'™ forests

Article

The Relationships of Habitat Conditions, Height Level, and
Geographical Position with Fruit and Seed Traits in Populations
of Invasive Vine Echinocystis lobata (Cucurbitaceae) in Central
and Eastern Europe

Kinga Kostrakiewicz-Gieratt L*(, Artur Pliszko 2, Beata Barabasz-Krasny 3 Anna Bomanowska ¢,
Zygmunt Dajdok °©), Zigmantas GudZinskas ¢, Marek Kucharczyk 7, Lukasz Maé¢kowiak 8, Jakub Majk 50,

Katarzyna Mozdzeri °

Ewa Szczeéniak 5, Tomasz Wéjcik 13

check for
updates

Citation: Kostrakiewicz-Gieralt, K.;
Pliszko, A.; Barabasz-Krasny, B.;
Bomanowska, A.; Dajdok, Z.;
Gudzinskas, Z.; Kucharczyk, M.;
Mackowiak, L.; Majk, J.; Mozdzen, K.;
et al. The Relationships of Habitat
Conditions, Height Level, and
Geographical Position with Fruit and
Seed Traits in Populations of Invasive
Vine Echinocystis lobata
(Cucurbitaceae) in Central and
Eastern Europe. Forests 2022, 13, 256.
https://doi.org/10.3390/f13020256

Academic Editor: Luis Gonzalez

Received: 14 October 2021
Accepted: 4 February 2022
Published: 6 February 2022

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

iations.

Copyright: © 2022 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/).

, Monika Podgérska 1%, Mindaugas Rasimavitius

11 12

, Agnieszka Rewicz ,
and Alina Stachurska-Swakon 14

Department of Tourism Geography and Ecology, Institute of Tourism, Faculty of Tourism and Recreation,
University of Physical Education in Cracow, 31-571 Krakéw, Poland

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

Department of Botany, Institute of Biology, Faculty of Exact and Natural Sciences, Pedagogical University of
Cracow, Podchorazych 2, 30-084 Krakéw, Poland; beata.barabasz-krasny@up.krakow.pl

Department of Geobotany and Plant Ecology, Faculty of Biology and Environmental Protection,

University of Lodz, Banacha 12/16, 90-237 L6dZ, Poland; anna.bomanowska@biol.uni.lodz.pl

Department of Botany, Institute of Environmental Biology, University of Wroctaw, Kanonia 6/8,

50-328 Wroctaw, Poland; zygmunt.dajdok@uwr.edu.pl (Z.D.); jakub.majk@gmail.com (J.M.);
ewa.szczesniak@uwr.edu.pl (E.S.)

Nature Research Centre, Laboratory of Flora and Geobotany, Institute of Botany, Zaliuju EZeruy 49,

12000 Vilnius, Lithuania; zigmantas.gudzinskas@gamtc.1t

Department of Zoology and Nature Conservation, Institute of Biological Sciences, Maria Curie-Sklodowska
University, 20-033 Lublin, Poland; marek.kucharczyk@mail umcs.pl

Kowalewo 6, 64-061 Kamieniec, Poland; lukaszmackowiak123@gmail.com

Department of Plant Physiology, Institute of Biology, Faculty of Exact and Natural Sciences,

Pedagogical University of Cracow, Podchorazych 2, 30-084 Krakéw, Poland;
katarzyna.mozdzen@up.krakow.pl

Department of Environmental Biology, Institute of Biology, Faculty of Exact and Natural Sciences,

Jan Kochanowski University, Uniwersytecka 7, 25-406 Kielce, Poland; monika.podgorska@uijk.edu.pl

Life Science Centre, Institute of Biosciences, Vilnius University, Saulétekio Av. 7, LT-10257 Vilnius, Lithuania;
mindaugas.rasimavicius@gf.vu.lt

Department of Biogeography, Paleoecology and Nature Conservation, Faculty of Biology and Environmental
Protection, University of Lodz, Banacha 1/3, 90-237 £.6dz, Poland; agnieszka.rewicz@biol.uni.lodz.pl
Department of Nature Conservation and Landscape Ecology, Institute of Agricultural Sciences, Land
Management and Environmental Protection, University of Rzeszéw, Zelwerowicza 4, 35-601 Rzeszéw, Poland;

12

twojcik@ur.edu.pl

Department of Plant Ecology, Institute of Botany, Jagiellonian University, Gronostajowa 3,
30-387 Krakow, Poland; alina.stachurska-swakon@uj.edu.pl

*  Correspondence: kinga.kostrakiewicz@awf krakow.pl

14

Abstract: In climbing plants, fruits can be formed at different heights, depending on the height
of external support. However, the effect of height on fruit and seed traits in invasive vines of
Cucurbitaceae has not been intensively studied so far. In Europe, Echinocystis lobata, a North American
member of Cucurbitaceae, is considered one of the most abundant invasive alien plants spreading
in natural riparian forests, thickets, and tall herbs, whereas it is a rare species in urban woodlands.
In this study, we tested the variability of selected fruit and seed traits of E. lobata in connection with
habitat origin (natural, semi-natural, and anthropogenic), habitat type (using the EUNIS habitat
classification), height (the distance between the fruit and the ground), and geographical position.
The study was conducted in 2018 in 65 sites located in Latvia, Lithuania, Poland, and Slovakia. In each
study site, a random sample of 10 fresh mature fruits of E. lobata was collected from subsequent
0.50 m intervals of height. The length, the width, and the weight of the fresh fruits, as well as
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the total number of seeds and number of undeveloped seeds per fruit, were examined. Moreover,
the well-developed seeds from selected study sites were weighed. The statistical analysis showed
the significant effect of habitat origin, habitat type, and height on most of the studied fruit and
seed traits. The largest range of height (from 0.00 to 4.00 m) was observed in two types of habitats
(F—heathland, scrub, and tundra; and G—woodland, forest, and other wooded land). The total
number of seeds per fruit was positively correlated with the length, width, and weight of the fresh
fruits. The fruits were a little heavier and bigger in natural habitats located in the northeast of the
study area. The distribution of fruits at different heights may contribute to better dispersal of seeds
by animals and wind, and may also better protect the seeds from being eaten by granivorous animals.
The defence against seed-eating animals is expected to be stronger in semi-natural habitats, as well as
on banks and shores of inland surface waters, where the seed production is the highest. The influence
of seed traits on seed germination and seedling survival in various habitats and their importance in
the invasiveness of E. lobata require further study.

Keywords: climbing plants; fruit and seed size; invasive alien species; morphological variability

1. Introduction

Climbing plants use external support (usually neighbouring plants) to grow verti-
cally for better light acquisition [1]. They occur mostly in forests from the tropics to the
boreal zones in both the northern and southern hemispheres; however, their greatest di-
versity is found in the tropical zone [2,3]. Climbing plants have been recognized in many
plant families, especially in Apocynaceae, Bignoniaceae, Celastraceae, Convolvulaceae,
Cucurbitaceae, Dioscoreaceae, Fabaceae, Menispermaceae, Rubiaceae, and Vitaceae [2—4].
They have evolved diverse strategies allowing them to attach to the external support by
forming structures such as twining stems and branches, tendrils (modified leaves, leaflets,
stipules, inflorescences, branches, or stems), hooks, thorns, and adventitious roots [3-5].
Based on their life forms, climbing plants can be divided into woody lianas, herbaceous or
subwoody vines, woody hemiepiphytes, and herbaceous epiphytes and hemiepiphytes [2].
In comparison with woody lianas, the distribution of herbaceous climbers is not affected by
disturbance, but is dependent on the availability of external support. Herbaceous climbers
grow in places with low light availability, but plenty of external support, and require
magnesium for the formation of flexible stems [6]. Unlike trees, climbing plants invest
little in thickening their stems and branches, using a large proportion of their resources to
produce additional leaves as well as for reproduction [3]. In tropical forests, many climbing
plants form deep root systems and may avoid competing with trees by avoiding drought
stress through tapping deeper stores of water [3]. Some experiments have shown that
climbing plants generally colonise nutrient-rich patches of soil much more quickly and
with much less investment in root biomass than trees [3]. Consequently, climbing capacity
is considered an important factor facilitating the invasion success of alien plants in forest
communities [7-9]. There are some interesting similarities and differences between native
and non-native climbing plants in patterns of distribution and seed dispersal. In Michi-
gan, USA, for example, both native and non-native climbing species show a pattern of
decreasing species richness with increasing latitude. However, native climbing species are
63% abiotically and 37% biotically dispersed, while non-native species are 62% abiotic and
38% biotic. Moreover, biotically dispersed species are more broadly distributed among
Michigan counties than abiotic species [10].

Vines of Cucurbitaceae are commonly cultivated as ornamental, edible, and medicinal
plants [11,12]. Unfortunately, many of them easily escape from their cultivation sites and
become established and invasive in new areas [13,14]. Successful invasion of alien vines
of Cucurbitaceae can be explained by their fast growth and various methods of dispersal.
For example, S. angulatus has become an invasive weed in some European and Asian
countries because of its seed dispersal with sowing material (harvest equipment for maize
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and soybean). Moreover, fruits of S. angulatus can be easily dispersed by flowing waters
as well as by animals (small mammals and birds) and humans (attachment to clothes,
agricultural practices, and transport) [15-17]. Coccinia grandis (L.) Voigt., by contrast, has
become a noxious weed in Hawaii owing to its seed dispersal by birds and mammals [18,19].
Moreover, C. grandis can propagate vegetatively by fragmentation of tuberous rootstock
and aerial shoots. According to Chun [20], fragments of C. grandis shoots grow roots readily
at the nodes when they touch the soil. Another example, Thladiantha dubia Bunge, has
become a dangerous and hard-to-eradicate weed in the Republic of Bashkortostan in Russia
owing to its intensive vegetative propagation by fragmentation of tubers during mechanical
soil treatment [21].

Biological invasions are one of the most serious threats to biodiversity and cultural
heritage in the world [22,23]. Studies on the impact of habitat conditions on the produc-
tion and dispersal of seeds in invasive alien plants allow a better understanding of their
geographical distribution [24] and adaptability to new habitats [9], as well as enable the
identification of habitats particularly sensitive to invasion [25]. Plant height, seed weight,
and seed morphology are some of the most important traits influencing abiotic seed dis-
persal [26]. In climbing plants, the fruits can be formed at different heights, depending
on the height of external support. This ability has a great influence on the efficiency of
seed dispersal [27]. However, the effect of height on fruit and seed traits in invasive vines
of Cucurbitaceae has not been intensively studied so far. In this study, we focused on
Echinocystis lobata (Michx.) Torr. & A. Gray, one of the most rapidly spreading invasive
vines of Cucurbitaceae in Central and Eastern Europe in recent years [28-32]. We aimed to
investigate (i) the effect of habitat origin (natural, semi-natural, or anthropogenic) on fruit
size and number of seeds, (ii) the effect of habitat type (using the EUNIS classification [33])
and height level on fruit size and number of seeds, (iii) the relationship between fruit size
and number of seeds, (iv) the effect of height level on the fresh and dry mass of seeds,
(v) the relationship between fruit size and geographic position, and (vi) the relationship
between seed size and geographic position.

2. Materials and Methods
2.1. Study Species

Echinocystis lobata, the wild cucumber, an annual, monoecious vine of the Cucur-
bitaceae, is native to temperate North America [34,35]. It occurs east of the Rocky Moun-
tains, and mostly north of the Ohio River in the United States and in southern Canada, grow-
ing in riparian forests and thickets, river and ditch banks, waste places, and fencerows [36,37].
It was introduced into Europe at the end of the 19th century and the beginning of the 20th
century as an ornamental and medicinal plant [28,29]. According to Bagiand Boszorményi [38],
it was also introduced into Europe accidentally with cotton shipments. During the 20th
century, E. lobata escaped from gardens, becoming a naturalized species in anthropogenic,
semi-natural, and natural habitats. Nowadays, it is considered invasive in many European
countries, especially in Central and Eastern Europe [28-31,39]. Populations of invasive
E. lobata have been recorded in anthropogenic habitats (e.g., abandoned allotments, road-
sides, railway embankments, waste dumps, and ditches), as well as in natural habitats (e.g.,
riparian forests, thickets, swamps, and riverbanks) [28-30,40—44].

E. lobata is a fast-growing and light-demanding vine adapted to moist and nutrient-rich
habitats [35]. As an invasive species, it negatively affects the diversity, density, and morpho-
logical traits of native plants by strong competition for light, especially in the communities
of Convolvuletalia sepium R.Tx., Alnenion glutinosae-incanae Oberd., and Salicion albae
R.Tx. [9,45,46]. It climbs over the vegetation using long tendrils (20 cm or more), which are
its modified lateral branches [47]. Sometimes willows, poplars, and marsh elms are almost
completely covered by plexuses of climbing shoots of E. lobata [40]. The plant is 5 m or
more long (up to 12 m), forming protandrous, unisexual flowers arranged in a panicle
inflorescence. Each inflorescence is composed of numerous male flowers (20-100) and
one to four female flowers located at the base of the inflorescence [29,35-37]. In Central
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Europe, the flowering of E. lobata usually occurs from July to September and the flowers are
pollinated by insects, but are also self-fertile [29]. The seeds are mature and shed 4-6 weeks
after flowering when the fruit (pepo) dries out and the pericarp at the distal end splits and
peels back to reveal the open mouths of two locules [35]. Selected morphological features
of E. lobata are presented in Figure 1.

Figure 1. Morphological characteristics of Echinocystis lobata: (A)—seedling, (B)—young specimens
with first leaves and tendrils, (C)—mature individual in a typical waterside habitat, (D)—fragment
of the shoot with flowers, (E)—fruits (pepos), (F)—pen fruit at the stage of seed release, (G)—seeds
(photographed by Z. Dajdok).
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2.2. Study Area

The investigations were conducted at 65 study sites located in Latvia, Lithuania,
Poland, and Slovakia (Figure 2). The altitude of the localities ranged from 13 m a.s.l. to
304 m a.s.l. Based on the EUNIS habitat classification [33], the study sites represented
the following habitat types: inland surface waters (code C); mires, bogs, and fens (D);
grasslands and lands dominated by forbs, mosses, or lichens (E); heathland, scrub, and tun-
dra (F); woodland, forest, and other wooded lands (G); inland unvegetated or sparsely
vegetated habitats (H); regularly or recently cultivated agricultural, horticultural, and do-
mestic habitats (I); constructed, industrial, and other artificial habitats (J); and habitat
complexes (X). The study sites included 25 habitat types; the greatest number of study sites
represented riparian and gallery woodland (G1.1) and almond willow-osier scrub (F9.121),
while the lowest number comprised domestic gardens of villages and urban peripheries
(X25). The study sites included natural (43), semi-natural (3), and anthropogenic habi-
tats (19) as three groups of habitat origin. In each study site, plant cover, light availability,
and soil pH were estimated. The percentage of plant cover (with an interval of 5%) was
visually estimated in plots of 25m? considering three vegetation layers (A—tree layer, B—
shrub layer, C—herb layer). Considerable values for plant cover in the tree, shrub, and herb
layers were recorded in most forest habitats such as riparian and gallery woodlands. In con-
trast, a low plant cover percentage solely in the herbaceous vegetation layer was recorded
in many anthropogenic habitats. The light availability was estimated using a five-grade
scale: 1—full shade (0-20% of light availability), 2—substantial shade (21-40% of light
availability), 3—moderate shade (41-60% of light availability), 4—low shade (61-80% of
light availability), 5—full sun (81-100% of light availability). The scale was created by
calculating the mean plant coverage in the A, B, and C layers, and then subtracting the
obtained value from 100% insolation. Most of the study sites were represented by low
shaded and moderately shaded conditions. A fully shaded condition was not observed.
The soil pH was measured using electronic devices and ranged from 5.0 to 8.0. Most of the
study sites showed the soil pH from 6.1 to 7.0. The detailed characteristics of the study sites
are presented in Table Al.

2.3. Fruit and Seed Sampling

The investigations were carried out in September and October 2018. In each study
site, a random sample of 10 mature fruits was collected from the subsequent height ranges:
0.00 m-0.50 m, 0.51 m-1.00 m, 1.01 m-1.50 m, and so on. Next, the length and the width of
the fruits (excluding spinules) were measured using an electronic caliper with an accuracy
of 0.1 cm. Simultaneously, the fresh fruits were weighed using an electronic scale with
an accuracy of 0.1 g. Then, the total number of seeds in each fruit was counted. Moreover,
the number of undeveloped (empty, deformed) seeds was noted. Simultaneously, properly
developed seeds from the chosen study sites were weighed separately using an electronic
scale with an accuracy of 0.01 g. The seeds were weighed per fruit and the mean mass
of one seed was calculated. Altogether, 491 seeds were weighed. The seeds were kept in
paper trays, allowing open-air drying. Subsequently, 199 portions containing 10 dry seeds
collected at a certain location and at a defined height level were weighed on an electronic
weighing scale with an accuracy of 0.001 g. After laboratory analyses, the portions of seeds
were stored separately in labelled paper bags.
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Figure 2. Distribution of sampled populations of Echinocystis lobata.

2.4. Statistical Analyses

The arithmetic mean (x) and standard deviation (SD) of length, width, and fresh
weight of fruits, as well as the total number of seeds per fruit and number of undeveloped
seeds in habitats with different origin and type as well as at diverse height intervals, were
calculated. One way ANOVA followed by a post-hoc Tukey test was applied to test the
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statistical significance of differences in (i) the length, (ii) the width, and (iii) the fresh
weight of fruits, as well as (iv) the total number of seeds per fruit and (v) the number of
undeveloped seeds per fruit, considering (i) habitats with different origin, (ii) different
types of habitats, and (iii) different height intervals (levels). Then, the two-way ANOVA
was used to test the statistical significance of differences in the abovementioned traits of
fruits, sampled at various height levels in different habitat types. Before using ANOVA, the
normal distribution of untransformed data was checked by the Kolmogorov-Smirnov test,
while the homogeneity of variance was tested using the Levene test at a significance level
of p < 0.05. The correlation between (i) the length, (ii) the weight, and (iii) the fresh weight
of fruits and the total number of seeds, as well as the number of undeveloped seeds, was
tested using the Pearson coefficient at a level of p < 0.05. The impact of height level on the
weight of fresh seeds was tested by applying one-way ANOVA (the data meet assumptions
of the normal distribution and variance homogeneity), whereas the impact of height level
on the weight of dry seeds was tested using the Kruskal-Wallis H test because of the
small number of records in some groups. The variability in fruit and seed size with the
geographic position was tested using the F-test or Kruskal-Wallis test when the normality
assumption was not met. In the case of fresh fruits, the weight, length, and width were
tested with geographical locations. These parameters were tested separately for different
height levels and origin of habitat. Similarly, the seed size (in the meaning of biomass) was
tested. The CCA (Canonical Correspondence Analysis) was used to find the influence of
environmental variables on fruit size variability. The significance of geographical position,
light intensity, soil pH, habitat type, and habitat origin was also tested. The mean of fruit
parameters for all height levels per locality was taken. MVSP 3.22 software [48] was used
for this purpose. For other tests, STATISTICA 13.0 software was involved [49].

3. Results
3.1. The Effect of Habitat Origin on Fruit and Seed Traits

The length and width of the fruits achieved the greatest values in natural habitats,
while the fresh weight of fruits was much greater in natural and semi-natural habitats than
in anthropogenic ones (Table 1). The total number of seeds per fruit was the greatest in
semi-natural habitats and the lowest in anthropogenic habitats, whereas the number of
undeveloped seeds was similar in all groups of habitats (Table 1).

Table 1. The fruit and seed traits (mean + SD) of Echinocystis lobata in anthropogenic (A), semi-
natural (SN), and natural habitats (N).

Habitat  Number of Fruit Length Fruit Width Fruit Fresh Total Number of  Number of Undeveloped
Origin Records (cm) (cm) Weight (g) Seeds per Fruit Seeds per Fruit
A 566 417 3.18 12.95 3.86 0.56
(£0.59) @ (£041)2 (+4.92) % (£1.04)2 (£1.00) 2
N 1758 4.70 3.43 15.92 4.04 0.55
(+0.63) P (£0.84) P (+4.79) P (£0.89) P (£1.16)2
SN 103 4.45 3.08 1417 4.33 0.45
(£0.82) ¢ (£0.46) @ (£6.19) P (£0.99) (£1.02) @
F value
151.85 30.91 80.79 14.59 0.38
@f =2)
p value p <0.001 p <0.001 p <0.001 p <0.001 p=0.67

The diverse letters in superscripts mean the statistical differences between anthropogenic, semi-natural, and
natural habitats.

3.2. The Effect of Habitat Type on Fruit and Seed Traits

The effect of the habitat type was significant in the case of the length of fruits (F = 24.45,
df = 8, p < 0.001). The greatest mean value of the fruit length (5.16 cm) was noted in
mires, bogs, and fens (habitat group D), while the lowest one (4.02 cm) was found in
regularly or recently cultivated agricultural, horticultural, and domestic habitats (I) (Table 2).
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The statistical analysis showed that the width of fresh fruits reaching 3.15-3.97 cm did not
vary remarkably (F = 0.35, df = 8, p = 0.49). Moreover, the weight of fresh fruits measuring
12.05-21.61 g did not differ between habitats (F = 0.02, df = 8, p = 0.83). The total number of
seeds varied significantly between habitats (F = 22.65, df = 8, p < 0.001), ranging from 3.43
in habitat complexes (X) to 4.50 in inland surface water habitats (C). Similarly, the number
of undeveloped seeds differed significantly (F = 10.12, df = 8, p < 0.001), ranging from 0.18
in habitat complexes (X) to 0.70 in woodland, forest, and other wooded lands (G) (Table 2).

Table 2. The fruit and seed traits (mean + SD) of Echinocystis lobata in inland surface waters (C);
mires, bogs, and fens (D); grasslands and lands dominated by forbs, mosses, or lichens (E); heathland,
scrub, and tundra (F); woodland, forest, and other wooded land (G); inland unvegetated or sparsely
vegetated habitats (H); regularly or recently cultivated agricultural, horticultural, and domestic
habitats(I); constructed, industrial, and other artificial habitats (J); habitat complexes (X).

Habitat Numberof  Fruit Length Fruit Width Fruit Fresh Total Number of Number of Undeveloped
Type Records (cm) (cm) Weight (g) Seeds per Fruit Seeds per Fruit

C 100 4.51 3.24 15.77 4.50 0.64
(£0.94) (£0.57) (£6.01) (£0.85) (£1.15)

D 30 5.16 3.97 21.69 4.33 0.36
(£0.28) (£0.28) (+4.47) (£0.54) (£0.76)

E 430 4.42 3.33 14.48 4.19 0.48
(£0.70) (£0.40) (£5.28) (£0.87) (£0.98)

E 474 4.92 3.42 16.28 417 0.35
(£0.53) (£0.33) (+4.49) (£0.54) (£0.71)

c 919 4.67 3.45 15.96 3.88 0.70
(£0.60) (£1.11) (+4.64) (£1.03) (£1.38)

H 29 4.72 3.15 16.56 4.38 0.65
(£0.35) (£0.23) (£3.55) (£0.37) (£0.67)

I 9% 4.02 3.15 12.59 3.91 0.30
(£0.55) (£0.44) (+4.27) (£1.06) (£0.63)

] 289 4.09 3.15 12.05 3.83 0.62
(£0.53) (£0.41) (+4.42) (£1.07) (£1.24)

X 60 4.09 3.26 12.77 3.43 0.18
(£0.61) (£0.47) (£5.99) (£0.92) (£0.53)

3.3. The Effect of Height Level on Fruit and Seed Traits

The statistical analysis showed the effect of height level on most of the fruit traits.
The statistically significant differences (F = 2.47, df =7, p < 0.01) presented the length of
fruits achieving the greatest values at a height of 3.01-3.50 m and 3.51-4.00 m. Similarly,
the weight of fruits varied remarkably (F = 2.94, df =7, p < 0.01) and reached the greatest
values at a height of 2.51-3.00 m. The greatest numbers of total seeds per fruit (F = 10.25,
df =7, p < 0.001) and undeveloped seeds per fruit (F = 10.90, df = 7, p < 0.001) were
found at the lowest height intervals. The width of fruits did not differ (F = 0.36, df = 7,
p = 0.92) (Table 3). The one-way ANOVA test showed that the fresh weight of seeds varied
significantly between height levels (F = 2.48, df =7, p < 0.01). Remarkable differences were
noticed between fresh seeds collected at a height of 2.01-2.50 m, achieving the greatest
weight, and those collected at a height of 3.51-4.00 m, achieving the lowest weight (Table 4).
Furthermore, the Kruskal-Wallis H test showed no differences in the mass of dry seeds
collected at different height levels (H = 11.80, p = 0.1) (Table 5).
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Table 3. The fruit and seed traits (mean =+ SD) of Echinocystis lobata at different height levels.

Height Number of Fruit Length Fruit Width Fruit Fresh Total Number of = Number of Undeveloped

Level (m) Records (cm) (cm) Weight (g) Seeds per Fruit Seeds per Fruit
0.00-0.50 469 (f()5.29) (be.ZS) (Eg) (fé(-)884) (fsz)
0.51-1.00 387 ( fbé;a) (fﬁl) (155.252) (f(’)%927) (iOfSO)
1.01-1.50 517 (fb?gzx) (fféJSA) (Ei%) (jflso) (ffgl)
1.51-2.00 397 (f65.24) (fb%ES) (dlci.%t) (fé(-)so) (ﬂgng)
2.01-2.50 296 (f65.656) (f(f;) (Ei.loi) (f&;% (iOfOSZ)
2.51-3.00 216 (f('fg@ (f(')?.)364) (E%QZ) (f(f;S) (f62-599)
3.01-3.50 82 (f(fgm (i363.§9) (E.2732) (fég-gl) (f(f;@
3.51-4.00 63 (fg;5) (f('f;g,) (1532555) (ff;) (iofzm

Table 4. The fresh weight of the seeds (mean & SD) of Echinocystis lobata sampled at different height
levels in selected study sites.

Height Level (m) Number of Seeds Fresh Mass of Seeds (mg)
0.00-0.50 30 1.53 (£0.42)
0.51-1.00 100 1.55 (£0.45)
1.01-1.50 117 1.59 (£0.57)
1.51-2.00 77 1.65 (£0.44)
2.01-2.50 60 1.82 (£0.39)
2.51-3.00 47 1.61 (£0.42)
3.01-3.50 30 1.55 (£0.53)
3.51-4.00 30 1.50 (£0.42)

Table 5. The dry weight of 10 seeds (mean £ SD) of Echinocystis lobata (one record) sampled at
different height levels in selected study sites.

Height Level (m) Number of Records Dry Mass of Seeds (g)
0.00-0.50 42 0.27 (£0.03)
0.51-1.00 37 0.27 (£0.03)
1.01-1.51 38 0.29 (£0.04)
1.51-2.00 29 0.28 (£0.04)
2.01-2.50 23 0.28 (£0.04)
2.51-3.00 20 0.29 (£0.04)
3.01-3.50 6 0.30 (£0.03)
3.51-4.00 4 0.31 (£0.03)

3.4. The Relationships of Habitat Origin, Habitat Type, and Height Level with Fruit and Seed Traits

A remarkable interaction between habitat type and height level on fruit length (F = 2.61,
df =42, p < 0.001) was evidenced (Table 6). The greatest length of fruit was observed in
mires, bogs, and fens (D) at a height of 0.00-0.50 m and in forest habitats (G) at a height of
3.01-3.50 m, while the lowest fruit length was noted in habitat complexes (X) at a height of
3.01-3.50 m. The Tukey test showed that samples from the forest (G) and shrubland habitats
(F) collected at the heights of 1.51-2.00 m, 2.01-2.50 m, and 2.51-3.00 m differed significantly
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from samples collected in agricultural, horticultural, and domestic habitats (I); constructed,
industrial, and other artificial habitats (J); and habitat complexes (X), irrespective of the
height level (Table 6).

Table 6. The length (cm) of the fruits(mean =+ SD) of Echinocystis lobata at different height levels
in inland surface waters (C); mires, bogs, and fens (D); grasslands and lands dominated by forbs,
mosses, or lichens (E); heathland, scrub, and tundra (F); woodland, forest, and other wooded land (G);
inland unvegetated or sparsely vegetated habitats (H); regularly or recently cultivated agricultural,
horticultural, and domestic habitats (I); constructed, industrial, and other artificial habitats (J); habitat
complexes (X).

Height Habitat Type
Level (m) C D E F G H I J X
0.00-0.50 4.38 5.22 4.53 4.75 4.70 4.56 3.96 4.21
OO0 (£079)  (£028)  (£074)  (£052)  (£0.73)  (£038)  (£0.67)  (£0.40)
0.51-1.00 4.79 4.58 5.05 4.68 491 4.03 4.01 3.76
DL (+1.34) (+£058)  (+£052)  (40.66)  (+£033)  (+£053)  (+0.62)  (+0.46)
1.01-1.51 4.56 5.20 4.52 4.92 4.57 4.68 4.04 4.08 4.08
Ot (£025)  (£025)  (£0.61)  (£055)  (£0.61)  (£026)  (£043)  (£050)  (+0.32)
1.51-2.00 4.50 5.07 4.19 4.95 4.64 3.95 4.10 4.51
DL (£029)  (£030)  (£0.56)  (£051)  (£0.57) (£0.68)  (£0.64)  (£0.59)
2.01-2.50 4.20 4.84 4.70 413 3.63 4.54
D=2 (+£0.80)  (+£054)  (+0.49) (+£048)  (+£052)  (+0.78)
251-3.00 4.25 4.93 4.74 4.05 4.17 4.09
S (+0.86)  (+051)  (£0.50) (+037)  (£037)  (+£0.33)
5.22 4.77 3.60
3.01-3.50 (£0.61)  (+0.52) (£0.44)
3.51-4.00 517 4.68

(£0.22) (40.49)

The statistical analysis showed no influence of the interaction of habitat type and
height level on fruit width (F = 1.11, df = 42, p = 0.28) (Table 7). The influence of the
interaction of habitat type and height level on fruit weight was significant (F = 2.61, df = 42,
p <0.001). The lowest fresh weight of fruit (8.41 g) was noticed in habitat complexes (X) at
a height of 3.01-3.50 m, while the greatest one (23.60 g) was recorded in mires, bogs, and fens
(D) at a height of 0.00-0.50 m (Table 8). The Tukey test confirmed significant differences
among samples derived from mires, bogs, and fens growing at a height of 0.00-0.51 m
and samples taken from other habitats regardless of height level. Moreover, samples
derived from woodlands (G) and heathland, scrub, and tundra (F) differed remarkably
from cultivated agricultural, horticultural, and domestic habitats (I), and habitat complexes
(X), irrespective of the height level (Table 8). The influence of the interaction of habitat type
and height level on the total number of seeds per fruit was also significant (F = 2.43, df = 42,
p < 0.001). The lowest numbers of seeds per fruit amounted to 2.70 and 2.92, noticed
in habitat complexes (X) at a height of 3.01-3.50 m and wooded habitats (G) at a height
of 3.51-4.00 m, respectively (Table 9). The Tukey test confirmed significant differences
among the abovementioned samples, as well as among samples taken from other habitats,
irrespective of height level (Table 9). Moreover, the statistical analysis showed the significant
influence of the interaction of habitat type and height level on the number of undeveloped
seeds per fruit (F = 2.43, df = 42, p < 0.001). The greatest number of undeveloped seeds
(1.58) was noticed in constructed, industrial, and other artificial habitats (J) at a height of
0.00-0.50 m, and it was significantly greater than in other sites (Table 10). The seed size did
not differ between natural and anthropogenic habitats measured at different height levels;
however, a trend with smaller seeds in anthropogenic habitats was noticed (Figure 3).
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Table 7. The width (cm) of the fruits (mean & SD) of Echinocystis lobata at different height levels
in inland surface waters (C); mires, bogs, and fens (D); grasslands and lands dominated by forbs,
mosses, or lichens (E); heathland, scrub, and tundra (F); woodland, forest, and other wooded land (G);
inland unvegetated or sparsely vegetated habitats (H); regularly or recently cultivated agricultural,
horticultural and domestic habitats (I); constructed, industrial, and other artificial habitats (J); habitat
complexes (X).

Height Habitat Type
Level (m) C D E F G H I J X
0.00-0.50 3.03 3.92 3.43 3.40 3.40 3.15 291 3.8
Rt (£0.63)  (£026)  (+£042)  (+032)  (£042)  (£027)  (+049)  (+0.37)
0.51-1.00 3.57 3.35 3.49 3.41 3.27 3.45 3.04 293
o (+0.53) (£037)  (£034)  (£0.39)  (£020)  (£0.52)  (+040)  (+0.34)
01151 3.28 3.92 3.33 3.38 3.53 3.03 3.15 3.09 3.32
R (£035)  (£036)  (£033)  (£0.35)  (£229)  (£0.15)  (£035)  (+037)  (+0.24)
L51-2.00 3.59 4.07 3.26 3.47 3.46 3.11 3.20 3.65
e (£0.13)  (£0.18)  (£0.40)  (£032)  (£0.49) (+£048)  (£041)  (+£0.50)
5 01-2.50 3.34 3.38 3.41 3.32 2.88 3.58
e (£042)  (£036)  (+0.25) (£033)  (£059)  (+0.32)
551-3.00 3.26 3.43 3.39 3.26 3.29 3.8
P (+046)  (£029)  (+0.29) (£026)  (£027)  (+0.33)
3.37 3.42 2.79
3.01-3.50 (£027)  (+0.25) (0.35)
3.51-4.00 343 331

(£0.27) (£0.34)

Table 8. The fresh weight (g) of the fruits (mean & SD) of Echinocystis lobata at different height levels
in inland surface waters (C); mires, bogs, and fens (D); grasslands and lands dominated by forbs,
mosses, or lichens (E); heathland, scrub, and tundra (F); woodland, forest, and other wooded land (G);
inland unvegetated or sparsely vegetated habitats (H); regularly or recently cultivated agricultural,
horticultural and domestic habitats (I); constructed, industrial, and other artificial habitats (J); habitat
complexes (X).

Height Habitat Type
Level (m) C D E F G H I J X
0.00-0.50 15.44 23.60 15.33 15.98 16.59 15.43 13.59 13.20
000 (£5.60)  (£625)  (£551)  (+4.63)  (£4.92)  (£3.05)  (£6.09)  (+£4.72)
0.51-1.00 18.17 16.54 17.40 15.67 18.77 13.03 11.37 10.88
DL (+7.71) (+£5.99)  (£471)  (4532)  (+3.85)  (£3.02)  (4+3.85)  (+3.27)
1.01-1.51 15.12 21.94 13.62 16.22 14.97 15.36 12.30 11.30 12.06
Ot (£6.07)  (£3.07)  (£501)  (£5.09)  (£495)  (£278)  (£348)  (x453)  (+2.24)
1.51-2.00 13.93 19.53 13.22 15.63 16.29 11.14 12.12 17.51
S (+241)  (£260)  (£431)  (£344)  (£5.01) (+4.45)  (+423)  (£8.11)
2.01-2.50 13.62 15.78 16.49 12.95 8.85 14.91
D=2 (+4.63)  (£552)  (+3.28) (+£2.87)  (£282)  (+7.98)
251-3.00 13.54 17.36 16.51 12.98 14.50 12.87
S (£4.60)  (£310)  (£3.54) (£338)  (£237)  (£457)
15.00 16.63 8.41
3.01-3.50 (£3.56) (+£4.13) (£3.72)
3.51-4.00 16.59 14.96

(£1.73) (£3.78)
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Table 9. The number of seeds per fruit (mean + SD) of Echinocystis lobata at different height levels
in inland surface waters (C); mires, bogs, and fens (D); grasslands and lands dominated by forbs,
mosses, or lichens (E); heathland, scrub, and tundra (F); woodland, forest, and other wooded land (G);
inland unvegetated or sparsely vegetated habitats (H); regularly or recently cultivated agricultural,
horticultural and domestic habitats (I); constructed, industrial, and other artificial habitats (J); habitat
complexes (X).

Height Habitat Type
Level (m) C D E F G H I J X
0.00-0.50 442 4.60 4.00 4.30 4.00 4.22 391 3.92
’ ’ (£0.99) (£0.51) (£0.71) (£0.59) (£0.77) (£0.46) (£1.26) (£0.99)
0.51-1.00 4.65 4.30 428 3.96 4.70 3.75 3.96 3.10
’ ' (£0.81) (£0.98) (40.68) (+£1.04) (10.44) (+£1.28) (£0.87) (£1.10)
1.01-1.51 4.70 440 4.25 4.05 3.62 4.20 3.60 3.70 3.70
’ ’ (£0.65) (£0.69) (£0.88) (£0.46) (+£1.30) (£0.94) (£0.50) (£1.36) (£0.67)
1.51-2.00 4.20 4.00 4.08 4.06 4.04 4.20 3.86 4.00
’ ' (£0.42) (£0.00) (£0.89) (£0.55) (£0.74) (+£1.47) (£0.95) (£0.81)
2 01-2.50 4.16 4.26 412 3.90 3.66 3.80
' ’ (£0.97) (£0.57) (+0.84) (+0.64) (£0.89) (+0.42)
2 51-3.00 440 411 3.92 4.33 3.54 3.30
’ ’ (£0.90) (£0.37) (£0.67) (£0.81) (+£1.12) (£0.82)
4.05 4.19 2.70
3.01-3.50 (£022)  (+0.68) (+1.05)
4.45 2.92
3.51-4.00 (£0.52) (+£1.51)
Table 10. The number of undeveloped seeds per fruit (mean + SD) of Echinocystis lobata at different
height levels in inland surface waters (C); mires, bogs, and fens (D); grasslands and lands dominated
by forbs, mosses, or lichens (E); heathland, scrub, and tundra (F); woodland, forest, and other wooded
land (G); inland unvegetated or sparsely vegetated habitats (H); regularly or recently cultivated
agricultural, horticultural and domestic habitats (I); constructed, industrial, and other artificial
habitats (J); habitat complexes (X).
Height Habitat Type
Level (m) C D E F G H I J X
0.00-0.50 1.04 0.40 0.50 0.33 1.04 0.55 0.41 1.58
SO (+1.42) (+0.96) (+1.04) (+0.63) (+1.61) (£0.72) (£0.59) (£1.73)
0.51-1.00 0.35 0.47 0.28 0.63 0.80 0.25 0.19 0.20
’ ’ (£0.58) (£0.95) (£0.56) (£1.37) (£0.63) (+0.46) (£0.56) (£0.63)
1.01-151 0.25 0.30 0.58 0.43 0.99 0.60 0.15 0.10 0.00
' ’ (£0.71) (£0.67) (£1.11) (£0.83) (£1.38) (£0.69) (£0.48) (£0.30) (£0.00)
1.51-2.00 0.00 0.30 0.41 0.19 0.65 0.40 0.29 0.00
’ ' (40.00) (4+0.69) (40.80) (40.48) (+1.38) (+0.94) (+0.75) (£0.00)
2 01-2.50 0.52 0.54 0.48 0.20 0.26 0.10
’ ’ (£1.05) (£0.99) (+1.16) (+0.41) (£0.59) (£0.31)
2 51-3.00 0.32 0.32 0.29 0.50 0.09 0.10
’ ' (£0.76) (£0.53) (£0.55) (£0.83) (£0.30) (£0.31)
0.50 0.02 0.70
3.01-3.50 (£0.76) (40.13) (£0.94)
3.51-4.00 0.09 0.87

(£0.30) (£1.54)
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Figure 3. The mean of seed mass in pairs: anthropogenic (A, C, E, G) and natural (B, D, E, H) habitats
at different height levels. A, B: 0.01-0.5 m, C, D: 0.51-1.0 m, E, F: 1.01-1.5 m, G, H: 1.51-2.0 m.
The differences are not significant (Kruskal-Wallis test, p > 0.05).
3.5. The Interdependence between the Traits of Fruits and Seeds
The statistical analysis showed the occurrence of positive correlations among the
length, width, and fresh weight of fruits. The total number of seeds was positively corre-
lated with other fruit parameters, except for the number of undeveloped seeds. The number
of undeveloped seeds was negatively correlated with the length and fresh weight of fruit,
as well as with the total number of seeds. There was no correlation between the number of
undeveloped seeds and the width of the fruit (Table 11).
Table 11. The Pearson coefficient (p < 0.05) between the length, the width, and the fresh weight of
fruits, as well as the total number of seeds and number of undeveloped seeds in Echinocystis lobata.
The statistically significant values are in bold.
Length of Width of Fresh Weight of Total Number of Number of
Fruits Fruits Fruits Seeds Undeveloped Seeds
Length of fruits 1.00 0.29 0.66 0.28 —0.07
Width of fruits 1.00 0.35 0.10 0.01
Fresh weight of fruits 1.00 0.31 —0.10
Total number of seeds 1.00 —0.08
Number of 1.00

undeveloped seeds

3.6. The Effect of Geographical Position on Fruit and Seed Traits

The fruit size of E. lobata (in the meaning of fresh weight, length, and width) varied
with the geographical position. The fruits were a little heavier and bigger in natural habitats
located in the northeast of the study area (Figure 4). This correlation was statistically signif-
icant for all height levels; however, the biggest difference was for the level of 1.01-1.50 m.
There was no such statistical correlation in anthropogenic habitats. Moreover, the correla-
tion between the seed size and geographical position was statistically insignificant for both
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habitat origin and for height levels. The observed relation of geographical position and
fruit size is the strongest one among the environmental conditions that were considered
(Figure 5). However, the studied variables explained only 35% of the variability between

the data.
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Figure 4. Correlation of fruit size of Echinocystis lobata with geographical position. The fruits from
natural habitats (N = 339) from Central Europe locations (n = 34) for height level of 1.01-1.5 m.
(A,B)—fresh weight of fruits, (C,D)—length of fresh fruits, (E,F)—width of fresh fruits (p < 0.005,
F test).
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Figure 5. The CCA diagram for Echinocystis lobata fruit parameters per locality with relation to envi-
ronmental variables. N, E—geographical position; N, SN, A—habitat origin—natural, seminatural,
and anthropogenic.

4. Discussion

In Central and Eastern Europe, populations of Ecinocystis lobata can occupy anthro-
pogenic, semi-natural, and natural habitats. We showed that the fruit size and number of
seeds are dependent on the origin and type of habitats. The fruits of E. lobata were bigger
and heavier in natural habitats than in semi-natural and anthropogenic ones, and the
number of seeds was the greatest in semi-natural habitats. On the other hand, the origin of
habitat did not affect the number of undeveloped seeds (Table 1). Considering the types of
habitats, the greatest fruit length and weight were observed in mires, bogs, and fens (habitat
D in the group of natural habitats), while the greatest number of seeds was found on banks
and shores of inland surface waters (habitat C in the group of natural habitats) (Table 2).
Our results suggest that the size of the fruit and the number of seeds of E. lobata are influ-
enced by the water availability in the habitat. Many annual climbers of Cucurbitaceae show
high water requirements because they have a relatively small root system and produce
an extremely large above-ground mass of leaves as well as fruits [50]. E. lobata has shallow
roots (4-15 cm long and about 1 mm wide) and long climbing to trailing stems (5-12 m long
and 3-5 mm thick) with numerous leaves and coiled tendrils [37]. The pepo, a simple fleshy
fruit typical of Cucurbitaceae [51], contains a lot of water. For example, fruits of cucurbit
crops Cucumis sativus L., Lagenaria siceraria (Molina) Standl, and Luffa acutangula (L.) Roxb.
consist of more than 95% water [12]. The pepo of E. lobata is also very moist, but dries
to tan after seeds are expelled [37]. The formation of the pepo requires adequate access
to water and wet habitats may enhance the production of big-sized fruits with a greater
number of seeds by providing plants with more water [52]. Experiments conducted on
Cucumis sativus showed that, during the reproductive stage, the plants were more sensitive
to water deficit resulting in a decrease in fruit weight [53]. In cucurbit crops (Cucurbita,
Cucumis, and Citrullus), the size of the fruit decreases not only because of reduced water
supply, but also because of increased plant density and a greater number of fruits per
plant [54]. Moreover, light availability and soil fertility could be responsible for fruit weight
and seed production in members of Cucurbitaceae, as evidenced in Sicyos angulatus [55].
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Echinocystis lobata grows fast and is adapted to moist and nutrient-rich habitats [35]. It is
considered one of the most abundant invasive alien plants spreading in natural riparian
habitats [56], whereas it is a rare species in urban woodlands [57]. In riparian habitats,
where the soils are wet and fertile, E. lobata can achieve high seed viability and germinability
and its rate of seedling recruitment is higher than in dry and nutrient-poor soils [34,58,59].
Similarly, seed germination of S. angulatus occurs more frequently in humid and irrigated
sites [60].

The fruits of E. lobata can be developed at different heights because of the climbing
strategy. In some climbing plants, the use of external support modifies biomass allocation
and stimulates growth, whereas in other species, it may negatively affect growth, indicating
a cost associated with climbing [1,61]. Moreover, the non-climbing plants that provide
mechanical support for the climbing plants are also competitors for light, water, and nu-
trients [1,62]. In the case of E. lobata, the fruit production increases with plant size, but is
limited by the number of nodes [35]. Our results suggest that the length and the weight
of the fruits, as well as the number and the weight of the seeds, can be affected by the
height at which the plant develops the fruits. Considering habitat types, in mires, bogs,
and fens (habitat type D), the fruit length and weight and the number of seeds decreased
with the increasing height (Table 6, Table 8, and Table 9). The lowest number of seeds
observed in forest habitats at a height of 3.51-4.00 m, as well as in habitat complexes, par-
ticularly at a height of 3.01-3.50 m (Table 9), might be caused by an elevated temperature.
The extremely detrimental effects of heat stress on seed yield have been documented in
numerous plant species and repeatedly reported by many authors [63-65]. The lowest
number of seeds in fruits of E. lobata growing at a substantial height might be also related
to fruit set order. However, the youngest fruits are not always located at the highest shoots.
The development of fruits and seeds depends mainly on carbohydrates synthesised in
and transported from vegetative tissues of leaves and stems. Thus, there is a competition
between reproductive organs located on the same mother plant [66]. Studies on cucurbit
crops (i.e., Cucumis melo, C. sativus, Citrullus lanatus, and Cucurbita pepo) have proved the
decrease in the number of seeds [67,68] and their quality [69] in fruits that originate later.
Moreover, in cucurbit crops, the fruit already developing on the plant hinders successful
fruit set in younger flowers, especially those on the same branch or stem [54]. Interestingly,
in Cucumis sativus, the higher the fruit position on the mother plant and the closer the ovule
to the stem (in the peduncular fruit segment), the slower the maturation of the seeds and
the lower the vigour when harvested early [66]. In cucurbit crops, the development of fruits
and seeds is impacted by various genetic and environmental factors [54]. Further studies
are needed for better understanding of the variability in fruit size and seed production in
populations of E. lobata. It seems important to check the frequency and efficiency of insect
pollination and self-pollination in flowers located at different heights. It has been shown
that, if the amount of pollen is insufficient, or conditions are not suitable for pollen tube
growth, a misshapen fruit occurs in cucurbit crops [54].

In this study, we found a positive correlation between the weight and the length of the
fruits of E. lobata (Table 11). A similar correlation was evidenced for other species of Cucur-
bitaceae such as Trichosanthes dioica Roxb. [70], Cucumis melo L. [71], and Citrullus lanatus
(Thunb.) Mansf. [72]. Moreover, we found a positive correlation between the fruit size
and the number of seeds of E. lobata (Table 11), as observed in cucurbit crops such as
Cucumis sativus [73] and Cucurbita pepo L. [74]. In maturing fruits of E. lobata, turgor pres-
sure provides their rupture and autochorous seed dispersal [34]. Seeds fall from the fruits
irregularly; most seeds are released just after the opening of the fruit, while the rest are
released after the drying and decaying of the fruit [35,75]. The fruit usually contains four
seeds [32,35,75]. The seeds of E. lobata are large and smooth, with no special structures
for long-distance dispersal. According to Dylewski et al. [75], the mean seed mass is
0.33 g, the mean length of the seed is 17 mm, and the mean width of the seed is 8 mm.
Similar results of seed size measurements were obtained by Golivets [76]. Interestingly,
Dylewski et al. [75] hypothesised that E. lobata produces more seeds (up to six) and some
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of the seeds are trapped in the fruit as a way of physical defence against rodents and
birds that feed on the seeds. Our results suggest that the defence against seed-eating
animals might be the strongest in semi-natural habitats, as well as on banks and shores of
inland surface waters, as E. lobata produces the highest number of seeds in these habitats.
In general, seed predation is an important factor reducing seed availability and could be an
evolutionary driver [77-81]. On the other hand, rodents and birds can serve as vectors of
seed dispersal [32,75], and mutualism involving animal-mediated seed dispersal facilitates
plant invasions [82]. The formation of fruits at different heights may lead to more successful
seed dispersal by animals and wind. The seeds of fruits developed at low heights can be
dispersed by rodents, whereas the seeds of fruits located higher can be dispersed by birds.
The wind can also enhance seed dispersal by moving the branches of trees and shrubs on
which the fruiting shoots of E. lobata are supported. Furthermore, the seeds of E. lobata can
also be dispersed by water during floods along the riverbanks [29]. The pattern of spread of
E. lobata along river valleys has been confirmed in many regions of Europe [28,30,31,40,45,83].
Compared with other invasive vines of the Cucurbitaceae (e.g., Coccinia grandis and
Thladiantha dubia), E. lobata is not able to propagate vegetatively. However, the seeds
of E. lobata can be dispersed by autochory, hydrochory, and zoochory [29,32,35,75]. Such
a diversity of seed dispersal favours the rapid spread and invasion of E. lobata in Central
and Eastern Europe [29].

Seed weight is a critical trait of a plant’s life history; it influences many aspects
of a species’ regeneration strategy, including seedling survival rate. When considering
variation between species, seed size exhibits a striking global pattern, declining 2-3 orders
of magnitude going to the north [84]. Several theories have been proposed to explain this
latitudinal gradient, involving light conditions, dispersal agents, life form, and length of
the growing season [85]. Similarly, global-scale research in fleshy fruit colour and size
has documented geographic patterns between species traits and observed the negative
correlation between size and latitude progressing towards the north [81]. On a smaller
scale, with increasing elevation in the mountains, the pattern of seed size is not so obvious,
and the relationship between elevation and seed mass may be positive [86]. Additionally,
the seed size within the same species across an elevation is not always consistent with
the general global pattern, and the response to elevation change seems to be the plant’s
trait [87-89]. The seed size shows a considerable degree of phenotypic plasticity in response
to environmental conditions [90]. The variation in seed size has been investigated in
many cucurbit crops [91]. For example, the geographical variability of seed length, width,
and thickness was observed in Cucurbita pepo by Paris and Nerson [92]. In our research,
we did not find a geographic pattern in seed size within species; the observed variability
is included in the phenotypic plasticity of the species. However, the geographic pattern
was revealed for fruits. We noticed significantly larger fruit at locations in the northeast
in our dataset. We assumed that, at higher latitudes and under cooler temperatures,
the seeds ripen more slowly, and the longer period is exploited for fruit growth. There
are numerous ecophysiological traits strongly associated with plant invasions such as
high leaf construction cost, specific leaf area, net CO; assimilation, high photosynthesis
capacity, net photosynthesis, rapid and substantial allocation to root mass, heteroblasty,
strong N fixation ability, and seed dry weight [93]. Unfortunately, ecophysiological aspects
of E. lobata invasion have not been intensively studied so far. The experiment performed
in the riparian zone of the river Krka in Slovenia indicated that E. lobata had significantly
higher specific leaf area and lower leaf tissue density compared with Salix caprea L. and
S. fragilis L. (which provided mechanical support for E. lobata shoots), altering the radiation
environment and the amount of photosynthetic pigments [9]. Fruit and seed traits can be
responsible for the invasiveness of alien plant species because they are related to dispersal,
germination, and fitness [94]. According to Golivets [76] and Dylewski et al. [75], the seeds
of E. lobata are very variable in their weight, length, width, and coloration. However,
the effect of seed traits (including ecophysiological traits) on germination capacity and
seedling survival in various habitats and geographic regions (in comparison with the native
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range) should be tested in the future to reveal their involvement in the invasiveness of
E. lobata.

5. Conclusions

In Central and Eastern Europe, Echinocystis lobata showed great variability in the size
of fruits and seeds depending on the type and origin of the habitat as well as depending on
the height at which the fruits were formed as a result of climbing. High water availability
in the soil seems to have a positive effect on fruit size as the largest fruits were found in
natural riparian habitats. The number of seeds was positively correlated with the width,
length, and fresh weight of the fruit. The distribution of fruits at different heights may
contribute to better dispersal of seeds by animals and wind, and may also better protect the
seeds from being eaten by granivorous animals. The defence against granivorous animals
is expected to be stronger in semi-natural habitats, as well as on banks and shores of inland
surface waters, as the plant produced the highest number of seeds per fruit in these habitats.
The invasiveness of E. lobata in various habitats and regions in Europe requires further
research. It seems particularly important to demonstrate the seed germination capacity
and seedling survival depending on the habitat conditions, as well as to indicate seed traits
strongly involved in the invasiveness of the species.
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Appendix A

Table Al. Characteristics of study sites located in Latvia (LV), Lithuania (LT), Poland (PL), and
Slovakia (SK).

Country Study Site GPS Coordinates Altitude Habitat Plant Soil Light
Code Latitude Longitude (masl) Code Type Origin  Cover* pH  Availability **
Daugavpils, right N E Almond B30
LV Dbank of the 55°51/53.4" 26°31'13.9" 295 F9.121  willow-osier N C-90% 7.1 3
augava river scrub
Daugavpils A-20%
district, Tilti N E Riverine Salix ees
v village, bank of ~ 55°58'24.3" 26°26/27.3" 289 Gl woodland N CB:ggof 69 2
the Thksna river ?
Jekabpils, left N E Almond B-40°%
LV Dbank of tl’}e 56°29'43.0" 25°53/52.1" 296 F9.121  willow-osier N C-90% 7.1 3
augava River scrub
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Table Al. Cont.

Country Study Site GPS Coordinates Altitude Habitat Plant Soil Light
Code Latitude Longitude (masl)  Code Type Origin  Cover* pH  Availability **
Bauska, right L . A-20%
v bankofthe o N o piitme g A0 GLIL RWEmReSTR g gagy 73 3
Memele river ’ ' C-95%
Bauska district,
Arce village, right N E Common 'reed
LV bank of t/he 5622337 24°15/03.6" 35 C3.21 (Phragmites) N C-100% 7.1 4
Miisa river beds
Prienai district
. . ’ L . A-20%
Prienai, right N E Riverine Salix o
LT bank of the 54°37'55.6" 23°57'16.5" 0L GLIL " oodland N CB:ggof’ 74 3
Nemunas River ¢
e Disused
LT Trak;rlai;md' 540 31; 509" 2u° 55, 0uzr 165 H3IC  siliceous A c-60% 76 5
’ ’ quarries
Ukmergedistr,
4 Almond
Ukmergg, left N E . R B-60%
LT bank of the 55°14'38.1" 24°45'50.5" 0 F9.121 Wl“;g:&g““ N cs0% 7 3
Sventoji River
P Amond
LT ok o f'thg s5oa193" oseiaony 4 F9.121  willow-osier N B-50% 6.9 3
- . _ 0,
Neveézis River scrub C-90%
Rural
- Siauliai district, N E o 127 construttion | B10% . A
Norkinai village 56°01'12.9" 23°16/55.6” ' o C-70% ’
demolition
sites
Raseiniai district
.. ’ Almond
VandZiai village, N E X . B-40%
LT leftbankof the  55°180L9" 23254607 0 A2l willowsosier N cron 08 4
Dubysa River
]uéi?fffiﬁfféd’ N E Almond B-50%
LT rightbank of the ~ 55°05/25.9" 22°52'50.16" 1 F9.121 Wlusocvr‘;gswr N cso% o8 4
Nemunas River
Slender tufted
sedge beds
N E near
PL Filipéw Pierwszy 54017/42"  22°49/20/ 166 D5.2121  sub-boreal N C-95% 6.9 4
swamp alder
woods
(G1.4114)
PL Bakatarzew N E 154 G1.1112 E]:Zliztpe:aln N g-_;)gzo 7.6 2
ewo 54°19'29"  22°43/00" 12 poplar-willow o :
C-75%
forests
Small-scale
Grodzisk N E ornamental o
PL Wielkopolski  52°13'1092" 16°22/36.06" O 22 .nddomestic & C50% 71 >
garden areas
N E Unvegetated
PL Kamieniec 50°09'53.46" 16°28/20.52" 68 C3.63 river mud N C-80% 7.6 4
’ ’ banks
N E Unvegetated
PL Gozdzichowo 53 C3.63 river mud N C-70% 7.6 4

52°09'22.14" 16°28/28.08"

banks




Forests 2022, 13, 256 20 of 26

Table Al. Cont.

Country Study Site GPS Coordinates Altitude Habitat Plant Soil Light
Code Latitude Longitude (masl)  Code Type Origin  Cover* pH  Availability **
N E eutrophic and A5
PL Beczkowice 51°11'40.87" 19°42'37.417 208 B34 hesotrophic O CB-_950§ 64 4
grassland ?
Small-scale A-10%
. . N E ornamental g
PL Mileszki 51°46'15.58" 19°34'26.79" 240 22 and domestic A B-90% 54 3
C-70%
garden areas
A-10%
. N E Road o
PL tugi 51°46'15.58" 19°34'2679" /7 J42 networks A B-10% 7.3 4
C-95%
E E Riparian and A-40%
PL Nowa BrzeZnica 19°10/52.46" 19°10/52.46" 203 G1.1 gallery N B-70% 6.3 2
woodland C-70%
N E Riparian and A-5%
PL Sieradz 1 onre! 1 Ao anl I 129 Gl.1 gallery N B-80% 6.1 3
51°35'58.29" 18°44'35.71 woodland C-90%
N E Riparian and A-5%
PL Sieradz 2 ongl 11 1o Al P 136 G1.1 gallery N B-80% 6.2 3
51°36'27.10" 18°43'47,42' woodland C-90%
N E Riparian and A-40%
PL Smolice omar 1 1a0mal 1 153 Gl1.1 gallery N B-30% 7.2 3
51°54'17.24" 19°34'16.68 woodland C-80%
. A-10%
Smolice, N E Constructed o
PL Wczasowa Street  51°54/05.62" 19°34/54.65" 158 125 boundaries A CB:ES‘;) 64 5
A-10%
. . N E Constructed o
PL Witkowice 51°46/21.94" 19°44'53.78"  21© J25 boundaries A gg’oéj 65 4
L . A-40%
N E Riverine Salix o
PL Leczna 51°01/23"  22°54/18" 150 G1.11 woodland N B-30 ﬁ) 6.5 3
C-100%
L ) A-60%
. N E Riverine Salix o
PL Wélka 510103"  29°50/60" 177 Gl11 e N B-30% 6.5 2
C-90%
Domestic
dens of
) N E gar B-70%
PL Lysakow 51°31'50"  22°38'60" 160 X25 villages and A C-90% 6.0 3
urban
peripheries
N E oakli/[ell)::jash A-20%
PL Kepa Solecka 51°10/9" 21°46/60" 123 G1.22 woodland of N B-40(/:> 6.5 3
- C-100%
great rivers
L ) A-20%
Zastow N E Riverine Salix o
PL Polanowski 51°30'31”  22°05'09” 19 GL11 woodland N g:gg(;) 6.5 3
Weed
communities
N E of recently
PL Niektan 1 51°16/38.43" 20°61/79.85" 279 E5.14 abandoped A C-65% 7.0 4
extractive
industrial
sites
N E Blackthorn- A-5%
PL Niektan 2 283 F3.111 bramble N B-60% 7.0 3

o1/ " oznl 1/
51°16/89.82" 20°62'23.55 scrub C-90%
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Table Al. Cont.

Country Study Site GPS Coordinates Altitude Habitat Plant Soil Light
Code Latitude Longitude (masl)  Code Type Origin  Cover* pH  Availability **
N N Shady A-35%
PL Staporkéw, Mita 51°13/74.93" 20°58'96.74" 267 E5.43 wood%and N B-600/0 7.0 2
edge fringes C-90%
Widawa Screens or
rivervalley, N E veils of
PL betwgen 51°1211"  16°59'09.37" 134 E5.41 perenm.al.tall SN C-90% 7.5 4
Paniowice and herbs lining
Szymanow watercourses
Widawa
rivervalley, . .
! N E Riverine Salix A-10%
PL between 50°56'22.4” 16c472227 48 G odland N c8o% oY 4
Paniowice and
Szymanow
Screens or
Wroctaw, N E veils of A-10%
PL Zgorzelisko, bank onm ” oI A8 I 118 E5.41 perennial tall N B-50% 6.5 3
of Widawa river S1°07:49.27 17°07°44.0 herbs lining C-70%
watercourses
Screens or
Kamieniec N E veils of
PL Wroctawski, bank 51°04'21.6" 17°10'11.9" 119 E5.41 perenm.al.tall N C-90% 7.0 4
of the Oder herbs lining
watercourses
Screens or
. ils of
Wroctaw, Pilczyce, N E vers B-40%
PLo pankof Slezariver 51°08'546" 16°57226" 112~ E541  perennialtall N cs0% 0P 4
herbs lining
watercourses
Joachiméwko, N E Freshwater
PL causeway of 51°32/209" 17°29/33.8" 113 C3.2111  (Phragmites) N C-100% 5.0 4
StawTrojkatny beds
Solid
N E agricultural
PL Nowe Grodzisko 51°33/25.3" 17°21'26.1" 107 J6.4 .and A C-100% 7.5 4
horticultural
waste
Lowland
Nowe Grodzisko, habltats A-70%
PL bank of B N E 106 psqp  colonisedby B-50% 6.0 2
ank orbaryez - 51°33/10.9”  17°21'39.7" : tall o :
river . . C-90%
nitrophilous
herbs
N E Eﬁf;elsn A-40%
PL Nowe Brzesko 50°07'16.8" 20°22'31.2" 186 Gl1.111 white willow N B-400A) 5.5 3
C-40%
forests
Lowland
habitats
N E colonised by o
PL CzapleMate 50°17'55.9" 19°57'18.8" 304 E5.11 tall A C-100% 52 4
nitrophilous
herbs
N E Almond A-40%
PL Plawowice 50°10'25.6" 20°24/50.5" 192 F9.121 willow-osier N B-50% 55 4
scrub C-40%
L N E Road o
PL Odwisle 50°06'113" 20°19/56.4" 181 J4.2 networks A C-100% 5.8 4
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Table A1. Cont.
Country Study Site GPS Coordinates Altitude Habitat Plant Soil Light
Code Latitude Longitude (masl)  Code Type Origin  Cover* pH  Availability **
N E Riparian and A-75%
PL Krakoéw, Dabie R P 195 Gl1.1 gallery N B-15% 7.0 3
5073727 19°50°35 woodland C-30%
N E o] A-10%
PL Modlniczka S0°1146"  19°48750" 179 2 e A B-40% 7.0 3
C-70%
garden areas
L N E Road o
PL Czajowice 50°11/18" 19°48'18" 183 J4.2 networks A C-95% 7.0 4
. Unmanaged
Krakow, Nowa N E . B <5%
PL Huta 1 50°04'08.81" 20°01/53.51" 100 E27 mesic A c100% 00 4
grassland
Moist or wet
Krakow, Nowa N E eutrophic and B <5%
PL Huta 2 50°04'04.0” 20°02'24.4" 199 E34 mesotrophic SN C-100% 65 4
grassland
. . A-60%
. N E Riverine Salix o
PL Strzyzow 49°51/50.3"  21°46/45.4" 220 Gl.11 woodland N B-40 (/;) 7.0 2
C-100%
Mixed
riparian
. N E . B-60%
PL Dobrzechow 49°50/04.4" 21°44'51.9" 219 G1.2 floodplain N C-100% 7.0 3
and gallery
woodland
N E Phalaris
PL Wiséniowa 49°51404" 21°39/33.7" 227 C3.26 arundinacea N C-100% 7.0 4
beds
Wielopole N E Road o
PL Skrzynskie 49°56/50.2"  21°37'00.6" 254 J42 networks A C-80% 65 4
s N E Road o
PL Broniszow 49°59'18.6" 21°33/41.3" 218 J4.2 networks A C-100% 7.0 4
.. . A-60%
. N E Riverine Salix o
PL Okonin 50°01'49.52" 21°32'56.03" 10 LIl odland N B-50% 7.0 3
C-100%
. N . A-60%
Rzeszoéw, the N E Riverine Salix o
PL Rzeszow reservoir  49°59'54.2"  21°58'44.6" 199 GLI1 woodland N CB_ -15000(/; 7.0 2
Rzeszow,
’ N E Road B-5%
PL boulevardsnear- 55001104 g1 p1ogigrer 193 J42 networks A c100% 0 4
Wistokriver
Riparian and
Budca, near Hron N E B-90%
SK River 1 48°33'44.7" 19°02362" 2D S gallery N c60% Y 3
woodland
Riparian and
Budca, near Hron N E B-5%
SK River 2 48°3346.7" 19°02263" 2O G11 gallery N co0% /Y 4
woodland
Riparian and A-10%
Budca, near Hron N E
SK - oty oo 250 Gl.1 gallery N B-5% 6.0 4
River 3 48°33'47.7" 19°02'22.8 woodland C > 95%
Riparian and A-60%
Budca, near Hron N E
SK /. Smnl A I St lnA ol 255 Gl1.1 gallery N B-5% 6.5 3
River 4 48°33'42.1" 19°01'24.8 woodland C > 95%
N E Riparian and A > 5%
SK Slatina Riverl ol A7 (i onglng Al 271 Gl1.1 gallery N B-80% 7.0 2
48°33/47.0"” 19°06'38.2 woodland C95%
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Table Al. Cont.

Country Studv Si GPS Coordinates Altitude Habitat Plant Soil Light
y Site S atels
Code Latitude Longitude (masl)  Code Type Origin  Cover* pH  Availability **
SK Slatina River2 N E 269 Gl1.1 Riparifn and N E?':%Z‘/’ 7.0 3
atina River o 5 . aller > 5% .
48°33'46.3" 19°06/36.6" wio dlai’l 4 C S o050
* Vegetation layers: A—tree layer, B—shrub layer, C—herb layer. ** The descriptive scale of light availability
at ground level: 1—full shade (0-20% of light availability); 2—substantial shade (21-40% of light availability);
3—moderate shade (41-60% of light availability); 4—low shade (61-80% of light availability); 5—full sun (81-100%
of light availability). The scale was created by calculating the mean plant coverage in A, B, and C layers, and then
subtracting the obtained value from 100% insolation.
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