diaspores (Allium mode) of abundantly occurring species (e.g. Impatiens parviflora and
Geranium robertianum) by passing people. The substantial share of the Bidens and Cornus
dispersal modes—especially along formal trails—suggests the successful dissemination
of diaspores by dogs accompanying visitors. The predominance of forest and ruderal
taxa in the forest interior sites along formal and informal trails suggests the presence of
unfavourable conditions for seed germination of meadow and grassland species. The
distance from informal and formal tourist trails may affect the cover-abundance of alien
plant species differently. Alienplants growing near the formal trails seem to be more
exposed to mechanical damage than alien plants growing near the informal trails. The
impact of informal and formal tourist trails on the diversity and abundance of native and
alien plants in urban forests requires further research.
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Appendix A

Table A1. The characteristics of species found in the plant cover of the studied deciduous forest undergrowth regarding
habitat affiliations according to Matuszkiewicz [34], life form and dispersal type according to the Database of the Czech
flora and vegetationPladias [32], and origin and invasive statusaccording to the Alien species in Poland database [35] and
references therein.

. . . Origin and
No Taxon Habitat  Life Form Dispersal Type Invasive Status
1 Acer platanoides L. F PH Epilobium N
2 Acer pseudoplatanus L. F PH Epilobium N
3 Achillea millefolium L. M H Allium N
4 Aegopodium podagraria L. F H Allium N
5 Agrimonia eupatoria L. G H Bidens N
6 Agrostis capillaris L. G H Allium N
7 Ajuga reptans L. F H Allium N
8 Alliaria petiolata (M. Bieb.) Cavara & Grande R H Allium N
9 Alopecurus pratensis L. M H Allium N
10 Anemone nemorosa L. F G Allium N
11 Anthriscus nitida (Wahlenb.) Hazsl. M H Allium N
12 Arctium lappa L. R H Bidens N
13 Armoracia rusticana P. Gaertn., B. Mey & Scherb. R H Zea A
14  Arrhenatherum elatius (L.) P. Beauv. ex J. Presl & C. Presl M H Allium N
15 Artemisia vulgaris L. R H Allium N
16 Athyrium filix-femina (L.) Roth F H Lycopodium N
17 Bellis perennis L. M H Allium N
18 Bromus hordeaceus L. M T Allium N
19 Calystegia sepium (L.) R. Br. R G Allium N
20 Capsella bursa-pastoris (L.) Medik. R T Allium A
21 Carex brizoides L. F H Allium N
22 Carex hirta L. M H Allium N
23 Carex leporina L. M H Allium N
24 Carex pallescens L. M H Allium N
25 Carex pilulifera L. G H Allium N
26 Carex sylvatica Huds. F H Allium N
27 Carpinus betulus L. F PH Epilobium N
28 Cerastium holosteoides Fr. emend. Hyl. M H Allium N
29 Cerasus avium (L.) Moench F PH Cornus N
30 Chaerophyllum aromaticum L. R H Allium N
31 Chaerophyllum temulum L. R H Allium N
32 Circaea lutetiana L. F G Bidens N
33 Cirsium arvense (L.) Scop. R G Epilobium N
34 Clinopodium vulgare L. G H Allium N
35 Convallaria majalis L. F G Cornus N
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. . . Origin and

No Taxon Habitat  Life Form Dispersal Type Invasive Status
36 Convolvulus arvensis L. R G Allium N
37 Corylus avellana L. F PH Cornus N
38 Crepis biennis L. M H Epilobium N
39 Crepis capillaris (L.) Wallr. M T Epilobium N
40 Dactylis glomerata L. M H Allium N
41 Daucus carota L. M H Bidens N
42 Dryopteris expansa (C. Presl) Fraser-Jenk. & Jermy F H Lycopodium N
43 Dryopteris filix-mas (L.) Schott F H Lycopodium N
44 Dryopteris carthusiana (Vill.) H. P. Fuchs F H Lycopodium N
45 Elymus repens (L.) Gould R G Allium N
46 Epilobium montanum L. R H Epilobium N
47 Epilobium sp. - - - -
48 Equisetum arvense L. R G Lycopodium N
49 Equisetum pratense Ehrh. F G Lycopodium N
50 Erigeron annuus (L.) Pers. R T Epilobium Al
51 Erigeron canadensis L. R T Epilobium Al
52 Euonymus europaea L. G PH Cornus N
53 Fagus sylvatica L. F PH Cornus N
54 Festuca arundinacea Schreb. M H Allium N
55 Festuca gigantea (L.) Vill. F H Allium N
56 Festuca pratensis Huds. M H Allium N
57 Festuca rubra L. M H Allium N
58 Ficaria verna Huds. F G Allium N
59 Fragaria vesca L. R H Cornus N
60 Fraxinus excelsior L. F PH Epilobium N
61 Galeobdolon Iuteum Huds. F CH Allium N
62 Galeopsis tetrahit L. R T Allium N
63 Galium aparine L. R T Bidens N
64 Galium mollugo L. M H Allium N
65 Geranium pratense L. M H Allium N
66 Geranium robertianum L. R T Allium N
67 Geum urbanum L. R H Bidens N
68 Glechoma hederacea L. R H Allium N
69 Gnaphalium sylvaticum L. R H Epilobium N
70 Hedera helix L. F L Cornus N
71 Heracleum sphondylium L. M H Allium N
72 Holcus lanatus L. M H Allium N
73 Holcus mollis L. F G Allium N
74 Hypericum humifusum L. R H Allium N
75 Hypericum perforatum L. R H Allium N
76 Hypochaeris radicata L. G H Epilobium N
77 Impatiens parviflora DC. R T Allium Al
78 Juncus effusus L. M H Sparganium N
79 Juncus tenuis Willd. M H Allium Al
80 Lapsana communis L. R T Allium N
81 Leontodon autumnalis L. M H Epilobium N
82 Leontodon hispidus L. M H Epilobium N
83 Lolium multiflorum Lam. - T Allium Al
84 Lolium perenne L. M H Allium N
85 Luzula pilosa (L.) Willd. F H Allium N
86 Lycopus europaeus L. F H Sparganium N
87 Lysimachia nummularia L. M H Allium N
88 Lysimachia vulgaris L. M H Allium N
89 Maianthemum bifolium (L.) E. W. Schmidt F G Cornus N
90 Malus domestica Borkh. - PH Cornus A
91 Malva sylvestris L. F H Allium A
92 Mercurialis perennis L. F H Allium N
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No Taxon Habitat  Life Form Dispersal Type Origin and
Invasive Status

93 Milium effusum L. F H Allium N
94 Moehringia trinervia (L.) Clairv. R H Allium N
95 Muycelis muralis (L.) Dumort. R H Epilobium N
96 Myosoton aquaticum (L.) Moench R H Allium N
97 Oxalis acetosella L. F G Allium N
98 Oxalis fontana Bunge R T Allium Al
99 Padus avium Mill. F PH Cornus N
100 Phleum pratense L. M H Allium N
101 Plantago lanceolata L. M H Allium N
102 Plantago major L. M H Allium N
103 Poa annua L. M H Allium N
104 Poa compressa L. R H Allium N
105 Poa palustris L. M H Allium N
106 Poa pratensis L. M H Allium N
107 Poa trivialis L. M H Allium N
108 Polygonatum multiflorum (L.) AllL F G Cornus N
109 Polygonum aviculare L. R T Allium N
110 Polygonum mite Schrank R T Sparganium N
111 Populus tremula L. R PH Epilobium N
112 Potentilla anserina L. G H Allium N
113 Potentilla erecta (L.) Raeusch. G H Allium N
114 Potentilla reptans L. M H Allium N
115 Prunella vulgaris L. M H Allium N
116 Prunus spinosa L. G PH Allium N
117 Pteridium aquilinum (L.) Kuhn F G Lycopodium N
118 Pulmonaria obscura Dumort. F H Allium N
119 Quercus petraea (Matt.) Liebl. F PH Cornus N
120 Quercus rubra L. F PH Cornus Al
121 Ranunculus acris L. M H Allium N
122 Ranunculus lanuginosus L. F H Allium N
123 Ranunculus repens L. M H Allium N
124 Ribes sp. - - - -
125 Ribes spicatum E. Robson F PH Cornus N
126 Ribes uva-crispa L. - PH Cornus N
127 Rubus idaeus L. R PH Cornus N
128 Rubus sp. - - - -
129 Rumex obtusifolius L. R H Allium N
130 Sagina procumbens L. M H Allium N
131 Sambucus nigra L. R PH Cornus N
132 Sanicula europaea L. F H Bidens N
133 Scrophularia nodosa L. F H Allium N
134 Solidago canadensis L. R H Epilobium Al
135 Solidago gigantea Aiton R H Epilobium Al
136 Stachys palustris L. M G Allium N
137 Stachys sylvatica L. F H Allium N
138 Stellaria graminea L. M H Allium N
139 Stellaria holostea L. F CH Allium N
140 Stellaria media (L.) Vill. R T Allium N
141 Symphytum officinale L. R H Allium N
142 Taraxacum officinale F. H. Wigg. M H Epilobium N
143 Tilia cordata Mill F PH Epilobium N
144 Tilia platyphyllos Scop. F PH Epilobium N
145 Torilis japonica (Houtt.) DC. R T Bidens N
146 Trifolium pratense L. M H Allium N
147 Trifolium repens L. M H Allium N
148 Tussilago farfara L. R G Epilobium N
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No Taxon Habitat  Life Form Dispersal Type Origin and
Invasive Status
149 Urtica dioica L. R H Allium N
150 Veronica arvensis L. R T Allium A
151 Veronica chamaedrys L. G H Allium N
152 Veronica officinalis L. G CH Allium N
153 Veronica serpyllifolia L. R H Allium N
154 Viburnum opulus L. F PH Cornus N
155 Vicia cracca L. M H Allium N
156 Vicia sepium L. G H Allium N
157 Viola reichenbachiana Jord. ex Boreau F H Allium N
158 Viola riviniana Rchb. F H Allium N

Abbreviations. Habitat—F: forest taxon, G: grassland taxon, M: meadow taxon, R: ruderal taxon; Life form—PH: phanerophyte, CH:
chamaephyte, H: hemicryptophyte, G: geophyte, L: liana, T: therophyte; Originand invasive status—N: native taxon, A: alien taxon, I:
invasive taxon in Poland.
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