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Abstract: Improving ecological connectivity (EC) within landscapes by establishing corridors and
ecological networks has been proposed to counteract the negative effects of habitat fragmenta-
tion and climate change on biodiversity. To be functional, ecological networks should be kept
free of opportunistic invasive species that can disrupt EC between protected areas and cause
biodiversity loss. The present study focused on perennial herbaceous species whose occurrence
in the Adriatic-Ionian region has increased in the last two decades, namely common milkweed
(Asclepias syriaca), Jerusalem artichoke (Helianthus tuberosus), Japanese knotweed (Reynoutria japonica),
Bohemian knotweed (Reynoutria × bohemica), giant hogweed (Heracleum mantegazzianum), giant
goldenrod (Solidago gigantea), Canadian goldenrod (Solidago canadensis), and Bermuda buttercup
(Oxalis pes-caprae). All species have a high potential to spread in grasslands, abandoned agricultural
fields, forest edges, and riparian areas and pose a significant threat to native plant communities and
biodiversity. Restoring heavily infested sites is a major challenge because these perennial invaders
are very persistent and tend to alter the soil environment in invaded habitats and prevent the recolo-
nization of native plant communities. Therefore, early action should be taken to prevent the spread of
these environmental weeds in ecological networks and protected areas with high conservation value.

Keywords: environmental weeds; perennial weeds; dispersal; grasslands; riparian areas; abandoned
agricultural fields; Balkan Peninsula; eradication

1. Introduction

Improving ecological connectivity (EC) within landscapes through the establishment
of corridors and ecological networks has been proposed to counteract the negative effects of
habitat fragmentation and climate change on biodiversity [1]. At a time when biodiversity
loss has become a serious issue in Europe, the conservation of EC has become a major
challenge [2]. This is also true for a large part of the Balkan Peninsula, where political and
economic circumstances have created transboundary barriers between associated countries,
posing a major challenge for the conservation of EC and biodiversity [3]. In this context,
the “Interreg Adrion DINALPCONNECT” project was launched in 2020 with the aim of
improving EC by combating environmental vulnerability and habitat fragmentation and
securing ecosystem services in the Adriatic-Ionian region. Seven countries in the Adriatic-
Ionian region, namely Italy, Slovenia, Croatia, Bosnia and Herzegovina, Montenegro,
Albania, and Greece, are included in the broader project area. Four pilot regions have

Diversity 2022, 14, 387. https://doi.org/10.3390/d14050387 https://www.mdpi.com/journal/diversity
1



Diversity 2022, 14, 387

been established as linkages between Natura 2000 sites and protected areas on the borders
between Italy and Slovenia, Slovenia and Croatia, Croatia and Bosnia and Herzegovina,
and Albania and Greece (Figure 1).

 

Figure 1. Countries of the Adriatic-Ionian region where ecological connectivity (EC) will be explored
and consolidated. The four circles represent pilot regions selected as linkages between Natura
2000 sites and protected areas by the “Interreg Adrion DINALPCONNECT” project team. Abbrevi-
ated names of associated countries: IT; Italy, SI; Slovenia, HR; Croatia, BA; Bosnia and Herzegovina,
ME; Montenegro, AL; Albania, GR; Greece.

By enabling the movement of organisms, corridors can reduce the likelihood of species
extinction by increasing genetic exchange between populations and promoting recoloniza-
tion of empty habitat patches in spatially structured populations [4,5]. However, to be
sustainable and functional, ecological networks should be kept free of opportunistic inva-
sive species that can disrupt EC between protected areas and lead to biodiversity loss [6].
To achieve this goal, the status of biological invasions in larger areas should not be over-
looked but continuously monitored, and eradication programs should be initiated in a
timely manner [7]. According to the Driver, Pressure, State, Impact, and Response (DPSIR)
models developed in [8], extensive urbanization and improper management practices in
agricultural areas, forests, grasslands, and riparian zones generate serious threats to biodi-
versity and EC in the Balkan Peninsula. Among others, the risk of further spread of exotic
non-native plant species has been identified as one of the major threats to biodiversity in
the Adriatic-Ionian region [8].

Biological invasions by alien plant species are among the main causes of biodiversity
loss, as the presence of invaders leads to the displacement of native vegetation and can have
negative impacts on the soil environment and associated fauna taxa [9–12]. In addition
to alien invasive trees and herbaceous species with an annual life cycle, there is much
evidence that the occurrence of perennial herbaceous species with high invasive potential
has increased in the Adriatic-Ionian region in the last two decades [13–19]. Perennial
herbaceous species have a strong invasive potential, as most of them can reproduce both by
seeds and by underground vegetative organs. Vegetative propagation allows for the rapid
establishment of dense, monospecific, clonal populations in invaded habitats, which makes
eradication a very challenging goal because it requires sufficient control of the belowground
vegetative organs that give rise to new clonal plants. If only the aboveground vegetative
parts are removed, plants regrow from their belowground vegetative organs [20–24]. In
addition, seed production and dispersal facilitate effective colonization of new areas for
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species that can reproduce both by seed and vegetatively [15,21,25]. Therefore, measures to
prevent the spread of these species and eradication programs should be implemented in the
wider Adriatic-Ionian region before invasions become problematic in ecological networks
and protected areas of high conservation value.

The present study focused on common milkweed (Asclepias syriaca L.), Jerusalem
artichoke (Helianthus tuberosus L.), Japanese knotweed (Reynoutria japonica Houtt.), Bo-
hemian knotweed (Reynoutria × bohemica Chrtek et Chrtková), giant hogweed [Heracleum
mantegazzianum Sommier & Levier], giant goldenrod (Solidago gigantea Aiton), Canadian
goldenrod (Solidago canadensis L.), and Bermuda buttercup (Oxalis pes-caprae L.). Our first
objective was to raise public awareness of the spread status of these perennial herbaceous
alien plant species in the countries of the Adriatic-Ionian region, as described in the recent
literature. Another objective was to focus on the main ecological features contributing to
the success of these species as invaders and to present the impact of their invasions on
biodiversity, based on data from case studies conducted in the wider European region. The
importance of raising public awareness and taking preventive measures to prevent further
spread of these species is emphasized. Available eradication methods that can be applied
to infested sites are also presented.

2. Spread of the Selected Alien Plant Species in the Adriatic-Ionian Region

The alien plant species included in the current study are perennial herbaceous species
that have been classified by the European and Mediterranean Plant Protection Organization
(EPPO) as having a high potential to spread and are capable of altering the environment
in invaded habitats, thus posing a significant threat to native plant communities, the
environment, and biodiversity in the EPPO region. All species are already present in at
least four countries in the Adriatic-Ionian region (Table 1).

Table 1. Summary of the presence of the selected alien plant species in the countries of the Adriatic-
Ionian region.

Binomial
Name

Botanical
Family

Common
Name

Origin
Infested

Countries 1

Asclepias syriaca Apocynaceae Common
milkweed North America IT, SI, HR,

BA, ME

Helianthus tuberosus Asteraceae Jerusalem
artichoke North America

IT, SI, HR,
BA, ME,
AL, GR

Reynoutria japonica Polygonaceae Japanese
knotweed East Asia IT, SI,

HR, BA

Reynoutria × bohemica Polygonaceae Japanese
knotweed East Asia IT, SI,

HR, BA

Heracleum mantegazzianum Apiaceae Giant
hogweed

Eastern
Europe

IT, SI,
HR, BA

Solidago gigantea Asteraceae Giant
goldenrod North America IT, SI, HR,

BA, ME

Solidago canadensis Asteraceae Canadian
goldenrod North America IT, SI, HR,

BA, ME

Oxalis pes-caprae L. Oxalidaceae Bermuda
buttercup South Africa IT, HR,

AL, GR
1 Country names are represented by three-code abbreviations—e.g., IT; Italy, SI; Slovenia, HR; Croatia, BA; Bosnia
and Herzegovina, ME; Montenegro, AL; Albania, GR; Greece.

Common milkweed has been naturalized in Italy and occurs in seven administrative
regions; it spreads in all northern regions of the country, except in Liguria and Aosta
Valley [17]. In Slovenia, this species has been recorded in the central part of the country
along roadsides, near Ljubljana, east and northeast of it; there are also reports from Brežice,
Podravje, and Pomurje regions, and two other cases of occurrence in the northeastern part
of the country, near watercourses along the Mura River on the border with Croatia [26]. In
Croatia, Boršić et al. [16] found that common milkweed occurs mainly in the northwestern
and eastern parts of the country along roadsides and railways, riverbanks, pastures, and
open forest areas. The presence of local populations has been confirmed in wet meadows in
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the Posavina region of Bosnia and Herzegovina [27]. According to Stešević and Petrović [19],
common milkweed is one of the alien plants detected in Montenegro, where only a few
populations have been reported infesting wet meadows outside the city of Podgorica.

Jerusalem artichoke is one of the most noxious invaders in field crops in northern Italy,
especially where it has been grown in the past as an energy or industrial crop, or when
allowed to spread uncontrollably on abandoned agricultural land [28]. This species is also
reported as invasive in Tuscany, where it occurs mainly on riverbanks [29]. This species is
also introduced in Greece and Albania but is not yet invasive in these countries [13,14]. In
Montenegro, Jerusalem artichoke is widely distributed on abandoned agricultural lands,
ruderal areas, and riverbanks [19]. In addition, it is considered invasive in northwestern
Bosnia and Herzegovina and also in the central part, including the Sarajevo Canton area,
along roadsides, railways, riverbanks, and streams [15,27]. Jerusalem artichoke is a serious
invader in riparian zones of streams in Slovenia [30]. Küzmič and Šilc [18] reported its
occurrence in six habitats of the European Nature Information System (EUNIS). Follak
et al. [31] also mentioned that this weed has a high potential to spread across roadsides and
railways in the country and colonize new areas. This is also supported by the recent studies
in which dense populations were discovered along a roadside near Zbilje, a settlement
in the Upper Carniola region of Slovenia [32]. In Croatia, escaped Jerusalem artichoke
populations have spread aggressively along forest edges, drainage systems, and riverbanks
in the continental part of the country, as well as in flooded woodlands on the riverbanks of
Sava, Sutla, Krapina, and Drava [33]. Its occurrence on forest edges was also confirmed in
Medvednica Nature Park by Vuković et al. [34].

According to Mincheva et al. [35], Japanese knotweed has been well distributed in
grasslands in the Piedmont region of northwestern Italy during the last 30 years. Popu-
lations have also been observed in the western Italian Alps [36]. In Slovenia, this species
is also widespread in urban areas, along watercourses, riparian corridors, roadsides, and
railroad lines [31]. In particular, the southeastern part of the municipality of Ljubljana
in central Slovenia is known as the most infested area in the country [37]. According
to Vuković et al. [38], Japanese knotweed populations have infested at least 25 sites in
Croatia. Most detections are from roadsides and railways, urban areas and areas along
watercourses at several sites around the city of Zagreb in the north and sites in the Alpine
biogeographical region on the Dinaric mountain of Velebit. There are also reports of grass-
lands infested with this species between the settlements of Krstinja and Brusovačanear near
the border with Bosnia and Herzegovina. Dense populations of Japanese knotweed have
also been found along roadsides and railways, watercourses, urban areas, and grasslands in
several locations in Bosnia and Herzegovina, including the larger areas of Sarajevo, Zenica,
and Žepce, as well as outside cities in the northeastern part of the country (Banja Luka,
Derventa and Doboj) [15,27]. It should be noted at this point that Japanese knotweed may
be confused with Bohemian knotweed, which is the hybrid of Japanese knotweed and giant
knotweed (Reynoutria sachalinensis (F. Schmidt) Nakai) [39].

Jovanović et al. [40] recorded Bohemian knotweed populations in ruderal and urban
areas in the cities of Celje and Ljubljana, in Slovenia. Galasso et al. [17] reported that
Bohemian knotweed is invasive and widespread in Italy. Giulani et al. [41] collected
samples from three populations of Bohemian knotweed growing along artificial banks
of the Ombrone River in Podere della Chiesa, along stream shores and artificial banks
under woody riparian vegetation along the stream Vincio in Pontelungo, and also along
the Arno River in Subbiano; in Subbiano, Bohemian knotweed was also widespread along
cultivated areas and habitats disturbed by anthropogenic activities. According to Lazzaro
et al. [42], the hybrid occurs in at least nine different regions and is classified as one of the
most important invasive alien plants in the country. In Croatia, Vuković et al. [38] reported
large populations growing along the wider area of the Kašina stream in the settlement of
Kašina, eastwards of Medvednica and in a grassland located between the settlements of
Dekanovec and Domašinec. The same authors detected Bohemian knotweed populations in
urban areas, in the city of Zagreb, and also across roadsides in several localities throughout
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the country. In Bosnia and Herzegovina, the hybrid is found in riparian habitats near the
towns of Višegrad, Zvornik, Nova Kasaba, Dobrun, and Sarajevo; this weed is also found
in ruderal sites in Dobrun, Rogatica, and in urban areas in Uvac [40]. In Montenegro, these
researchers have detected Bohemian knotweed occurrences on riparian and ruderal sites
near Pljevlja and in gardens in the small town of Žabljak.

In the Sava River basin, populations of giant hogweed have been found only in
Slovenia near Ljubljana, probably as escapees from the Ljubljana Botanical Garden [43].
Although active eradication measures are implemented every year to control the spread of
this invasive species, there is recent evidence that roadsides serve as corridors for further
spread in Slovenia [31]. In Croatia, the occurrence of this species has been confirmed in
disturbed habitats in Med̄imurje County and in Gornja Šemnica in Krapina-Zagorje County
near roadsides [16]. As for its occurrence in Bosnia and Herzegovina, populations have
been reported in the central part of the country and especially near Hadžići, southwest of
Sarajevo, along the railway between Sarajevo and Mostar, and also near Lokve between
Hadžići and Pazarić [44]. In Italy, populations of giant hogweed have been classified as
naturalized in some areas and invasive in others [17]. According to maps provided by
Jahodová et al. [45], this species also occurs in the northeastern part of the country, while
Siniscalco and Barni [36] reported infestations in mountainous areas in the Aosta Valley
and Alpine Botanical Gardens.

Giant goldenrod and Canadian goldenrod are among the most widespread invasive
alien plant species in Slovenia. Zelnik [30] reported that extensive populations of both
species infest the riparian zones along streams, disturbed habitats with standing waters, and
the edges of floodplain forests. In the study by Marinšek and Kutnar [46], their occurrence
was found in 37 out of 130 plots near the Mura River in the northeastern part of Slovenia, in
the sub-Pannonian region. These species are also common in shrublands and afforestation
areas. According to Küzmič and Šilc [18], giant goldenrod has spread in 16 EUNIS habitats,
while Canadian goldenrod is already present in 7 different EUNIS habitats. Šajna [47] found
that giant goldenrod occurred in 65% and 91% of mowed and abandoned forest meadows,
respectively, within the natural forests that developed along the riverbanks of the Drava
river. Canadian goldenrod has a high potential to spread across roadsides and railways in
Slovenia [31]. In Croatia, both species are invasive [48], but giant goldenrod seems to be
more common. In the continental part of the country, it has been found on many different
ruderal areas, usually disturbed due to human activities; the highest infestation rates are
observed on abandoned agricultural land, riverbanks, and forest edges [49]. Novak and
Novak [49] reported that at least 10 ha were infested by the giant goldenrod at such sites in
Zagreb, Varaždin, Koprivnica-Križevci, Krapina-Zagorje, Med̄imurje, Bjelovar-Bilogora,
and Karlovac counties. Maslo et al. [27] mentioned that both species were found along
rivers and forest edges, on roadsides, and in gardens in Bosnia and Herzegovina; they
also indicated that giant goldenrod populations have invaded the wider area of Trebević
mountain. In Montenegro, two distinct occurrences of giant goldenrod were found near
roadsides in the suburban areas of Nikšić and Mojkovac, near gardens where it is grown as
an ornamental plant [50]. A population of Canadian goldenrod was found on the roadside
in the village of Vir, near the town of Nikšić [51]. The giant goldenrod is the most common
of the two species in northern Italy [52].

Bermuda buttercup occurs in Greece in all 18 habitat groups, namely marine habitats,
coastal habitats, inland water bodies, fens and fogs, grasslands, shrublands, forests, rocky
areas and screes, cultivated arable fields, cultivated areas in gardens and parks, perennial
orchards and vineyards, man-made urban areas, transportation networks (roadsides and
railways), artificial constructed boundaries, and abandoned places [13]. It is common in
urban and suburban ruderal areas, olive groves, meadows, and forest edges, where it forms
dense populations that prevent the growth of other species, especially during the growing
season from autumn to early spring [13]. This species is considered invasive in similar
habitats in Italy [17]. It was also introduced in Croatia in the last two decades [48]. In all
mentioned countries, islands are highly susceptible to invasions of this species [13,17,48]. In
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addition, Barina et al. [14] reported that Bermuda butter cup is well established in Albania,
but not yet invasive.

3. Species Description and Key Ecological Characteristics

3.1. Common Milkweed

Common milkweed is a perennial broadleaved weed species; it is diploid (2n = 22)
and belongs to the family Apocynaceae, subfamily Asclepiadoideae [53]. It is native to
the northeastern, north central, and southeastern United States and adjacent areas of
Canada [54]. The plants have a C3 photosynthetic pathway and grow up to 1.5 m tall. They
grow in clusters of stout stems with short downy hairs; all plant parts contain a milky
sap [55]. The conspicuously veined leaves are smooth on the upper surface, pubescent on
the lower surface, 10–20 cm long and 5–11 cm wide, and appear in pairs on opposite sides
of the stem [56]. Inflorescences are large spherical clusters (umbels) that arise in the upper
leaf axils and at the tips of the stem [57]. The number of inflorescences per plant ranges
from 2 to 5; the number of flowers per inflorescence ranges from 30 to 108 [58]. The flowers
are fragrant, pink to white, and considered an excellent source of nectar for butterflies, bees,
and other insects [59].

Reproduction is by seed as well as by underground vegetative organs. The flowers are
self-sterile and are pollinated by insects [60]. Only 2% of the flowers produce mature pods.
On average, each plant produces 4–6 pods containing 150–425 seeds [55]. Consequently,
the presence of 1–6 stems m−2 can lead to a production of up to 87 million seeds ha−1.
Csontos et al. [61] reported that at densities of 14 and 18.1 stems m−2, seed production
reached 7820 and 10597 seeds m−2, respectively. In addition to seed production, seeds
have inherent dormancy; they require at least a post-maturation period of 1 year to germi-
nate [62]. Although seed survival is influenced by environmental conditions, the high seed
production capacity and seed dormancy allow the formation of persistent seed banks in
infested areas [63]. The seeds are pinnate, and their weight is very low (e.g., the weight of
1000 seeds is usually 7–8 g). Therefore, they can disperse over long distances by wind. For
example, early studies by Platt and Weis [64] reported that the diameter of the plume was
5.59–5.73 cm and the seeds were dispersed by the wind at a distance of 13.3–14.3 m with a
velocity (terminal velocity) of 0.0249 m s−1 with a wind dispersion of 2.78–4.18 m s−1. In
more recent studies, Moravcová et al. [65] reported that seeds were dispersed by wind at a
velocity of 0.284–0.422 m s−1.

Seed dispersal is the main mechanism for milkweed to spread over long distances
and colonize new areas, while establishment of dense stands over shorter distances occurs
by vegetative propagation with rhizomes [21]. Seed germination occurs between April
and May. Three weeks after germination, the formation of underground rhizomes occurs.
Flowering does not occur during the first growing season [63]. The rhizomes contain
buds that develop the next spring. New shoots develop from these buds under favorable
conditions. The shoots are viable for one year but are formed in the same place each
year [55]. Most rhizomes normally grow horizontally 10 to 40 cm below the soil surface
at a growth rate of 0.01 to 0.25 m per year [63]. Some rhizomes penetrate deeper soil
profiles (1–1.5 m depth) and reach groundwater, which provides water and nutrients to
the shoots; new shoots appear from mid-spring to early summer, and plants flower from
June to August [63]. Plants grow as single shoots or as groups of 2–5 shoots connected by
rhizomes for many years after establishment [21]. Cultivation for ornamental purposes,
cultivation for fiber production, cultivation as a nectar source by beekeepers, improper
cleaning of agricultural machinery used near infested sites, transport of soil contaminated
with rhizomes to new areas, abandonment of agricultural land, and other anthropogenic
activities also contribute significantly to its spread [21,66–68]. In addition, this species
spreads along roadsides and railways [31].
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3.2. Jerusalem Artichoke

Jerusalem artichoke is a hexaploid (2n = 102), erect, rhizomatous, perennial, broadleaved
weed species originally from North America [69]. The plants have a C3 photosynthetic
pathway, but also possess enzymes typical of the C4 type of photosynthesis [70]. Stems are
light green or green-purple in color, hairy, sparsely to moderately branched in the upper
half, woody in the years after establishment, and can reach a height of up to 3–4 m with
a stem diameter of 1.6–3 cm [15,71]. Leaves are 10–25 cm long and 4–12 cm wide, broad
near the base, and glabrous on the upper surface. In the lower part of the stem, they are
opposite or arranged in whorls of three leaflets, while in the upper part of the stem, the
leaves are alternate, simple, winged above, the blade ovate to ovate-lanceolate, with three
prominent veins and a petiole 2–8 cm long [72]. Inflorescences are sunflower-like heads
with bright yellow disk flowers; they are formed as single heads or in corymbs at the ends
of the main stems and axillary branches and are 4–11 cm in diameter, while disk diameters
range from 1.5 to 2.3 cm [71,72]. The bracts are lanceolate, green, finely pubescent dorsally,
and hairy at the margin; the petals are oblong-spatulate, acute, and hairy in the upper
part [73]. The flowers are insect-pollinated and are an excellent nectar source for honeybees,
wasps, flies, and butterflies [74]. It should be noted that this species can be confused with
wild and weedy forms of cultivated sunflower (Helianthus annuus L.) [75]. Fewer than five
seeds are produced per flower head, forming glabrous and hairy achenes. The seeds are
wedge-shaped and smooth achenes, usually gray or brown in color, 6–8 mm long, and
2 mm wide [15].

The root system is adventitious and fibrous and develops cord-like rhizomes that
are 1 m long with a swollen apical portion and axillary buds. Tubers are formed by the
thickening of the rhizomes [76]. Reproduction is vegetative, most commonly by tubers or
tuber pieces, but also by rhizomes or rhizome pieces. The majority of seeds are infertile, but
their production is an important means of maintaining the genetic diversity of the species.
Seed dormancy is also a feature that contributes to persistence [72]. Growth begins from
tubers or seeds in April or May and is followed by a period of rapid vegetative growth.
Rhizome sprouting occurs at the beginning of the flowering period, from early July to late
September. At this time, tubers are initiated [77].

It should be highlighted here that, although Jerusalem artichoke is a C3 species, the
high aboveground biomass acts as a reservoir of carbohydrates that are stored in the
tubers and rhizomes to maintain the clone throughout the winter and provide a ready
energy source for rapid spring regrowth [78,79]. The main type of carbohydrates includes
homologous series of polyfructofuranose units, comprised of linear chains of D-fructose
molecules terminated by a D-glucose molecule; the dominant term used to describe all
such polysaccharides consisting largely of fructose units is often referred to as inulin [77].
It should be also noted that plants are photoperiod-sensitive, requiring alternate cycles of
long light followed by periods of shorter light to stimulate tuber formation and further
development [80]. In any case, Jerusalem artichoke exhibits rapid vegetative growth and
tuber development in a single growing season [78]. A single plant is alive for up to five
generations, but stands are persistent after establishment since new ramets emerge from
tubers continuously over years [72].

The plant thrives on riverbanks; water is an important means of dispersal over long
distances. There is evidence that rivers, streams, and creeks can transport rhizomes and
tubers to new locations [81]. Seed dispersal may also contribute to further colonization
of new areas at a given time [15]. Dispersal by animals is an important aid in dispersal.
Rodents feeding on tubers, rhizomes, and seeds of Jerusalem artichoke in late summer carry
the invader′s reproductive organs through their digestive system and subsequently release
them in new locations—a phenomenon known as endozoochory [29,82]. An example is the
study by Mori et al. [29], who reported that the initial presence of a pair of adult Crested
porcupine (Hystrix cristata L., 1758) increased Jerusalem artichoke density by 41% in five
years, which was observed in a total area of 212 hectares. In any environment, Jerusalem
artichoke can spread rapidly through vegetative propagation and form dense, monospecific
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stands once established. Thus, in the study by Žgančíková et al. [81], its density increased
by 30–80% from 2010 to 2011 on ruderal areas, railroad lines, and riverbanks. The same
authors recorded a population density of up to 265 plants m−2. However, it should be
noted that this species is self-limiting at high densities, and fewer tubers are produced
per plant under crowded conditions [72]. In any case, human activities are also one of
the most important reasons for the invasiveness of this species in non-native areas. In
particular, Jerusalem artichoke is widely cultivated in Europe as a multipurpose crop for
feed production and industrial, energy, and medicinal purposes [83,84]. Therefore, the
plants can escape from cultivation and grow in the wild [85].

3.3. Japanese Knotweed and Bohemian Knotweed

Japanese knotweed is a rhizomatous, perennial, broadleaved weed species with a C3
photosynthetic pathway, native to Japan, Taiwan, and Korea [15]. In Europe, populations
with a chromosome number of 2n = 88 are predominant [86]. Rhizomes are dark brown,
nodular with annular structures spaced about 2 to 4 cm apart, thick and woody when old, up
to 8 cm in diameter, and often bright orange inside [87]. Stems grow more than 3 m tall, branch,
become woody with age, and often have reddish spots [88]. Leaves are 5–12 cm × 5–8 cm,
broadly ovate, pointed at the apex and truncate at the base, coarse in texture, and glabrous
with petioles 1–3 cm long [88]. Inflorescences are membranous ochreates that are initially
erect and fall off at maturity. Flowers are cream-colored and appear in clusters of three to
six on terminal and axillary inflorescences [15]. In male sterile plants, flowers have five
tepals, the outer three of which are keeled, and eight stamens in the perianth [88]. The fruits
are trigonous achenes, 2–4 mm long and 2 mm wide, dark brown in color and shiny [89].
Although most European populations reproduce vegetatively, propagation by seed can also be
observed [90]. Seedlings emerge from late March to May. To survive, plants from seed should
form at least five true leaves in the year of establishment (BBCH: 15) [91]. The potential of the
seed bank is negligible because seeds do not exhibit significant dormancy levels [92].

As for vegetative propagation, a clonal patch of Japanese knotweed can arise from
rhizome fragments as small as 1 cm with a fresh weight of 0.7 g [93]. Rhizome sprouting
occurs from April and continues until the canopy closes between June and July [87]. The
optimal soil depth for rhizome emergence is 2 cm, but emergence can occur from 1 m
depth; rhizomes become 15–20 m long and penetrate the soil at 2–3 m depth [20]. Clonal
populations develop very dense stands that accumulate large amounts of biomass [94].
A mature stand can produce up to 1467 g m−2 dry weight [95]. Flowering occurs between
August and mid-September, when fruit set begins; storage of fruit in stems during winter is
another common feature of populations in invaded areas [88]. Leaves are photosynthetically
active until the onset of senescence and drop in winter [96]. When shoots die in October, a
few dormant buds develop on the rhizome [97]. In May and June, 80–90% of the freshly syn-
thesized carbohydrates remain in the shoots, while in August and September, proportions
of 35% and 70%, respectively, are diverted to the rhizomes [98]. The stand can persist for
more than 50 years as old and young rhizome parts remain physiologically connected [96].

Seed production per stem can reach 127,000 [89]. Seeds are reported to have high
germination rates (≥90%) in central Europe [99]. They can be easily dispersed by wind in
all directions at a distance of 16 m [90]. Seeds can also float in streams, which facilitates the
colonization of riparian corridors [20]. Typical dispersal routes for seeds include roadsides
and railways [90]. Regarding the population dynamics of clones, stems with at least
two rhizome nodes can lead to the production of 2.3 new shoots m−2, and the stem
density per unit area can range from 8.9 to 42 stems m−2, leading to the formation of
86–407 rhizome nodes m−2 [95]. Stems with rhizome fragments can spread via fresh and
salt water, while anthropogenic activities such as illegal use as an ornamental plant or
transport of soil profiles contaminated with rhizome fragments facilitate introduction into
new areas [100]. Shallow tillage also leads to excessive spread at infested sites [88].

As for Bohemian knotweed, hexaploid (2n = 66) populations of the hybrid are most
common in Europe [86,90]. Correct identification of this weed is difficult given its similar-
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ities to Japanese knotweed [101]. Bailey et al. [25] summarized the main morphological
differences between the hybrid and Japanese knotweed. First, the leaves of Bohemian
knotweed are larger (23 × 19 cm) than those of Japanese knotweed. Second, the leaves do
not have the truncate bases typical of Japanese knotweed but have a weakly to moderately
cordate base and are of medium shape. Furthermore, unlike Japanese knotweed, the leaves
are characterized by a medium texture and appearance. Another difference is found on the
lower abaxial leaf surface; there are very distinct, stout, celled pointed hairs in Bohemian
knotweed, while there are single-celled “bumps” on the leaf veins of Japanese knotweed. In
addition, the outlines of epidermal cells are clearly visible in Japanese knotweed, while they
are clearly intermediate in Bohemian knotweed. The stems of Bohemian knotweed also
vary more in their height (2.5–4.0 m) than those of Japanese knotweed. Both sexes occur
in hybrid populations, and hermaphrodites, which are self-incompatible, appear to be
outnumber male-sterile plants [87]. Flowering begins in mid-August to late September and
continues for several weeks or until stems are cut down due to frost; reproduction occurs
both by rhizomes and seed. Seed production is an important means of dispersal [102].
Seeds can be dispersed over long distances by wind [103]. The water of rivers and streams
is also very important for seed dispersal as the seeds can float in water for more than two
days and remain highly germinable [104]. As for its ability to propagate vegetatively by
rhizomes, Bímová et al. [93] found that Bohemian knotweed has higher rhizome regenera-
tion rates compared to Japanese knotweed and other closely related species of the genus
Reynoutria spp. The spread of the hybrid is also favored by anthropogenic activities [105].

3.4. Giant Hogweed

Giant hogweed is a perennial broadleaved weed classified as a hemicryptophyte; it is
diploid (2n = 22) and belongs to the Apiaceae family [106]. Unlike other species included
in this review, it reproduces only by seed. Because it is a monocarpic species, the life cycle
is complete after flowering and seed formation. This forb originates from the southern part
of the western Great Caucasus in Russia and northeastern Georgia [45]. The most striking
feature of giant hogweed is its conspicuous appearance; plants are usually 3–4 m tall at
flowering time but can reach a height of up to 5.5 m [107]. In fact, giant hogweed is among
the tallest and largest herbs in Europe. Plants grow from branched taproots that develop
at soil depths up to 45–60 cm; the crown develops 10 cm below the soil surface [106]. The
crown surface is woody for years, and the crown diameter reaches 15 cm at flowering
time [107]. The well-developed lower leaves of adult plants become huge, e.g., 3 m long and
1.7 m wide. Vegetative growth begins in winter and flowering is in early June, 3–5 years
after the establishment year, with whitish flowers. The stems grow rapidly in the year of
flowering. The diameter of the stem is up to 10 cm [106]. The terminal inflorescences are
large, compound umbels that are 80 cm wide and contain 50–150 hairy umbel rays that
are 15–40 cm long and terminate in smaller umbellets [107]. There is a compound terminal
umbel surrounded by satellite umbels. The satellite umbels overtop the terminal umbel.
Numerous umbels form below it, which branch. Tertiary and quaternary umbels are also
formed in each branch [108].

A total of 81,519 flowers can be produced per plant [106]. They are insect-pollinated,
hermaphroditic, and protandrous [108]. However, flower production is not a reliable indi-
cator of fertility and seed production. The flowers of the main umbel are hermaphrodite,
but those of the lower umbels mature earlier in the season, and many of them are male.
According to Perglová et al. [109], a single mature plant had 1 terminal umbel, 4.3 satel-
lite umbels, 3.5 branch umbels, 17.3 tertiary umbels, and 2.8 quaternary umbels. Seed
production per umbel was 9216, 1288, 1157, and 32 seeds for terminal, satellite, branch,
and tertiary umbels, respectively, giving an average production of 20,671 seeds per plant.
Other studies determined an average production of 15,729 seeds per plant [110]. Under
real field conditions, seed banks are only persistent in the short term, as most seeds (≥90%)
germinate after the first winter [111]. The majority of seeds (≥95%) are concentrated in
the top 5 cm of the soil layer. As for seed dispersal potential, although seeds are flat with
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winged edges, wind is not the most effective means of long-distance dispersal. Most seeds
(75%) fall near the parent plants within a 1.2 m radius [112]. There is evidence that seed
release from 2 m height at wind speeds of 10 and 14 m s−1 resulted in dispersal over 2 and
10 m only [113]. According to Moravcová et al. [111], seeds can float in water for at least
8 h, resulting in long-distance dispersal when seeds are dispersed by fast-flowing streams.
Wadsworth et al. [114] suggest that dispersal by water can lead to seed dispersal over a
distance of 10 km. Anthropogenic activities are also an important means of colonizing
new areas. Seeds can adhere to car tires along roads, while the slip streams of trains also
contribute to seed dispersal along railways [111]. In the European Union (EU), there is a
ban on the sale, planting, and keeping of the plant, as any potential use as an ornamental
plant is very likely to lead to further spread of giant hogweed in new areas [115].

3.5. Giant Goldenrod and Canadian Goldenrod

Giant goldenrod and Canadian goldenrod are perennial, herbaceous, rhizomatous
species belonging to the botanical family Asteraceae. Both species are native to North
America, are classified as hemicryptophytes, and have a C3 photosynthetic pathway. Their
base chromosome number is n = 9; there are diploid, tetraploid, and hexaploid forms in
both species [116,117]. Tetraploid giant goldenrod populations are most common in Europe,
while diploids occur with lower frequency [116,118]. As with Canadian goldenrod, the
dominant populations in Europe are diploid [119,120]. Stems are erect and unbranched,
except in inflorescence. In giant goldenrod, the stems are up to 2.80 m tall, glabrous from
base to inflorescence, and purple in color [23]. The stems of Canadian goldenrod are up
to 2.5 m tall, glabrous at the base, often reddish, and weakly to densely hairy at least in
the upper half [121]. Leaves are simple, alternate, and oblong to lanceolate, trifoliate, with
the largest leaves in the middle of the stem and decreasing in size toward the top. They
are 80–180 mm long and 10–30 mm wide in giant goldenrod and 30–150 mm long and
5–22 mm wide in Canadian goldenrod [23,24].

Inflorescences form broad pyramidal panicles with recurved branches and a central
axis; they are produced from June. One difference between these two species is that the
inflorescence architecture is denser in giant goldenrod [23]. The main flowering period
is between mid-August and late September, but flowering may continue into October.
The flowers of giant goldenrod are golden yellow, and those of Canadian goldenrod are
lemon yellow. Both species are self-sterile, insect-pollinated, and have fertile female flowers
and fertile bisexual disk flowers; achenes are pubescent and have a pappus. Another
morphological difference is the brownish-white color of the pappus in giant goldenrod
and the whitish color in Canadian goldenrod [23]. New seeds, shoots, and rhizomes are
produced each year, and all aboveground shoots die in the fall. Most plants of giant
goldenrod reproduce in the first growing season, and a single branch produces up to
19,000 achenes. Seed germination is highest in spring but continues through summer.
Flowering in the first year, on the other hand, is not common in Canadian goldenrod; up
to 13,000 achenes can be produced per branch. In dry weather, wind is an important aid
in colonizing new areas. Seedlings sprout in early summer. In both species, the seeds of
European plants do not show dormancy [23,24]. It should be noted that both species can
hybridize with European goldenrod (Solidago vigaurea L.), which is native to Europe [122]. In
particular, hybridization between giant goldenrod and European goldenrod results in the
hybrid Solidago × snarskisii Gudžinskas & Žalneravičius, while outcrosses between Canadian
goldenrod and European goldenrod produce the hybrid Solidago × niederederi Khek [122].

Shoot elongation begins in spring, and shoot height increases almost linearly until the
end of July [123,124]. In giant goldenrod, rhizomes can be formed within four weeks of
germination. In contrast, rhizomes of Canada goldenrod are usually formed after the first
growing season [24]. They are much longer compared to those of Canadian goldenrod, and
this is an important distinguishing feature between these two species [23]. The root system
is branched, and secondary rhizomes are formed. Rhizome buds appear in spring, and new
rhizomes (from the same crown) begin to sprout in summer, forming circular stem clusters.
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Jakobs et al. [125] reported a production of 16.8 rhizomes per ramet in giant goldenrod.
In Canadian goldenrod, the production of rhizomes per ramet ranges from 2 to 11 [126].
Rhizomes break dormancy in mid-April of the following year after production, and each
rhizome produces a shoot from its tip; after a short period as a rosette with scale leaves, the
shoot expands rapidly, and the total leaf area is largest in midsummer [127]. New rhizome
buds are usually visible in August, but most rhizome growth occurs in the fall after fruit
set is complete [23,24]. For both species, vegetative propagation is very important for
spreading over shorter distances (up to 0.8 m per year for giant goldenrod) and establishing
dense populations. In the study by Jakobs et al. [125], the mean density of giant goldenrod
reached up to 78.5 stems m−2, while Dudek et al. [128] found a mean density of 24.7 stems m−2

for Canadian goldenrod. Populations of giant goldenrod spread by rhizome propagation
along riverbanks, while populations of Canadian goldenrod thrive best in loose and drier
soils found near urban areas, roadsides, and railways [125,129]. Giant goldenrod spreads
more rapidly due to increased rhizome length (up to 90 cm), increased secondary rhizome
production, and rhizome development over a larger radius [130].

3.6. Bermuda Buttercup

Bermuda buttercup is a perennial C3 geophyte native to South Africa with an un-
derground bulb system. Biotypes of this broadleaved weed species include diploids
(2n = 14), tetraploids (2n = 28), and pentaploids (2n = 35) [131]. Pentaploid biotypes domi-
nate in invaded areas worldwide, while tetraploids are also found in the Mediterranean
region [132]. Shoots arise from short vertical stems attached to pale brown underground
bulbs [133]. Bulbs are borne at the tip of vertical rhizomes and form contractile roots annu-
ally that pull bulbs deeper each year, and bulbils are formed in axillary buds of vertical
rhizomes [134,135]. Bulbs and bulbils can be buried in the soil at a depth of 2–50 cm or
even deeper [22]. Plants grow up to 40 cm tall, and their aerial parts are bright green in
color; leaves are trifoliate, arise from an enlarged basal petiole apex, and are arranged in a
loose basal rosette [136]. The petioles are up to 12 cm long, and the clover-like leaves bear
3–4 leaflets that are 3.5 cm long, which are often hairy on the underside [137]. Each plant
bears 1–5 axillary inflorescences on a 15–30 cm long peduncle arising from the basal leaf
rosette [138]. The umbel-like inflorescences bear 4–10 funnel-shaped flowers of 2.5–3.8 cm in
diameter with 5 obovate petals that are 2.0–2.5 cm long and intensely yellow in color [133].
The fruits are pointed, pubescent capsules that are about 0.6 cm long [137].

This is a tristylous species with a heteromorphic self-incompatibility system [139]. The
plants exhibit the phenomenon of heterostyly, with at least two flower types—some with
short styles that do not exceed the length of the anthers, others with longer styles. This
hinders self-fertility and makes cross-pollination necessary [140]. In the Mediterranean
region, only the type with a short style occurs, so no seeds are produced, and reproduction
is only by vegetative means [131]. Bermuda buttercup bulbs sprout around mid-October
before the first autumn rains, when soil temperatures are low enough to overcome bulb dor-
mancy [141]. This usually coincides with the formation of contractile roots [22]. Flowering
begins in early February and lasts until April. At the end of flowering, in late spring, the
aboveground part of the bulb disappears to reappear in autumn [132]. Paspatis [22] found
that each plant produces 1–40 bulbs during a single growing season. Verdaguer et al. [142]
recorded a total production of more than 35 bulbs per plant, of which more than 20 were
hypogeous, larger bulbs, and the rest were epigeous, smaller bulbs. The same authors also
noted that the larger the plant, the more bulbs are produced. More than 20 bulbils are
formed from each bulb per year, usually between 80 and 114 days after the sprouting of the
parent bulbs [133]. Damanakis and Markaki [137] reported that bulb density can exceed
841 bulbs m−2.

The spread of the bulbs can be localized due to the action of the contractile roots,
which pull the bulbs away from the mother plant at distance of 40 cm; in just a few years,
the soil is completely covered with a dense carpet of Bermuda buttercup [22]. In three years,
plant density will exceed 100 plants m−2 [141]. Once established, the stand is robust and
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persistent for many years. Bulbs and bulbils, located in the uppermost soil layers, are light
and can be dispersed over long distances by wind and birds; water is another important
dispersal medium because the vegetative organs can float [133]. Anthropogenic activities
greatly facilitate the spread of Bermuda buttercup. The transportation of contaminated soil
or garden waste, spread by mechanical tillage, and use of contaminated tillage equipment
are some examples of human-assisted spread [143].

4. Impact on Biodiversity—Evidence from the Broader European Territory

All selected alien plant species pose a major threat to biodiversity and consequently
EC in the Adriatic-Ionian region, as representative case studies from across Europe show
(Table 2).

Common milkweed is a drought-tolerant, hardy species that thrives on dry, sandy
soils and adapts well to loamy, fertile, and even moist soils [55]. It can also grow in poor
soils with low nitrogen and phosphorus availability and form dense populations, varying
the degree of mineralization of organic carbon and nitrogenous compounds [63]. The plants
tolerate pH values between 4 and 7.6, while seedlings can survive in soils with pH values
between 2 and 12 [144,145]. Its competitiveness in invaded habitats is attributed to its
ability to form dense canopies that shade the soil and suppress the emergence and growth
of native plants, as well as its effective use of resources and allelopathic potential [21].
This species is a noxious invader in Europe and is on the list of Invasive Alien Species
of Union concern, provided by the EU Commission [115]. In a recent study conducted
on abandoned agricultural land in Hungary, common milkweed significantly reduced
cover of native grassland species [146]. In Slovakia, common milkweed caused a signif-
icant reduction in ground cover of white clover (Trifolium repens L.), common dandelion
(Taraxacum officinale L.), meadow brome (Bromus commutatus Schrad.), and orchard grass
(Dactylis glomerata L.) on permanent grasslands and abandoned vineyards [10]. This species
also alters the soil environment by increasing humus, phosphorus, and nitrate levels and
reducing pH and carbonated lime in Pannonic open sand grasslands [21]. Aside from its
effects on native plant communities and soil health, the presence of common milkweed may
also be harmful to some arthropods. An example of this is the study by Gallé et al. [147],
who investigated the effects of common milkweed infestation on ground-dwelling arthro-
pod fauna in a poplar forest in Hungary. These authors showed that the presence of
common milkweed at a density of 59–86 stems−2 negatively affected the abundance of two
spider species.

Jerusalem artichoke is a hardy and drought-tolerant species that grows well in a vari-
ety of soils with pH values between 5.1 and 8.2 [83]. As an invader, it affects biodiversity
in wet habitats, near riverbanks and watercourses, and in wet meadows and abandoned
agricultural lands by suppressing the growth of native plants [15]. In Hungary, Romania,
and Ukraine, Filep et al. [85] observed that Jerusalem artichoke reduced native species
richness by nearly 40% at densities of 92–100 stems m−2 along riverbanks. Aside from its
ability to develop tall, dense canopies that stifle the growth of native plants, this species is
known for its strong allelopathic potential. For example, the incorporation of Jerusalem
artichoke residues from populations found in agricultural fields in northwestern Italy
reduced the growth of barnyardgrass and large crabgrass seedlings by 30 and 70%, respec-
tively [28]. Main allelochemicals of leaf tissues include 2-OH-cinnamic acid, salicylic acid,
and 4-OH-benzaldehyde, while 2-OH-cinnamic acid is the main allelochemical released by
plants into the soil as root exudate [148]. In the laboratory experiments of Filep et al. [148],
leaf extracts from populations collected along a stream in southern Hungary significantly
reduced the germination rate of bedstraw (Galium mollugo L.), while root extracts inhibited
the plumule growth of couch grass (Elymus repens (L.) Gould). The same authors also
found mortalities of up to 60% and 90%, respectively, in plants of hedge bedstraw and
tansy (Tanacetum vulgare L.) grown in competition with Jerusalem artichoke. In addition to
its competitive nature, this troublesome weed also removes nutrients from the soil, slows
natural colonization by trees, and promotes erosion of riverbanks [71].
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Japanese knotweed is a resilient species that tolerates pH values between 3.0 and 8.5
and survives in soils polluted with heavy metals and salt or in areas with low nitrogen
availability [88]. Light is the only requirement for optimal growth, and therefore this
weed cannot colonize forests, but grasslands, riparian zones, and watercourses are sus-
ceptible to invasion, as are urban environments [87]. This environmental weed causes
major ecological changes in invaded communities by forming persistent and extensive
monospecific stands [20]. Recent pot experiments with Japanese knotweed populations
from northwestern Italy indicate that this species is extremely competitive with native
plant communities in grasslands. Specifically, Mincheva et al. [35] found that competition
from Japanese knotweed resulted in 13%, 20%, and 68% lower specific leaf area, growth
height, and aboveground biomass in white clover, respectively, and 22% lower specific leaf
area in perennial ryegrass (Lolium perenne L.). It should be noted that the weed density
was only one plant per pot, whereas the native species had been established at a density of
10 plants per pot. The authors attributed the competitiveness of Japanese knotweed to its
more efficient and aggressive use of resources compared to the native species. In Slovenia,
Dorigo et al. [37] mapped 10.4 ha along the Ljubljanica river where Japanese knotweed
had displaced native plant species; the actual proportion of Japanese knotweed to the total
species composition ranged from 50% to 100%, with an average of 85%. At five of the
six sites studied by Dassonville et al. [149], the number of native plant species was 75%
lower in infested plots compared to control plots. The same authors also noted that the
invader can alter soil properties, particularly concentrations of the nutrients Cu, K, Mg,
Mn, P, and Zn, in ways that promote its survival and self-renewal and inhibit the growth of
native plant communities. Similar observations were made in a riparian zone in Normandy,
France, where the presence of Japanese knotweed affects bacterivorous nematodes and
microarthropods belonging to the Collembola class by releasing nutrients and root exudates
(i.e., secondary metabolites) into the soil [9].

Bohemian knotweed, like Japanese knotweed, is highly adaptable to a wide range of
soil and climatic conditions; the hybrid can be extremely competitive with native plant
communities [150]. The study by Gerber et al. [151], conducted in riparian areas in Switzer-
land, Germany, and France, found that invasion by Japanese and Bohemian knotweed
significantly reduced the species richness of native plant communities. It should be noted
that both species have strong allelopathic potential in addition to their ability to compete
for resources (light, water, and nutrients). Allelopathic compounds can be released into
the soil as root exudates or through the decomposition of aboveground plant parts and
can affect the germination and growth of native plants [152]. Gerber et al. [151] also found
that total invertebrate biomass (including herbivorous insects, predators, and detritivores)
was 45–60% lower in Reynoutria spp. infested plots than in non-infested plots. In the
recent study by Neupert et al. [153], invasion of Bohemian knotweed resulted in 39% lower
species richness for belowground invertebrates and 64% lower species richness in native
plant communities in grasslands in northwestern France. Similar to its parent species,
Japanese knotweed, Bohemian knotweed is also capable of altering the soil environment
in favor of its growth in invaded sites. Dassonville et al. [154] observed that the hybrid
reduced soil moisture and soil pH and increased soil carbon-to-nitrogen (C:N) ratio in a
willow forest in Belgium and a wasteland in east-central France; soil moisture decreased
and soil C:N ratio increased in a mesic-rough grassland located in the east-central part
of the country. Furthermore, in all of the above sites, invasion by Bohemian knotweed
resulted in lower activity of denitrifying bacteria in soil and thus nitrogen retention in
the invaded ecosystems to its own advantage—a mechanism that can be seen as a kind of
niche construction [154].

Giant hogweed is another species on the list of Invasive Alien Species of Union concern
in the EU [115]. It is usually found on sandy or silty soils with a pH of 6.0 to 8.5. It is a
nitrophilous species that grows best in nitrogen-rich soils. It is found along riverbanks,
in grasslands, and in abandoned, disturbed habitats where it is very competitive with
native species. In grasslands in the northwestern Czech Republic, giant hogweed reduced
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species richness by 24% and native plant biomass by 40%, averaged over 24 different
sites in the study by Dostál et al. [155]. In three riparian zones in Ireland, the presence of
1 plant m−2 resulted in 46–60% and 27–44% lower species richness in May and October,
respectively [156]. In Germany, Thiele and Otte [157] showed that unmanaged grasslands
are more prone to invasion by giant hogweed compared to tall-herb communities and
forests, and that a 50% increase in giant hogweed ground cover reduces native species
richness by 2.4. Although the main competitive characteristic of giant hogweed is to shade
lower-growing species, Jandová et al. [158] also pointed out that plants of this species can
also release allelochemicals into the soil through their root system. It can also be assumed
that these compounds are toxic to nematodes and other soil organisms [12]. Renčo et al. [12]
reported that the average number of nematode species at infested sites was up to 20% lower
than the diversity of nematode species at uninfested sites. The same authors also found
that giant hogweed invasion increased soil pH from 6.23 to 7.20 and decreased soil carbon
and nitrogen content by 24% and 31%, respectively, on riverbanks in the eastern part of
Slovakia. The adverse effects of this alien species on soil health are also evident in the study
by Koutika et al. [159], in which the invasion in waste lands and valleys in the central part
of Belgium resulted in a significant reduction in soil organic matter content by reducing
carbon mineralization.

Giant goldenrod and Canadian goldenrod are species with a broad tolerance to bi-
ological stressors and high adaptability to different soil types and environmental condi-
tions [23,24]. One difference between these closely related species is that giant goldenrod
grows best on riverbanks and watercourses, while Canadian goldenrod prefers looser,
drier soils and is most common along roadsides and railways, and near urban areas, forest
edges, abandoned fields, etc. [129]. In any case, both species are strong competitors of
native vegetation and pose a serious threat to biodiversity in general. The results of a field
study conducted in riparian zones in Hungary showed that giant goldenrod can reduce
native species diversity by 68% at densities of 340–350 stems m−2 [160]. In the Netherlands,
invasive giant goldenrod populations resulted in species richness reductions of 46% and
50% on riverbanks and in semi-natural grasslands, respectively [161]. In the above study,
the presence of the invader promoted the growth of certain soil fungi and nematode groups
over others. According to Koutika et al. [159], giant goldenrod delivers large amounts
of residues to the soil surface. The residues are characterized by lower lignin content
compared to the residues of native species and decompose rapidly, increasing the carbon
content in the soil and altering the carbon and nitrogen cycles. The negative impacts of
Canadian goldenrod invasion on biodiversity are similar. In abandoned agricultural fields
in southern Transylvania, Romania, Canada goldenrod invasion has reduced native plant
species richness, bee abundance, and visitation by wild bees, honeybees, and hoverflies
at the expense of native species [162]. Fenesi et al. [163] collected populations of Cana-
dian goldenrod that had infested an abandoned grassland, a disturbed grassland and an
abandoned agricultural field in Romania to be used in competition with native species,
i.e., the couch grass and health false brome (Brachypodium pinnatum (L.) P.Beauv.). The
results of the pot experiments showed that the invader suppressed the growth of native
grasses by reducing their light availability and competing strongly for soil resources. In
the study by De Groot et al. [164], conducted in ruderal areas near the city of Ljubljana,
the species richness of plants decreased by more than 50% due to the invasion of Cana-
dian goldenrod. Another finding of these researchers was that the presence of Canadian
goldenrod in the field resulted in 60% and 70% lower species richness and abundance of
butterfly species, respectively. In addition, a very recent study by Bielecka et al. [165] on
grasslands in southern and eastern Poland found that Canada goldenrod invasion leads
to an increase in soil carbon content and C:N ratio, resulting in soil degradation. In the
same study, plant species diversity was 20–30% lower in the invaded plots, indicating high
competitiveness of the invaders over native species. It should also be mentioned here that
both species are considered allelopathic to native vegetation; secondary metabolites with
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potential allelopathic effects have been isolated from root extracts of both species [166,167].

Table 2. Representative case studies on the impact of invasion of selected alien plant species on
biodiversity in different habitats in European countries.

Species
Invaded
Habitats

Countries
Affected

Organisms/Parameters
Case

Studies

Common milkweed
Grasslands,

abandoned agricultural fields Slovakia Native plant
communities [10]

Poplar forest Hungary Soil arthropods [147]

Jerusalem artichoke Riparian areas
Hungary,
Romania,
Ukraine

Native plant
communities [85]

Japanese knotweed

Forest edges,
abandoned agricultural

fields, field edges,
grasslands

Belgium
Native

Plant communities, soil
properties

[149]

Riparian areas France Soil properties,
arthropods [9]

Riparian areas
Switzerland,

Germany,
France

Native plant
communities,
invertebrates

[151]

Bohemian knotweed

Grasslands France
Native plant
communities,
invertebrates

[153]

Willow forest,
grasslands,
wastelands

Belgium,
France Soil properties [154]

Riparian areas
Switzerland,

Germany,
France

Native plant
communities,
invertebrates

[151]

Giant hogweed

Grasslands Czech
Republic

Native plant
communities [155]

Riparian areas Slovakia Soil properties,
soil nematodes [12]

Abandoned agricultural
fields, grasslands Belgium Soil properties [159]

Giant goldenrod

Riparian areas Hungary Native plant
communities [160]

Grasslands Netherlands

Native plant
communities,

Soil properties,
Soil fungi,

Soil nematodes

[161]

Canadian goldenrod
Ruderal areas Slovenia

Native plant
communities,

insect-pollinators
[164]

Grasslands Poland
Native plant
communities,
soil properties

[165]

Bermuda buttercup
Orchards Greece

Native plant
communities,
soil properties

[143]

Abandoned agricultural
fields Italy Native plant

communities [11]

Bermuda buttercup is best adapted to Mediterranean habitats, where it is often
found in grasslands, abandoned fields, unmanaged orchards, and other types of disturbed
habitats [11,168]. It tolerates a variety of soil types but performs best in heavy, well-drained,
fertile soils that are slightly acidic, neutral, or slightly alkaline [133]. There is much evidence
that the plant competes with native plant species in invaded areas. For example, in the
study by Lazzaro et al. [11], native species richness in abandoned orchards was severely
affected by Bermuda buttercup cover. These authors observed an initial decline in native
species richness when Bermuda buttercup infestations reached up to 25% and an even
more significant decline in native species richness when Bermuda buttercup infestations
reached 75–100%. In Greece, heavy infestations of olive groves with Bermuda buttercup
reduced plant species diversity by 75% in winter and completely displaced native plant
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communities in April and May [143]. Apart from its ability to compete for resources, the
plant may also have allelopathic effects on native flora in Mediterranean habitats [22]. In
addition, the flowers of Bermuda buttercup have been reported to attract insects and reduce
their visits to the flowers of native white rocket (Diplotaxis erucoides (L.) DC.) by about 33%
in abandoned agricultural fields in Spain [168]. Even if it does not displace native plants, it
has detrimental effects on soil health by enriching the soil and altering ecosystem nutrient
cycling [22]. For instance, Petsikos et al. [143] noted that Bermuda buttercup invasion can
reduce the decrease of carbon stored in above-ground vegetation in olive groves by 68%,
suggesting that soil organic content will decrease in infested areas.

Apart from their direct negative impact on biodiversity, these perennial invaders also
pose a serious threat to EC in the Adriatic-Ionian region and the wider European area. Given
their high dispersal potential, it is highly likely that once these species occur in habitats
adjacent to corridors, they will also invade the corridors and develop dense, monospecific
populations that displace native flora, alter ecosystem functions and properties, and disrupt
EC between protected areas [7,169]. As Vicente et al. [170] have shown, invasive populations
of perennial alien plants pose a major threat to the establishment and maintenance of functional
ecological linkages between areas of high conservation value. Species with such high dispersal
potential and a competitive nature may exploit the establishment of corridors and use them
as pathways for further dispersal into areas of high conservation value [52,171,172]. In such
cases, the design of ecological corridors should be redesigned [172]. It should be noted here
that the relationship between invasive plants and ecological linkages is a research objective
that should be further explored in species-specific case studies in the near future [173].
Further work should also determine the extent to which the perennial invasive plants
examined in this study reduce habitat connectivity for species that rely on displaced
native plant species [7]. In any case, a general fact highlighted by Glen et al. [169] is that
the establishment of ecological corridors between areas of high conservation value is not
sufficient to halt biodiversity decline unless the corridors and their surrounding larger areas
are protected from biological invasions. Vilà and Ibáñez [174] also stated that seed sources
of alien plants should be kept at a safe distance from areas where ecological corridors have
been established. In a more recent study, Gregory et al. [7] emphasized that invasive species
management is one of the best management practices to create and maintain functioning
ecological corridors. Therefore, it can be assumed that invasive species management should
be considered as one of the priorities to improve EC throughout the Balkan Peninsula. As
for the perennial herbaceous alien plants examined in the current study, their management
should include both the adoption of measures that can prevent the spread of invasive
populations in the Adriatic-Ionian region and the implementation of available eradication
methods, as presented in the following section.

5. Available Management Practices

5.1. Preventative Measures

Recent literature shows that the occurrence of the species considered in this study has
significantly increased in recent years in different habitats in several countries of the Balkan
Peninsula. Considering their ecological characteristics, the occurrence of small patches in
new locations can lead to massive infestations in subsequent years. Moreover, the restora-
tion of heavily infested sites is a major challenge because these perennial invaders are very
persistent and tend to alter the soil environment in invaded habitats and prevent recoloniza-
tion of native plant communities [15,23,24,63,88,107,133]. Therefore, early management
actions should be taken to prevent the spread of these environmental weeds in ecological
networks and protected areas with high conservation value. The early identification and
eradication of new invasive populations in the wider Adriatic-Ionian region is the first
proactive step to protect EC. Experts in ecology, forestry, agriculture, and weed science
should organize transboundary networks to continuously monitor the invasion of these
alien plants in all associated countries. As shown by Dorigo et al. [37] in Slovenia, the use
of remote sensing methods and extensive field surveys is essential to assess the extent of
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current invasions and to effectively map new infestations. The development of potential
Decision Support Systems (DSS) capable of conducting risk assessments and predicting the
further spread of these species in the Balkan Peninsula would also help decision-makers
and land managers to mitigate this threat to biodiversity and EC [175].

Researchers, land managers, and decision makers also have a special responsibility to
raise public awareness of the harmful effects of invasions of these species on biodiversity
and EC. Various tools such as developing websites, setting up forums, organizing work-
shops, creating informational films, and publishing scientific articles can help inform the
public and ensure that plant invasions are not further overlooked by society [176]. Public
participation plays an important role in mitigating plant invasions because they are partly
due to human activities. For example, the horticultural industry was one of the driving
forces in the introduction of common milkweed, giant hogweed, and Japanese knotweed
in the Adriatic-Ionian region [21,37,43]. Therefore, it is important to inform the public
about the environmental impact of these invasive species to prevent their further spread
through illegal ornamental cultivation. Another example is the growing interest in the use
of Jerusalem artichoke as an energy crop [83]. Society and industry should be aware of the
risks associated with cultivating a species that has great potential to escape cultivation and
become a troublesome invader and encourage the cultivation of energy crops that have
lower invasive potential and are suitable for cultivation on marginal lands [177]. In addition,
Bermuda buttercup should not be perceived by the public as a beneficial nectar source for
honeybees in the Mediterranean region but as an invasive species that affects biodiversity
and should not be allowed to spread uncontrollably in orchards and grasslands [22]. Apart
from raising public awareness of the consequences of their actions, it is likely that local
residents and volunteer groups, properly trained by experts, can actively contribute to
invasion monitoring and implementation of eradication programs. This hypothesis was
recently confirmed in the study by Cordeiro et al. [178], conducted in Portugal.

It should also be noted that abandoned agricultural fields, unrestored grasslands,
riparian areas, and forests are typical examples of disturbed habitats that are vulnerable
to invasion by these opportunistic species. Therefore, policy measures should be taken
to prevent the further increase of such disturbed habitats. Providing farmers with better
access to land, new sources of investment, and incentives to diversify implement crop
diversification practices (i.e., crop rotation, intercropping, and cover cropping) are critical to
prevent agricultural land degradation and abandonment [179]. Reseeding of native species to
maintain the diversity of native plant communities or strategic grazing are also recommended
to restore grasslands and increase their resistance to plant invasions [180,181]. Maintaining
the diversity of native vegetation is also important to protect riparian areas from alien
invaders [182]. Forests should also be protected from wildfires during the dry summer
months because fire is a form of habitat disturbance that promotes the establishment of
invasive alien plants [183].

5.2. Eradication Methods

Although the use of herbicides is not the most environmentally friendly method of
weed control in natural environments, chemical weed control may be necessary to eradicate
perennial invasive species from sites where they have become dominant and negatively
impact biodiversity [184]. Glyphosate is the most common systemic herbicide used to
eradicate perennial invasive species [11,21,96,185–189]. This herbicide is a substituted
glycine that controls weeds by inhibiting the activity of enolpyruvyl shikimate phosphate
synthase (EPSPS), which is involved in the synthesis of phenolic amino acids. It is taken
up relatively rapidly by treated plant surfaces and translocated through the phloem into
young roots and leaves, storage organs, and any other actively growing tissue or organ [190].
However, the possible phase-out of this active ingredient in Europe suggests that research
should focus on alternative weed control methods to eradicate perennial invasive alien
plants in the countries of the Adriatic-Ionian region [191–193].
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Synthetic auxins are compounds that mimic the action of natural plant auxins. They
are another group of systemic herbicides that are expected to play an important role as
glyphosate-alternative weed control options to eradicate invasive populations of broadleaved
herbaceous weeds. For example, the application of a pre-package mixture of clopyralid,
fluroxypyr, and MCPA proved to be highly effective in controlling Jerusalem artichoke in
riparian areas in the Czech Republic [194]. Svehlakova et al. [195] suggested that triclopyr
is a very good option to control this weed at flowering. Triclopyr, 2,4-D, aminopyralid,
and clopyralid can achieve a good level of control of Japanese knotweed [96]. The ef-
ficacy of triclopyr against giant hogweed has also been reported [189]. Herbicides that
inhibit acetolactate synthase (ALS) such as metsulfuron-methyl or protoporphyrinogen
oxidase-inhibiting herbicides such as oxyfluorfen provide good control of Bermuda butter-
cup [22,133]. Regardless of the active ingredient used, the timing of treatment is critical
to achieve optimal control. Treatments should be applied near the phenological growth
stage of senescence, when herbicides can be better translocated into plants by the flow of
photosynthetic assimilates from leaves to the underground vegetative parts of perennial
weeds [22,96]. In addition, multiple herbicide treatments repeated over time are necessary
to eradicate a well-developed stand [20,21].

It should be noted at this point that foliar applications of herbicides have some strong
disadvantages. Foliar applications, especially of synthetic auxins, are not suitable for all
weather conditions, and off-target movement of herbicide spray-drift may cause injury to
nontarget plants [196]. In addition, broadcast application of herbicides can pollute soil,
groundwater, and surface water and have negative side-effects on the environment [197].
Therefore, herbicide application methods other than broadcast foliar applications should be
investigated. Apart from conducting applications as site-specific spot treatments, stems with
a diameter of ≥2.0 cm can be pierced with a hollow needle, allowing the highly concentrated
herbicide to enter the interior of the stem [198]. This technique, known as stem-injection,
provided excellent control of Japanese knotweed in the study by Delbart et al. [186]. Another
method is to cut the stems and immediately apply phloem-mobile herbicides to the freshly
exposed cambial tissue [199]. The potential of both methods to control herbaceous perennial
species that become woody with age should be further investigated as they pose lower
environmental risks compared to conventional methods because herbicides are applied to
specific parts of the target plants.

As for the mechanical methods evaluated to control the studied species, Nagy et al. [200]
reported that mowing reduced the stem density of giant goldenrod by 72–81%. Conduct-
ing mowing for five consecutive years is recommended to deplete stands of Canadian
goldenrod [201]. Regular mowing twice a year reduces both aboveground and below-
ground biomass of Jerusalem artichoke [202]. Monthly mowing treatments have been
reported to reduce the biomass of stems of Japanese knotweed [186]. One explanation
could be that repeated mowing depletes the resources of the underground vegetative
organs of perennial weeds. Mowing plants just before flowering may also reduce the seed
production of common milkweed [21]. Tillage is a non-chemical way to mechanically
control giant hogweed. Cutting the taproot of plants at 15 cm soil depth in mid-spring
prevents regrowth and results in good control of this species [189]. Tillage in early spring,
when vegetative growth is complete, interrupts the formation of new bulbs and bulbils
in Bermuda buttercup plants [22]. According to Švehláková et al. [202], digging up the
tubers was among the effective non-chemical practices for the control of Jerusalem arti-
choke. However, as was also emphasized for this and other perennial species in this study,
uprooted vegetative parts should be removed from water on riverbanks, as they can float
in water and spread over new sites [15,81].

There is also evidence that mowing can be combined with physical weed control
methods such as grazing and flooding. A recent example is the study by Nagy et al. [200], in
which flooding with a water level of 10–15 cm above the soil surface for one month, together
with a single mowing operation, reduced the stem density of giant goldenrod by 83%. The
same authors observed that cattle grazing from mid-spring to early winter combined with
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a single mowing reduced giant goldenrod stem density by 87%. In previous studies, long-
term sheep grazing reduced giant goldenrod populations and allowed native plant species
to become established in meadows [203]. Ducs et al. [204] also recommended that rabbit
grazing could be an effective method to facilitate the control of common milkweed. Zhang
et al. [205] used a bioherbicide isolated from the fungal pathogen Athelia rolfsii (Curzi) C.C.
Tu & Kimbr. and reduced Canadian goldenrod density by 89% in abandoned agricultural
fields and artificial forests. Hagner et al. [206] used a mulch material consisting of peat
fibers, tap water, and birch (Betula spp.) slow pyrolysis liquids. The results showed that the
above mulch material completely eliminated giant hogweed seedlings. Therefore, further
research should be conducted on the development of bioherbicides as an environmentally
friendly, physical method to suppress noxious invasive weed specious.

Biological control, i.e., the release of biological agents associated with the species
considered invasive at a particular site, is another non-chemical option for eradicating
perennial invaders in invaded habitats. For example, the psyllid Aphalara itadori Shinjii
serves as a biological agent against Japanese knotweed, while the stem-boring weevil
Lixus iridis Olivier, 1807 is considered a natural enemy of giant hogweed [207,208]. Tóth
et al. [209] pointed out that Fusarium sporotrichioides Sherb. is a fungal plant pathogen
that facilitates biological control of giant hogweed. Podroužková et al. [210] showed that
two snail species, namely Succinea putris Linnaeus, 1758 and Urticicola umbrosus (C. Pfeiffer,
1828), climb up the hairy stems of Jerusalem artichoke and feed on the aerial parts of the
plants. In the Mediterranean region, boomrapes (Orobanche spp.) emerge at the time of
flowering of Bermuda buttercup. These phanerogamous parasites attach to the root system
of Bermuda buttercup plants and utilize the nutrients necessary for bulb formation. As a
result, Bermuda buttercup plants form small bulbs and show poor vegetative growth the
following fall [22].

To summarize, both herbicides and non-chemical weed control options should be
considered as components of integrated eradication programs (Figure 2).

 
Figure 2. Weed control practices that should be combined to eradicate populations of the selected
invasive perennial herbaceous alien plant species included in the current study.

6. Conclusions

The occurrence of the perennial herbaceous species studied in this review has in-
creased in the last two decades in the Adriatic-Ionian region. All species have a high
dispersal potential on grasslands, abandoned agricultural lands, forest edges, and riparian
areas and pose a significant threat to native plant communities, the environment, and
biodiversity. Therefore, early action should be taken to prevent the spread of these weeds
in ecological networks and protected areas of high conservation value. Researchers have a
special responsibility to raise public awareness of the harmful effects of invasions of these
species on biodiversity and EC. Other objectives should be the early identification and
mapping of invasive populations and the development of successful eradication programs
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integrating site-specific herbicide application practices, mechanical, physical, and biological
control methods.
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Abstract: Former studies carried out in the 2000s in the Lahn-Dill region located in the middle-east of
the German state Hesse stated a depletion of arable weeds on the field scale and more diverse weed
flora on the landscape scale. Current study, having started in 2018, aims to contribute to a better
understanding of the interactions between arable weed species diversity, farming intensity, grown
crops and landscape area. Moreover, the potential of organic farming methods for conservation
and promotion the arable weed diversity is aimed to be assessed with the study. In total, 42 fields
in two landscape regions were sampled—six seedbank samples were collected from each field;
additionally, data on spontaneous arable weed flora were recorded each spring from 2019 to 2021;
emerged aboveground weeds were identified in the fields and their coverage was documented.
Four factors were considered in the field trial: Farming practice, landscape area, soil depth and
the current crop. Effects of these factors on arable weed species diversity were calculated with
a Generalized Linear Model (GLM), resulting in significant effects of the management system, the
area and the current crop. Among the four organic farming systems that were sampled, the time
period of organic growing had a significant effect on weed seed numbers in the soil with an increase
in seed numbers. Average seedbank species numbers were around twice as high in organic farming
systems (18 species) compared to conventional managed fields (nine species). Evidence of an ongoing
species decline in the region on the landscape scale could be detected by comparison with a former
study. Especially rare and endangered weed species are a concern due to seedbank and current
vegetation depletion tendencies.

Keywords: weed seedbank; farming intensity; organic farming; segetal species; spontaneous vegetation;
weed control; nature conservation

1. Introduction

Due to the intensification in agricultural systems, there is a loss of biodiversity in the
agricultural landscape on a global scale [1]. Segetal species found in the agro-ecosystems
are strongly affected by this process, resulting in reductions in total species and individual
numbers per species as well [2–4]. Arable weeds are strongly endangered in middle
Europe [5]. In general, there is a depletion of arable plant species richness in farming
systems with a high intensity level, thus conventional cropping systems are concerned
by this tendency primarily [6]. Studies Albrecht [7] could state the positive effects of
organic farming methods on arable weed diversity and its potential to preserve arable
weed richness by the maintenance and promotion of a stable weed seedbank. Several
studies have well documented the effect of the management system in agriculture on
segetal species abundance [8,9]. Mostly, increasing land-use intensity of conventional
farming practices resulted in a loss of arable plant species diversity [10–12].

Besides the decrease in high proportion of arable weeds, there are some species that
have already adapted to more intensive farming conditions, and especially to herbicide
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inputs, in the case of Alopecurus myosuroides and some Lolium species [13–15]. As Storkey
& Neve [16] stated there is an advantage of a diverse arable weed flora for economic and
ecological reasons. They found a negative linear relationship between yield loss and the
number of arable species. Yield losses were much lower in fields with higher species
diversity (30% yield loss) compared to fields with a low species number (60% yield loss).

A diverse and species-rich cropping system offers several ecological benefits that are
well documented [17–19]. Supply of food, shelter and habitat plays a key role of arable
plant species for a diverse fauna [20,21].

Higher diversity values of organic managed land has been stated by several studies;
Kolářová et al. [22] reported up to 4.5 times higher abundance of these species in organic
farming compared to the conventional variants.

However, studies usually focus on the aboveground coverage of weeds. Way fewer
research has been done on the soil seedbank of weeds. Studies by Rotchés-Ribalta et al. [23]
stated an effect of the intensity level of the farming system on the seed abundance of the soil
seed bank with higher seed abundances in organic and lower abundances in conventional
farming systems. In studies of Hawes et al. [9], current arable weeds were stronger and
more directly affected by the farming practice than the soil seed bank was. Studies that
were conducted at the beginning of the 2000s in the region of the current project (Lahn-Dill-
Bergland) on arable weed diversity found a significant depletion of arable weed richness
on a small scale (field) but stated still moderate high species richness on a larger scale
(landscape) [24]. Current study purposes to detect changes of the situation of arable weeds
in the region between former studies and the current one. Besides that, relationships
between management regime, region and the arable weed flora shall be clarified in this
study. The research questions include: Which factors have the strongest impact on species
distribution patterns and diversity indices? What changes compared to former studies
can be detected referring to the arable weed flora? Information on that can contribute to
developing strategies for recovery and conservation of arable weed diversity in the region
and in regions with similar site conditions.

2. Materials and Methods

2.1. Study Sites and Experimental Setup

The study is based on a sampling of vegetation ecological data of 42 arable fields
in two landscape areas in the region between Marburg and Giessen in Hessen, Germany.
The region “Lahntal” is an area of the valley of the river Lahn which is characterized by
fertile loamy soils and mainly alluvium materials like silt and clay. Site conditions allow
intensive arable farming with a high proportion of cereals in the crop rotation. Winter
wheat and winter barley are commonly grown there. Twenty-two sites were samples in this
region. Average altitude of the region “Lahntal” is 175 m above sea level, with an annual
average temperature of 10 ◦C and average annual precipitation of 750 mm. Coordinates
of the center of these study sites are 50◦43′1.20′′ N and 8◦42′21.69′′ E. Study sites are
located on a north-south line that stretches about 3.5 km north and 3.5 km south of the
given coordinates.

The second region “Gladenbacher Bergland” is located about 10 km east of the re-
gion “Lahntal” and here, 20 fields were sampled. Center coordinates of the sites are
50◦43′18.14′′ N and 8◦37′33.46′′ E. Study sites are spread in an area of about 8 km in the
east-west direction and 3 km in the north-south direction from the given center coordi-
nates. Commonly grown crops in this region are clover, winter and spring barley and
spelt. Bedrock material of soils in this region is mostly slate rock, resulting in flat soils.
Due to these site conditions farming methods are less intensive than in the region of river
Lahn. Ground level elevation is between 180 and 300 m above sea level. Annual average
temperature is 9 ◦C. With an average annual precipitation of 900 mm, rainwater supply is a
little higher than in the neighboring region.

In the winter of 2018/2019, six soil samples were taken from each of the 42 fields to
obtain qualitative and quantitative data on the arable weed flora in the region. Figure 1
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gives an overview of the sampling design of the study. Soil samples were taken with a metal
sampling cylinder of 20 cm length and a diameter of 5 cm. For each field, six soil samples
were taken in two different soil depths, to obtain quantitative and qualitative information
on the arable weed flora in the region. Sampled soil depths were as follows:

Figure 1. Sampling scheme for soil seedbank samples and relevées.

(a) 0–5 cm below soil surface and (b) 5–20 cm below soil surface. In total, there are
504 samples as data basis for seedbank analysis resulting from 42 fields multiplied with
3 repetitions per soil depth level and two soil depth levels: 42 × 6 × 2 = 504.

Following the principles of the commonly used ‘seedling emergence method’ [25–27]
a given soil volume (500 mL) was transferred into trays. During a period of four weeks
identification was conducted; the first one was done between 23 April and 20 May, followed
by a second period from 21 May until 24 June. In October 2019 there was a third identifica-
tion of species. The trays were placed in the greenhouse before and during the period of
identification in April 2019 to accelerate germination process by higher temperatures. From
April onwards trays were placed outside the greenhouse, covered with a thin textile sheet
to prevent inputs from foreign diaspore sources. After all seedlings had been identified in
October, empty trays were left outside during winter months to overcome dormancy of re-
maining seeds that had not germinated until then. The last period of identification was then
finished by the end of April 2020. Up to three weeks after seedlings’ emergence, seedlings
were identified and also individual numbers per species have been recorded. Samples were
irrigated once a week before seedlings emergence and each day after germination to ensure
rapid and even plant development.

Besides seedbank data, information on the spontaneous arable weed flora in the fields
was collected during the spring of 2019, 2020 and 2021. Botanical surveys included a 3-
week-period from the beginning of April. Spontaneous weed species were identified and
also their coverage on the field was recorded on the scale of Braun–Blanquet which is
commonly used for botanical surveys [28]. In the center of each field, two frames were
placed with the size of 10 × 5 m each to identify weed species and their current coverage.
Thus, in total, an area of 100 m2 was tested for the botanical survey.
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2.2. Statistical Analysis

Analyses on the data were conducted with the free software R studio, which provides
several packages for analyzing vegetation ecological data; a commonly used package for
data analyses on vegetation data is the package “vegan” that has been used frequently also
in this study. In this package, functions for estimating ecological diversity are included
such as several diversity indices (e.g., Shannon Diversity) [28]. For the assessment of the
floristic diversity of the arable fields in the region, Shannon Diversity Index (H) was used
which is calculated by

H = ∑ [(pi) × ln(pi)] (1)

where pi = proportion of total sample individual number represented by species i. Evenness
E was calculated by E = H/Hmax, with Hmax as the maximum diversity possible. Since
the response variables ‘species number’ and ‘individual number’ of the project fields were
not normally distributed, a Generalized Linear Model (GLM) was used for calculating the
effects of the factors on the species and individual numbers as dependent variables. All
factors were considered as fixed effects.

The full model including all factors and all factor X factor interaction effects is given
in Formula (2)

Y = m + a + sd + m × a + m × sd + a × sd (2)

where the response variable Y = number of species, and the four factors with two factor
levels each: m = management (organic, conventional), a = area (Lahntal and Gladenbacher
Bergland), sd = soil depth (two factor levels 0–5; 5–20 cm). Starting from a zero model with-
out factors, a forward selection was conducted to find the model with the best predictive
power, considering the AIC values.

Studies by Hyvönen et al. [29] showed that even short periods of organic growing
supports the development of a diverse arable weed flora and changes show up especially
in spontaneous weed flora; in contrast, a more substantial transformation of the weed flora
composition can be potentially achieved by longer periods of organic cropping. As the
factor time has obviously been found to be an important factor explaining arable weed
flora diversity the current study aims to assess this factor under the given site conditions.
For that reason, a second Generalized Linear Model has been introduced which is targeting
the factor “period of organic cropping” in case of the organic growers; for this model, only
organic managed fields were included in the dataset; the samples for conventional fields
were excluded though, since there has been no change of farming methods in the history
of conventional farmers. The four organic farmers involved in the project started organic
growing in the years 1980, 1991, 2000 and 2004; thus, organic fields have been for roughly
38, 27, 18 and 13 years in organic management at the first botanical survey in February
2019. Model Equation (1) was extended by the term t, which represents the factor ‘time of
organic growing’:

Y = m + a + sd + t + m × a (3)

To indicate distribution patterns of arable weeds among the considered factors, a Non-
metric Multi-Dimensional Scaling (NMDS) was used as ordination method due to its
robustness towards input data and types of distribution of the response variable, which
follows a Poisson-distribution. NMDS was conducted with two different data sets. For the
NMDS ordination of the relevé data two datasets (summer and spring period) were pooled
into one dataset to conduct the analyses. The analysis of the soil seedbank is based on one
dataset. Similarities between sites concerning occurring weed species was calculated with
the Sorensen Similarity Index [30].

As an assessment for the floristic characteristics of the sites in two different landscape
regions and in two different farming systems an indicator species analysis was conducted
with the R-package “indicspecies” and its function indpower that performs a correlation
between target and indicator species. Indicator species analysis was conducted for the
landscape level; thus, classification refers to the landscape regions or groups of landscape
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regions. Besides that, the farming system was included as an information for the species
affinity towards the nutrient supply and their tolerance concerning farming intensity.

3. Results

3.1. Spontaneous Arable Weed Flora

Farming practice has been identified as the main factor explaining arable plant species
diversity and abundance as several studies have stated [22,31,32]. As an important factor
for explaining segetal species richness, the management system was accessed concerning
its impact on species diversity and species abundances. The management system is an
indicator of the intensity of land use. Conventional farming represents a highly intensive
farming system. Organic farms decrease inputs or do not use external inputs like fertilizers
and can be considered as moderate to low intensive farming systems. The factors area,
management and the interaction of area x management were analyzed concerning their
impact on species numbers and diversity indices in current plant coverage. It was found
that management was the only factor showing a significant impact on the species numbers
in the dataset of the relevés.

Current vegetation data were analyzed concerning the impact of different factors on
species numbers and on Shannon Diversity Index. Following Table 1, the factors manage-
ment and crop have a significant impact on species numbers with alpha = 0.001. However,
the area was not found to be a significant explaining factor for species number variance. In
general, species number and Shannon Diversity Index show similar patterns across the four
different field trial variants (Gl-org, La-org, Gl-con, La-con). The factor crop is slightly less
significant when testing its impact on Shannon Diversity Index (α = 0.05) compared to its
impact on species richness (α = 0.01). Interaction effects were not significant in both species
richness and Shannon diversity measurements indicating an independent experimental
setup. Studies by Chamorro et al. [4] have shown the potential for a conversion from
conventional to organic farming practices affecting the recovery of a diverse arable plant
community. Species abundance could be increased from 61 to 122 within a period of five
years after the transition from conventional to organic farming system Chamorro et al. [33].

Table 1. Summary of the GLM model with all considered factors and their significances (p (***) = 0,
area. La = sites of the area “Lahntal”, man.org = organic management system, sd.2 = soil depth 2
(5–20 cm below ground level).

Estimate Std.Error z Pr(>|z|) Significance

(Intercept) 7.161 0.002555 2802.65 2e × 10−16 ***
area.La −1.252 0.004270 −293.20 2e × 10−16 ***
man.org 0.944 0.002259 417.83 2e × 10−16 ***

sd.2 1.031 0.002249 458.35 2e × 10−16 ***
area.La × man.org 1.094 0.003770 290.25 2e × 10−16 ***

area.La × sd.2 0.213 0.003399 62.56 2e × 10−16 ***

The GLM found significant effects of all factors and all interaction effects. Species
numbers in the region “Lahntal” are reduced compared to those of the other project region
“Gladenbacher Bergland”.

All factors except the factor area La have positive effects on the species numbers per
square meter in the fields. Concerning the variance of the data, area and management
are the two factors explaining the main proportion of the variance of the data. For the
spontaneous weed flora, average species numbers and Shannon Diversity Indices varied
significantly among the four considered variants Gl.con, Gl.org, La.con and La.org as
depicted in Figure 2.
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Figure 2. Diversity indices for spontaneous arable weeds. Gl and La: site indication: Gl—
Gladenbacher Bergland, La—Lahntal. Org and con—management system indication: org—organic
farming, con—conventional farming.

The organic variants Gl.org and La.org show significantly higher species numbers
than the conventional variants. The number of species in the soil seed bank identified
with the seedling-emergence method is higher than the number of species in current
vegetation in three out of four variants. A reason for lower species numbers with the
in-field identification might be the effect of competition between weeds and crops.

With the method of soil seed bank germinating, there is no crop, which will compete
with the weeds for natural resources. This explains the higher number of wild herb
species with the germinating method. In all cases of the seed bank method, the number
of individuals is higher for the organic farming systems than in the conventional farming
systems. The management system has a significant effect on species richness in the fields.
In the investigation area of Gladenbacher Bergland there is a difference of 10 species in
average between conventional and organic farming systems. The average species number
in the conventional variant is eight whereas the average in the organic farming system is
18. In the other area (Marburg-Giessener Lahntal) the mean species number is lower (five
species) and in the organic farming system the species number is 19. In both sites, organic
farming systems show higher species richness and diversity in wild herbs. Conventional
farming systems have selected a few species that do not react as sensitively as other species
concerning the input of herbicides and fertilizers.

For all four groups except the conventional one in Gladenbacher Bergland, there are
significant differences between the determination methods in species numbers. A reason
for lower species numbers with the in-field identification could be the effect of competition
between weeds and crops. With the method of soil seed bank germinating there is no crop,
which will compete with the weeds for natural resources. This explains the higher number
of wild herb species with the germinating method. In all cases of the seed bank method the
number of individuals is higher for the organic farming systems than in the conventional
farming systems.

The management system has a significant effect on species richness in the fields. In the
investigation area of Gladenbacher Bergland there is a difference of 10 species in average
between conventional and organic farming systems. The average species number in the
conventional variant is 8 whereas the average in the organic farming system is 18. In the
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other area (Marburg-Giessener Lahntal) the mean species number is lower (5 species) and
in the organic farming system, the species number is 19. In both sites, organic farming
systems show higher species richness and diversity in wild herbs.

At the significance level of alpha = 0.05 only the factor crop was found to be a signifi-
cant explanatory variable for differences in the individual and species numbers. However,
area and management were not significant in the setting of the trial. For the relevé data, the
effect of the factor year, area and management system were checked with a Generalized
Linear Model, since the data have a Poisson distribution.

For the relevé dataset, the organic managed fields showed significantly higher average
weed coverage as shown in Figure 3.

Figure 3. Weed coverage for all considered combinations of the factors: year (2019–2021), area
(management system: Gl—Gladenbacher Bergland).

The coverage numbers refer to the standardized relevé plot with the size of 100 m2.
The effect of the year on the average weed cover was significant, too. For the organic
managed fields, variance of the data was much wider than those for the weed coverage
of the conventional fields. Results of a Generalized Linear Model on the coverage of
spontaneous weeds are compiled in Table 2.

Table 2. Results of the GLM model for the coverage of spontaneous weeds as a response variable.

Estimate Std.Error t-Value Pr(>|t|) Significance

Intercept 10 3.383.923 3.046 0.00285 *

year −5.097 1.675 −3.043 0.00288 *

area 7.008 3.808 1.840 0.06819 n.s.

management 24.024 3.974 6.045 1.73e-08 *

Nonmetric multidimensional scaling was used to analyze current vegetation data and
to identify patterns in species distribution. NMDS was conducted in R package “vegan”
and resulted in Figure 4.
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Figure 4. NMDS-Ordination of spontaneous arable weeds (relevé data); only significant factors are
shown. These are winter rye (WR), spelt (SP), winter barley (WB) and winter wheat (WW). Shapes of
the symbols (triangle, circle) refer to the area; colours (blue, green) refer to the farm type; e.g., blue
circles represent conventional farms in the area of Gladenbach.

The best solution for the NMDS model concerning the increase in goodness of fit
and the decrease in stress was found with a number of three dimensions. In this case, the
correlation between the distance values and the observed dissimilarity expressed as R2

equals 0.97 and stress is reduced to a value of 0.178. The four crops winter rye (WR), winter
barley (WB), winter wheat (WW) and spelt (SP) were identified as significant factors.

Most of the arable weed species were found in both areas, in the hill-sites around
Gladenbach and the valley of river Lahn and in both of the management systems.

Some species show tendencies of a more specific occurrence concerning the factors
area and management—here, Papaver dubium, Galeopsis tetrahit and Galium mollugo were
some of the species showing higher abundance patterns in organic than in conventional
farming systems.

In an experiment of Hyvönen & Huusela-Veistola [1] some species with a high steadi-
ness could be identified. Galium aparine was detected on 41% of the fields followed by
Chenopodium album (68%), Stellaria media (76%) and Viola arvensis (84%) as the most frequent
species in cereal cropping. This study could also identify some of these species as frequent
species in cereal cropping. Rumex crispus, Galium aparine and Alopecurus myosuroides were
more frequently found in conventionally managed fields. Moreover, Vicia hirsuta and Equi-
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setum arvensis and Cirsium arvense and Stellaria media showed higher abundance patterns in
more intensive cereal cropped fields.

The weed species Cirsium arvense, Centaurea cyanus, Vicia villosa and Rumex crispus
were frequently associated with winter rye. In the crops winter wheat and winter barley,
the weeds Trifolium pretense, Geranium dissectum, Tripleurospermum inodorum and Thlaspi
arvense were frequently represented.

3.2. Soil Seedbank of the Arable Weeds

The reservoir of seeds of mostly annual arable plant species in the soil is an important
parameter for analyzing the emerged arable weed flora of the past. Moreover, the soil
seedbank allows forecasts regarding to the composition of futures’ arable plant communities
and it provides information for conservation and regulation strategies for arable plant
species [34,35].

The response variable in the soil seedbank dataset (individual numbers) is not normally
distributed and follows a Poisson-distribution. For that reason, a Generalized Linear Model
was chosen to conduct the analyses. A model with three fixed factors and two interaction
terms was found to be the model with the best performance and predictive power. The
results of the model are given in Table 3.

Table 3. Results of the GLM for the seedbank data. (p (***) = 0.

Estimate Std.Error z Pr(>|z|) Significance

(Intercept) 7.161 0.002555 2802.65 2e × 10−16 ***
area.La −1.252 0.004270 −293.20 2e × 10−16 ***
man.org 0.944 0.002259 417.83 2e × 10−16 ***

sd.2 1.031 0.002249 458.35 2e × 10−16 ***
area.La × man.org 1.094 0.003770 290.25 2e × 10−16 ***

area.La × sd.2 0.213 0.003399 62.56 2e × 10−16 ***

Soil seedbank data was tested with a GLM concerning the impact of the factors area,
management, soil depth and two two-way interaction effects between those mentioned
factors. The Dredge-Function of the R-package “MuMIn” was used to find the model with
the best performance and predictive power. Using the AIC and the AIC delta as a criterion
for model selection, the model including all factors and two out three interaction effects
was found to be the best one for modelling the individual numbers per square meter. For
this model, AIC was 6149.2 and AIC delta was 0.17.

For the soil seed bank species numbers differed significantly from each other between
the different farming methods (conventional and organic). Belowground species numbers
were twice as high (18 species) as those in the conventional alternative (nine species) as
depicted in the left part of Figure 5.

A Kruskal–Wallis test was conducted with the software “R studio” to assess if organic
farming period has a significant effect on the seed numbers of the soil seedbank. Testing
results were significant, indicating significant differences in the data. Pairwise Wilcoxon
test was followed up indicating significantly higher seed numbers of 18 and 27 years of
organic growing, compared to 14 years of organic growing. Other groups did not differ
significantly from each other. In the study, a maximum seed density is reached between 18
and 27 years of organic farming. After this period, the tendency of a decrease in species
numbers per square meter can be observed.
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Figure 5. Weed species numbers derived from the soil seed bank data.

As shown in Figure 6, the number of weed seeds per square meter differs from organic
management systems as affected by different time periods of organic growing. A Kruskal-
Wallis Test was conducted to detect significant differences in the data. Results of this test
are given in Table 4, indicating significant higher seed numbers after 27 years of organic
growing compared to 14 years, and also, the number of weed seeds in the soil per square
meter is significantly higher in systems of 18 years organic farming, compared to those
of 14 years. Evidence of an increase of the soils’ seed potential with an increasing time
period of organic growing could be stated. This observation is applicable for the organic
growing period until 27 years. Thereafter, however, the increase of seed numbers stagnates
or fluctuates.

Table 4. Significance levels between the four periods of organic growing with regard to the total seed
number per square meter. Significant differences on the level of α = 0.05 are indicated with *.

14 Years 18 Years 27 Years

14 years - 0.035 * -
27 years 0.025 * 0.403 -
38 years 0.403 0.402 0.207
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Figure 6. Comparison of time periods of organic growing with regard to the weed seed number.

3.2.1. Analysis of Spring Vegetation

The seedbank data set was divided into three subgroups to access the effect of seasonal
changes in the plant species communities. The first group includes species of the seedbank
that germinated during a four-week period of April 2019, the second one contains those
seedlings from June 2019 and the third one contains all additional seedlings from October
2019. Main germination of seeds was in June 2019. Way fewer seedlings emerged in autumn
and spring. As shown in the graphical result of an NMDS in Figure 7, Organic farming
systems provide the highest species richness and species abundance. Species showing
higher occurrences in conventional farming during spring are Chenopodium polyspermum,
Galium aparine and Juncus bufonius.

In organic farming systems, Chenopodium album, Plantago intermediae and Rumex acetosella
and Cirsium arvense showed higher abundances than in conventional farming systems.

Arable weeds of the soil seed bank samples were analyzed with a Nonmetric Multidi-
mensional Scaling ordination (NMDS) as shown in Figure 8. Resulting from this analysis,
the management system has the main effect on explaining the variance in species abundance
of the soil seedbank.
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Figure 7. Species of the soil seedbank germinated in the period of May 2019. Shapes (triangels and
circles) represent the two different areas; the colours green and blue indicate the two farm types. e.g.,
green circles mean organic farms in the region Gladenbach.

Figure 8. Species of the soil seedbank germinated in the period of May, June and October 2019.

So, the impact of the farming practice could be stated in both, current vegetation and
seedbank. There is a clear grouping of species concerning their occurrence pattern. Organic
farming includes the highest proportion of total species numbers. There are a few species
found more frequently in conventional farming systems. Tendencies found in current
vegetation data are partially reflected by the soil seedbank.
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Following seedbank data, the weed species Polygonum aviculare, Poa trivialis, Solanum
nigrum, Stellaria media and Juncus bufonius appear as tolerant towards intensive farming
methods, whereas the highest proportion of the total species number is only found in
organic farming conditions at a higher abundance level. In current vegetation on arable
fields, 49 segetal species were identified, which is a share of 60%. In total, 82 species
that were identified in the soil seedbank over all fields were included in the experiment.
Centaurea cyanus and Papaver rhoeas were mostly found under organic farming conditions
which is reflected by both seedbank data and current vegetation. However, the impact of
farming practice is considerably higher in the seedbank.

The current vegetation is more directly affected by environmental conditions like
climate (rainfall) which results in a higher fluctuation. In contrast, the soil seedbank is
reacting way slower and delayed to a change in environmental conditions. The seedbank
represents the intensity level in farming over the last couple of years. The management
system is the major factor whereas the area shows a lower significance for explaining
the variance.

Figure 8 shows higher species numbers in organic cropping systems, indicated by the
clustering of species along the factor organic management.

Species tend to have a lower distribution and spread along the factor of environment.
Some species show tendencies to occur either in more extensive or more intensive farming.
Species that are more likely found in intensive farming are Solanum nigrum, Matricharia
chamomilla and Stellaria media. Under less intensive conditions, Fumaria officinalis, Centaurea
cyanus and Holcus lanatus can be found more likely.

3.2.2. Indicator Species Analysis

Therefore, a grouping vector of sites was built on the basis of the four field trial
variants consisting of two landscape areas (Lahn valley = La, Hillsites = Gl) and two man-
agement systems (organic = org, conventional = con). The assumption was met that both
management system and landscape area could have an impact on the constellation of
segetal species in arable fields.

For the area of Gladenbach and Lahntal under organic farming, the indicator species
Tripleuspermum inodorum and Myosotis arvensis, Alopecurus myosuroides were the most signif-
icant indicators. Following the methodology from De Cáceres (2020) an indicator species
analysis was conducted using the R package “indicspecies”. After running the analysis,
16 of 82 species in total were identified as indicator species. K-means algorithm was used
to assign the species to four different groups. Following this procedure, four site group
combinations were calculated as shown in Table 5. Most of the indicator species are found
in organic farming systems (group-nr. 1), way fewer under conventional farming conditions
(groups 2 + 3 +4). A principal component analysis was conducted which resulted in an
optimal number of four species groups. Within the four groups the proportion of explained
variance in the data is around 76.7%. An indicator species analysis was conducted with
the results shown in the table below. In organic farming, there are many species that can
be used as indicators for organic managed sites; in contrast there are only two species as
indicators for intensive farming methods of conventional agriculture, which are in this case
Daucus carota and Anthemis arvensis. In this study, Vicia hirsuta, Cirsium arvenese and Rumex
crispus were detected as indicator species for organic management systems. Intensive
farming methods can be indicated by the species Daucus carota and Anthemis arvensis.
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Table 5. Indicator species with their indicator values and assignments to the groups. (***) significant
on α = 0.99, (**) significant on α = 0.95, significant on α = 0.90.

Group nr. A B Stat p.Value

1

Pap.rho 0.9732 1.0 0.987 0.001 ***
Cen.cya. 0.9784 0.8333 0.903 0.001 ***
Ver.arv. 0.6816 1.0 0.826 0.001 ***
Fal.con. 0.8128 0.5000 0.638 0.001 ***
Vio.arv. 0.4722 0.6667 0.561 0.004 **
Dac.glo. 0.6598 0.3333 0.469 0.013 *
Gal.apa. 0.9010 0.1667 0.388 0.011 *
Sis.off. 0.8987 0.1667 0.387 0.039 *

Pap.dub. 0.8812 0.1667 0.383 0.025 *

2
Sag.pr. 0.87429 0.24490 0.463 0.032 *

Rum.obt. 100.000 0.06122 0.247 0.041 *

3
Tri.pra. 0.91054 0.43478 0.629 0.001 ***

Alop.myo. 0.75716 0.26087 0.444 0.033 *
Laps.comm. 100.000 0.08696 0.295 0.025 *

4
Matr.cham. 0.8640 0.9636 0.912 0.001 ***

Cha.mi. 0.9445 0.1455 0.371 0.029 *

3.2.3. Impact of Crop Type on Species Richness

The effect of crop type has been stated by several studies with mainly a higher species
richness and less geophytes in cereal fields than in root crops [36]. As shown in Figure 9 high
variation in the weed individual numbers could be observed with significant differences
between the crop types.

Figure 9. Comparison of average weed individual numbers in different crops on the project fields.

The highest species and individual numbers were found in the crops maize, red clover
and spelt, whereas broad bean and winter wheat showed the lowest individual numbers
per square meter.
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To access the floristic similarity between the sites, Sorensen quantitative similarity
index was calculated:

Sorensen’s qualitative index = 2C/A + B × 100%

where:

A—the number of species in one of the two communities compared.
B—the number of species in the second community compared.
C—the number of common species in the compared communities.

In Table 6, Sorensen’s Qualitative Similarity Index is given for each of the considered
pairs of variants. Similarity between organic fields in two different sites was 65% and higher
than those between organic and conventional sites (57.3%). Organic and conventional fields
differ more in their species composition than organic fields among each other in different
locations. However, the similarity between the organic fields is not considerably higher
than those between conventional and organic farms, indicating that regional differences
between arable weed communities might play a role although on a smaller regional scale.

Table 6. Sorensen’s Qualitative Similarity Indices for the project sites.

Conventional Gl.Organic

organic 57.3 -
La.organic - 65

As shown in Figure 10, Shannon Diversity varied between spring and summer season.
Significant higher Diversity values were found during the summer season. As Mennan &
Ngouajio [37] stated, there are seasonal cycles in the germination patterns of the weeds
Galium aparine and wild mustard (Brassica kaber). Highest germination rates were stated
during May with around 70% germination and a strong decrease in germination of around
30% in August.

Figure 10. Comparison of average diversity indices for spring and summer germination period of
arable weeds.

Diversity of arable weed communities differs between spring and summer. Higher
diversity is found during the summer months, since new species have germinated and
contribute to a higher index.

Studies of Lososová et al. [36] stated seasonal dynamics as a factor causing changes
in arable plant community composition with higher species richness and beta diversity
during the summer months. Species that were found in summer were mostly those also
present in the spring germination.

There is no significant difference in species diversity between the two areas. There is
no significant effect of the landscape area on the diversity of segetal species of arable fields.
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Studies by Swanton et al. [38] suggest that there is an interaction effect between tillage
system and soil type which may influence the distribution of soil seed bank vertically. The
management showed significant effects on species diversity. Shannon Diversity Index is al-
most two times higher in organically managed fields than in the conventional ones. Several
studies have stated the impact of an increasing farming intensity (herbicide application,
plowing, fertilizing) on the diversity of arable plant communities. With higher intensity
levels in farming, diversity of arable plant communities decreased significantly [10,39–42].

The hypothesis was tested that there is a different accumulation rate of weed seeds
in different soil depths resulting in different diversity indices. Therefore, a Kruskal-Wallis
Test was conducted which has not become significant. Shannon Diversity Indices were
plotted, as shown in Figure 11. Though, species diversity has not been affected by the
depth level of the soil sample. The farmers of the study fields have used a mixture of
reduced tillage and ploughing. The arable fields show a homogenous mixture of seeds
in the soil at a testing depth of 20 cm. A significant difference in the seed number and
Shannon Diversity Index could not be found. This observation has also been stated by
studies of Feledyn-Szewczyk et al. [43] which showed the effect of the tillage system on the
absolute weed seed numbers in the soil and their vertical distribution in the soil of arable
fields. Feledyn-Szewczyk et al. [43] showed that reduced tillage systems and ploughing
systems tend to establish a mixture of seeds in the soil with higher average seed numbers
in reduced tillage systems (4515 seeds m−2 ) compared to ploughing systems (2080 m−2).

Figure 11. Comparison of two soil depths regarding their belowground species diversity. Level A:
0–5 cm below soil surface; B: 5–20 cm below soil surface.

Studies by Clements et al. [40] analyzed the impact of different soil tillage methods
on the seedbank composition of different weeds. It was found that deep soil tillage, like
plowing, results in a more homogeneous distribution of the seedbank over depth. In
contrast, in a system with minimal soil tillage, Clements et al. [40] assumed that the upper
5 cm of the soil comprises over 60% of the seed bank. Research by Buhler et al. [41] could
identify grass seed accumulation in minimal tillage systems and found higher accumulation
rates at the deeper soil levels in moldboard plowing systems.
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4. Discussion

Studies on the arable weed flora in the center of the German state Hesse could state
a strong reaction of both spontaneous flora and soil seedbank towards the farming intensity.
Among others, farming intensity has been identified as the factor with the strongest impact
on species numbers, abundances and distribution patterns of arable weeds.

Species numbers derived from soil seedbank data were on average twice as high
in organically managed fields (18 species) compared to conventional ones (nine species).
For the relevé data, species numbers and diversity indices (Shannon Diversity) were
significantly higher in organic cropping systems. Relevés included usually a proportion
of the seedbank species so not all species present in the soil seedbank were also found in
the relevés.

Besides management system, the crop type played a minor role in explaining differ-
ences in species richness and diversity indices. Results from NMDS analysis have shown
that highest species richness can be found in organic farming systems in both landscape
areas—in Valley of river Lahn and the hill site of Gladenbach. Therefore, landscape area
was not detected as a factor for explaining significant differences in species distribution.
The hypothesis of a difference in species and individual numbers in different soil depth
levels could not be stated, however. A reason for this might be that soil tillage is applied
on the study sites. The use of plow and grubber might result in a mixture of soil horizons
so seeds will be mixed as well. Comparing germination numbers and diversity indices
of different seasons showed a tendency of a slightly higher diversity values in summer
compared to spring, significant differences could not be found.

The study could state the assumption that organic farming contributes to the regener-
ation of the arable seed bank. The period of organic growing affects the abundance and
species richness of the arable weed species pool of the soil. Tendencies of an accumulation
of seeds in the soil over time were identified. Evidence was also found in the data that, at
some point in time, the seedbank increase stagnates again and stays more or less stable on
a certain level of seeds per square meter.

Compared to the conventional managed fields, the organically managed fields showed
significantly higher species numbers and also Shannon Diversity increased in these fields.
Evidence was found that long-term intensive farming conditions result in a depletion of
the seed reservoir of arable weeds in the soil, as stated by other studies as well [43–46].

Regarding the project fields, organic farming could double average seedbank species
numbers in the fields from an average of 10 species per field in conventional farming sys-
tems to average of 20 species per field in organic farming systems. Crops had a significant
effect on the distribution of arable weeds with higher diversity values in winter crops and
lower diversity indices in spring grown crops. The season also had a significant impact on
species numbers, with the highest species numbers during the summer months.
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Abstract: The wild vegetation of the Eastern Desert is characterized by openness and comprises
perennials and ephemerals. The current study investigated the relationship between the edaphic
factors of the natural vegetation along El Sheikh Fadl–Ras Gharib Road, Southwest Suez Gulf, in
the northern sector of the Eastern Desert. The vegetation structure of the study area is relatively
simple. The surveyed plants included 93 species from 22 families (51 perennials and 42 annuals).
Asteraceae, Brassicaceae, Amaranthaceae, and Fabaceae were the richest families, constituting the
majority of plant species (53.76%). Therophytes were the most frequent life forms. About 83.87% of
the total flora were pluriregional elements of different affinities. Most of the recorded taxa occupied
the Irano-Turanian/Mediterranean/Saharo-Sindian/Sudano-Zambezian chorotypes. The application
of TWINSPAN classification resulted in grouping the vegetation into three main vegetation groups (A,
B, and C), representing distinct microhabitats. The CCA ordination indicates diversity in vegetation
group A. Group B was highly associated with Na, Mg, CaCO3, silt, clay, and C/N. Group C showed a
high correlation with sand, K, and N. The differences in wild plant life forms, richness, and diversity
along the studied desert roadsides, in association with the soil differences, provide a good indication
of plant biodiversity.

Keywords: CANOCO; chorological analysis; Egypt; soil analysis; TWINSPAN

1. Introduction

The desert ecosystem occupies approximately 95% of Egypt’s total area. The Eastern
Desert of Egypt occupies the area extending from the Nile Valley eastward to the Gulf of
Suez and the Red Sea, which is about 223,000 km2, i.e., 22.3% of the total area of Egypt. It
is traversed by numerous canyonlike depressions (wadis) running to the Red Sea or the
Nile Valley. It has a high backbone of high, rugged mountains running parallel to and a
relatively short distance from the coast [1]. The inland part of the Eastern Desert of Egypt
is divided into four main geomorphological and ecological regions, from north to south,
and the Limestone Desert is the second region [2]. From the phytogeographical point of
view, El Hadidi [3] divided the Eastern Desert of Egypt into two main sub-territories: the
Galalah Desert, which includes Cairo–Suez, and the northern limestone plateau.

The desert vegetation is characterized by openness and is composed of a permanent
framework of perennials, the interspaces of which may be occupied by ephemerals. Their
duration depends on irregular rainfall and soil thickness [2]. The vegetation composition
and plant distribution covering the northern inland part of the Egyptian Eastern Desert
have been studied [4–6].
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This ecosystem has unique and characteristic xerophytic vegetation that sustains
the human population with essential goods and services. Despite these benefits, recent
threats to its species and habitats have been recorded [7]. Anthropogenic activities are
the cause of all the threats, in addition to the aridity of the climate. Desert degradation
and fragmentation caused by human misuse and severe environmental changes are the
major causes of the decline in global biodiversity and have become a critical environmental
problem [8,9]. Therefore, restoring disturbed ecosystems in many areas is prioritized for
biodiversity conservation and maintaining landscape productivity [10].

Egyptian deserts’ natural vegetation faces two categories of threats: The first includes the
natural processes of drought, floods, storms, diseases, natural enemies (rodents and insects),
and invasion of exotic species [11,12]. The second category includes man-mediated threats
such as road construction. Seeds can adhere to car tires along roads, leading to the spread of
exotic species and colonizing new areas [11,13]. All of these threats result in changes in habitat
conditions with the subsequent alteration of vegetation structure, loss of natural habitats, and
decline in floristic composition [14,15]. The construction of roads is one type of human impact
on the deserts of the Middle East [16]. Therefore, these areas are severely subjected to human
disturbance. Despite the wealth of studies on aspects of vegetation along roads in temperate
regions, little is known about arid regions [17,18]. Likewise, some studies have dealt, to some
extent, with roadside vegetation in deserts in Egypt [19–21].

We hypothesize that the harsh environmental conditions affect plant diversity and
vegetation structure in El Sheikh Fadl–Ras Gharib Desert Road. Therefore, this study
aimed to (1) survey the roadside wild plant diversity along El Sheikh Fadl–Ras Gharib
road as a part of the Egyptian Eastern desert, (2) assess the soil factors that control the
roadside vegetation, and (3) identify the regional plant communities and the reasons for
the vegetation changes along this desert road.

2. Materials and Methods

2.1. Site Description

This study was conducted on El Sheikh Fadl–Ras Gharib Road, Southwest Suez Gulf, in
the northern sector of the Eastern Desert. The study area extends between 28◦14′08.50′′ and
28◦26′08.40′′ N and 32◦41′24.30′′ and 31◦07′14.40′′ E, with about a 224.45 km length (Figure 1).

Figure 1. Location map of El Sheikh Fadl–Ras Gharib Road study area in the Eastern desert in Egypt
(red rectangle) showing the sampling sites (S1–S17, in red).
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The road crosses wadi El-Tarfa from the Red Sea coast in the east through the Eastern
Desert in Egypt to the Nile Valley in the west. One of the most distinctive features of this
road is the gravel desert, which represents a natural xeric habitat inhabited mainly by
xerophytic vegetation.

Climatically, El Sheikh Fadl–Ras Gharib Road lies within a hyper-arid zone char-
acterized by a mild winter and high daily temperature and evaporation rate [22]. The
temperature is regular in seasonality, with a 26.37 ◦C average annual air temperature of
ten years from 2013 to 2022. Winter months are cold, with a 9.90 ◦C minimum average air
temperature in January, whereas the summer months are hot, with a 38.90 ◦C maximum
average air temperature in August. The rainfall is scarce and sporadic and usually cascades
during the winter and is due to random cloudbursts, a general feature in arid deserts [19],
with an average annual precipitation of 1.69 mm/year, with a ten-year monthly mean
fluctuating between 2.70 mm in December and 3.83 mm in March. However, the area may
be subjected to occasional heavy rainstorms that cause dangerous flash flooding, result-
ing in enriching the vegetation of some dry sites on this road. The wind velocity ranges
between 9.30 km·h−1 to 22.70 km·h−1 (Umm El Sas Meteorological Station; 28◦30′09.00′′ N,
30◦44′10.0′′ E) (Figure 2).

Figure 2. Gaussian diagram showing the averages of maximum (black circles) and minimum (open
circles) monthly air temperature (◦C) and monthly rainfall (mm; bars) at Umm El Sas city nearby
El Sheikh Fadl–Ras Gharib Road (Eastern Desert) since January to December through the last ten
years (2013–2022).

2.2. Vegetation Sampling and Species Identification

The fieldwork was conducted in March 2021 after a rainy season, where the precipita-
tion was 6.90 mm, 0.30 mm, and 5.80 mm in November 2020, December 2020, and February
2021, respectively. We sampled 17 geo-referenced vegetation stands (relevés), which were
found to be reasonable to represent the vegetation of the area. A total of 110 plots (each
of 10 × 10 m) were randomly chosen in the selected stands (Figure 1), whenever much
vegetation cover was encountered, according to the relevé method [23].

Plant taxa were collected and identified by the fifth and sixth authors (M. O. Badry and
A. K. Osman) and named according to the available literature [24–28]. The taxonomic names
were updated according to Plants Of The World Online [29] provided by the Royal Botanic
Gardens, Kew. Growth forms of the surveyed taxa and life-form categories and their life
spans were identified [30,31]. Phytogeographical affinities of the surveyed plant taxa were
defined [32]. Specimens were dried, and vouchers were deposited in the herbarium of the
Botany and Microbiology Department, Faculty of Science, South Valley University, Egypt.
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2.3. Soil Sampling and Analyses

Two soil samples were collected at different profiles (0–25 and 25–50 cm) from ran-
domly selected points of each relevé. The collected samples from the same site were mixed
into one composite piece to analyze a given profile. Soil samples were air-dried at 105 ◦C in
a forced-air oven for 24 to 72 h, homogenized, and passed through a 2 mm sieve to remove
gravel. Soil texture was determined using the pipette method, providing quantitative data
on the percentage of clay, sand, and silt [33]. The organic matter content was estimated
by computing the weight loss after igniting at 600 ◦C for 3 h [34]. The determination of
electric conductivity and pH was conducted in soil–water (1:5) extracts by the method
adopted by Jackson [35]. Soil cation elements were determined. Sodium and potassium
were determined by the flame emission photometry technique [36]. Calcium and magne-
sium were determined volumetrically by the versine titration method [37]. The analyses of
soil anions included the determination of total carbonates (CO3) and bicarbonates (HCO3)
by titration using 0.01N HCl [38], chlorides (Cl) determined volumetrically by precipitation
as AgCl [35], sulfates (SO4) estimated by turbidimetry as BaSO4 using a colorimeter [39],
and nitrates (NO3) determined spectrophotometrically by sodium salicylate [40]. Total
nitrogen was determined according to Bremner [41].

2.4. Data Analysis

Classification and ordination methods were applied as multivariate analysis tech-
niques to evaluate El Sheikh Fadl–Ras Gharib Road vegetation using presence/absence
data matrices. Two-Way Indicator Species Analysis (TWINSPAN) was used to classify the
floristic data matrix into vegetation groups with similar species abundance patterns using
the computer program CAP for Windows (community analysis package, version 1.2) [42].
The cut-off level of ‘pseudo-species’ followed the software’s default state (one cut level
set at 0). The radio box was set to Pres/Abs as the working data were presence–absence,
comprising 1 s and 0 s. The maximum number of indicators was 5 per division. The
maximum level of divisions was 6. The minimum group size was set to 5 per division.
The relative weighting given to each pseudo-species cut level was 1 s. The indicator levels
were set to all cut levels. With the minimum variance as an algorithm, a dendrogram was
elaborated. The species were clustered based on the classification of the samples, following
a divisive hierarchical clustering of sites. The species richness (alpha-diversity) within
each TWINSPAN vegetation group was calculated as the average number of species per
site, and species turnover (beta-diversity) as the ratio between the total species recorded
in a certain vegetation cluster and its alpha-diversity [43]. Detrended correspondence
analysis (DCA), an indirect ordination technique, was used to describe changes in the
vegetation along the environmental gradients, such as altitude, water zone proximity, and
soil variables [44]. Canonical correspondence analysis (CCA) was performed to depict the
correlations between vegetation groups and environmental data by the CANOCO program
version 4.5, using species cover, stands, and soil as variables [45]. Pearson’s linear correla-
tion coefficient (r) was used to assess the relationship of the measured edaphic variables
among the vegetation assemblages using the IBM SPSS Statistics Version-20 (IBM Corp. in
Armonk, NY, USA) [46].

3. Results

3.1. Floristic Composition

A total of 93 taxa of flowering plants were recorded from the study area, belonging to
63 genera in 22 families. Dicots were represented by 21 families and 87 taxa (93.55%), while
monocots were represented by 1 family and by 6 taxa, representing 6.45% of the survey.

Asteraceae (17.20%), Brassicaceae (13.98), Amaranthaceae (11.83%), and Fabaceae
(10.75%) were the most species-rich families (Figure 3, Appendix A).

Poaceae and Zygophyllaceae were represented by six taxa each (6.45%), while Resedaceae
was represented by four species (4.30%). Three families were represented by three species
each (3.23%). Meanwhile, six families were represented by two species (2.15%). On the
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other hand, six families were poorly represented, having one species each (1.08%). The
largest families in terms of the number of genera were Asteraceae (11 genera), Brassicaceae
(10 genera), and Amaranthaceae (8 genera). The most common genera with a larger number
of species were Astragalus L. and Zygophyllum L., with five species each (5.38%), and Launaea
Cass., Diplotaxis DC., Lotus L., Reseda Tourn. ex L., and Tamarix L. with three species each
(3.23%). At the same time, 11 genera were represented by 2 species (2.15%). On the other
hand, 45 genera were monotypic, having 1 species each (1.08%).

Figure 3. Histogram of the floristic composition of the 22 families surveyed in El Sheikh Fadl–Ras
Gharib Road.

The surveyed plants along El Sheikh Fadl–Ras Gharib Road included 51 perennials
(54.84%) and 42 annuals (45.16%), classified into 6 types of growth forms and represented
by 2 trees (2.15%), 9 shrubs (9.68%), 26 subshrubs (27.96%), 1 liana (1.08%), 1 reed (1.08%)
and 54 herbaceous (58.06%) species of plants (Appendix A).

3.2. Life-Form Spectra

Seven life-form classes were recorded in the present study. Therophytes were the most fre-
quent life-form (42 taxa), followed by Chamaephytes (28 taxa), Hemicryptophytes (14 taxa), and
Phanerophytes (6 taxa), while three life-forms were represented by single species each: Holopar-
asitic, (Cistanche phelypaea (L.) Cout.), Geophytes (Cynodon dactylon (L.) Pers.), and Geophytes–
Helophytes (Phragmites australis (Cav.) Trin. ex Steud.) (Figure 4, Table S1).

Figure 4. Life-form spectrum of plant species recorded in El Sheikh Fadl–Ras Gharib Road.
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3.3. Chorological Affinities

The chorological analysis of the surveyed flora classified the 93 plant taxa recoded into
three major phytogeographical groups: monoregional, biregional, and pluriregional. Seventy-
eight taxa (83.87% of the total flora) were pluriregional elements of different affinities. These
pluriregional taxa fell under 14 main chorotypes, of which 46 taxa represented the Irano-
Turanian/Mediterranean/Saharo-Sindian/Sudano-Zambezian chorotypes (49.46% of the total
flora), and 13 taxa represented the Irano-Turanian/Mediterranean/Saharo-Sindian chorotypes
(13.97% of the total flora). The biregional elements fell under 3 main chorotypes, represented
by 11 taxa (11.83% of the total flora). In contrast, the monoregional chorotype (pure Saharo-
Sindian) was rarely represented in the study area, with only one species (Matthiola arabica
Boiss.) forming 1.08% of the total number of plant species surveyed. On the other hand,
the Cosmopolitan and Palaeotropical chorotypes were represented by three species (3.22%)
(Figure 5, Table S2).

Figure 5. Phytogeographical analysis of the recorded species in El Sheikh Fadl–Ras Gharib Road. For
the abbreviations, see Appendix A.

3.4. Vegetation Analysis

The application of the TWINSPAN classification to the 93 species recorded in the
17 stands representing the study area of El Sheikh Fadl–Ras Gharib Road resulted in group-
ing the vegetation into 7 clusters at level three of the hierarchical classification (Figure 6).
The vegetation clusters were characterized and named after the dominant and subdominant
species as follows: (I) Halocnemum strobilaceum–Zilla spinosa; (II) Diplotaxis acris–Diplotaxis
harra–Centaurea aegyptiaca; (III) Anastatica hierochuntica–Ochradenus baccatus–Rumex vesi-
carius; (IV) Caroxylon imbricatum–Ochradenus baccatus; (V) Artemisia judaica–Astragalus
eremophilus–Atriplex turcomanica; (VI) Matthiola longipetala–Reseda pruinosa–Tamarix aphylla;
(VII) Taverniera aegyptiaca–Trichodesma africanum. These clusters were aggregated into three
main groups (GA, GB, and GC).

Group A was the smallest among the separated vegetation groups. It comprised
one cluster IV with three stands at the study area’s beginning and end (S1, S16, and S17).
It included 21 recorded species and was characterized by the lowest species richness
(10 species/stands) and highest species turnover (2.10). The soils of this group were rich
in Ca, K, total N, and SO4, and recorded the highest TDS and EC (Table 1). The dominant
species included Caroxylon imbricatum, Ochradenus baccatus (P% = 100), Tamarix nilotica,
Zygophyllum indicum, Z. coccineum, Zilla spinosa and Diplotaxis acris (P% = 66.67).
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Figure 6. The dendrogram resulted from applying TWINSPAN to the 17 sampled vegetation plots
(S1–S17) depicting the resulted vegetation clusters (I–VII).

Table 1. Mean values, standard deviations (SDs), and ANOVA values of the soil variables in the
study area’s TWINSPAN vegetation clusters (I–VII).

Edaphic Factors I II III IV V VI VII F Value p

Organic matter
% 2.19 ± 0.62 2.93 ± 0.82 2.36 ± 1.08 2.25 ± 1.39 2.52 ± 2.06 1.59 ± 0.35 1.38 ± 0.0 0.434 0.858

C 1.27 ± 0.36 1.70 ± 0.47 1.37 ± 0.63 1.30 ± 0.81 1.46 ± 1.20 0.92 ± 0.20 0.80 ± 0.0 0.434 0.858

N 0.027 ± 0.004 0.032 ± 0.005 0.031 ± 0.0053 0.036 ± 0.015 0.037 ± 0.01 0.028 ± 0.0 0.035 ± 0.0 0.433 0.859

CaCO3 (mg/g) 30.62 ± 3.26 28.67 ± 1.29 23.00 ± 2.18 19.78 ± 6.48 17.75 ± 3.41 12.09 ± 1.53 12.50 ± 0.0 6.559 * 0.006

PH 8.44 ± 0.06 8.60 ± 0.11 8.61 ± 0.043 8.49 ± 0.19 8.47 ± 0.23 8.53 ± 0.21 8.47 ± 0.0 0.344 0.913

TDS (mg/L) 218.09 ±
32.08

563.00 ±
425.68

762.33 ±
525.65

867.74 ±
677.17

616.36 ±
633.17 137.77 ± 35.35 258.67 ± 0.0 0.647 0.711

EC (μs/cm) 363 ± 53.56 937 ± 708.52 1263 ± 861.91 1435 ±
1113.94

1025.67 ±
1053.68 228.50 ± 57.27 432 ± 0.0 0.648 0.710

Na+ (mg/g) 1.51 ± 1.77 2.42 ± 1.17 1.70 ± 0.25 1.05 ± 1.12 2.24 ± 3.14 0.34 ± 0.20 0.36 ± 0.0 0.351 0.910

K+ (mg/g) 1.12 ± 0.29 1.56 ± 0.42 1.62 ± 0.51 1.66 ± 0.91 1.55 ± 0.68 1.35 ± 0.47 2.27 ± 0.0 0.458 0.842

Ca2+ (mg/g) 0.46 ± 0.17 0.74 ± 0.53 2.87 ± 3.13 3.71 ± 3.56 1.34 ± 1.18 0.22 ± 0.0 0.62 ± 0.0 0.853 0.573

Mg2+ (mg/g) 0.12 ± 0.03 0.18 ± 0.14 0.85 ± 1.21 0.28 ± 0.22 0.21 ± 0.13 0.13 ± 0.56 0.10 ± 0.0 0.955 0.513

Cl− (mg/g) 0.56 ± 0.12 1.40 ± 1.19 1.00 ± 0.07 0.91 ± 0.49 1.47 ± 1.87 0.38 ± 0.0 0.77 ± 0.0 0.341 0.915

SO4
2− (mg/g) 0.49 ± 0.05 0.67 ± 0.15 0.97 ± 0.35 0.91 ± 0.62 0.60 ± 0.26 0.34 ± 0.42 0.35 ± 0.0 0.966 0.507

Clay 1.60 ± 0.46 1.20 ± 0.28 1.53 ± 0.85 1.20 ± 0.43 1.37 ± 0.15 1 ± 0.0 1 ± 0.0 2.857 0.073

Silt 10.53 ± 7.62 26.30 ± 8.34 24.40 ± 30.50 11.10 ± 14.82 14.13 ± 18.60 4.25 ± 2.75 1.90 ± 0.0 2.792 0.077

Sand 87.87 ± 7.68 72.50 ± 8.06 74.07 ± 31.35 87.70 ± 15.25 84.50 ± 18.63 94.75 ± 2.75 97.10 ± 0.0 2.859 0.072

* indicates p < 0.01.

Group B comprised three clusters (I, II, and III) including eight stands. Cluster I
consisted of 3 stands and 44 species with a species richness of 27 and species turnover of
1.63. Cluster II consisted of 2 stands with 32 species (species richness 24.50 and turnover
1.31). Cluster III consisted of 3 stands recording 28 species; the species richness was 18.33
and species turnover was 1.53.

In this group, the soil recorded the highest Na, Mg, OM, C/N, CaCO3, pH, clay, and
silt (Table 1). The dominant species were Rumex vesicarius, Z. spinosa (P% = 100), T. nilotica,
and Z. coccineum (P% = 87.50).
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Group C was located near Ras Gharib and comprised three clusters (V, VI, VII)
and six stands. Cluster V included 3 stands recording 41 species (sp. richness = 26;
sp. turnover = 1.58), while cluster VI comprised 2 stands with 32 recorded species
(sp. richness = 24.00 and turnover = 1.33). Cluster VII had only 1 stand with 33 species
(sp. richness = 33.00 and turnover = 1.00) and high values in the sand; Cl character-
ized this group’s soil. The dominant species were Z. coccineum, Z. simplex, Trichodesma
africanum, Tamarix aphylla, Astragalus eremophilus, and Artemisia judaica (P% = 100).

The application of a DCA analysis supported the separation among the vegetation clus-
ters (Figure 7). A distinct pattern along the gradient of DCA axes 1 and 2 (eigenvalues = 0.38
and 0.19 and cumulative percentage variance of species data = 19.30 and 29 for axes 1 and
2, respectively) indicated the relationships between the environmental gradients (proximity
from water) and topographic aspects of El Sheikh Fadl–Ras Gharib Road. The TWINSPAN
clusters were aggregated into three main vegetation groups, which depicted a distinct
microhabitat. Group A was located at the top left part of the DCA diagram and consisted of
cluster IV. Group B was segregated at the lower left part and comprised three clusters—I, II,
and III—while group C included three clusters—V, VI, and VII—ordered along the gradient
of DCA axis 1.

Figure 7. DCA ordination diagram on the first two axes (axes 1 and 2) of the seven vegetation clusters
(I–VII, red triangles) was identified after applying TWINSPAN to the 17 sampled plots on El Sheikh
Fadl–Ras Gharib Road. Black circles show DCA groups A, B, and C.

Likewise, the CCA scatter plot aggregated the seven TWINSPAN clusters into three
main floristic groups (Figure 8). The length and the direction of an arrow representing
a given environmental variable indicate the importance and direction of the gradient of
environmental change for that variable within the set of samples measured. The cumulative
percentage variance of species–environment relations for the four axes amounted to 21.5,
36.2, 46.8, and 56.2%, which suggests a strong association between vegetation and the
measured parameters presented in the biplot [47]. The separation of these groups along
CCA axis 1 was strongly positively affected by Na, K, Mg, PO4, SO3, and CO3, and
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negatively by Ca, HCO3, Cl, OM, pH, EC, and salinity. On the other hand, the separation of
floristic groups along CCA axis 2 was positively correlated with Ca, Na, SO3, PO4, HCO3,
OM, pH, and EC, and negatively with K, Mg, Cl, CO3, and salinity. The stands of group A
were highly associated with Ca, EC, and SO4. In comparison, the stands of group B were
highly associated with Na, Mg, CaCO3, silt, clay, and C/N. The stands of group C showed
a high correlation with sand, K, and N.

Figure 8. CCA biplot ordination of the environmental variables (arrows) and the TWINSPAN
vegetation clusters (blue triangles). Floristic groups A–C. C: total carbon; N: total nitrogen; C/N:
carbon–nitrogen ratio; TDS: total dissolved salts; EC: electrical conductivity; OM: organic matter;
Ca: calcium; Mg: magnesium; K: potassium; Na: sodium; CaCO3: calcium carbonate; Cl: chloride;
SO4: sulfate.

The correlation coefficient (r) between the different soil variables in the sampled stands
is shown in Table 2. CaCO3 showed a significant negative correlation with axis 1, while
Ca ions were significantly positively correlated with axis 2. It was found that some soil
variables were significantly positively correlated with other soil variables, such as OM
with Na and Cl, and negatively with sand. In contrast, the TDS fraction was significantly
correlated with Ca and SO4 ions.

Table 2. Pearson correlation between soil variables and the first two CCA axes.

AX1 AX2 OM N CaCO3 pH TDS EC Na K Ca Mg Cl SO4 Clay Silt Sand

AX1 −0.300 −0.615 0.227 −0.755 * −0.091 −0.499 −0.497 −0.451 0.644 −0.522 −0.303 −0.074 −0.666 −0.668 −0.494 0.504

AX2 −0.300 0.052 0.544 −0.263 0.100 0.716 0.713 −0.169 0.259 0.848 * 0.261 0.110 0.617 −0.246 0.011 −0.004

OM. −0.615 0.052 0.138 0.733 0.423 0.617 0.619 0.952 ** −0.383 0.285 0.277 0.770 * 0.616 0.527 0.886 ** −0.888 **

N 0.227 0.544 0.138 −0.354 −0.154 0.590 0.592 0.160 0.652 0.461 −0.006 0.646 0.285 −0.254 0.001 0.005

CaCO3 −0.755 * −0.263 0.733 −0.354 0.188 0.218 0.219 0.697 −0.537 0.058 0.164 0.266 0.395 0.731 0.672 −0.682

pH −0.091 0.100 0.423 −0.154 0.188 0.371 0.371 0.326 0.010 0.216 0.630 0.305 0.486 −0.007 0.742 −0.732
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Table 2. Cont.

AX1 AX2 OM N CaCO3 pH TDS EC Na K Ca Mg Cl SO4 Clay Silt Sand

T.D.S. −0.499 0.716 0.617 0.590 0.218 0.371 1.000 ** 0.500 0.136 0.899 ** 0.611 0.642 0.936 ** 0.293 0.617 −0.617

EC. −0.497 0.713 0.619 0.592 0.219 0.371 1.000 ** 0.503 0.137 0.897 ** 0.610 0.646 0.935 ** 0.293 0.619 −0.618

Na −0.451 −0.169 0.952 ** 0.160 0.697 0.326 0.500 0.503 −0.330 0.130 0.254 0.824 * 0.479 0.602 0.844 * −0.848 *

K 0.644 0.259 −0.383 0.652 −0.537 0.010 0.136 0.137 −0.330 1 0.148 0.021 0.189 −0.047 −0.539 −0.230 0.240

Ca −0.522 0.848 * 0.285 0.461 0.058 0.216 0.899 ** 0.897 ** 0.130 0.148 1 0.647 0.256 0.898 ** 0.249 0.331 −0.333

Mg −0.303 0.261 0.277 −0.006 0.164 0.630 0.611 0.610 0.254 0.021 0.647 1 0.195 0.772 * 0.488 0.599 −0.603

Cl −0.074 0.110 0.770 * 0.646 0.266 0.305 0.642 0.646 0.824 * 0.189 0.256 0.195 1 0.454 0.190 0.674 −0.670

SO4 −0.666 0.617 0.616 0.285 0.395 0.486 0.936 ** 0.935 ** 0.479 −0.047 0.898 ** 0.772 * 0.454 1 0.475 0.705 −0.708

Clay −0.668 −0.246 0.527 −0.254 0.731 −0.007 0.293 0.293 0.602 −0.539 0.249 0.488 0.190 0.475 1 0.513 −0.531

Silt −0.494 0.011 0.886 ** 0.001 0.672 0.742 0.617 0.619 0.844 * −0.230 0.331 0.599 0.674 0.705 0.513 −1.000 **

Sand 0.504 −0.004 −0.888 ** 0.005 −0.682 −0.732 −0.617 −0.618 −0.848 * 0.240 −0.333 −0.603 −0.670 −0.708 −0.531 −1.000 **

* indicates p < 0.05; ** indicates p < 0.01.

3.5. Plant Community and Soil Correlation

The Taverniera aegyptiaca–Trichodesma africanum (cluster VII) demonstrated the highest
levels of species richness (33) and the lowest species turnover (1). Stands of cluster IV
(Caroxylon imbricatum–Ochradenus baccatus community) represented the lowest species
richness (10) with the highest species turnover (2.10).

In the study area, four species (Z. indicum, Z. coccineum, Z. spinosa, and D. acris) had
a broad ecological amplitude and were recorded in all seven clusters. Moreover, nine
species were represented in six clusters. Of them, four species did not appear in cluster
IV (Reseda pruinose, Farsetia aegyptia, D. harra, and Brocchia cinerea); additionally, four
species were not recorded in cluster VII (R. vesicarius, Erodium oxyrhinchum, C. imbricatum,
Atriplex turcomanica). On the other hand, T. africanum appeared in all clusters except
cluster III.

Seven species appeared in five clusters. They were all well-represented in cluster I but
varied in the other clusters. Cluster IV was represented by only two species (T. nilotica and
O. baccatus, as they both disappeared from cluster VII).

Four species were well-represented in four clusters. On the other hand, eight species were
recorded in three clusters. Cluster IV was represented by only one species (Launaea nudicaulis).

Thirteen species appeared in only two clusters. Forty-eight species were recorded in
only one cluster of this group; 14 appeared in cluster I, 11 in cluster VII, 10 in cluster V, and
1 species (C. phelypaea) was recorded in cluster II.

The habitats of the studied stands were composed of different soil fractions. Sand
represented the greatest contributor compared to the other soil fractions. It ranged from
72.5% in cluster II to 97.1% in cluster VII. The silt ranged between 1.90% in cluster VII
and 26.30% in cluster II. Clay had the lowest ratio among the other soil particles. The
highest value was 1.60 in cluster I. The organic matter content in these stands was relatively
constant in all clusters. The highest percentage was determined in cluster II (2.93%), while
the lowest value was recorded in cluster VII (1.38%).

The total nitrogen showed very low values, not exceeding 0.037 mg/g soil (cluster V).
The total dissolved salts and electric conductivity were positively correlated. The highest
values were recorded in clusters III and IV, respectively, while the lowest values were
attained in cluster VI. Calcium carbonate showed high percentages in the first two clusters
(30.26 and 28.67% for clusters I and II, respectively).

The concentrations of soil cations varied among the different clusters. For example, Na
attained high values in clusters II and V, while potassium recorded the highest concentration
in cluster VII. Calcium showed the highest concentration in cluster IV (3.71 mg/g soil), but
Mg was highly recorded in cluster III (0.85 mg/g soil). On the other hand, soil anions (Cl
and SO4) appeared in high concentrations in cluster V for Cl (1.47 mg/g) and cluster III for
SO4 (0.97 mg/g).
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4. Discussion

The desert vegetation in arid zones is relatively homogeneous but heterogeneous on a
small spatial scale. Therefore, the studies on vegetation–soil relationships in these areas
were usually conducted on a small spatial scale [48,49]. In the present study area, plant
life is restricted to microenvironments where runoff water collects and provides sufficient
moisture for plant growth [16,50].

As in most hyper-arid desert environments, the vegetation in the study area is re-
stricted to wadis, runnels, and depressions with deep, fine sediments that receive an
adequate water supply [19]. Minimal precipitation and frequent droughts characterize
the vegetation in arid regions; therefore, water availability is one of the primary factors
controlling species distribution [51].

The vegetation structure in the studied area along El Sheikh Fadl–Ras Gharib
Road is relatively simple, in which the species have to withstand harsh environmen-
tal conditions. The surveyed plants included 93 species from 22 different families.
Asteraceae, Brassicaceae, Amaranthaceae, and Fabaceae were the richest families, con-
stituting the most plant species (50 species; 53.76%). A study by [6] covering the
Eastern Desert recorded 52 species in the same area (El Sheikh Fadl–Ras Gharib Road)
and that Asteraceae was the most dominant family. The same findings were reported
by [7,20,52–54].

The surveyed plants included 51 perennials and 42 annuals. The dominance of
perennials (54.84% of total recorded species) may be related to the nature of the habitat
types in the present study, in which reproductive capacity, ecological, morphological, and
genetic plasticity are the limiting factors [55]. The high contribution of annuals (45.16% of
total recorded species) can be attributed to the rain season and short life cycle that enables
them to resist the instability of the agroecosystem [56].

Life-form spectra provide information that may help assess vegetation’s response
to variations in environmental factors. Seven life-form classes were recorded in the
present study. Therophytes were the most frequent life forms (45.16%), followed by
Chamaephytes (30.10%), Hemicryptophytes (15.05%), and Phanerophytes (6.45%), while
three life forms were represented by a single species each (1.08%): Holoparasitic, Geo-
phytes, and Geophytes–Helophytes. The above results agree with other studies [6,7,57].
The dominance of Therophytes over the other life forms seems to be a response to the
Mediterranean climate, topography variation, and biotic influence [58]. Additionally,
plant life forms showed a characteristic distribution in the different vegetation patterns.
True annuals (e.g., Astragalus vogelii, Asphodelus tenuifolius, Cotula cinerea) occur directly
after rainfall. Most other species proceed through therophytic, short-lived perennial
(Morettia philaeana, Pulicaria incisa, Z. simplex) or even long-lived perennial life cycles
(Crotalaria aegyptiaca, Fagonia spp., P. incisa, Z. spinosa) depending on the soil moisture
content [59]. The highest values of Chamaephytes and Hemicryptophytes may be at-
tributed to the ability of these species to resist drought, salinity, sand accumulation, and
grazing [60].

The phytogeographical distribution of the surveyed flora classified the recorded taxa
into three major phytogeographical groups: monoregional, biregional, and pluriregional.
Seventy-eight taxa (83.87% of the total flora) were pluriregional elements of different
affinities. Most of the recorded taxa occupied the Irano-Turanian/Mediterranean/Saharo-
Sindian/Sudano-Zambezian chorotypes. These results agree with the obtained data
of [6,14,20,57].

In most arid regions, multivariate analysis techniques have investigated the correlation
between soil and vegetation in various habitats [51,61]. These investigations included
large areas, and therefore they reported striking gradients referring to soil conditions
and vegetation. Regarding vegetation and floristic composition, three main vegetation
groups (plant communities) were identified and represented the plant communities that
characterized the studied stands. According to [51], Zilla spinosa–Zygophyllum coccineum
and Haloxylon salicornicum were the most species-rich vegetation associates occupying

57



Diversity 2023, 15, 874

the Eastern Desert’s northern roads. On Cairo-Desert Road, [62,63] recorded a vegetation
community with a similar floristic composition, including Acacia tortilis, Calotropis procera,
Lycium shawii, Retama raetam, Tamarix nilotica, Arthrocnemum macrostachyum, Atriplex halimus,
Capparis spinosa, Cornulaca monacantha, Ephedra alata, Ochradenus baccatus, and Pergularia
tomentosa. Most of the identified vegetation groups have very much in common with
those recorded in some wadis vegetation of the Egyptian desert and the neighboring
countries [64].

The first and second DCA ordination axes 1 and 2 depicted the environmental gradient
expressed by the cluster analysis (Figure 7). The TWINSPAN clusters were aggregated into
three main vegetation groups (A, B, and C), representing distinct microhabitats.

The CCA ordination indicated that species diversity in vegetation group A was highly
associated with Ca, EC, and SO4. At the same time, the stands of group B were highly
associated with Na, Mg, CaCO3, silt, clay, and C/N. The stands of group C showed a high
correlation with sand, K, and N. The findings by [7] also agree with the results obtained
from this study, as they reported that soil texture, salinity, and organic carbon could affect
the phytodiversity of wild communities.

5. Conclusions

This study investigated the plant diversity and edaphic factors that affect the vege-
tation structure along the El Sheikh Fadl–Ras Gharib Road in the northeastern desert of
Egypt, which has been under harsh environmental conditions, scarce and unpredictable
rainfall, and anthropogenic activities that may affect their floristic and vegetation diversity.
Multivariate analyses such as TWINSPAN, DCA, and CCA showed that soil variables were
useful in separating three ecological species groups representing distinct microhabitats.
Because of the sensitivity of desert habitats to disturbance and their slow rate of natural
recovery, this study emphasized the need for incorporating plant community composition,
seasonality, and different sampling methods into future studies aimed at assessing the
impact of desert roads on natural desert vegetation. Moreover, our findings could be useful
to detect the changes in floristic composition and improve efforts for conserving natural
desert vegetation.
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Appendix A

Table A1. List of plant species recorded on El Sheikh Fadl–Ras Gharib Road along with their
families, growth form, life span, life form, and chorotypes. Chorotype abbreviations: CAP: Capensis;
COSM: Cosmopolitan; ES: Euro-Siberian; GC: Guino-Congo; ME: Mediterranean; PAL: Palaeotropical;
PAN: Pantropical; IT: Irano-Turanian; SS: Saharo-Sindian; SJ: Sino-Japonic; SZ: Sudano-Zambezian.
Life forms: Cham.: Chamaephyte; Geo.: Geophyte; Geo.–Hel.: Geophyte–Helophyte; Hemicr.:
Hemicryptophyte; Holopar.: Holoparasite. Life spans: Ph.: Phanerophyte; Th.: Therophyte.

Family Taxa Growth Form Life Span Life Form Chorotype

Acanthaceae Blepharis ciliaris (L.) B.L.Burtt Subshrub Per. Cham. IT + SS + SZ

Amaranthaceae

Aerva javanica (Burm.f.) Juss. ex Schult. Subshrub Per. Cham. PAL

Anabasis setifera Moq. Subshrub Per. Cham. IT + SS + SZ

Atriplex turcomanica (Moq.) Boiss. Subshrub Per. Cham. IT + ME+ SS + SZ

Bassia eriophora (Schrad.) AsCham. Herb Ann. Ther. IT + SS

Caroxylon imbricatum (Forssk.) Moq. Shrub Per. Cham. IT + ME + SS + SZ

Caroxylon volkensii (Schweinf. & AsCham.)
Akhani & Roalson Herb Ann. Ther. IT + SS

Cornulaca aucheri Moq. Herb Ann. Ther. IT + ME + SS + SZ

Cornulaca monacantha Delile Subshrub Per. Cham. IT + ME + SS + SZ

Halocnemum strobilaceum (Pall.) M.Bieb. Subshrub Per. Cham. ES + IT + ME + SS + SZ

Suaeda pruinosa Lange Shrub Per. Cham. IT + ME + SS

Suaeda vera Forssk. ex J.F.Gmel. Shrub Per. Cham. ES + ME + SS

Aerva javanica (Burm.f.) Juss. ex Schult. Subshrub Per. Cham. PAL

Apocynaceae Cynanchum acutum L. Climbing subshrub Per. Cham. ES + IT + ME + SS + SJ

Asteraceae

Artemisia judaica L. Shrub Per. Cham. IT + ME + SS + SZ

Brocchia cinerea (Delile) Vis. Herb Ann. Ther. IT + ME + SS

Centaurea aegyptiaca L. Subshrub Per. Cham. SS + SZ

Centaurea scoparia Sieber ex Spreng. Subshrub Per. Cham. ME + SS

Ifloga spicata (Forssk.) SCham.Bip. Herb Ann. Ther. IT + ME + SS + SZ

Launaea capitata (Spreng.) Dandy Herb Ann. Ther. IT + ME + SS + SZ

Launaea mucronata subsp. cassiniana (Jaub.
& Spach) N.Kilian Subshrub Per. Hemicr. IT + ME + SS + SZ

Launaea mucronata (Forssk.) Muschl.
subsp. mucronata Subshrub Per. Hemicr. IT + ME + SS + SZ

Launaea nudicaulis (L.) Hook.f. Subshrub Per. Hemicr. IT + ME + SS + SZ

Pluchea dioscoridis (L.) DC. Shrub Per. Phan. IT + ME + SS + SZ

Pulicaria incisa (Lam.) DC. Herb Per. Hemicr. SS + SZ

Pulicaria undulata (L.) C.A.Mey. Herb Per. Cham. IT + ME + SS + SZ

Reichardia tingitana (L.) Roth Herb Ann. Ther. IT + ME + SS + SZ

Senecio glaucus subsp. coronopifolius
(Maire) C.Alexander Herb Ann. Ther. IT + ME + SS + SZ

Sonchus oleraceus L. Herb Ann. Ther. ES + IT + ME + SS + SZ

Zoegea purpurea Fresen. Herb Ann. Ther. IT + ME + SS

Boraginaceae
Gastrocotyle hispida (Forssk.) Bunge Herb Ann. Ther. IT + ME + SS + SZ

Trichodesma africanum (L.) Sm. Herb Per. Cham. CAP + GC + IT + ME +
SS + SZ
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Table A1. Cont.

Family Taxa Growth Form Life Span Life Form Chorotype

Brassicaceae

Anastatica hierochuntica L. Herb Ann. Ther. IT + ME + SS + SZ

Diplotaxis acris (Forssk.) Boiss. Herb Ann. Ther. IT + ME + SS + SZ

Diplotaxis erucoides subsp. erucoides Herb Ann. Ther. IT + ME + SS + SZ

Diplotaxis harra (Forssk.) Boiss. Herb Per. Hemicr. IT + ME + SS + SZ

Eremobium aegyptiacum (Spreng.) AsCham.
ex Boiss. Herb Ann. Ther. IT + ME + SS + SZ

Farsetia aegyptia Turra Herb Per. Cham. IT + ME + SS + SZ

Matthiola arabica Boiss. Herb Per. Hemicr. SS

Matthiola longipetala (Vent.) DC. Herb Ann. Ther. IT + ME + SS

Morettia philaeana (Delile) DC. Subshrub Per. Hemicr. SS + SZ

Savignya parviflora (Delile) Webb Herb Ann. Ther. IT + ME + SS

Schouwia purpurea (Forssk.) Schweinf. Herb Ann. Ther. IT + ME + SS + SZ

Sisymbrium irio L. Herb Ann. Ther. ES + IT + ME + SJ + SS + SZ

Zilla spinosa (L.) Prantl Subshrub Per. Cham. IT + ME + SS + SZ

Caryophyllaceae

Polycarpaea repens (Forssk.) AsCham. &
Schweinf. Subshrub Per. Hemicr. IT + ME + SS + SZ

Pteranthus dichotomus Forssk. Herb Ann. Ther. IT + ME + SS

Spergularia diandra (Guss.) Heldr. Herb Ann. Ther. ES + IT + ME + SJ + SS + SZ

Cleomaceae

Cleome africana BotsCham. Herb Ann. Ther. IT + ME + SS

Cleome amblyocarpa Barratte & Murb.
Barratte & Murb. Herb Ann. Ther. IT + ME + SS + SZ

Convolvulaceae
Convolvulus hystrix Vahl Shrub Per. Cham. SS + SZ

Convolvulus pilosellifolius Desr. Subshrub Per. Cham. IT + ME + SS + SZ

Euphorbiaceae Euphorbia retusa Forssk. Herb Ann. Ther. IT + ME + SS

Fabaceae

Astragalus arpilobus subsp. hauarensis
(Boiss.) Podlech Herb Ann. Ther. IT + ME + SS + SZ

Astragalus eremophilus Boiss. Herb Ann. Ther. IT + ME + SS + SZ

Astragalus spinosus (Forssk.) Muschl. Subshrub Per. Cham. IT + ME + SS

Astragalus trigonus DC. Subshrub Per. Cham. IT + ME + SS

Astragalus vogelii (Webb) Bornm. Herb Ann. Ther. IT + ME + SS + SZ

Lotus arabicus Sol. ex L. Herb Ann. Ther. GC + SS + SZ

Lotus halophilus Boiss. & Spruner Herb Ann. Ther. IT + ME + SS + SZ

Lotus hebranicus Hochst. ex Brand Subshrub Per. Hemicr. SS + SZ

Taverniera aegyptiaca Boiss. Subshrub Per. Cham. SS + SZ

Trigonella stellata Forssk. Herb Ann. Ther. IT + ME + SS + SZ

Geraniaceae

Erodium arborescens (Desf.) Willd. Subshrub Per. Hemicr. ME + SS

Erodium oxyrhinchum subsp. bryoniifolium
(Boiss.) Schönb.-Tem. Herb Per. Hemicr. IT + ME + SS

Monsonia nivea (Decne.) Webb Herb Per. Hemicr. IT + ME + SS + SZ

Malvaceae Malva parviflora L. Herb Ann. Ther. ES + IT + ME + SS + SZ

Orobanchaceae Cistanche phelypaea (L.) Cout. Herb Per. Holopar. IT + ME + SS + SZ

Plantaginaceae
Plantago ciliata Desf. Herb Ann. Ther. IT + ME + SS + SZ

Plantago ovata Forssk. Herb Ann. Ther. IT + ME + SS + SZ

60



Diversity 2023, 15, 874

Table A1. Cont.

Family Taxa Growth Form Life Span Life Form Chorotype

Poaceae

Cynodon dactylon (L.) Pers. Herb Per. Geo. COSM

Polypogon monspeliensis (L.) Desf. Herb Ann. Ther. ES + IT + ME + SJ + SS + SZ

Rostraria cristata (L.) Tzvelev Herb Ann. Ther. ES + IT + ME + SS + SZ

Schismus barbatus (L.) Thell. Herb Ann. Ther. CAP + ES + IT + ME + SJ
+ SS + SZ

Stipagrostis ciliata (Desf.) De Winter Herb Per. Hemicr. CAP + IT + ME + SS + SZ

Phragmites australis (Cav.) Trin. ex Steud. Reed Per. Geo.–Hel. COSM

Polygonaceae
Calligonum comosum L’Hér. Shrub Per. Phan. IT + ME + SS + SZ

Rumex vesicarius L. Herb Ann. Ther. IT + ME + SJ + SS + SZ

Resedaceae

Ochradenus baccatus Delile Shrub Per. Phan. IT + ME + SS + SZ

Reseda muricata C.Presl Subshrub Per. Cham. ME + SS + SZ

Reseda pruinosa Delile Herb Ann. Ther. ME + SS + SZ

Reseda urnigera Webb Herb Ann. Ther. ME + SS

Solanaceae

Hyoscyamus desertorum (AsCham. ex
Boiss.) Täckh. Herb Ann. Ther. IT + ME + SS

Hyoscyamus muticus L. Subshrub Per. Cham. IT + ME + SS + SZ

Tamaricaceae

Tamarix aphylla (L.) H.Karst. Tree Per. Phan. IT + ME + SS + SZ

Tamarix nilotica (Ehrenb.) Bunge Tree Per. Phan. IT + ME + SS + SZ

Tamarix passerinoides Delile ex Decne. Shrub Per. Phan. IT + ME + SS + SZ

Urticaceae Forsskaolea tenacissima L. Herb Per. Hemicr. IT + ME + SS + SZ

Zygophyllaceae

Tribulus macropterus Boiss. Herb Ann. Ther. IT + ME + SS + SZ

Zygophyllum arabicum (L.) Christenh. & Byng Subshrub Per. Cham. IT + ME + SS + SZ

Zygophyllum coccineum L. Subshrub Per. Cham. IT + ME + SS + SZ

Zygophyllum indicum (Burm.f.) Christenh.
& Byng Subshrub Per. Cham. IT + ME + SS + SZ

Zygophyllum molle (Delile) Christenh. & Byng Subshrub Per. Cham. IT + ME + SS

Zygophyllum simplex L. Herb Ann. Ther. CAP + GC + IT + ME +
SS + SZ
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Abstract: Increasing agricultural productivity is indispensable to meet future food demand. Crop
improvement programs rely heavily on genetic diversity. The success of weeds in the ecosystem
can be attributed to genetic diversity and plasticity. Weedy rice, a major weed of rice, has diverse
morphology and phenology, implying wide genetic diversity. Study was conducted to genotype
weedy rice accessions (n = 54) previously phenotyped for herbicide tolerance and allelopathic
potential using 30 SSR markers. Cultivated rice (CL163, REX) and allelopathic rice (RONDO, PI312777,
PI338047) were also included in the study. Nei’s genetic diversity among weedy rice (0.45) was
found to be higher than cultivated rice (0.24) but less than allelopathic rice (0.56). The genetic
relationship and population structure based on herbicide tolerance and allelopathic potential were
evaluated. Herbicide-tolerant and susceptible accessions formed distinct clusters in the dendrogram,
indicating their genetic variation, whereas no distinction was observed between allelopathic and
non-allelopathic weedy rice accessions. Weedy rice accession B2, which was previously reported to
have high allelopathy and herbicide tolerance, was genetically distinct from other weedy rice. Results
from the study will help leverage weedy rice for rice improvement programs as both rice and weedy
rice are closely related, thus having a low breeding barrier.

Keywords: crop-improvement; population genetics; weed suppression; sustainable weed manage-
ment; palmer amaranth; glyphosate

1. Introduction

Commercial rice production in the US started in 1650′s and extended towards South
America in the eighteenth century [1]. According to Allston (1846), weedy rice was in-
troduced as a contaminant from Asia in 1846 and since then has been affecting US rice
production [2]. Weedy rice belongs to the same genus and species as the cultivated rice [3],
limiting the use of chemical control, as both the rice plants and weedy rice are susceptible
to herbicides with the same mode of action. Weedy rice may be controlled using crop
rotation with soybean, sorghum, maize, and other cultural practices like winter flooding
and fallow tillage [4,5]. However, the popularity of rice monoculture among farmers in
major rice growing areas makes the infestation of weedy rice more severe year after year.
Further, with the widespread adoption of Clearfield™ rice, gene flow among the weedy
rice and herbicide-tolerant Clearfield rice has been reported, complicating weedy rice
management [6,7]. The average economic loss in rice due to weedy rice is 274 $/ha in
Arkansas, USA [4].

Weedy rice infesting rice fields are genetically and morphologically diverse [8–10].
Weedy rice of diverse hull color (straw, black, brown, gold, gray), awn length, variable
flag leaf length, and different maturity period are present [11]. Weedy rice also has higher
shattering and variable dormancy [12]. These morphological variations in weedy rice can
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be attributed to their wide genetic variation. For example, Shivrain et al. (2010a) reported
that black hull, brown hull, and straw hull weedy rice accessions are genetically diverse,
with Nei’s genetic diversity of 0.7 and weedy have higher genetic variation than cultivated
rice [8]. Cao et al. (2006) reported that weedy rice from China have very high genetic
diversity with heterozygosity of 0.313 and Shannon’s diversity index of 0.572 [13]. High
genetic diversity in the weedy rice, which corresponds to greater morphological variation,
has pros and cons. Although the robust nature of weedy rice makes them one of the
most difficult weeds to control, understanding the genetic basis of their robustness would
provide valuable resources for crop improvement programs.

Weedy rice accessions have been evaluated morphologically and genetically for nu-
merous biotic and abiotic stress tolerances. For example, 28 blast-resistant QTL were
identified in two weedy rice accessions by Liu et al. (2015), which can be used in rice
breeding programs to develop blast tolerant rice cultivars [14]. Ziska and Mc. Clung (2008)
reported higher biomass (55%) and leaf area (62%) of weedy rice than the cultivated rice
under elevated carbon dioxide conditions, indicating the ability of weedy rice to survive
efficiently in the face of climate change and global warming [15].

Natural potential of plants to influence growth of neighboring plants, a phenomenon
known as allelopathy, has been explored in cultivated rice since 1980s but limited research
has been conducted on allelopathic potential of weedy rice [16]. Studies have shown that
some rice cultivars have innate allelopathic potential which differs depending on its source,
plant size, developmental stage, plant part used, and hull color [17,18]. Rice root exudates,
rice straw (left in the field after harvest), and rice leaves, contain allelochemicals, such
as momilactone, that suppress some weed species in rice fields [17,18]. Morphological
screening of fifty-four weedy rice accessions from Arkansas, USA, showed that two weedy
rice genotypes (B2 and B81) had higher allelopathic potential against barnyardgrass and
Amazon sprangletop, and six weedy rice genotypes (B20, B2, S11, B49, B51, S59) had
reduced sensitivity to glyphosate and flumioxazin [16,19]. These 54 weedy rice accessions
were selected from larger pool of 208 weedy rice accessions collected from all the major rice
growing regions or Arkansas based on their competitive traits including early flowering,
high shattering, high plant biomass and high grain yield [20]. However, to the best of our
knowledge, the genetic diversity in these weedy rice accession has not been explored. To
determine an association between the phenotypic and genetic diversity among these weedy
rice accessions from Arkansas, a study was conducted to evaluate genetic diversity in the
fifty-four accessions using 30 SSR markers.

2. Materials and Methods

2.1. Plant Material and Genomic DNA Extraction

Seeds of 54 different weedy rice accessions previously characterized for herbicide re-
sponse (glyphosate and flumioxazin) and allelopathic potential against weed species (barn-
yardgrass and Amazon sprangletop) were obtained from Dr. Burgos lab in Arkansas [16,17]
(Supplementary Table S1). Seeds of commercial rice cultivars CL163 and REX were obtained
from Dr. Redona’s lab in Delta Research and Extension Centre, Stoneville, MS, USA, and
seeds of allelopathic rice were provided by Dr. Gealy from Dale Bumpers National Rice
Research Centre, Stuttgart, AR, USA.

For DNA extraction, fresh tissues were collected from young leaves of 5-week old
plants grown in the greenhouse. For each biotype, three plants were grown and leaf tissue
was collected from each plant to serve as biological replicate in the diversity study. The
pots were placed randomly in the greenhouse to minimize the environmental effect during
the study. The experimental setup in the greenhouse was completely randomized design.
The tissues were stored at −80 ◦C overnight after collection, and DNA was extracted
from each sample (three replicate for each biotype) using the CTAB method with slight
modifications [21]. The quality and quantity of DNA were calculated using Nanodrop 2000
spectrophotometer. Extracted DNA was stored at −20 ◦C until PCR amplification.
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2.2. Polymerase Chain Reaction (PCR) Using Simple Sequence Repeat (SSR) Markers

The DNA samples were diluted to 100 ng/μL before PCR. A total of 30 SSR primers
(Supplementary Table S2) from the standard panel of 50 developed by McCouch et al.
(2002) available publicly in the rice Gramene marker database http://archive.gramene.org/
markers/microsat/50_ssr.html (accessed on 16 January 2018) was used for accessing the
genetic diversity of the accessions [22]. These markers can evaluate the genetic similarity
and differences among the oryza species with AA genome [23]. PCR reactions were carried
out in 96 well plates with 25 μL reaction volume. The reaction mixture consisted of 12.5 μL
of PCR master mix (Taq polymerase, dATP, dGTP, dCTP, dTTP, MgCl2), forward primer
1μL, reverse primer 2 μL, DNA 1 μL and 8.5 μL of nuclease-free water. PCR profile used for
DNA amplification was (i) Denaturation at 94 ◦C for 5 min (ii) 35 cycles of 94 ◦C for 1 min
followed by annealing temperature from 55 ◦C to 67 ◦C, which was marker dependent (iii)
final extension at 72 ◦C for 5 min. PCR products were separated in 6% polyacrylamide
gels for 45 min at 180 volts and stained with 0.05% ethidium bromide. Stained gels were
visualized under a UV trans-illuminator and photographed with a camera.

2.3. Data Analysis

Individual bands were considered as co-dominant markers and scored using Cross
Checker 2.91 developed by Dr. J.B Buntjier 1999 [24]. The bands were scored as binary
characters, with 1 for the presence of bands and 0 for the absence of bands to retain the allele
information. POPGENE version 1.32 was used to obtain the number of alleles per locus
(A), percentage of polymorphic loci (P), genetic distance (D), Nei’s gene diversity (h), and
Shannon’s index (I) using a data matrix from Cross Checker. Nei’s genetic distance was used
to develop a dendrogram with the UPGMA algorithm to evaluate the genetic relationship
among the accessions. STRUCTURE 2.3.4 was used for analyzing the population structure
of the accessions with the genetic data generated by microsatellite SSR markers [25]. The
data was run in STRUCTURE from K = 1 to K = 8 with three iterations for each K value and
burn-in period of 100,000 and 500,000 replications. The best fit value of K was obtained
using Structure Harvester, and Distruct was used for the diagrammatic representation of
genetic data produced by STRUCTURE.

To determine the association between genotypes and herbicide tolerance, weedy
rice accessions from Shrestha et al. (2019) with injury of less than 30% and more than
90% five weeks after treatment with glyphosate (1120 g a.i/ha) and/or flumioxazin
(72 g a.i/ha) were selected for marker-trait association analysis. Likewise, to determine
the association between weedy rice genotypes and their allelopathic potential, the most
and least allelopathic weedy rice accessions (average growth inhibition of neighboring
barnyardgrass and Amazon sprangletop by more than 45% and less than 20%, respectively)
identified in the study by Shrestha et al. (2020) were selected for analysis [16,17].

3. Results

3.1. Genetic Diversity among Weedy Rice, Cultivated Rice, and Allelopathic Rice

Analysis of the markers showed that the alleles per locus ranged from 2–3 with an
average of 2.9. The overall Nei’s gene diversity (h) among the weedy rice, cultivated rice,
and allelopathic rice used in the study was 0.45; lowest gene diversity of 0.14 detected by
markers RM162 and RM118 and highest gene diversity of 0.65 detected by RM338 (Table 1).
Weedy rice cultivated rice and allelopathic rice had h-value of 0.4, 0.24, and 0.56, respectively.

The mean Shannon Information Index (I) for the entire population was 0.74, and it
ranged from 1.06 to 0.02. Higher the Shannon’s Index, the greater is the genetic diversity
in the population. Among the three groups, allelopathic rice had the highest I of 0.85,
and cultivated rice had the lowest I, with a value of 0.38. Shannon’s Information index
for weedy rice was 0.66, indicating these had higher genetic diversity than southern rice
cultivars CL163 and REX. Dendrogram based on Nei’s genetic distance clustered weedy rice
and rice cultivars (CL163 and REX) in one group, and the allelopathic rice were clustered
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separately (Figure 1). The genetic distance between weedy rice and rice cultivar was 0.13,
and the genetic distance between weedy rice and allelopathic rice was 0.26.

Table 1. Genetic variation among the population (weedy rice, cultivated rice, and allelopathic rice)
indicated through allele’s number, Nei’s gene diversity, and Shannon’s Index.

Sl. No. Marker Observed Alleles Nei’s Gene Diversity Shannon’s Index

1 RM495 3 0.3098 0.5837
2 RM283 3 0.6431 1.0647
3 RM237 3 0.4464 0.7578
4 RM431 3 0.6464 1.0660
5 RM154 2 0.4989 0.6921
6 RM452 2 0.1896 0.3382
7 OSR13 2 0.1896 0.3382
8 RM338 3 0.6561 1.0820
9 RM514 3 0.2690 0.4828
10 RM124 3 0.5059 0.7461
11 RM507 3 0.6358 1.0537
12 RM413 3 0.1714 0.3666
13 RM161 3 0.4464 0.7578
14 RM133 3 0.6358 1.0537
15 RM162 3 0.1470 0.3267
16 RM125 3 0.4464 0.7578
17 RM455 3 0.6445 1.0627
18 RM118 3 0.1470 0.3267
19 RM408 3 0.6259 1.0299
20 RM152 3 0.4579 0.7810
21 RM44 3 0.3098 0.5837
21 RM284 3 0.3527 0.6383
23 RM433 3 0.6358 1.0537
24 RM447 3 0.3250 0.6035
25 RM316 3 0.5240 0.8829
26 RM215 3 0.6445 1.0627
27 RM271 3 0.3415 0.6331
28 RM484 3 0.5240 0.8829
29 RM536 3 0.6445 1.0627
30 RM277 3 0.3415 0.6331

Mean 2.9 0.44 0.75

Figure 1. Dendrogram based on Nei’s genetic distance indicating a genetic relationship between
weedy rice, cultivated rice, and allelopathic rice. Based on Nei’s genetic distance, weedy rice and
cultivated rice clustered together (red box: cluster 1) and allelopathic rice (red box: cluster 2) clustered
separately, indicating weedy rice and cultivated rice are more genetically similar as compared to the
allelopathic rice used in the current study.

3.2. Genetic Relationship and Differentiation Based on Herbicide Tolerance

In this study, the herbicide (flumioxazin and glyphosate) tolerant and susceptible
weedy rice accessions, previously described by Shrestha et al. 2019 were selected [17].
Commercial rice (CL163 and REX) which are highly susceptible to both glyphosate and
flumioxazin with almost 100% injury 5 weeks after treatment with the herbicide were also
included for comparison and considered as separate population (susceptible rice cultivars).
The overall Nei’s gene diversity among all the three populations was 0.47, varying from 0.12
to 0.66, and the Shannon’s information index was 0.78 ranging from 0.2 to 1.09. Dendrogram,
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based on Nei’s genetic distance, divided the herbicide-tolerant and susceptible accessions
into four different clusters (Figure 2). Weedy rice accession ALR4 whichwas reported to
be most susceptible to glyphosate and flumioxazin by Shrestha et al. (2019), clustered
together with rice cultivars CL163 and REX, which are also highly susceptible to both
the herbicides indicating a higher level of genetic similarity among these genotypes [17].
Accession B2, which has been reported to be highly tolerant to glyphosate by Shrestha et al.
(2019), was not grouped with other herbicide-tolerant/susceptible accessions and formed
a distinct cluster by itself [17]. Cluster 3 consisted of all the glyphosate and flumioxazin
susceptible accessions. In contrast, cluster 2 consisted of all the accessions tolerant to
herbicides indicating, association of the markers with herbicide tolerance in the current
population. Individuals belonging to the same clusters had lesser genetic distance than those
belonging to different clusters. The grouping of the accessions was found to be associated
with herbicide tolerance, and all the herbicide-tolerant and herbicide susceptible accessions
were grouped separately, implying diverse genetic backgrounds of tolerant and susceptible
accessions. Results from the STRUCTURE showed correlation with the PopGene data and
divided the herbicide-tolerant and susceptible accessions into K = 4 clusters, again inferring
distinct clustering of accessions based on herbicide tolerance. Both black hull and straw hull
herbicide-tolerant accessions showed similar coloring patterns in the figure obtained from
Distruct, indicating a close genetic relationship among the weedy rice accessions in terms of
herbicide tolerance irrespective of hull color (Figure 3). Likewise, both the black and straw
hulled accessions susceptible to herbicides showed similarity in genetic makeup, indicating
differential tolerance to herbicide is not associated with the morphological trait, hull color.

Figure 2. Dendrogram representing the relationship among the accessions with respect to herbicide
tolerance. Accessions within the red box are more genetically similar as compared to accessions
belonging to different red boxes, as indicated by Nei’s genetic distance.
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Figure 3. Population structure of accessions based on herbicide tolerance.

3.3. Genetic Diversity among the Accessions with Respect to Allelopathic Potential

The most and least allelopathic weedy rice accessions identified by Shrestha et al.
(2020), allelopathic rice (PI338046, PI312777, Rondo), and commercial rice cultivars (CL163
and Rex) were included in this analysis [16]. The markers were not able to distinguish the
accessions based on their allelopathic potential as distinct clustering pattern of allelopathic
and non-allelopathic weedy rice accessions was not identified. Overall, the observed
number of alleles (na) and effective number of alleles (ne) were 2.9 and 2.2, respectively.
Nei’s gene diversity (h) and Shannon’s information index (I) for the entire population
was 0.51 and 0.86, respectively. The high value of h and I indicates a high level of genetic
diversity among the population. Based on Nei’s genetic distance, clustering divided the
accessions into three different clusters (Figure 4). Cluster one consisted of cultivated
rice (CL163 and REX) and two non-allelopathic weedy rice accessions ALR-1 and ALR-4.
Both CL163 and REX are reported to have no allelopathic potential; thus, cluster one
had the least allelopathic accessions. Cluster two consisted of both the allelopathic and
non-allelopathic accessions suggesting that the current markers were not linked strongly
with the allelopathic potential of weedy rice. Cluster three consisted of allelopathic rice
cultivars and one of the most allelopathic weedy rice accession B2, thus indicating genetic
proximity among these accessions. Weedy rice accession B2 is reported to have high
weed suppressive potential and interestingly it clustered with allelopathic rice; therefore,
these might share similar genetic backgrounds. Although B2 allelopathic weedy rice was
grouped with allelopathic rice cultivars, other allelopathic weedy rice did not belong to this
cluster, indicating a lack of strong association of these markers with the genes controlling
allelopathy in weedy rice. Population structure of the allelopathic and non-allelopathic
weedy and cultivated rice showed that allelopathic rice and weedy rice had close genetic
backgrounds; however, some of the allelopathic weedy rice also shared genetic similarities
with non-allelopathic weedy rice (Figure 5).
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Figure 4. Dendrogram exhibiting genetic relationship among the accessions in terms of allelopathic
potential. Accessions within same cluster (red box) are genetically similar as compared to the
accessions in different clusters as indicated by Nei’s genetic distance.

Figure 5. Population structure of accessions based on allelopathic potential.

4. Discussion

Fifty-four weedy rice accessions collected from different rice-growing regions of
Arkansas, USA, were previously investigated for herbicide tolerance and allelopathic
potential [16,17]. The study had identified weedy rice accessions with higher herbicide
tolerance and higher weed suppressive potential. In the current study, we tried to analyze
the genetic diversity in the same fifty-four weedy rice accessions along with cultivated and
allelopathic rice. Nei’s gene diversity measures the heterozygosity within and between
the populations/individuals, and its value ranges from 0 to 1. In our study, the Nei’s
genetic diversity was highest in allelopathic rice and lowest in cultivated rice. Weedy
rice accessions showed Nei’s genetic diversity of 0.41, which is comparable to the genetic
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diversity of 0.31 observed in the weedy rice population from China [13]. High diversity
among the weedy rice accessions might be responsible for their extensive morphological
variation and adaptation in a wide range of environments [14]. The ability of weedy rice
to hybridize among themselves and with the cultivated rice may have resulted in diverse
genetic characteristics among the weedy rice [26]. Cultivated rice (CL 163 and REX) showed
low genetic diversity of 0.24, similar to the genetic diversity of 0.26 reported for 37 rice
cultivars commonly grown in Arkansas, USA, by Shivrain et al. (2010a) [8]. However, low
genetic diversity of cultivated rice might also be due to only two rice cultivars used in the
study. Further, both REX and CL 163 are semi-dwarf rice cultivars released in 2014/15 and
2010, respectively, primarily for cultivating in the Southern USA [27]. As both the cultivars
are developed for cultivation in similar climatic conditions and are morphologically alike,
lower genetic diversity among them was expected. However, for better comparison of
genetic diversity between weedy rice, allelopathic rice and cultivated rice, balanced number
for each of them would be ideal.

In the current study, we hypothesized that weedy rice and allelopathic rice might
have higher genetic diversity than cultivated rice. The reason behind this hypothesis was
that breeding for yield and other favorable characters for decades have led to narrowing
of genetic diversity in cultivated rice [28]. The genetic diversity among the allelopathic
rice was relatively high (0.56). Allelopathic rice cultivars used in the study, PI312777 and
PI338046, are originally from the Philippines, and Rondo is an indica rice cultivar. Rice
cultivars from Asia have high genetic diversity, which might be the reason for increased
genetic diversity among the allelopathic rice used in the study [29].

Results from the dendrogram based on Nei’s genetic distance indicate that weedy
rice and rice cultivars CL163 and REX are closely related. Weedy rice is well adapted to
flourish in the cultivated rice fields under human disturbances. As the weedy rice and
cultivated rice are conspecific, gene flow from cultivated rice to weedy rice is possible [30].
The frequency of gene flow from rice cultivar (Minghui-63) to weedy rice accessions ranged
from 0.011 to 0.046% [31]. As weedy rice has highly similar morphological characters with
cultivated rice, the chances of gene flow between cultivated rice and weedy rice flowering
simultaneously are considerably high. In such a case, genes from rice cultivars can be
incorporated in the weedy rice gene pool, which might be the reason for the shorter genetic
distance between the weedy rice and cultivated rice. This information suggests that weedy
rice can serve as a valuable source of genetic diversity in rice improvement programs as it
offers low/no genetic barrier between the two. However, the fact that weedy rice and rice
are closely related to each other calls for greater attention in managing weedy rice in rice
fields as high similarity among the two might create hindrance in controlling weedy rice in
rice fields.

The genetic comparison of the herbicide-tolerant and susceptible weedy rice and
commercial rice lines reveal that the most herbicide sensitive weedy rice accession ALR4,
clustered with CL163 and REX (commercial rice lines). The single cluster of cultivated
rice and herbicide-sensitive weedy rice indicates close similarity. ALR4 is a brown hull
accession, and studies by Shivrain et al. (2010a) showed that brown hull accessions share
a closer genetic background with cultivated rice, which may be the reason behind them
clustering together in the dendrogram [8]. Further, the grouping of accession B2, which
has a high tolerance to glyphosate, into a distinct cluster signifies high genetic diversity
in weedy rice accessions. Accession B2 is black-hulled accession collected from Grand
Prairie, AR. Weedy rice accessions from Grand Prairie are more dormant than from other
locations like the White River, AR [32]. Accession B2, because of its higher dormancy
period, may have been able to escape the herbicide treatments and hence survive with
the rice crops in the field. This might have allowed gene flow between the cultivated rice
and B2, leading to genetic changes in B2 with time. Thus, the late-emerging weedy rice
seedling that grows simultaneously with cultivated rice could have a high potential of
cross-pollination and introgression, leading to genetic changes in the accession isolating
it from other weedy rice populations. The clustering of the accessions was associated
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with herbicide tolerance as all the herbicide-tolerant and herbicide-susceptible accessions
grouped separately, implying diverse genetic backgrounds of tolerant and susceptible
accessions. In the current study, allelopathic and non-allelopathic weedy rice accessions
did not cluster separately. Allelopathy is a highly complex trait and may be associated with
a minor gene effect that would not have been captured by a limited number of markers
used in the current study.Additionally, in the current study only a limited number of
weedy rice accessions (n = 54) were sampled. It is possible that this number of accession
were not able to represt the wide genetic diversity present in weedy rice [8,9]. In the
future, it is necessary to use a larger sample size, greater number of markers or employ
high-throughput sequencing techniques to capture the genetic variance associated with
allelopathy to get insights into the genetic basis of this trait in weedy rice.

5. Conclusions

Weedy rice belongs to the same genus and species as the cultivated rice but is more
competitive than cultivated rice and can flourish in extreme environmental conditions
where the cultivated rice does not perform well. Weedy rice with high herbicide tolerance
and allelopathic potential have been identified but not genetically explored. The present
study used 30 SSR primers to access the genetic diversity among these accessions and the
molecular mechanism behind these competitive traits. Herbicide tolerance was associated
with the markers irrespective of their hull color, while allelopathic potential did not show
a strong association with the molecular markers used in the study. In the future, the
application of whole-genome sequencing tools and genotyping by sequencing (GBS) to
identify variants associated with allelopathy will help understand the genetic mechanisms
of allelopathy in weedy rice.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d14010044/s1, Table S1: List of 54 weedy rice accessions used for genotyping study, along
with the herbicide tolerant and allelopathic rice identified in the study by Shrestha et al. 2019,
Shrestha et al. 2020 [16,17]. Table S2: Information of 30 SSR markers used for genetic analysis in the
current study.
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Abstract: Low-diversity weed communities are dominated by few species that are highly competitive
to crops. The management of such weed communities should rely upon sustainable cultural and non-
chemical practices, especially in crops such as spinach (Spinacia oleracea L.), where very few herbicides
are available. A two-year field trial (2020 and 2021) was conducted to evaluate different fertilization
practices (broadcast and banded), intra-row spacings (15 cm, 11 cm, 7 cm), and mechanical weed
control treatments (untreated, one treatment, two treatments) for the management of a low-diversity
weed community in spinach. Weed competition severely affected spinach commercial biomass
(R2 = 0.845). Compared to broadcast fertilization, banded fertilization reduced weed biomass and
improved spinach yield and nitrogen use efficiency. Narrow intra-row spacing (7-cm) reduced weed
biomass by 28 and 45% compared to intra-row spacings of 11-cm and 15-cm, respectively. Two
mechanical weed control treatments resulted in 49% lower weed biomass compared to a single
treatment. Commercial biomass increased with decreasing intra-row spacing (R2 = 0.881) and
increasing the number of mechanical treatments (R2 = 0.911). More cultural and non-chemical
practices should be evaluated for weed management in spinach, especially at sites infested with
low-diversity weed communities.

Keywords: Setaria viridis (L.) P.Beauv.; Chenopodium album L.; banded fertilization; intra-row spacing;
cage weeder; commercial biomass; nitrogen use efficiency

1. Introduction

Spinach (Spinacia oleracea L.; 2n = 2x = 12) belongs to the botanical family Amaranthaceae
and is considered one of the most important leafy vegetables consumed in all continents of
the world [1]. In Europe, spinach production reached about 700 thousand tonnes, harvested
on about 41 thousand hectares in 2019 [2]. It is a valuable food source for human nutrition
as its leaves are rich in minerals, vitamins, and other molecules with antioxidant properties
and phenolic compounds [3]. Mature leaves can be consumed fresh or stored frozen
after cooking in boiling water; cultivation can also be directed towards the production
of processed spinach or fresh-cut baby leaves [4–6]. The crop can be grown both in the
greenhouse and under field conditions as a cool-season leafy vegetable [7]. However, there
are hybrids and cultivars that are resistant to bolting, higher temperatures, and longer
photoperiods and are a viable option for summer cultivation [8].

Weeds are an important obstacle to spinach productivity, as they reduce its commercial
biomass and affect the quality of the harvested product [9–11]. The impact of weed
competition on spinach yield is likely to be higher in fields infested with low-diversity
weed communities. Such weed communities are dominated by a small number of weed
species that are highly competitive and well adapted to the soil and climatic conditions
of a given agricultural area [12–14]. Storkey and Neve [13] recently emphasized that as
the number of species in a given weed community decreases, crop yield losses increase.
Furthermore, herbicides are not a sustainable weed control option in agricultural areas
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with low weed diversity because their use increases the risk of selection of herbicide-
resistant weed populations [15]. Therefore, weed management in such areas should
first rely upon sustainable cultural practices and non-chemical weed control methods.
However, all alternative methods should aim to contribute to the restoration of weed flora
composition [13]. Promoting weed species diversity should be regarded as a central issue
in the development of sustainable weed management systems in agriculture [16]. This
should be the target, rather than completely eliminating certain weed species from a given
agricultural area and creating conditions for the invasions of other weed species that may
also become dominant and highly competitive.

In any case, weed control is challenging in spinach fields since very few herbicides are
available for use in this crop [17]. During past years, lenacil was the dominant herbicide for
selective weed control in several spinach-producing countries in Europe [18–20]. However,
it is very likely to be withdrawn from the market in European Union (EU) after the end
of 2021 due to concerns for its environmental fate and impact on human health and
non-target organisms [21,22]. In light of this situation, there are serious concerns among
spinach growers in the EU regarding the available weed control options in the near future.
Phenmedipham, a photosystem II (PS II) inhibitor, is the only option for the selective control
of broadleaf weeds [23,24]. For the selective control of grass weeds, available herbicides
are limited to acetyl-CoA-carboxylase (ACCase) inhibitors (i.e., cycloxydim, quizalofop-
p-ethyl, and propaquizafop) [18,20]. There is much evidence that overreliance on these
herbicides will lead to the rapid evolution of herbicide-resistant weed populations [25]. As
a result, there is an urgent need to evaluate alternative non-chemical weed management
practices to develop sustainable weed management strategies in spinach fields [26].

Increasing the populations of crop plants in the row is an effective strategy for sup-
pressing weeds and achieving higher yields [27]. De Cauwer et al. [9] found that narrow
intra-row spacings reduced weed biomass and increased total and commercial spinach
biomass. Similar reports indicated that the use of increased plant populations within
the row can improve the competitiveness of even low-competitive crops with slow early
growth rates [28,29]. In addition, such practices can be combined with mechanical weed
control treatments between crop rows to further suppress weeds [9,28–30]. The study
by De Cauwer et al. [9] provided evidence on the potential of such practices for weed
suppression in spinach in Central Europe. However, there are no recent relevant studies
conducted on this crop in the soil and climatic conditions of the Mediterranean region. As
for mechanical weed control, spring-tine harrows, split-hoes, and finger-weeders provide a
sufficient level of weed control between crop rows and are safe for spinach plants grown
at 20–30 cm row spacing [9,31,32]. Cage weeders are another option since they are very
effective and completely safe for leafy vegetables even in early growth stages. When this
kind of machinery is used, the first cage loosens the soil and the second one pulverizes it,
uprooting young weed seedlings [33]. Although they are very promising for weed control
in leafy vegetables, no studies have recently evaluated their performance in spinach along
with crop establishment at narrow intra-row spacings.

Except for the above-mentioned practices, fertilization management is another factor
that can be used for weed management purposes. Although the conventional fertiliza-
tion practice in spinach is to broadcast the fertilizer at seedbed preparation, it should be
remembered that weeds have a more aggressive nutrient uptake compared to crops and
tend to be more competitive at higher nutrient levels [34]. Thus, broadcast fertilization
should be avoided in fields with heavy weed infestation as it favors weed growth over crop
growth [35]. In contrast to broadcast fertilization, banding fertilizers under the crop rows
provide crops a competitive advantage over weeds by giving cultivated plants optimal
access to nutrients [26]. In leafy vegetables, there is evidence that banded fertilization
promotes crop growth over weed growth [36,37]. Moreover, this practice is beneficial
from an agro-ecological point of view as it reduces fertilizer inputs in agriculture [38].
Considering all these reasons, banded fertilization should be considered as an alternative
for fertilizing spinach and other leafy vegetables [26]. However, no studies have assessed
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the potential of banded fertilization for weed management purposes in spinach. There are
also no studies available in this crop evaluating banded fertilization along with the factors
of intra-row spacing and mechanical weed control in a single field trial.

The objective of the present study was to evaluate different fertilization practices
(broadcast and banded), spinach intra-row spacings, and the number of mechanical weed
control treatments for weed management in spinach. The experiment was conducted at a
site infested with a low-diversity weed community dominated by two specific species. The
effects of all experimental factors on spinach yield performance and nitrogen use efficiency
are also presented.

2. Materials and Methods

2.1. Site Description

A two-year field trial was conducted in the prefecture of Agrinion in western Greece
during the 2019–2020 and 2020–2021 growing seasons. The experimental site was located
at 21◦25′18′′ east latitude and the north longitude was 38◦32′10′′. To collect precise location
data, the World Geodetic System 1984 (WGS84) was the geographic coordinate system used.
Spinach was the crop studied, and in particular, the hybrid ‘Strongher F1’ was selected as
plant material (Agrogen S.A., Athens, Koropi, Greece). This hybrid is suitable for spring
cultivation in these areas and was also selected for its rapid and upright growth and
resistance to 11 races of downy mildew (Peronospora farinosa f. sp. spinaciae Byford). The
crop was grown in the field from April to June in both 2020 and 2021. Regarding climatic
conditions during the experimental period, similar air temperature data were collected
in the two growing seasons, while monthly precipitation in April and May was 29.6 and
46 mm higher, respectively, in 2020 than in 2021 (Table 1).

Table 1. Mean, mean maximum, and mean minimum monthly temperature (◦C) and total monthly
precipitation (mm) values observed in the experimental area.

Month

Weather Parameter

Mean
Temperature (◦C)

Mean Maximum
Temperature (◦C)

Mean Minimum
Temperature (◦C)

Total
Precipitation (mm)

2020 2021 2020 2021 2020 2021 2020 2021

March 12.7 11.2 18.1 16.1 7.3 6.3 53.0 69.8
April 14.8 15.1 20.7 20.7 8.9 9.5 39.8 10.2
May 21.0 21.2 27.3 27.4 14.7 15.0 48.8 2.8
June 23.2 25.0 29.1 31.6 17.3 18.4 25.6 20.6

The soil type was clay loam (CL) with the following characteristics (0 to 30 cm): 28.1%
clay, 25.9% silt, and 46.7% sand with a pH of 7.3 and an organic matter content of 1.0%.
Spinach and swiss chard (Beta vulgaris L. subsp. cicla) were the crops grown on the soil of
the experimental field in the previous growing seasons. At this site, a low-diversity weed
community was established in which Setaria viridis (L.) P.Beauv. and Chenopodium album
L. were the dominant weed species. These species were very persistent throughout the
experimental period and accounted for more than 95% of the total weed biomass in both
2020 and 2021 (data not shown). Other weed species such as Portulaca oleracea L., Tribulus
terrestris L., and Polygonum aviculare L. were also present but at very low densities (data
not shown).

2.2. Experimental Setup

For seedbed preparation, the soil was initially plowed to a depth of 35 cm on 9 April
2020 and 10 April 2021. Soil plowing was followed by disc harrowing and spring-tooth
harrowing to break up soil clods. A ‘Krosker’ cultipacker (Agricultural Machinery—S.
Milonas 1983 O.E., Thessaloniki, Adendro, Greece) was also run on the field as a final
operation to prepare a firm seedbed. Spinach was sown on 18 April 2020 and 20 April
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2021 using a manual precision seed drill ‘SJ Expert’ suitable for sowing leafy vegetables
(Sepeba Ibra, Les Grès, Saint Mar-tin du Fouilloux, France). The crop was sown in rows
that were spaced 30 cm apart, at a sowing rate of 25 kg seed ha−1 and a sowing depth of
2.5 cm. After sowing, the soil was cultipacked again to achieve good seed-soil contact, and
an initial irrigation was carried out with sprinklers [39].

The experiment was conducted in a three-factorial (split-split-plot arrangement) ran-
domized complete block design (RCBD) with four replications (blocks). Two fertilization
practices were assigned to the main plots, three spinach intra-row spacings were assigned
to the subplots, and three different mechanical weed control treatments were assigned to
the sub-subplots. Each sub-subplot included ten rows of spinach and was 3 m wide and 5 m
long, giving a total sub-subplot size of 15 m2. The subplots were 12 m wide and 15 m long
giving a total subplot size of 180 m2, while the main plots were 36 m wide and 15 m long
giving a total main plot size of 540 m2. The experimental layout included 72 experimental
units (sub-subplots), and the total acreage of spinach in the experimental area was 1.080 m2.
Borders of 0.60, 1.2, and 2.4 m were also kept between adjacent sub-subplots, subplots, and
main plots, respectively, in both 2020 and 2021. In 2021, new plots were established in an
adjacent but different area of the same site to avoid any residual effects of the fertilizer on
the studied parameters and to actually repeat the experiment in time.

The different fertilization regimes included the broadcast and banded applications of a
synthetic complete fertilizer (N-P-K: 12-12-12 + 35 SO3 + 10% organic matter; Organofert®,
Hellagrolip S.A., Athens, Paleo Faliro, Greece). For broadcast application, the fertilizer
was applied after the initial tillage operation to supply the soil with 120 kg N ha−1, 120 kg
P2O5, and 120 kg K2O ha−1. For banded application, the fertilizer was placed in bands at
10 cm depth below crop rows to supply the soil with 66 kg N ha−1, 66 kg P2O5 ha−1, and
66 kg K2O ha−1. Spinach emerged on 25 April 2020 and 26 April 2021, and the stand was
hand-thinned (on 3 May in both years) when the plants had reached the 3-leaf growth stage
(BBCH: 13). Thinning was done in such a way that we obtained three different intra-row
spacings, namely 15 cm, 11 cm, and 7 cm.

As for mechanical weed control treatments, weeds were mechanically controlled
between crop rows with a cage weeder (K.U.L.T. Kress Umweltschonende Landtechnik
GmbH, Vaihingen an der Enz, Germany/E. Sanidas—Agricultural—Gardening Equipment
& Tools, Goumenissa, Kilkis, Greece). All mechanical operations were conducted at a work-
ing speed of 3 km h−1 and a working depth of 3 cm. An untreated control was maintained
where weeds remained uncontrolled, while the first weed control treatment included a
single inter-row mechanical weeding at the 4-leaf growth stage of spinach (BBCH: 14). The
second weed control treatment included two inter-row mechanical weedings at the 4- and
6-leaf growth stages of spinach (BBCH: 14–16). In both years, the dates for the first and
second mechanical treatment were 13 and 20 May, when most weeds were between the
‘white’ or ‘thread’ (emergence) and 2-leaf growth stages (BBCH: 09–12).

As for other crop management practices applied during both growing seasons, irri-
gations were carried out weekly with sprinklers to supply the crop with 25 mm of water
per week, depending on the rainfall events that occurred. To adequately meet the nitrogen
requirements of spinach, a foliar application of completely water-soluble urea (N-P-K:
46-0-0; AGRI.FE.M. Ltd., Athens, Aspropirgos, Greece) was carried out 15 days after crop
emergence. Urea was applied at a concentration of 1.5% (v/w) with a pressurized Gloria®

410 T sprayer (Gloria Haus & Gartengeraete GMBH, Witten, Germany) calibrated to deliver
210 L ha−1 of spray solution at a constant pressure of 400 kPa through a brass hollow-cone
nozzle (2 mm diameter; 80◦ spray angle) to provide 69 kg N ha−1 to the crop. Spinach
anthranose [Colletotrichum dematium f. sp. spinaciae (Ellis & Halsted) Arx] was controlled
by two foliar pyraclostrobin (Signum® 26,7/6,7 WG, Basf Hellas S.A., Athens Greece)
applications at 67 g ai ha−1 (400 L ha−1 spray solution; 275 kPa pressure) at the 4- and
6-leaf growth stages of spinach (BBCH: 14–16). Sulfoxaflor (CloserTM 120 SC, Corteva
Agriscience Hellas S.A., Athens, Greece) was also applied at 24 g ai ha−1 (200 L ha−1 spray
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solution; 275 kPa pressure) to control green peach aphid infections [Myzus persicae (Sulzer,
1776)] at the 9-leaf growth stage of spinach (BBCH: 19).

2.3. Data Collection

Four 0.25 m2 (0.5 × 0.5 m) metallic quadrats were placed in each sub-subplot the day
after the last mechanical weeding, in areas with uniform weed flora and away from the
margins. Each quadrat included two crop rows resulting in a total of 8, 10, and 16 spinach
plants per quadrat at intra-row distances of 15 cm, 11 cm, and 7 cm, respectively. Weeds
were harvested by clipping plants to a height of 2 cm with scissors, separating them by
species, and placing them in numbered plastic bags. The first weed harvest was carried
out in two quadrats, at approximately three weeks after the last mechanical weed control
treatment and when the spinach stand was successfully established (29 May 2020 and
30 May 2021). The weed samples were then weighed to determine the fresh weed biomass
per unit area using a ‘KF–H2’ digital balance (Zenith S.A., Athens, Greece). The biomass
of the two dominant weed species (i.e., S. viridis and C. album) was measured separately,
while the total weed biomass was also measured. To do this, the biomass of other weeds
that occurred at minor densities were included in the measurements of total weed biomass.
Weed biomass was reassessed the day before spinach harvest (15 June in both 2020 and
2021) in the other two quadrats in each sub-subplot.

Spinach was harvested on 16 June in both years, when the plants had reached their
typical leaf mass before the onset of shoot elongation (BBCH: 49). In each sub-subplot, the
entire three middle rows of spinach were harvested to measure the total (fresh) spinach
biomass per unit area. Harvest was done with scissors at a height of 5 cm to reduce the
proportion of petioles in the harvested vegetation. Subsequently, the harvested vegetation
was manually sorted into commercial (green leaves) and non-commercial spinach biomass
(cotyledons, petiole parts separated from leaves, yellow leaves, etc.). Spinach waste, the
proportion (%) of non-marketable spinach biomass to total spinach biomass, and the
proportion (%) of total weed biomass to total spinach biomass were also assessed. In
addition, nitrogen use efficiency (NUE) was estimated as the ratio of total spinach biomass
to the total amount of nitrogen supplied to the crop.

2.4. Statistical Analysis

Data from each measurement were subjected to an initial 4-factor Analysis of Variance
(ANOVA) conducted at a = 0.05 significance level. Years, fertilization practices, intra-row
spinach spacings, and mechanical weed control practices were considered as fixed effects
while replications (blocks) were considered as random effects. The initial ANOVAs revealed
that the effects of years on the studied parameters were not significant (p-Value ≥ 0.05).
Therefore, combined data analyses were conducted over the two growing seasons (2020
and 2021) for each parameter. To run the model for each parameter, fertilization, intra-row
spacing, and mechanical weed control were considered as fixed effects, while replications
were considered random effects. For each factor, means were separated according to
Fischer’s LSD (Least Significance Difference) test at an a = 0.05 significance level.

To express the relationships between (a) total weed biomass and the different intra-row
spacings (b) total weed biomass and the number of mechanical weed control treatments,
data fitted to the second order polynomial model (Equation (1)):

y = a + bx + cx2 (1)

where a is the intercept, b and c are constants, y is the dependent variable representing
total weed biomass, and x is the dependent variable representing (a) intra-row spacing
or (b) mechanical weed control treatments. The same model was used to express the
relationships between (a) total/commercial spinach biomass (considered as the dependent
variables y) and the different intra-row spacings (considered as the dependent variable x)
and also between (b) total/commercial spinach biomass (y) and the number of mechanical
weed control treatments (x). To express these relationships, data were pooled over all
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other experimental factors when intra-row spacing, or mechanical weed control was the
dependent variable in each case. In addition, the relationship between total/commercial
spinach biomass and total weed biomass was expressed according to the reciprocal linear
model (Equation (2)):

y =
1

a + bx
(2)

where a is the intercept, b is the slope of the regression line, y is the dependent variable
representing total/commercial spinach biomass, and x is the independent variable rep-
resenting total weed biomass. In all regression analyses where total weed biomass was
used as the dependent or independent variable, data from the second evaluation of weed
biomass were used. Statgraphics Centurion XVI (Statgraphics Technologies, Inc., P.O. Box
134, The Plains, VA 20198, USA) was the statistical package used for all data analyses.

3. Results

3.1. Weed Biomass

S. viridis biomass was affected by the different fertilization practices in the first
(p-Value ≤ 0.01) and the second evaluation (p-Value ≤ 0.05). C. album biomass was not
affected by the factor of fertilization (p-Value ≥ 0.05). In addition, significant were the
effects of intra-row spacing and mechanical weed control on the biomass of both S. viridis
and C. album (p-Value ≤ 0.001) and also on total weed biomass in both evaluations (Table 2).

Table 2. The effects of fertilization, intra-row spacing, and mechanical weed control on the biomass
of Setaria viridis (L.) P.Beauv. and Chenopodium album L., and total weed biomass. For each parameter,
p-Values are shown as derived from three-factor Analysis of Variance (ANOVA) (a = 0.05).

Source Df 1

p-Value

S. viridis
Biomass

C. album
Biomass

Total Weed
Biomass

Eval 2 1 Eval 2 Eval 1 Eval 2 Eval 1 Eval 2

Fertilization (F) 1 * 4 ** 0.7824 0.7506 * *
Error 3 (a) 3

Intra-Row Spacing
(IRS) 2 *** *** *** *** *** ***

F × IRS 2 0.9945 0.9369 0.6569 0.5715 0.8732 0.8519
Error (b) 12

Mechanical Weed
Control (MWC) 2 *** *** *** *** *** ***

F × WC 2 0.5870 0.2438 0.9723 0.9776 0.8794 0.8717
IRS × WC 4 0.6166 0.5279 0.5493 0.4948 0.7835 0.8216

F × IRS × MWC 4 0.8795 0.7829 0.9946 0.9955 0.9996 0.9989
Error (c) 36

Total 71
1 Df; Degrees of freedom. 2 Eval; Evaluation. 3 Error (a); Block × F, Error (b); Block × IRS (F), Error (c); Block ×
MWC (F × IRS). 4 *, **, ***; p-Value ≤ 0.05, 0.01, and 0.001, respectively.

Banded fertilizer application reduced S. viridis biomass by 15–19% compared to broad-
cast fertilizer application. The intra-row spacing of 11 cm resulted in 17–23% lower fresh
weight for S. viridis compared to the intra-row spacing of 15 cm. Selecting the intra-row
spacing of 7 cm caused up to 25% reductions to the biomass of this species in comparison
to 11 cm. As for mechanical weed control, one treatment reduced S. viridis fresh weight
by more than 60% in both evaluations compared to the untreated control. In sub-subplots
treated mechanically two times, S. viridis biomass was 47% lower than in plots treated
mechanically one time (Table 3).
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Table 3. Setaria viridis (L.) P.Beauv. and Chenopodium album L. biomass (g m−2) data obtained for
each experimental factor. Total weed biomass data (g m−2) are also included. Means were separated
according to Fischer’s Least Significance Difference (LSD) test (a = 0.05).

Factors

Weed Biomass

S. viridis
Biomass
(g m−2)

C. album
Biomass
(g m−2)

Total Weed
Biomass
(g m−2)

Eval 1 1 Eval 2 Eval 1 Eval 2 Eval 1 Eval 2

Fertilization (F)
Broadcast 97.9 a 2 164.9 a 62.0 a 109.3 a 164.2 a 283.4 a
Banded 82.9 b 133.6 b 61.1 a 105.2 a 146.9 b 246.7 b

LSDF 8.58 13.63 10.24 18.45 16.23 29.40

Intra-Row Spacing (IRS)
15 cm 114.3 a 182.2 a 85.5 a 150.7 a 204.1 a 343.5 a
11 cm 87.8 b 151.1 b 60.9 b 103.9 b 151.9 b 262.7 b
7 cm 69.2 c 114.5 c 38.3 c 67.1 c 110.6 c 188.9 c

LSDIRS 15.01 24.87 12.35 21.78 26.71 47.94

Mechanical Weed Control (MWC)
Untreated (Control) 171.9 a 279.7 a 105.2 a 180.6 a 282.2 a 472.8 a
One Treatment (1×) 65.4 b 110.4 b 53.6 b 95.3 b 122.1 b 213.0 b
Two Treatments (2×) 34.6 c 57.7 c 25.9 c 45.9 c 62.4 c 109.3 c

LSDMWC 12.94 21.54 24.22 42.32 33.62 60.89
1 Eval; Evaluation. 2 Different lowercase letters in the same column indicate significant differences between means
of each factor.

The intra-row spacing of 11 cm reduced C. album fresh weight by 29 and 31%, in
the first and the second evaluation, respectively, compared to the intra-row spacing of
15 cm. Spinach establishment with 7 cm intra-row spacing resulted in the lowest values of
C. album biomass in both evaluations. Regarding mechanical weed control, C. album fresh
weight decreased by 47–49% in sub-subplots receiving one treatment in comparison to
untreated control sub-subplots. Two mechanical treatments resulted in the lowest biomass
production in this species.

In the first and the second evaluation, total weed biomass was 11 and 13% lower,
respectively, in the main plots where fertilizer was applied in bands than in the main plots
receiving broadcast fertilization. The results of the first evaluation revealed that narrow
intra-row spacing resulted in the lowest values of total weed biomass. Total weed biomass
was highest under 15 cm intra-row spacing while intermediate values corresponded to
11 cm. Moreover, weed fresh weight per unit area was lowest in sub-subplots receiving two
mechanical weed control treatments and highest in untreated sub-subplots. Intermediate
values corresponded to sub-subplots receiving a single treatment. The results of the second
evaluation are consistent with those of the first evaluation. There were strong relationships
between total weed biomass and either intra-row spacing or mechanical weed control
(Figure 1).

The expression of total weed biomass as a function of intra-row spacing was per-
formed according to the second order polynomial model: TWB = 76.837 + (14.4706
× IRS) + (0.220427 × IRS2) where TWB; total weed biomass, IRS; intra-row, n = 12,
p-ValueModel ≤ 0.001, R2 = 0.843, root mean square error (RMSE) = 31.425, and mean abso-
lute error (MAE) = 19.286. This relationship indicated that 84.3% of the variation observed
in total weed biomass was due to the different intra-row spacings of spinach (Figure 1a).
Pooled over all other experimental factors, weed biomass decreased by 24% in subplots
where spinach was thinned to 11 cm intra-row spacing instead of 15 cm. In addition, the
narrowest intra-row spacing (7 cm) resulted in 28 and 45% lower weed fresh weight per
unit area compared to the wider intra-row spacings of 11 and 15 cm, respectively.
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Figure 1. (a) The relationship between total weed biomass (g m−2) and intra-row spacing (cm). (b) The relationship between
total weed biomass (g m−2) and the number of mechanical weed control treatments.

Total weed biomass was also expressed as a function of the number of mechani-
cal weed control treatments according to the second order polynomial model: TWB =
472.851 − (359.11 × MWC) + (99.234 × MWC2) where TWB; total weed biomass, MWC;
mechanical weed control, n = 12, p-ValueModel ≤ 0.001, R2 = 0.912, root mean square error
(RMSE) = 48.748, and mean absolute error (MAE) = 33.745. This relationship indicated
that 91.2% of the variation observed in total weed biomass was due to the number of
weed control treatments (Figure 1b). Pooled over all other experimental factors, total
weed biomass was 55% lower in sub-subplots treated mechanically once than in untreated
sub-subplots. Moreover, two mechanical treatments resulted in 49 and 77% lower weed
biomass compared to one treatment and the untreated control, respectively.

3.2. Spinach Biomass

Fertilization influenced both total and commercial spinach biomass (p-Value ≤ 0.01).
The proportions of spinach waste and weed biomass to total spinach biomass were also
significantly affected by the different fertilization practices (p-Value ≤ 0.05). Similar results
were obtained for nitrogen use efficiency (p-Value ≤ 0.001). Significant were the effects of
intra-row spacing on total and commercial spinach biomass (p-Value ≤ 0.001). The same
was observed for the proportion of weed biomass in total spinach biomass and also for
nitrogen use efficiency (p-Value ≤ 0.001). The proportion of weed biomass in total spinach
biomass was also affected by the interaction between intra-row spacing mechanical weed
control. Spinach waste proportion in total spinach biomass was another factor affected by
the factor of intra-row spacing (p-Value ≤ 0.05). The factor of mechanical weed control
exerted a great influence on all studied parameters (Table 4).

Before explaining the results of mean separation for each factor, it should be noted
that there was a strong relationship between total spinach and total weed biomass as well
as between commercial spinach and total weed biomass (Figure 2).

There was a strong negative correlation between total spinach biomass and total weed
biomass described by the reciprocal linear model: TSB = 1/[0.0284963 + (0.0000474821 × TWB)]
where TSB; total spinach biomass, TWB; total weed biomass, n = 72, p-ValueModel ≤ 0.001,
R2 = 0.836, root mean square error (RMSE) = 0.00397871, and mean absolute error
(MAE) = 0.00305125. Commercial spinach biomass was also negatively correlated with
total weed biomass as well: CSB = 1/[(0.0337985 + 0.0000658688 × TWB)] where CSB; com-
mercial spinach biomass, TWB; total weed biomass, n = 72, p-ValueModel ≤ 0.001, R2 = 0.845,
root mean square error (RMSE) = 0.00533835, and mean absolute error (MAE) = 0.00413492.
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Table 4. The effects of fertilization, intra-row spacing, and mechanical weed control on total spinach biomass, commercial
spinach biomass, spinach waste proportion, weed biomass proportion, and nitrogen use efficiency. For each parameter,
p-Values of are presented as derived from three-factor Analysis of Variance (ANOVA) performed (a = 0.05).

Source Df 1

Spinach Biomass

p-Value

Total
Spinach
Biomass

Commercial
Spinach
Biomass

Spinach Waste
Proportion

Weed
Biomass

Proportion

Nitrogen
Use

Efficiency

Fertilization (F) 1 ** 3 ** * * ***
Error 2 (a) 3

Intra-Row Spacing (IRS) 2 *** *** * *** ***
F × IRS 2 0.8985 0.9598 0.8510 0.7064 0.1362
Error (b) 12

Mechanical Weed Control (MWC) 2 *** *** *** *** ***
F × MWC 2 0.8704 0.7157 0.7317 0.4892 0.1495

IRS × MWC 4 0.9944 0.9402 0.4851 * 0.8715
F × IRS × MWC 4 0.9996 0.9998 0.7078 0.9732 0.9967

Error (c) 36
Total 71

1 Df; Degrees of freedom. 2 Error (a); Block × F, Error (b); Block × IRS (F), Error (c); Block × MWC (F × IRS). 3 *, **, ***; p-Value ≤ 0.05, 0.01,
and 0.001, respectively.

Figure 2. Black: the relationship between total spinach biomass (t ha−1) and total weed biomass
(g m−2). Grey: the relationship between commercial spinach biomass (t ha−1) and total weed biomass
(g m−2).

As for the effects of fertilization on crop productivity, banded fertilization increased
total spinach biomass and commercial spinach biomass by 11 and 12%, respectively, com-
pared to broadcast fertilization. Moreover, the proportions of non-commercial spinach
biomass and weed biomass in total spinach biomass were significantly lower in the main
plots where fertilizer was applied in bands than the values recorded in the main plots
where broadcast fertilization was carried out. This agronomic practice was also beneficial
for the crop since it improved its nitrogen use efficiency by 38% when applied instead of
the conventional fertilization practice (Table 5).
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Table 5. Total spinach biomass (t ha−1), commercial spinach biomass (t ha−1), spinach waste proportion (%), weed biomass
proportion (%), and nitrogen use efficiency (kg kg−1) data obtained for each experimental factor. Means were separated
according to Fischer’s Least Significance Difference (LSD) test (a = 0.05).

Factors

Spinach Biomass

Total
Spinach
Biomass
(t ha−1)

Commercial
Spinach
Biomass
(t ha−1)

Spinach Waste
Proportion

(%)

Weed
Biomass

Proportion
(%)

Nitrogen
Use

Efficiency
(kg kg−1)

Fertilization (F)
Broadcast 24.1 b 1 19.4 b 20.1 a 17.6 a 12.2 b
Banded 27.0 a 22.1 a 18.6 b 13.8 b 19.7 a

LSDF 1.19 1.22 0.71 2.48 0.77

Intra-Row Spacing (IRS)
15 cm 21.8 c 17.4 b 20.6 a 22.9 a 13.7 c
11 cm 26.2 b 21.5 a 18.5 b 14.2 b 16.3 b
7 cm 28.6 a 23.2 a 19.0 b 10.1 c 17.9 a

LSDIRS 1.50 1.34 1.02 3.56 0.86

Mechanical Weed Control (MWC)
Untreated (Control) 21.1 c 16.5 a 22.0 a 30.1 a 13.1 c
One Treatment (1×) 26.3 b 21.4 b 18.8 b 11.5 b 16.4 b
Two Treatments (2×) 29.2 a 24.2 a 17.3 c 5.6 c 18.3 a

LSDMWC 1.96 1.57 1.00 3.79 1.22
1 Different lowercase letters in the same column indicate significant differences between means of each factor.

Total spinach biomass was influenced by both the factors of intra-row spacing and the
number of mechanical weed control treatments as well. The same was observed regarding
the relationship between commercial spinach biomass and intra-row spacing. Commercial
spinach biomass was also strongly related to the number of mechanical weed control
treatments that were applied. The second order polynomial regressions used to express the
above-mentioned relationships are presented (Figure 3).

 
Figure 3. (a) Black: the relationship between total spinach biomass (t ha−1) and intra-row spacing (cm). Grey: the
relationship between commercial spinach biomass (t ha−1) and intra-row spacing (cm). (b) Black: the relationship between
total spinach biomass (t ha−1) and the number of mechanical weed control treatments. Grey: the relationship between
commercial spinach biomass (t ha−1) and the number of mechanical weed control treatments.

Total spinach biomass values were related to the different intra-row spacings accord-
ing to the model: TSB = 28.3566 + (0.432474 × IRS) − (0.0563672 × IRS2) where TSB; total
spinach biomass, IRS; intra-row spacing, n = 12, p-ValueModel ≤ 0.001, R2 = 0.844, root
mean square error (RMSE) = 1.32479, and mean absolute error (MAE) = 0.944132. The fol-
lowing equation was used to establish cause-effect relationships between commercial spinach
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biomass and intra-row spacing: CSB = 19.9071 + (1.0405 × IRS) − (0.0805667 × IRS2) where
CSB; commercial spinach biomass, IRS; intra-row spacing, n = 12, p-ValueModel ≤ 0.001,
R2 = 0.881, root mean square error (RMSE) = 1.04555, and mean absolute error
(MAE) = 0.729403 (Figure 3a). Crop biomass was by 17% in the subplots thinned to 11 cm
than in the subplots thinned to 15 cm intra-row spacing. The corresponding increase in
commercial biomass reached 21%. Thinning the crop to obtain 7 cm distances between
plants in the rows increased the fresh biomass of the crop by 9 and 24% in comparison
to 11 and 15 cm, respectively. Commercial biomass was by 8% higher under 7 cm than
under 11 cm intra-row spacing. In addition, a threefold increase was recorded under the
narrowest intra-row spacing (7 cm) compared to the widest intra-row spacing (15 cm).

The equation expressing total spinach biomass as a function of mechanical weed
control was: TSB = 21.8782 + (5.1345 × MWC) − (0.729542 × MWC2) where TSB; total
spinach biomass, MWC; mechanical weed control, n = 12, p-ValueModel ≤ 0.001, R2 = 0.813,
root mean square error (RMSE) = 1.67268, and mean absolute error (MAE) = 0.97166. It
was revealed that 81.3% of the variance in total spinach biomass was due to the different
number of weed control treatments. The strong relationship between commercial spinach
biomass and the number of mechanical weedings is expressed as: CSB = 16.4977 + (5.89707
× MWC) − (1.01323 × MWC2) where CSB; total spinach biomass, MWC; mechanical weed
control, n = 12, p-ValueModel ≤ 0.001, R2 = 0.911, root mean square error (RMSE) = 1.15514,
and mean absolute error (MAE) = 0.821088 (Figure 3b). Performing one weeding increased
total and commercial spinach biomass by 20 and 23%, respectively, in comparison to the
untreated control. Doubling the number of mechanical treatments resulted in 9% higher
crop biomass and 12% higher commercial biomass. In addition, increases of 27 and 32%
were recorded for total and commercial spinach biomass, respectively, in sub-subplots
receiving two mechanical operations than the values recorded in untreated plots.

As for other parameters, spinach waste proportion decreased in subplots with intra-
row spacings of 7 and 11 cm compared to subplots with intra-row spacing of 15 cm. The
lowest values were observed in sub-subplots treated mechanically twice while the highest
values corresponded to untreated sub-subplots. Intermediate values corresponded to one
weeding. Similar observations were made regarding the proportion of fresh weed biomass
in total spinach biomass. In particular, the lowest values of this parameter corresponded to
7 cm intra-row spacing and two mechanical weedings. Intermediate values corresponded
to 11 cm intra-row spacing and one mechanical treatment. The lowest values corresponded
to subplots with 15 cm intra-row spacing and sub-subplots where weeds were left uncon-
trolled. Following the differences observed in spinach biomass production, nitrogen use
efficiency increased by 16% under 11 cm than under 15 cm intra-row spacing. Furthermore,
the highest values of this index occurred under the narrowest intra-row spacing (7 cm).
Concerning the effects of mechanical weed control on nitrogen use efficiency, performing a
single operation increased its value by 20%. Doubling the number of operations resulted in
9% higher nitrogen use efficiency compared to one single operation (Table 5).

4. Discussion

Combined with other experimental factors, banded fertilization reduced S. viridis
biomass compared to broadcast fertilization. Blackshaw et al. [40] recorded a similar
reduction in biomass of this species. It is, therefore, suggested that banding fertilizers at
a depth of 10 cm under spinach rows (or at a depth of 7.5 cm depth under seed) is an
effective method for the management of grass weeds with a shallow, fibrous rooting system
such as S. viridis [40]. Different results were obtained for C. album. The little impact of
banded fertilization on C. album can be attributed to the deep taproot of this broadleaf
species, which allows nutrient uptake from deeper soil layers [40]. Although the effects
of the fertilization method may depend on weed species, it was observed that banded
fertilization reduced total weed biomass. Because most annual weeds germinate in the
upper soil layers, broadcast fertilizer incorporation boosts their emergence and growth. In
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contrast, precise application of fertilizers placement at a certain depth reduces weed seed
germination and also limits the access of germinated seedlings to the added nutrients [41].

Regarding the effects of spinach intra-row spacing on weed biomass, it was found
that narrow intra-row spacings (7 and 11 cm) resulted in significant reductions in S. viridis
and C. album biomass and total weed biomass. An explanation might be that spinach
establishment at narrow intra-row spacings accelerated crop canopy closure resulting in
reductions of the light transmitted to the soil surface and the weeds growing beneath the
crop canopy [27]. As a result, weed emergence and consequently weed biomass decreased
with decreasing intra-row spacing, and these results are consistent with the corresponding
findings of another recent study on spinach. In particular, De Cauwer et al. [9] also observed
negative and strong linear regressions between weed biomass and intra-row spacing in
two out of their three spinach cultivars studied. Reducing the distance between plants in
the row is a common practice for weed suppression in a wide variety of minor crops and
leafy vegetables [26]. Our results are also in agreement with recent studies conducted with
poorly competitive legumes, whose growth rates are lower compared to spinach [28,29].

The above studies have also shown that increasing the number of mechanical weed
control treatments is a recommended strategy to increase the efficacy of mechanical weed
control. In the present study, such strong relationships were found as weed biomass
decreased with the increasing number of weed control treatments. Two mechanical weed
control treatments caused significant reductions in weed biomass compared to a single
treatment. The explanation is that a single mechanical weed control treatment eliminated
only the first flush of germinating weed seedlings; there were several weeds that escaped
the treatment and continued to emerge and develop between crop rows. On the contrary,
two mechanical weedings maximized the levels of weed control because the first treatment
eliminated the first flush of early germinating weed seedlings, and the second operation
controlled also the weed seedlings that escaped the first treatment [29]. Our results are
in agreement with those of De Cauwer et al. [9] who found that the combination of
pre-emergence and post-emergence mechanical weed control reduced weed biomass in
spinach compared to a single treatment. These results are encouraging because optimizing
mechanical weed control methods is a priority issue in spinach, where very few herbicides
are approved for use [17]. Moreover, the performance of the cage weeder used for weed
control between spinach rows in the present study was satisfactory. This is due to the fact
that most weeds were between the ‘white’ or ‘thread’ (emergence) and 2-leaf growth stages
at the time of treatment. Cage weeders work at very shallow depth and are, therefore,
effective only on early germinating weed seedlings [33]. To control weeds at later growth
stages between spinach rows, spring-tine harrows, and split-hoes are examples of the
equipment that can be used [31,32]. In any case, research should continue and focus on
both the efficacy and the selectivity of various mechanical weed control methods on spinach
and other leafy vegetables.

Other findings of the current study were the cause-effect relationships established
between weed and spinach biomass. The strong influence of weed competition on spinach
productivity can be attributed to the low diversity in the weed community that infested this
site. This situation is common in Greece, where the lack of crop rotation and sustainable
farming practices has led to the development of low-diversity weed communities at several
agricultural sites in the country. There are several examples from recent studies where
strong and negative correlations between crop yield and weed biomass have been observed
at such agricultural sites [29,42–44]. Weed diversity has recently been highlighted as an
important factor determining the impact of weed interference on crop yield [45,46]. Meta-
data analysis by Storkey and Neve [13] showed that yield losses exceed 60% when the weed
community is less diversified and consists of only five species. In contrast, yield losses
are expected to be less than 30% when the weed community is diversified and consists
of 20 weed species. The increased competitiveness of low-diversity weed communities
can be attributed to the fact that they are usually dominated by species that have similar
resource requirements to crops in a given agricultural area [47]. As a result, crops suffer
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from competition from weeds that compete strongly for the same or similar resources
and are present in very high densities in the field [13,48]. Combinations of sustainable
weed management practices should be implemented at such sites aiming to promote weed
species diversity and restore weed flora composition. Several recent reports highlight
the importance of weed diversity in mitigating crop yield losses because diverse weed
communities tend to be less competitive to crops [48–51]. In addition, several studies
have also indicated that increasing species diversity in weed communities is a measure to
prevent the establishment of noxious invasive weeds on agricultural lands [16,52–54].

Concerning banded fertilization, it increased spinach yields compared to broadcast
fertilization. This is attributed to the better access of spinach plants to nutrients due to
the precise placement of fertilizer below crop rows. Our results agree with those of other
researchers who found that banding fertilizers under crop rows resulted in higher crop
productivity in another leafy vegetable, namely lettuce (Lactuca sativa L.) [36,37]. The
same authors also found that banded fertilization increased crop yield at various C. album
densities and periods of competition from this particular weed species. A similar trend
was observed in the current research where although fertilization had no effect on C. album
biomass, total and commercial spinach biomass increased in the main plots that received
banded fertilization. In adition, lower fertilization inputs (approximately 45%) and higher
spinach yields resulted in improved nitrogen use efficiency for the crop. Our findings
are consistent with other studies where alternative fertilization methods resulted in lower
inputs, higher yields and improved nitrogen use efficiency for spinach [55].

As for the effects of the other factors on crop yield, strong relationships were observed
either between intra-row spacing and spinach biomass or between the number of me-
chanical weed control treatments and spinach biomass. Spinach establishment at narrow
intra-row spacing and two mechanical treatments resulted in lower weed biomass and
consequently higher total and commercial biomass. These results are in line with those
of other studies that also found a positive relationship between spinach stand density
and crop yield, and between the number of weed control treatments and spinach biomass
production [9]. These results are also in partial agreement with other studies where higher
seeding rates and multiple mechanical weeding improved crop productivity compared to
conventional agronomic practices [28,29].

5. Conclusions

Banded fertilization reduced weed biomass and fertilizer inputs and subsequently
improved spinach yield and nitrogen use efficiency. Weed biomass decreased as spinach
intra-row spacing decreased, and the number of mechanical weed control treatments
increased. Reverse trends were observed in the total and commercial biomass of spinach.
Both parameters increased when spinach intra-row spacing decreased, and the number
of mechanical weed control treatments increased. Further research is needed to evaluate
more cultural and non-chemical weed management practices in this crop where available
herbicides are limited. In addition, competition from this low-diversity weed community
affected the yield performance of spinach at a significant point. Our results validated that
the loss of diversity in weed communities results in severe crop yield losses. Therefore, all
sustainable weed management practices should be focused on increasing species diversity
in the weed communities of such agricultural areas. As recently highlighted in several
relevant studies, increasing the diversity of weed communities on agricultural land can
be a measure to mitigate crop yield losses due to weed competition and prevent the
establishment of noxious weed species.
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Abstract: Setaria viridis (L.) Beauv., or green foxtail, is native to Eurasia and is the putative ancestor of
foxtail millet. Due to the advantageous genetic characteristics of S. viridis, it is a model species for C4
plants. However, S. viridis has seriously spread to the agricultural system around the world because
of its wide adaptability. This study is aimed to understand the distribution of S. viridis in Taiwan,
and also to investigate the genetic diversity and relationships among different wild populations.
A total of 141 S. viridis collected at 10 sites with sampling sizes ranging from 8 to 24 plants in Taiwan
were analyzed by 13 highly polymorphic SSR markers, and 6.1 alleles per locus were detected in our
study. The relationships of collected S. viridis mostly corresponded to its distribution in different parts
of Taiwan revealed by PCoA and phylogenetic tree. Similarly, the results for population structure
showed the significance of collecting site or geographical factors. Finally, the extent of gene flow was
studied with the genetic differentiation (FST) and Nm values, and two S. viridis populations were
found to significantly contain the existence of gene-flow events. In conclusion, S. viridis showed a
pattern of low diversity and heterozygosity within a population, but high differentiation among
populations because of its selfing attribute and the barriers of sea and mountain range for gene flow.
In addition, the founder effect may be the other reason for this pattern of population genetic structure.

Keywords: green foxtail; Setaria viridis; weediness; genetic diversity; population genetic structure;
gene flow

1. Introduction

Setaria viridis (L.) Beauv., or green foxtail, belongs to the grass family Poaceae, and is
native to Eurasia [1–3]. It is the putative ancestor of foxtail millet, Setaria italica (L.) Beauv.,
which was domesticated and selected by farmers in northern China about 10,500 years ago,
based on archeological evidence [4–7]. Currently, foxtail millet is a minor crop cultivated
in India, China and Taiwan for food, and in Europe for birdseed mainly [8]. The world
production of millet was around 31 million tons in 2018, and foxtail millet is the largest crops
among millets [9]. The cytogenetic study of GISH [10] and the phylogenetic relationship
analyzed with chloroplast and nuclear genes [11,12] showed that the genome difference
between S. italica and S. viridis was slightly distinguishable, which is concordant with
the fact that few different morphological traits can be observed between them [5,13,14].
Furthermore, there was about 22% of SNP variation detected in both S. viridis and S. italica
in the genome-wide data [15].

Due to its small stature, short lifecycle (6–8 weeks), small genome size (~510 Mb),
diploidy (2n = 18), self-pollination, efficient C4 photosynthesis and transformability,
S. viridis has been recommended as a model species for the research of C4 plants, which
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also include switchgrass, maize and sorghum [1,16–19]. In addition, a new genomic re-
source of S. viridis was released by de novo assembly recently [15]. On the other hand,
the whole-genome sequencing of foxtail millet has been released [16,20], and it makes
S. italica important in model systems as well [17]. Recombinant inbred lines (RILs) of
S. italica x S. viridis, accession A10, have been thoroughly investigated and applied in re-
search on bioenergy, feed and forage of stock [16,17,19,21,22]. Moreover, A10 accession has
been established and applied to QTL mapping and the construction of a genetic map [16,22].

The problem of invasive weeds caused losses of agriculture, overdose application of
pesticide and more pollution to environments and eco-systems. S. viridis possesses the po-
tential to adapt to various environments and habitats; consequently, it has invaded not
only throughout the temperate, but in some subtropical and tropical regions of agricultural
systems worldwide [8,23–26]. The variable biodiversity in phenotype and genotype allows
S. viridis to invade, endure and colonize in different local environments [3]. The seeds
can float with water flow for 10 days [27] or attach to animals or human clothing with
the bristles on the panicles to disperse for a long distance [28–31]. Hence, it is considered
as a serious weed for agriculture in many countries, such as Canada, the USA, Spain and
Japan [4,30,32,33], and usually grows near riverbanks and lakes, and in roadsides, grain
fields, wastelands and any other disturbed regions [34,35]. The invasiveness of S. viridis
was detrimental to crop growth and production, with one reference of reported losses of
21% and 44% yields of wheat [36]. Furthermore, many other crops, like grain sorghum,
rice and alfalfa, were also reported to be influenced by S. viridis significantly [28,29,37].
Despite being a noxious weed, S. viridis is extensively used as forage in Europe and as
herbal medicine in some regions of Asia [38,39]. In North America, S. viridis is widely
dispersed [30], but it does not tend to occupy high mountains and regions of lower lati-
tudes [40]. Similarly, Jia et al. (2013) found that S. viridis was localized to northern latitude
regions in China, suggesting that the local populations are more adapted to temperate
climates [41].

Due to the interfile between S. italica and S. viridis, the occurrence of gene flow might
make the weediness of S. viridis more powerful in nature [14,42]. For example, the giant
green foxtail, S. viridis var. “major” (Gaud.) Posp., an intermediate type, is originally
from the hybridization between wild S. viridis and cultivated S. italica [14,34,43]. In ad-
dition, S. faberi R. A. W. Herrma and S. verticillata (L.) P. Beauv., the tetraploid species
(AABB genome), originated from a natural crossing between S. adhaerans (Forssk.) Chiov.
and S. viridis [10]. On the contrary, it was also reported that reproductive barriers par-
tially existed, resulting in a low level of introgression and gene flow in a wild-weed-crop
complex [14,44–46]. It seems that the risk of gene flow between S. italica and S. viridis is
low [47].

Until now, there were some studies about the genetics, genomics and evolution of
S. italica published, but few about S. viridis. Related studies of S. viridis did not attract
much attention, although it has been recommended as a model system for the studies of C4
photosynthesis, biofuels, and drought and salinity tolerance. The abundance of foxtail mil-
let landraces has been observed in China and Taiwan [48–50]. The intrapopulation genetic
diversity of weedy Setaria species (S. viridis, S. faberi, S. parviflora (Poir.) Kerguélen, S. pumila
(Poir.) Roem. and Schult., S. verticillata) was quite low, but quite high in inter-population
genetic diversity [40,51,52]. Interestingly, the low level of genetic diversity of S. viridis was
observed in comparison with the other crop wild relatives, such as Oryza rufipogon and
teosinte [26,53,54]. Instead, the cultivated S. italica displayed high diversity compared to
sorghum and rice [55,56]. Overall, the genetic diversity and phylogenetic relationship was
mostly assessed in the studies of foxtail millet [57–60], and only a few studies also included
S. viridis collections [12,41,61]. In our opinion, these studies are not enough to deeply
understand the genetic diversity and population structure of S. viridis, and many questions
still remain unanswered. Importantly, that kind of information is crucial for germplasm
conservation, genetic mapping, association studies and breeding programs [62,63].
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The earliest described specimen of S. viridis in Taiwan is the one numbered 107,274 in
the herbarium HAST, which was collected in 1916, and the earliest documentation in Taiwan
was recorded in 1930 [64]. On the other hand, according to the archeological evidence,
the cultivation of foxtail millet in Taiwan could be dated back to 5000 years ago [65]. Foxtail
millet is one of the traditional foods for Taiwanese aborigines, and it also was used to brew
alcoholic beverages because of the waxy property of Taiwanese landraces [48]. However,
genomic or genetic diversity of S. viridis and its mechanism of success in becoming an
aggressive weed in Taiwan are little understood so far. In this study, we hope to address
the following issues: (i) how the pattern of the genetic diversity of S. viridis in Taiwan came
about; (ii) the estimated population structure of genetic variation and genetic relationship
of different S. viridis populations in Taiwan; and (iii) the pattern of genetic differentiation
among S. viridis populations in different geographical regions of Taiwan.

2. Materials and Methods

2.1. Field Collections of S. viridis in Taiwan

The field survey covered Eastern and Western Taiwan, and several offshore islands
belonging to the Taiwan Government as well. A total of 141 individuals of S. viridis were
collected from 10 sites, including four on main island of Taiwan and six distributed on
different offshore islands (Table 1). The individuals from the same collection site were
regarded as a population. The sample size of every population ranged from 8 to 24. Fresh
leaves were dried out using desiccant beads, then preserved at 4 ◦C. The longitudes and
latitudes of all sites were recorded in WGS84 format.

Table 1. Information, including code, site, latitude, longitude and sample size of 10 collection sites in
different parts of Taiwan.

Code Site (Township/County) Latitude Longitude Sample Size

#01 Tongluo, Miaoli 24◦29′48.00” N 120◦47′17.00” E 16
#02 Haiduan, Taitung 23◦4′9.00” N 121◦9′33.00” E 8
#03 Taitung, Taitung 22◦43′36.00” N 121◦5′48.00” E 16
#04 Ludao, Taitung 22◦40′25.00” N 121◦28′17.00” E 9
#05 Liujiao, Chiayi 23◦30′56.00” N 120◦17′56.00” E 10
#06 Qimei, Penghu 23◦12′18.00” N 119◦25′37.00” E 15
#07 Huxi, Penghu 23◦35′40.00” N 119◦36′47.00” E 11
#08 Jinning, Kinmen 24◦27′20.00” N 118◦19′8.00” E 16
#09 Jinsha, Kinmen 24◦29′36.00” N 118◦24′44.00” E 24
#10 Nangan, Lienchiang 26◦8′45.00” N 119◦54′47.00” E 16

Total 141

2.2. Genotyping by Microsatellite

The dried leaf of each sample was homogenized using tungsten carbide beads with
Tissuelyser, then the genomic DNA was extracted by using the TPS method with modi-
fications [66]. Twenty-five markers were used at first based on the PIC (polymorphism
information content) value reported by Zhang et al. [67].

The forward and reversed primers were elongated with 5′ ACGACGTTGTAAAA 3′
and reversed 5′ CATTAAGTTCCCATTA 3′ sequences, respectively, to perform multiplex-
ready PCR [68]. The PCR reaction mixture of each sample was 10 μL in total volume,
containing 20 ng template DNA, 1 μL 1× IMMOLASE buffer (BIOLINE), 0.2 mM dNTP,
2.0 mM MgCl2, 40 nM primers, 80 nM fluorophores (VIC, 6-FAM, NED, or PET), 0.05 μL
IMMOLASE DNA polymerase (BIOLINE) and 4.55 μL ddH2O. The amplification program
was performed with the following steps: 95 ◦C 10 min, 20 cycles of 92 ◦C for 30 s, 63 ◦C
for 90 s, 72 ◦C for 60 s, then 40 cycles of 92 ◦C for 15 s, 54 ◦C for 30 s and 72 ◦C for 60 s.
The four PCR products were pooled together at a ratio of 2:3:4:6 (VIC:6-FAM:NED:PET) in
volume, then we used GSLIZ600 as internal control. The size of the SSR fragments was
detected by capillary electrophoresis. An elite variety of foxtail millet (Setaria italica) in

92



Diversity 2021, 13, 159

Taiwan, Taitung Number 8 (TT8), was also pooled into each plate to correct the size bias
among different plates. The FSA (.fsa) files that contained fragment sizes and fluorescence
intensities were analyzed using the “Fragman” v1.0.9 package in R software v4.0.2 [69,70].
After filtering out the markers with multiple peaks (multiallele), a set of 13 SSR markers
distributed on nine chromosomes was selected and used for further analysis.

2.3. Genetic Diversity and Clustering Analysis

The genetic diversity of each marker and sampling site were evaluated with the pa-
rameters of allele numbers (Na), effective allele numbers (Ne), observed heterozygosity
(Ho) and expected heterozygosity (He), which is also called gene diversity [71], using
the “PopGenReport” v3.0.4 package in R software [72]. Additionally, the polymorphism
information content (PIC) of each marker was calculated with the “polysat” v1.7.4 package
in R software [73].

As for the clustering analysis of 141 S. viridis samples, the genetic distance between
each pair of individuals was estimated by Euclidean distance using the “adegenet” v2.0.1
package in R software [74]. Subsequently, the distance matrix was used for a principal
coordinate analysis (PCoA) using the “cmdscale” function and for constructing a neighbor-
joining tree with the “ape” v5.4 package in R software [75]. The variety TT8 was included
as an outgroup for phylogenetic tree.

The term “population structure” was defined as the genetic background of all 141
S. viridis individuals and estimated with STRUCTURE v2.3.4 using an admixture model [76].
The term “subpopulation” was defined as the clusters based on the optimum clustering
number (K value). The K value was tested from 1 to 11 to find the best K for 141 S. viridis
individuals. For each K value, burn-in period and Markov chain Monte Carlo (MCMC)
were both set to 100,000× with 20 replications. The result of STRUCTURE was integrated
with the “pophelper” v2.3.0 package in R software [77], and the optimum K value was
determined by the value of delta K described in the Evanno method [78]. Finally, the re-
sults above were visualized using the “ggplot2” [79] and “ggtree” v3.11 packages in R
software [80]. The individuals in the barplot of STRUCTURE were sorted by 10 collection
sites, from #01 to #10. The different genetic background of each collection site based on
structure analysis were represented by pie charts on the map of Taiwan.

2.4. F-Statistics of Populations at 10 Collection Sites

Wright’s F-statistics, including FIS, FST and FIT, were used to summarize the pop-
ulation structure among the 10 collection sites [81]. The estimator of each parameters
was described by Weir and Cockerham [82]. The FST-derived estimator, Nm value [83],
was further used to evaluate the gene flow between each pair of collection sites under
the island model theory. The formula used was Nm = (1 − FST)/4FST [81]. Finally, all of
the F-statistics parameters were calculated in R software.

3. Results

3.1. Molecular Diversity of Microsatellite Markers from the Individuals of Green Foxtail in Taiwan

Thirteen SSR markers were used to assess the genetic diversity of 141 S. viridis individ-
uals in Taiwan (Table 1). A total of 79 alleles were detected, with an average of 6.1 alleles per
locus. The observed allele number ranged from 2 (SICAAS5005, SICAAS6052, SICAAS7090,
SICAAS9121) to 16 (SICAAS1065). On the other hand, the effective allele number (Ne)
was predicted when the number of alleles with equal frequency was assumed. In average,
3.558 effective alleles per locus were measured in all S. viridis populations. The marker
SICAAS1015 showed the largest Ne (9.18), and SICAAS5005 showed the smallest Ne (1.26).
The value of observed heterozygosity (Ho) ranged from 0.015 to 0.022 for all markers.
Compared to the expected heterozygosity (He), the mean of Ho was only 0.0054, indi-
cating the characteristic of high self-pollinated rate of S. viridis. In addition, nine out
of 13 SSR markers displayed none of the observed heterozygosity in our study. Con-
versely, the values of expected heterozygosity (He) ranged from 0.21 (SICAAS5005) to 0.89
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(SICAAS1015). Four markers, SICAAS1015, SICAAS1065, SICAAS2084 and SICAAS3090,
exhibited more abundant gene diversity in our study. The PIC values ranged from 0.18
(SICAAS5005) to 0.88 (SICAAS1015) with a mean of 0.527, indicating that highly polymor-
phic SSR markers were used in our study. The marker SICAAS5005 showed the lowest PIC
value, and provided little information for the analysis. The PIC values of seven markers
were within the range of 0.25 to 0.5, displaying moderate polymorphic information. Finally,
the PIC values of five markers were over 0.7, representing high polymorphism in our study
(Table 2).

Table 2. Genetic diversity parameters of 13 SSR markers used to assess 141 Setaria viridis individuals.

Markers Na Ne Ho He PIC

SICAAS1015 14 9.18 0.000 0.89 0.88
SICAAS1065 16 7.79 0.015 0.87 0.86
SICAAS2084 8 5.16 0.000 0.81 0.78
SICAAS3090 10 6.06 0.022 0.83 0.81
SICAAS5005 2 1.26 0.000 0.21 0.18
SICAAS5081 4 2.19 0.000 0.54 0.48
SICAAS6052 2 1.37 0.000 0.27 0.30
SICAAS7002 7 4.35 0.017 0.77 0.73
SICAAS7008 4 1.98 0.000 0.49 0.44
SICAAS7090 2 1.41 0.000 0.29 0.27
SICAAS8025 4 2.12 0.016 0.53 0.41
SICAAS9121 2 1.41 0.000 0.29 0.26
SICAAS9130 4 1.98 0.000 0.50 0.45

Average 6.1 3.558 0.0054 0.561 0.527
Na: observed allele number; Ne: effective allele number; Ho: observed heterozygosity; He: expected heterozygos-
ity; PIC: polymorphic information content.

The genetic diversity indexes of S. viridis populations collected from 10 sites were
revealed in this study (Table 3). Among all 10 collection sites, the number of observed
alleles ranged from 13 (sites #01 and #02) to 29 (site #08), with a mean of 18.9. Similarly,
the largest number of effective alleles was also detected at site #08, and the lowest was at
both site #01 and #02. Overall, 15.619 effective alleles per site were found. The observed
heterozygosity (Ho) was only detected at three sites (#03, #08 and #10) with very small
values, and the other populations of S. viridis showed none of Ho. The mean of Ho was
0.005, which was expected due to the characteristics of self-pollination of S. viridis. As for
the expected heterozygosity (He), it ranged from 0.03 (site #04) to 0.27 (site #08), and no He
was observed at two collecting sites (#01 and #02).

Table 3. Genetic diversity index of Setaria viridis individuals in each collecting site.

Collecting Site SS Na Ne Ho He FIS FST FIT Nm

#01 16 13 13.00 0.00 0.00 0.9896 0.4895 0.9947 0.26
#02 8 13 13.00 0.00 0.00 0.9901 0.4995 0.9950 0.25
#03 16 19 14.25 0.01 0.12 0.9841 0.3954 0.9904 0.38
#04 9 14 13.60 0.00 0.03 0.9904 0.4783 0.9950 0.27
#05 10 22 18.63 0.00 0.16 0.9921 0.3540 0.9949 0.46
#06 15 22 14.94 0.00 0.11 0.9905 0.4476 0.9948 0.31
#07 11 20 15.57 0.00 0.12 0.9915 0.3984 0.9949 0.38
#08 16 29 21.82 0.02 0.27 0.9723 0.2525 0.9793 0.74
#09 24 18 15.04 0.00 0.07 0.9901 0.4277 0.9943 0.33
#10 16 19 16.34 0.02 0.14 0.9653 0.3943 0.9790 0.38

Average 18.9 15.619 0.005 0.102
SS: sample size; Na: observed allele number; Ne: effective allele number; Ho: observed heterozygosity; He:
expected heterozygosity; FIS: inbreeding coefficient of an individual relative to the subpopulation; FST: the degree
of genetic differentiation between populations; FIT": inbreeding coefficient of an individual relative to the total
population; Nm: number of immigrants, the extent of gene flow.
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3.2. Genetic Relationship of Green Foxtail Individuals Collected in Taiwan

The results of the principle coordinate analysis offer preliminary insight on the genetic
relationship among 141 S. viridis individuals or 10 wild populations collected in Taiwan
(Figure 1). The first and the second coordinates explained 23.00% and 14.90% of variability,
respectively. First of all, sites #01 and #05, which are both in Western Taiwan, were grouped
together. Secondly, three collecting sites, all in Taitung County (sites #02 and #03), including
small island Ludao (site #4), had a slightly close relationship with each other. However,
two individuals at site #03 were slightly away from the others. Interestingly, the S. viridis
at site #06 and site #07 (Qimei and Huxi in Penghu, respectively) were significantly isolated
from the other sites. However, one collection belonging to site #06 was closer to the indi-
viduals at sites #01 and #05. Finally, three outer collection sites (#08, #09 and #10) closer
to mainland China showed an overlapped pattern with each other that indicated a closer
relationship among them.

Figure 1. Principal coordinate analysis of the 141 Setaria viridis individuals in Taiwan. The first and
the second coordinates explained 23.00 % and 14.90 % of variability, respectively. The 10 collecting
sites are marked by different colors.

A similar pattern with more details is presented in the phylogenetic tree (Figure 2).
Individuals collected in Taitung County, including sites #02, #03 and #04, were in Clade
I. Broadly, S. viridis individuals collected at site #04 (Ludao) were closer to collections at
site #03 (Taitung), however, several individuals collected at site #03 showed a complex
and mixed relationship among these populations. Individuals from site #01 (Miaoli) and
#05 (Chiayi), with clear geographical separation, were grouped in Clade II. Nevertheless,
an individual from site #06 (Penghu) was grouped in this clade, indicating the probable
movement behavior of S. viridis individuals could occur between Penghu and Chiayi
occasionally. Besides, some individuals from site #08 were closer to site #09 (see Clade III),
and the others were closer to site #10 instead (see Clade IV), suggesting the higher abun-
dance of S. viridis at site #08 (Jinning, Kinmen). Furthermore, the individuals from site #09
(Jinsha, Kinmen) showed clear separation from the individuals from site #10 (Lienchang).
Moreover, the individuals from site #09 can be further divided into two small clusters.
The individuals from site #07 (Huxi, Penghu) were also isolated as Clade V. Similarly, most
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S. viridis individuals from site #06 were obviously separated from the others (as Clade VI),
but an exception was grouped in Clade II and closer to the individuals at site #05. This is
consistent with the result of the PCoA (Figure 1).

 

Figure 2. Neighbor-joining tree of the 141 Setaria viridis accessions in Taiwan. The color of each clade represents each
individual collected from its own collecting site. The vertical line with different colors of every clade number corresponds
to subpopulations that were inferred by the STRUCTURE analysis.

3.3. Population Structure and Geographic Distribution

The population structure of S. viridis collected from 10 sites was simulated by STRUC-
TURE (Figure 3a). The K value was inferred by the Evanno method, from K = 1 to K = 11
(Figure S1). The best K value was 10; however, 10 colors of different genetic backgrounds
did not exactly represent the 10 collection sites (Figure 3b). In addition, the admixed
individual is defined when the percentage of its own genetic background does not exceed
at least 80%. The wild populations collected at sites #01, #02, #04 and #10 possessed pure
genetic backgrounds with no admixture. In contrast, four individuals from site #05, three
from #09, two from #06, one from #07 and most individuals from #08 were considered as
admixture. Above all, the individuals collected from site #08 (Jinning, Kinmen) displayed
the most complicated pattern (Figure 3b). The individuals from site #01 (Miaoli) and site
#10 (Lienchiang) independently formed distinct subpopulations, called Pop 1 and Pop
7, respectively. Moreover, the individuals from sites #02, #03 and #04, in Eastern Taiwan
(Taitung) were all grouped in Pop 2. Interestingly, two individuals from site #03 excep-
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tionally formed another subgroup (Pop 10). The individuals from site #05 (Chiayi) were
all grouped in Pop 3, mixed with another genetic background that also appeared in Pop
8 (in greenish blue), indicating potential gene flow or introgression. Surprisingly, two
collecting sites of S. viridis from Penghu (sites #06 and #07) clearly formed two different sub-
populations, Pop 4 for site #06 and Pop 5 for site #07 (see Figure 3a and Table 1). In addition,
one individual collected at site #06 was grouped in Pop 3 instead of Pop 4, and showed
high percentage of red background, which can be also noticed in the phylogenetic tree
(Figure 2) and the PCoA (Figure 3). Finally, the individuals from sites #08 and #09 (Kinmen)
were grouped in Pop 6, but displayed the mixed genetic background of Pop 8 and Pop 9.

Figure 3. (a) STRUCTURE barplot of the 141 Setaria viridis individuals with K value = 10 inferred by
the Evanno method. The order of results from STRUCTURE is sorted by 10 collection sites from #01
to #10. An individual is considered as the admixture when the genetic background is lower than 80%
of its own percentage. (b) Geographic distribution of the 10 collection sites in Taiwan. The pie chart
at each site represents the genetic proportion inferred by STRUCTURE when K = 10.
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3.4. Genetic Differentiation among the Populations of S. viridis in Taiwan

F-statistics were also estimated in this study. All FIS and FIT values for the 10 sampling
sites were all over 0.96. The lowest value of FIS (0.9653) and FIT (0.9790) were observed
at site #10 (Lienchiang), an offshore island of Taiwan that is close to mainland China.
The highest FIS (0.9921) was detected at site #05 (Chiaiyi), and the highest FIT (0.9950) was
detected at sites #02 and #04 (Taitung). Overall, it was concluded that the wild S. viridis
in Taiwan are highly self-pollinated within a population, which agreed with the result
of low observed heterozygosity (Table 3). The extent of genetic differentiation between
populations was estimated by FST value. We found high genetic differentiation among
wild S. viridis populations in Taiwan. The populations at site #02 (Taitung) and site #01
(Miaoli) displayed the highest FST values, 0.4995 and 0.4895, respectively. Oppositely,
site #08 (Kinmen) displayed a relatively smaller FST value (0.2525), suggesting that more
gene flow events might take place in this area. Likewise, the number of immigrants (Nm)
denotes the extent of gene flow, in which great differences of Nm value were found (0.25 to
0.74). Obviously, the highest extent of gene flow was detected at site #08, Kinmen (0.74),
and smaller Nm values were observed at sites #01, #02 and #04, Taitung (0.25 to 0.27),
which is in accordance with the results of genetic differentiation (Table 3).

3.5. Pairwise FST Index of Collecting Populations in Taiwan

Pairwise FST value, representing the extent of genetic differentiation between pop-
ulations, was assessed for the 10 collection sites, and ranged from 0.14 to 0.62 (Table 4).
The least extent of genetic differentiation was between sites #08 and #09 (Kinmen), indicat-
ing gene flow events might happen more frequently here. Next, the S. viridis populations
collected at sites #03 (Taitung) and #04 (Ludao) also showed a low level of genetic dif-
ferentiation (FST = 0.17). The FST values among sites #02, #03 and #04, in Taitung, were
quite small in comparison with the others. On the contrary, the highest level of genetic
differentiation was observed between site #07 (Huxi, Penghu) and site #04 (Ludao, Taitung),
which are both small offshore islands off Taiwan’s main island (Figure 3b). Next, three
combinations from different collection sites showed the second-highest genetic differentia-
tion (FST = 0.59): #07 (Penghu) and #02 (Taitung), #09 (Kinmen) and #06 (Penghu), and #10
(Lienchiang) and #06 (Penghu). In addition, two collection sites, #06 and #07 (Penghu),
showed relatively high genetic differentiation with the other populations. On the contrary,
the S. viridis population at site #08 (Jinning, Kinmen) exhibited the opposite result in our
investigation. For example, the populations collected at sites #05 (Chiayi), #10 (Lienchiang)
and #07 (Huxi, Penghu) separately showed the least genetic differentiation with site #08,
suggesting that the composition of S. viridis at site #08 is more complex than the others.
Finally, the population collected at site #01 (Miaoli) also showed the least genetic differenti-
ation (FST = 0.36) with the population at site #05 (Chiayi), which also is located in Western
Taiwan (Figure 3b).

Table 4. Pairwise FST value between subpopulations from the 10 collecting sites.

#01 #02 #03 #04 #05 #06 #07 #08 #09

#02 0.47
#03 0.54 0.22
#04 0.55 0.28 0.17
#05 0.36 0.47 0.46 0.51
#06 0.57 0.52 0.56 0.52 0.50
#07 0.58 0.59 0.58 0.62 0.50 0.50
#08 0.41 0.38 0.42 0.44 0.32 0.49 0.40
#09 0.52 0.49 0.55 0.55 0.42 0.59 0.50 0.14
#10 0.51 0.52 0.55 0.58 0.46 0.59 0.54 0.32 0.45
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4. Discussion

4.1. Molecular Diversity of Microsatellite from the Individuals of Green Foxtail in Taiwan

Simple sequence repeats (SSRs) are very useful for the investigation of population
genetics and studies of evolution because they is easy to manipulate and contain abun-
dant molecular variations and information [84–86]. In this study, 6.1 allele numbers were
observed from 141 S. viridis individuals with 13 SSR markers. Despite the estimated PIC
value, 0.527 on average, being lower than that in other related studies of S. viridis or
S. italica [44,55,57], highly polymorphic markers were still used in our analysis (Table 2).
The other related grass species of S. viridis, such as Miscanthus sinensis and switchgrass,
showed different patterns. The naturalized populations of M. sinensis in the United States
contained only 2.3 alleles per locus by 74 molecular markers, and the PIC value ranged
from 0.2228 to 0.3030 [87]. Nevertheless, 8.7 alleles per locus were detected from 156 switch-
grass individuals with 18 highly polymorphic markers [88]. Therefore, we thought that
the quality of used markers was much more important than the quantity of markers.
In our analysis, we preferred to select highly informative markers because it was reported
that a small number of molecular markers with high quality can be enough for analysis
of genetic variation [89]. Only four markers (SICAAS1065, SICAAS3090, SICAAS7002,
SICAAS8025) displayed low extent of the observed heterozygosity (Ho), indicating that
in Taiwan, S. viridis is a highly selfing species, which corresponds with previous stud-
ies [26,40]. In addition, a similar pattern of Ho value in terms of S. viridis at different
collection sites was also observed (Table 3). On the other hand, importantly, the advantages
of low heterozygosity (high rate of selfing) includes the ease of sequencing, and better
analyzing and understanding of genetic and evolutionary mechanisms [90,91]. Besides,
an effective allele number (Ne) based on the frequency of variants is an alternative mea-
sure of intrapopulation diversity [92]. Hence, it basically corresponds to the expected
heterozygosity (Table 2). An average effective allele number of 3.558 can be seen in our
S. viridis populations in terms of the assessment of 13 SSR markers. Interestingly, the Ne
value of S. viridis in Taiwan was higher than that in mid/southern US, but much lower
than the Asian populations [89].

For the purpose of better understanding the relationship between the genetic diversity
and geographical distribution, we mainly focused on the genetic diversity of S. viridis
populations from different parts of Taiwan (Table 3). The highest value of observed
allele number (Na), effective allele numbers (Ne) and expected heterozygosity of S. viridis
population were all detected at site #8 (Kinmen), indicating the highest genetic diversity of
S. viridis was preserved in a population on Kinmen Island, near mainland China, which
might be one of the origin of S. viridis (cp. [1,3]). On the contrary, the lowest genetic
diversity was observed at site #1 (Miaoli) and site #2 (Taitung) in terms of the relatively
low Na, Ne and He. The relatively low genetic diversity of intrapopulation of S. viridis
was reported previously [40,51,52]. Wild sorghum populations collected from different
regions in Africa showed high genetic diversity, He = 0.46 on average, assessed by six SSR
markers [93]. Likewise, the M. sinensis population collected in the US showed a medium
level of genetic diversity, with He values ranging from 0.2776 to 0.3738 [87]. However,
in this study of S. viridis in Taiwan, the level of heterozygosity was considerably low in
comparison with previous studies (cf. [41,89]).

4.2. Genetic Relationship and Structure of Green Foxtail Individuals among Different Parts of Taiwan

Basically, both the PCoA and phylogenetic analysis showed a similar pattern of results,
which is accordance with geographical distribution and concordant with previous studies.
The main island of Taiwan extends 394 km along its north–south oriented axis and a
width of 140 km at its broadest. There are 268 peaks above 3000 m in elevation, and all
of them are located within the so-called Central Range, which basically follows the axis
of the island. No doubt this Central Range is a barrier for the gene flow between the east
and west parts of Taiwan [94]. In addition to the isolation by the Taiwan Strait, the Central
Range on the main island of Taiwan is also a barrier for gene flow. The S. viridis were also
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found to be grouped by regions or species in phylogenetic tree in a previous study [61].
Moreover, our results were concordant with the PCA pattern from the world-wide S. viridis
panel in terms of SNP, PAV and structural variant genetic structure (cf. [15]). As a result,
the genetic relationship may be influenced by geographical distribution for the same
species [95]. In this study, some individuals from different populations clustered together
in the same clade, displaying the mixed genetic branches of S. viridis collected at different
sites in the phylogenetic tree (Figure 2). This might be the result of migration caused
by human activities and long-distance animal movements. For example, there is routine
transportation by ferry between Taitung City (site #03) and Ludao (site #04). The same
ferry shuttle also ran between Chiayi (site #05) and Huxi (site #07). The simulated genetic
backgrounds basically agreed with the administrative districts of Taiwan, except that Pop
4 and Pop 5 were two separate townships in Penghu (Figure 3a). Notably, four out of
10 S. viridis samples in Chiayi (site #05) showed admixed genetic background, which was
also found at sites #08 and #09 in Kinmen. In addition, relatively low genetic differentiation
between sites #05 and #08 was detected (Table 4), implying that some of the S. viridis
in Chiayi might be taken from Kinmen because of human activities. Finally, pure and
different genetic backgrounds at collection sites suggested that gene flow rarely happened
among them, causing the pairwise genetic differentiation to be quite high. It was concluded
that the S. viridis at these sites mainly reproduced by selfing, and it was hard for them to
disperse by pollens or seeds of their own. Finally, the S. viridis individuals in the population
at site #08 (Jinning, Kinmen) mixed in clade III and IV, showing the most complex genetic
variation in our study in terms of the analysis of genetic-diversity parameters, population
structure and genetic relationship (Table 3, Figure 3a).

4.3. Genetic Differentiation and Possible Gene Flow among the Populations of Different
Collection Sites

F-statistics is one of the major measures to examine the differentiation between a
subdivided population that deviates from the Hardy–Weinberg equilibrium. Briefly, FIS, FIT
and FST represent the genetic diversity of different types of conditions that are individuals
within the subpopulation, individuals within the total population and subpopulation
within the total population, respectively [81,82]. In this study, low FIS and FIT values
were observed at sites #08 (Kinmen) and #10 (Lienchiang), indicating that the inbreeding
coefficient of S. viridis collected at sites #08 and #10 were relatively low. Consequently,
the observed heterozygosity of S. viridis at these two sites were essentially high (Table 3).
The extent of genetic differentiation (FST) among populations varied up to two times.
S. viridis collected at site #08 showed the lowest genetic differentiation (FST = 0.2525),
and the population at site #05 was ranked second (FST = 0.3540), indicating that gene flow
in Kinmen and Chiayi might have occurred more frequently. Oppositely, the collected
populations at site #01 (FST = 0.4895) and site #02 (FST = 0.4995) showed high extents
of genetic differentiation, which might be due to less chance of interflow with other
populations (Table 3). The higher Nm values at sites #05 and #08 were observed; however,
the two admixed populations contained elevated heterozygosity (He), indicating gene flow
might have taken place at these two sites recently [96,97]. Instead, the S. viridis at site #09
showed a relatively higher Nm value (0.33), but lower heterozygosity (0.07), which may be
the result of ancient crossing, then followed by inbreeding with no cross-pollination [26].
It was reported that elevated diversity might be the result of multiple origins or larger
populations [15]. The collection sites with no admixed individuals (sites #01, #02 and #04),
exhibited a lower Nm value (<0.3), suggesting that less gene flow occurred before.

Pairwise FST varied dramatically, 0.14 to 0.62 (Table 4). The higher extent of genetic
differentiation between the S. viridis populations was mostly observed at sites #06 or #07
compared with other collection sites. For example, the highest one (FST = 0.62) was detected
between site #07 (Huxi, Penghu) and site #04 (Ludao, Taitung), two offshore islands of
Taiwan. Likewise, some studies found that S. viridis both in Eurasia and North America
displayed strong intracontinental differentiation [40,95]. In addition, the populations
at site #09 (Kinmen) and #10 (Lienchiang) also showed the same extent of high genetic
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differentiation (FST = 0.59) as site #06. As a result, the S. viridis populations collected
at sites #06 and #07 seemed to be more departed from the other populations in Taiwan,
which agreed with the patterns of the PCoA and the phylogenetic tree (Figures 1 and 2).
In fact, site #06 (Qimei) and site #07 (Huxi) belong to the Penghu archipelago, which is
located in the middle of the Taiwan Strait (Table 1). One possible reason could be that
the special climate of Penghu could have selected or filtered certain genotypes or genes,
which is the same condition in North America (cf. [15,89]). Oppositely, the smallest FST was
observed between sites #08 and #09 (FST = 0.14), followed by the ones between sites #03 and
#04 (FST = 0.17), which are located in the same counties, Kinmen and Taitung, respectively.
On the other hand, the collection sites in the same administrative district, such as sites #02,
#03 and #04 (Taitung), and sites #08 and #09 (Kinmen), revealed less genetic differentiation
than the others, indicating that isolation by distance or geographic barriers may affect
the possibility of migration or exchange [98], such as the spread of seeds or pollens by
wind and animals in nature. The other explanation might be that more frequent human
activities take place within the neighboring area, which then increase the probability of
artificial and unintentional movement of caryopses and individuals [99,100]. For example,
there are routine ferry shuttles between the regions of sites #03 and #04.

Sites #05 and site #08 displayed relatively less genetic differentiation compared to
other sites, which is congruent with their higher values of Nm (Table 3). Interestingly,
the genetic distance between S. viridis and S. italica in the same area was lower than that
between different areas of the same species, indicating the geographical factors was more
important in shaping genetic differentiation than taxonomical factor between S. viridis and
S. italica [95]. The FST value between S. viridis and S. italica (at the taxonomical level) was
0.05 to 0.41 in a previous study, which was lower than that of our study (at the geographical
level) [56]. On the contrary, different races or species of rice showed significantly genetic
differentiation (FST = 0.1166 to 0.42). The FST value of Sorghum halepense populations
collected in the US were quite low, indicating not much differentiation among wild sorghum
populations from different states in the US [101].

In conclusion, S. viridis showed a pattern of low diversity and heterozygosity within a
population, but high differentiation among populations. This is accordant with a similar
previous study of a Taiwanese coastal herbal plant, Lysimachia mauritiana, with allozyme
markers [102]. In L. mauritiana, allozyme variation was very low, and F-statistics indicated
an extremely high level of population differentiation, implying limited gene flow among
populations. This pattern of population genetic structure probably resulted from severe
genetic drift triggered by genetic bottlenecks, suggesting that Taiwanese populations were
likely to be derived from four independent founder events [102]. Several selective forces
could influence the population structure, genetic diversity and differentiation of Setaria
grass were mentioned in [3]. For example, the decreased allele richness of S. viridis samples
in North America was the result of the founder effect or genetic drift. A strong population
structure of S. viridis had been presented in the US and Canadian collections because of
different climatic zones or latitude [26,89,95]. Instead, the populations collected from China
lacked an obvious population structure [41,89,103]. Surprisingly, the S. viridis populations
in Taiwan, a small island, still displayed a strong population structure (Figure 3a). Up to
84 % of the S. viridis samples were considered as pure individual, indicating a high selfing
rate and low extent of gene flow occurred among populations in Taiwan. However, most
of admixed individuals were found at site #08, probably due to the short distance away
from mainland China, resulting in a more complex genetic background than the other
populations in Taiwan. The extent of genetic diversity was essentially low, but displayed
strong population structure and differentiation [104–106], suggesting that not only normal,
but specifically adapted genotypes still existed in the S. viridis populations in Taiwan
(cp. [3]).

Investigation of the genetic structure, differentiation and related pattern of geograph-
ical distribution can help us to better understand the domestication and evolutionary
mechanism [107]. Moreover, the S. viridis collections with abundant diversity and charac-
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teristics could be a valuable resource for breeding programs of foxtail millet, as is planned
or is already underway globally for other crop wild relatives (CWR) for the purpose of
enhancing genetic resources, including those at risk of extinction [108–110]. Finally, the re-
lated knowledge needs to be re-examined at a genome-wide level, and even include more
geographic areas with larger collections to investigate subtler population structure and
obtain a better diversity panel that can be applied in GWAS (Genome-wide association
study) and breeding program in the future.
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Abstract: Background: The spread of herbicide-resistance Ambrosia artemisiifolia threatens not only
the production of agricultural crops, but also the composition of weed communities. The reduction of
their spread would positively affect the biodiversity and beneficial weed communities in the arable
habitats. Detection of resistant populations would help to reduce herbicide exposure which may
contribute to the development of sustainable agroecosystems. Methods: This study focuses on the
application of target-site resistance (TSR) diagnostic of A. artemisiifolia caused by different herbicides.
We used targeted amplicon sequencing (TAS) on Illumina Miseq platform to detect amino acid
changes in herbicide target enzymes of resistant and wild-type plants. Results: 16 mutation points of
four enzymes targeted by four herbicide groups, such as Photosystem II (PSII), Acetohydroxyacid
synthase (AHAS), 5-enolpyruvylshikimate 3-phosphate synthase (EPSPS) and protoporphyrinogen
IX oxidase (PPO) inhibitors have been identified in common ragweed populations, so far. All
the 16 mutation points were analyzed and identified. Out of these, two mutations were detected
in resistant biotypes. Conclusions: The applied next-generation sequencing-targeted amplicon
sequencing (NGS-TAS) method on A. artemisiifolia resistant and wild-type populations enable TSR
detection of large sample numbers in a single reaction. The NGS-TAS provides information about
the evolved herbicide resistance that supports the integrated weed control through the reduction of
herbicide exposure which may preserve ecological properties in agroecosystems.

Keywords: target-site herbicide resistance; ahas; als; psbA; epsps; targeted amplicon sequencing;
Ambrosia artemisiifolia

1. Introduction

Extensive weed management in agricultural fields is a major threat to agroecosystem
biodiversity as weed communities play a key role in maintaining heterogeneity. The total
number of weed species in agricultural fields has increased since the 1950s. Although this
has resulted in a more diverse composition of agricultural weeds, it has negatively affected
landscape structure and land-use intensity. As a result, crop intensification methods, such
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as herbicide treatment, have become critical to control weed communities to improve
agricultural crop production [1]. It is important not to endanger beneficial weed species
while using weed control. To define the correct management of invasive species, local
environmental drivers have to be identified due to their severe effects on individual
performance [2].

Common ragweed (Ambrosia artemisiifolia L.: Asteraceae, A. artemisiifolia) is a highly
adaptive, invasive weed and has a negative impact on biodiversity [3,4]. Its population
can be found not only in agricultural habitats where herbicides are normally used but also
in field margins and paths, abandoned fields, and forest edges that could be affected by
herbicide or intensified mowing [5,6]. Common ragweed has spread from North America
to habitats in temperate climates such as Eurasia, Asia and Australia [7,8], and has become
distributed in all countries of Southern and Eastern Europe [9–12]. In North America large
common ragweed populations have extensively arisen along roadsides and arable fields as
well, which was recently observed mainly in Eastern Canada [13].

Many weed scientists deliberate on the knowledge and practice gap of the perspectives
and approaches in weed ecology and management [14–16]. Due to the complexity of the
problem, it requires transdisciplinary. Transdisciplinary approaches contribute to the
most promising technological improvements managing weed control and agroecosystem
diversity and reduce the potential unwanted environmental impacts of weed management.
The negative correlation between weed diversity and crop yield loss has been reported [17].
As a consequence of the diverse weed management and crop production systems, the
more adaptable weedy plants may replace the invasive species and the given ecosystems
benefit [15]. Therefore, a well-thought herbicide use strategy should be effective and
reasonable. The weed thresholds are required to promote the usage of optimal herbicides
to protect crop yields and arable habitats [18].

To improve weed management and avoid ecological damages, monitoring the different
herbicide-resistance in a population seems to be a great solution to find the optimal chemical
crop protection. In this study, we focus on the subject of the common ragweed chemical
control. Our primary goal is to achieve the controlled eradication of ragweed or at least to
maintain its low moderate level while minimizing the ecological damage caused by the
applied herbicide.

Common ragweed has evolved different herbicide resistance modes, making it par-
ticularly problematic to control [19]. Herbicide resistance can be categorized into two
categories based on mode of action: target-site resistance (TSR) and non-target-site resis-
tance (NTSR) [20–22]. Here, we focus on TSR resistance, which can be caused by mutation
or polymorphism that results in either increased abundance of the target protein or a struc-
tural change in the target protein that reduces affinity to the herbicide [23,24]. Structural
changes are generally due one or several amino acid substitutions [25–29]. The accumula-
tion of multiple amino acid substitutions in a target protein has been known as multiple
target-site resistance (MTSR) which triggers an increased resistance level of individual
plants [22,30,31]. MTSR has been detected in different weeds conferring resistance to
Photosystem II (PSII) and Acetohydroxyacid synthase (AHAS) inhibitors [32–34]. Resistant
genotypes proliferate in areas where herbicides are used for weed control. In order to
effectively combat herbicide-resistant common ragweed, effective methods to measure the
prevalence of TSR and MTSR within target populations are needed.

Four herbicide mode-of-action groups are commonly used to control A. artemisiifolia.
These are: (i) triazines and ureas (Photosystem II (PSII) inhibitors), (ii) sulfonylureas,
imidazolinones, sulfonylaminocarbonyl-triazolinones, pyrimidinylthiobenzoates and tria-
zolopyrimidines (AHAS inhibitors), (iii) glyphosate (5-enolpyruvylshikimate 3-phosphate
synthase (EPSPS) inhibitors) and (iv) diphenylethers, N-phenylphthalimides, aryl triazoli-
nones, phenylpyrazoles, pyrimidinediones (protoporphyrinogen IX oxidase (PPO) inhibitors).

PS II inhibitors bind to the D1 protein of the photosystem II (EC: 1.10.3.9) complex,
blocking electron transport and stopping CO2 fixation. The D1 protein is encoded by the
chloroplast psbA gene. The first documented herbicide resistant population of A. artemisiifolia
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was discovered in 1976 and was resistant to the PSII-inhibitor atrazine (a triazines) [35].
Resistance was conferred by a point mutation in the psbA gene resulting in a serine-to-
glycine substitution, which alters D1 protein conformation, causing reduced herbicide
target interaction [36,37]. To detect the causal mutation (Ser264Gly) in common ragweed, a
bidirectional allele-specific PCR (Bi-PASA) method was developed [38]. Resistant biotypes
and populations have also been reported against linuron (belonging to ureas) in eastern
Canada [39,40]. TSR, conferred by the psbA mutation Val219Ile, was detected after linuron
treatment using TaqMan single nucleotide polymorphism (SNP) genotyping and Sanger
sequencing [41]. Moreover, three additional mutations at the site of action (Ala251Val,
Phe255Ile, and Asn266Thr) have been confirmed in populations of other species, each with
a unique cross resistance pattern [42].

AHAS inhibitors are among the most used common ragweed inhibitors worldwide.
AHAS (EC 4.1.3.18 also known as acetolactate synthase, ALS) catalyses the first common
step in the pathway for synthesis of the branched-chain amino acids leucine, isoleucine,
and valine in plants [43]. AHAS inhibitors have low mammalian toxicity, are broad
spectrum and highly effective in low doses. However, resistance to AHAS inhibitors
tends to arise rapidly in weed populations. Multiple studies have reported that AHAS
inhibitor-resistant weed species are more numerous than weed species resistant to other
herbicide groups [44,45]. Many AHAS inhibitor-resistant common ragweed populations
have been reported. Cross resistance in these populations is common, with resistant in-
dividuals displaying resistance to additional herbicides, including cloransulam-methyl
(triazolopyrimidines), chlorimuron (sulfonylureas), and imazaquin (imidazolinones) [46].
Resistance in common ragweed against AHAS inhibitors is conferred by the substitution
Trp574Leu [47]. Although eight different AHAS amino acid substitutions confer resis-
tance to AHAS inhibitors in other species, only Trp574Leu has been reported in common
ragweed [20,48].

Several polymorphisms in the epsps gene of many plant species confer resistance to
glyphosate. Resistance is conferred by mutations at Pro106 and Thr102, and recently an
example of MTSR was reported in Amaranthus hybridus that contained the triple-substitution
Thr102Ile, Ala103Val and Pro106Ser [49–52]. Glyphosate resistance in A. artemisiifolia was
first reported in Missouri and Arkansas in 2004 but the mechanism of the resistance has
not yet been determined [53].

PPO inhibitors have been used widely to control weeds in different crop cultures
since the 1960s. PPO (EC 1.3.3.4) is a key enzyme in the tetrapyrrole biosynthetic pathway
that produces heme and chlorophyll in plastids and mitochondria [54]. Two different
nuclear-encoded PPO isozymes are in plants: plastidal PPO1 encoded by the gene ppx1 and
mitochondrial PPO2 encoded by the ppx2 gene [55]. The weed reported to evolve resistance
to PPO inhibitors was Amaranthus tuberculatus, which contained a glycine deletion at
position 210 (ΔG210) in PPX2 (GenBank accession: DQ386114) [56]. In A. artemisiifolia, an
Arg98Leu substitution in the ppx2 gene contributes to PPO resistance [57].

Multi-resistant A. artemisiifolia populations can be found worldwide, containing multi-
ple resistance-conferring mutations in genes encoding PSII, AHAS, EPSPS, and PPO [46].
The investigation of specific mutations conferring herbicide resistance in populations is
essential for the selection of effective herbicides for weed control. Targeted amplicon
sequencing (TAS) is an effective approach that takes advantage of NGS (next generation se-
quencing) to detect specific mutations. To sequence large numbers of targeted gene regions,
NGS is using indexed primers to label samples that are expansively used for population
genetics and for genome-wide genotyping in plants with ultralow SNP densities [58].

This study presents an NGS-TAS method for TSR identification in A. artemisiifolia.
In order to discover multiple polymorphisms in psbA, ahas, epsps, and ppx2 that confer
resistance, we analysed sensitive biotypes, as well as imazethapyr-resistant (imidazoli-
nones, AHAS inhibitor) and linuron-resistant (ureas, PSII inhibitor) biotypes. This method
may contribute to the sustainable maintenance of biological integrity in agroecosystems by
screening herbicide resistant common ragweed populations.
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2. Materials and Methods

2.1. Plant Materials and DNA Extraction

Leaves of 20 susceptible A. artemisiifolia plants were collected from an agricultural
field in West-Transdanubian region of Hungary (46◦44′54.7′′ N 17◦14′07.7′′ E). Seeds of
linuron resistant biotypes were collected in a field border of Ste-Clotilde Legault Quebec,
Canada (45◦07′14′′ N 73◦38′19′′ W) and seeds of imazethapyr resistant biotypes were
collected in a soybean field of Mirabel Quebec, Canada (45◦39′16.94′′ N 74◦05′45.31′′ W).
Seedlots were sampled from sites where ragweed was tested and identified as imazethapyr
and linuron resistant. Resistance seeds were germinated in petri dishes at 30 ◦C/20 ◦C
16 h photoperiod and were planted in pots and were growing in greenhouse. Leaves of
20-20 planted individuals were further collected. Samples were frozen in liquid nitrogen
immediately after collection and stored at −80 ◦C until DNA and RNA analysis.

Total DNA from leaf tissues was isolated according to the protocol Doyle, J. J. and
Doyle, J. L. [59]. The DNA quantity and purity were assessed on NanoDrop2000 (Thermo
Scientific, Waltham, MA, USA). For the experiments, DNA of resistant and sensitive bio-
types were used according to the following classification: (i) bulked sample of 20 sensitive
genotypes deriving from Hungarian sampling site; (ii) bulked sample of 20 imazethapyr
(imidazolinones) resistant genotypes collected from Mirabel sampling site (AMI) and (iii)
bulked sample of 20 linuron (ureas) resistant genotypes collected from Ste-Clotilde Legault
sampling site (AMU). All individuals, both susceptible and resistant genotypes, were
analyzed by Sanger method.

2.2. Identification of A. artemisiifolia Herbicide Target Enzyme mRNAs

In order to identify in silico coding sequences (cds) of herbicide target enzymes of
each herbicide group, we used the transcript dataset of A. artemisiifolia, deposited in the
National Centre for Biotechnology Information’s (NCBI) Transcriptome Shotgun Assembly
(TSA) dataset under the accession GEZL01000001 [60]. Reference genes were selected based
on taxonomic relationship from closely related species and were downloaded from the
UniProt database: A. artemisiifolia, psbA (B5MF75); Xanthium sp., ahas (Q41716); Cichorium
intybus, ppx1 (Q9SPL6); Amaranthus palmeri, ppx2 (A0A291B3V5); Erigeron canadensis, epsps
(G4U4J5) [61]. The identity of reference genes and identified genes was 96–99% [62]. The
investigated sequences were deposited in the NCBI GenBank database (Accession numbers
see below).

2.3. Intron Analysis, Amplification and Cloning of A. artemisiifolia Herbicide Target
Enzyme Genes

Multiple primer pairs were designed in order to cover all possible mutation points
along the whole psbA and ahas gene sequences by using Primer3Plus [63] (Figures S1 and S2).

In the case of intron containing epsps gene, the exon-intron bounds were predicted
based on complete gene sequences of closely related species by using ClustalW aligning
the sequences of Conyza canadensis (AY545667.1) and Amaranthus palmeri (FJ861242.1 and
FJ861243.1) [64] (Figure S3).

In order to validate polymorphisms that characterize herbicide resistance, the imazethapyr,
linuron resistant, and sensitive bulked samples were amplified. The PCR amplifications
was performed by using Dream Taq DNA polymerase (Thermo Fisher Scientific, Waltham,
MA, USA) The PCR products were separated on 1.5% agarose gel (Promega, Madison, WI,
USA) and were purified using NucleoSpin Gel and PCR Clean-up system (Macharey-Nagel
GmbH & Co, Düren, Germany). The pGEM-T Easy Vector System kit (A1360 Promega,
Madison, WI, USA) and JM109 Competent Cells were used to clone PCR products [65].
Sanger sequencing of the cloned fragments was performed with ABI 3130xl Genetic Ana-
lyzer (Applied Biosystems, Carlsbad, CA, USA). Sequenced fragments of herbicide target
genes were aligned to predicted gene sequences certifying amino acid substitutions in the
mutation points.
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2.4. PCR Amplification for NGS-TAS Experiments

The KAPA HiFi HotStart PCR Kit (Kapa Biosystems, Wilmington, NC, USA) was used
for amplification of target fragments. In NGS-TAS experiments of investigated regions of
psbA, ahas, epsps, and ppx2 genes, primers were designed by using Primer3Plus (Figure S7).

The PCR amplifications were performed and the PCR products were separated on
1.5% agarose gel (Promega, Madison, USA). PCR products were controlled with Agilent
2100 Bioanalyzer (Agilent Technologies, Waldbronn, Germany) using Agilent DNA 1000 Kit
and were purified using NucleoSpin Gel and PCR Clean-up system (Macharey-Nagel
GmbH &Co, Düren, Germany).

2.5. NGS-TAS Experiments

For NGS-TAS experiments, resistant samples were used and grouped with the follow-
ing nomenclature.

Sample AMI was named based on the imidazolinone (imazethapyr) resistant bulked
DNA of A. artemisiifolia and sample AMU was named based on the urea (linuron) resistant
bulked DNA of A. artemisiifolia. Numbers 1–3 were three biological repeats of the same
bulked DNA (AMI1-3, AMU1-3). The concentrations of PCR products were measured
by NanoDrop2000 (Thermo Scientific, Waltham, USA) and fragments for each sample
were diluted relative to the PCR product with the lowest concentration. AMI1control and
AMU1control contained the not diluted samples of the first biological repeats. In the AMI
and AMU groups bulked DNA of 20 individuals were used.

In order to obtain long fragments that cover all the mutation points in each gene,
fragments were sequenced on MiSeq 550 platform obtaining 300 bp paired-end reads
detailed as follows: locus-specific PCR products were purified using 1.0 volume KAPA
PureBeads (F. Hoffmann-La Roche, Basel, Switzerland) according to the manufacturer’s
protocol. The concentration of eluted DNA was measured using a Qubit 3.0 Fluorometer
with Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, USA). Index PCR
reactions (20 μL each) were set up by using 20 ng of purified template in 6 μL, 2 μL Nextera
XT Index kit v2 Primers (N7xx & S5xx) (Illumina, Inc. San Diego, CA, USA), and 10 μL of
2xKAPA Hifi Hot Start Ready Mix (F. Hoffmann-La Roche, Switzerland). The used primer
and IlluminaNextera adapter sequences are detailed in Figure S7. PCR cycling parameters
for index PCRs were as follows: initial denaturation at 95 ◦C for 3 min; 8 cycles at 95 ◦C
for 30 s, 55 ◦C for 30 s, 72 ◦C for 30 s; final extension at 72 ◦C for 5 min. PCR products
were purified using 1.0 volume KAPA PureBeads and eluted in 20 μL of 10 mM Tris-
HCl pH 8. The product libraries were quantified and qualified by using High Sensitivity
D1000 ScreenTape on TapeStation 2200 instrument (Agilent Technologies, Santa Clara, CA,
USA) (Figure S11). Equimolar concentrations of libraries were pooled, diluted to 4 nM,
and combined with other sample pools to gain the desired sequencing depth. Sequencing
was carried out using Illumina MiSeq platform and 600-cycle Reagent Kit v3 (Illumina, Inc.
San Diego, CA, USA). Samples were demultiplexed and adapter-trimmed by using MiSeq
Control Software.

2.6. Bioinformatics Analysis

Pear software [66] was used to merge paired-end reads with minimum overlap size
10 bp, without discard uncalled bases, and with 30 parallel threads in processing (argu-
ments –v 10 –u 1 –j 30). All the samples contained the reads amplified by the 7 primer pairs
covering all the mutation points. Accordingly, the reads belonging to each fragment were
counted in each sample (Figure S12). Usearch software [67] was applied to collect identical
sequences for resistance polymorphism. Usearch was used in three steps: (i) Quality filter
with fastq_filter command with fastq_maxee 1.0 and fastq_minlen 160 parameters; (ii) Sin-
gleton filter with fastq_uniques command; (iii) Grouping with cluster_otus parameter with
minsize 10. Groups were shown the similarity threshold 99% representing the different
amplicon products with nucleotide polymorphism for the investigated gene.
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3. Results

In order to perform NGS-TAS analysis, it would be necessary to know cds and gene
sequences of herbicide target enzymes. However, no whole genome sequence data of
A. artemisiifolia yet exists. To design correct NGS-TAS primer pairs, it is essential to know at
least the sequences at the intron-exon boundaries close to the mutation points. Accordingly,
gene sequences and point mutations of the herbicide target enzymes were determined in
sensitive genotypes by using in silico NGS transcriptome analysis (NGS-TA), SS Sanger
sequencing, and NGS-TAS (Figure 1).

Figure 1. Flow chart of target-site resistance (TSR) diagnostic method using the following steps:
(i) Next generation sequencing (NGS) Transcriptome analysis (NGS-TA). Open reading frames of
target enzymes were identified based on transcriptome database; (ii) Sanger sequencing method
(SS). Specific primers were designed covering the mutation points, fragments were amplified by
PCR, PCR products were cloned and sequenced; (iii) Next-generation sequencing-Targeted amplicon
sequencing (NGS-TAS) method. PCR products were sequenced on Illumina MiSeq550 platform
resulting 300 bp paired-end reads that were sorted based on primer motifs, assembled, and grouped.
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3.1. Identification of A. artemisiifolia Herbicide Target Enzyme cds and Genes

In silico analysis of investigated herbicide target enzyme cds was performed with
BLAST+. The accession numbers of predicted GOIs are MT425203 (psbA), MK096760 (ahas),
MK096765 (epsps), and MK096762 (ppx2). Open reading frame (ORF) sequences were
predicted using NCBI ORF finder [68]. The predicted sequence of the psbA gene consisted
of one exon with a total length of 1062bp, as previously described (Table 1) [37]. The
psbA gene was amplified with 2 primer pairs covering the resistance mutation points as
described before (Figure S1, GenBank accession MT879746).

The structure of the ahas gene contained one exon with a total length of 1965bp. The
whole ahas gene was amplified with five primer pairs covering the resistance mutation
points as described before (Figures S2 and S4, GenBank accession MT415954) [20,47].

The structure of the epsps gene contained 8 exons and 7 introns with a total length of
3539bp. A similar structure was described in Amaranthus palmeri (JX564536.1) [64]. The
epsps gene was amplified with eight primer pairs covering the resistance mutation points
as described before (Figures S3 and S4, GenBank accessions MT415955 (exon1-intron1),
MT409110 (intron1-exon8)) [32].

The first published weed species to evolve resistance to PPO-inhibiting herbicides
was Amaranthus tuberculatus [56]. The ppx2 gene (GenBank accession DQ386118) from the
resistant biotype of A. tuberculatus contained a glycine deletion at position 210 (ΔG210) that
was shown to confer resistance. This deletion in A. artemisiifolia has not been published,
yet, although the substitution Arg98Leu was discovered to contribute to PPO-inhibitor
resistance A. artemisiifolia [57]. So far, no complete gene sequence exists of the whole ppx2
gene in plants covering all of the introns and exons. Therefore, identifying the complete
sequence of ppx2 gene is not possible only using Sanger sequencing. By using the NGS-TAS,
a 324 bp fragment of ppx2 gene was amplified with one primer pair covering the resistance
mutation point Arg98 [55]. Electropherogram of Sanger sequenced PCR product revealed
two product lengths. The differences between the two fragments were 13 bp localised in
one intron (Figures S4 and S5, GenBank accession MT879747, MT879748).

In order to obtain accurate information about the investigated enzymes, in silico
predicted cds of Illumina data and the Sanger sequenced data of the appropriate PCR
products were compared. The two technologies showed slight variability (1–2% differences)
in amino acid sequences across ahas and epsps, however these discrepancies were not at
mutation points. There was no difference in sequencing results of the psbA gene between
the two methods (Figure S6).

3.2. NGS-TAS Experiments of AMI and AMU Biological Repeats

In NGS-TAS experiments specific regions of psbA, ahas, epsps, and ppx2 genes were am-
plified by different primers (Figure 2, Figures S9 and S10). Sample AMI was named based
on the imidazolinone (imazethapyr) resistant bulked DNA of A. artemisiifolia and sample
AMU was named based on the urea (linuron) resistant bulked DNA of A. artemisiifolia.
Both AMI and AMU contained three replicates.
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Figure 2. The schematic representation of (a), psbA; (b), ahas; (c), epsps, and (d), ppx2 genes in A. artemisiifolia indicating
regions amplified by different primers. Vertical grey lines indicate amino acid positions that contain substitutions in
herbicide resistant plants. The number after the amino acid refers to the amino acid position. Green boxes indicate exons
and grey lines between boxes indicate introns. Colour lines show positions of primer pairs.

Each sample contained the PCR products of psbA, ahas, epsps, and ppx2 genes. The
control of AMI1-3 group was labeled as AMI1control and contained PCR products of
AMI1. Similarly, AMU1control served as a control for AMU1-3 group and contained
PCR products of AMU1. Both in AMI and AMU samples, the concentrations of the PCR
products of the four genes were measured in each replicate, respectively. Afterwards, the
lowest concentration was used as a base for further dilution of the other PCR products to
avoid error in sequencing analysis (Table 2, Figure S8). In NGS-TAS analyses the samples
were sequenced in four lanes. Based on the ratio of concentration/contig number of the
samples, we found that all concentrations of AMI and AMU samples were optimal for the
diagnostic procedure.

3.3. Bioinformatics Analysis of AMI and AMU Groups

Samples with different concentrations showed different distributions in contig number
(Table 2). As a result of amplicon sequencing the number of Illumina MiSeq 300 bp reads
were 276,462 (forward), 296,722 (reverse) in case of AMI and 316,465 (forward), 369,748
(reverse) in case of AMU samples. After quality filtering dropped reads were 0.7% on
average of AMI samples and 4.7% on average of AMU samples. PEAR software was used
to assemble cleaned reads of which unpaired ones were filtered out with the average ratio
5.45 and 9.05% of AMI and AMU samples, respectively. Numbers of filtered and assembled
reads were 255,357–287,197. In order to separate the investigated gene fragments we
clustered the contigs (assembled reads) into groups based on appropriate primer motifs by
using Usearch software. During clustering singletons were dropped (unique groups with
one sequence). Average ratios of the survived contigs were 69.8% and 69.7%. The group
number was 18 and 12 in AMI and AMU samples (Figure S12).
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Fragments in each sample contain different numbers of contigs. Primer sorted groups
contain min 8066 max 52,289 contigs (Table 2). Undiluted AMI1control and AMU1 control
samples showed an equable read distribution in each fragment, therefore dilution of
samples in the same concentration is recommended. Confirmation of a fragment with such
a large number of reads provides an opportunity for large-sample analysis.

3.4. Detection of Mutation Points in Resistant Biotypes

To be able to identify the mutations causing resistance in A. artemisiifolia, bulked and
amplified DNA sequences of imazethapyr and linuron resistant samples were further
analysed by NGS-TAS that covered 16 known resistance mutations sites in A. artemisiifolia.
In the AMI group, sequence alignment analysis showed that a single nucleotide in the ahas
gene was changed from TGG to TTG and resulted in a Trp574Leu substitution conferring
herbicide resistance [47] (Figure 3). Other amino acid substitutions in the D1 protein, EPSPS
and PPX2 enzymes at known resistance-conferring mutations sites were not found. Based
on these data, the investigated population was susceptible to PSII, EPSP synthase and PPO
inhibitors (Figure 3). In the AMU group, sequence alignment analysis showed that a single
triplet was changed (GTA to ATA) in the psbA gene and resulted in a resistance-conferring
Val219Ile substitution [41] (Figure 3). Other amino acid substitutions in AHAS, EPSPS,
and PPX2 enzymes at known resistance-conferring mutations sites were not found. Based
on this data the investigated biotype was susceptible to AHAS, EPSP synthase, and PPO
inhibitors in terms of TSR (Figure 3).

Figure 3. Amino acid mutations in investigated gene products. Imidazolinone and urea resistant bulked samples were
analyzed by NGS-TAS that covered 16 known resistance-conferring mutations sites in A. artemisiifolia. Marking: green,
possible mutation sites; red, mutant amino acids. DNA sequencing revealed that an inferred leucine for tryptophan
substitution at amino acid position 574 in AHAS enzyme was responsible for the imazethapyr herbicide resistance. Amino
acid substitution at the position 219 (valine/isoleucine) in psbA gene product, D1 protein, was responsible for the linuron
resistance. Amino acid substitutions in EPSPS and PPX2 enzymes at known resistance-conferring mutations sites were
not found.
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4. Discussion

Chemical weed control is one of the most common ways to fight against weeds in
agricultural areas, giving a high selection pressure for resistant biotypes. After herbicide
treatment, the rapid diagnosis of resistance mutations present in surviving individuals
using would inform and improve the effectiveness of the next herbicide treatment. In
order to maintain sustainability in crop fields and beneficial weed communities that are
required for natural ecosystems, the monitoring of resistant common ragweed populations
between treatments is important. In this study, we present a molecular biology-based
approach (NGS-TAS) to detect herbicide resistant common ragweed populations in arable
habitats [69,70].

It is important that only a few herbicides with new mechanism of action (MOA) have
been released since the 1980s. The increasing number of herbicide resistant weeds and the
lack of discovery of new MOAs make it difficult or even impossible to use existing herbi-
cides effectively. Some studies predict that these problems will endanger the sustainability
of weed control [16,71]. Therefore, it is essential to inform farmers about integrated and
resistant weed management strategies that are less harmful to the environment [16].

Determining TSR would largely improve the weed management strategy of arable
lands. Field sampling of populations and testing them by NGS-TAS method would guide
farmers to select the proper herbicides thereby decreasing the impact of agricultural
chemical inputs on the populations of crop fields. Thereby, unnecessary and ineffective
chemical usage could be avoided [16].

In this study, we describe an effective diagnostic process using NGS-TAS to get infor-
mation about evolved TSR in A. artemisiifolia populations. In NGS-TAS, TSR is determined
using SNP genotyping following genome-wide genotyping. We demonstrate that NGS-
TAS analysis is a method that can monitor TSR against four different enzymes targeted
by different herbicides in A. artemisiifolia simultaneously. In order to analyse SNPs as
part of the resistance mechanism of A. artemisiifolia, coding sequences and complete genes
of D1 protein, AHAS and EPSPS were identified. However, the sequence of PPX2 only
partially was identified at the region of interest as its length and genomic data is unknown.
Mutations and polymorphisms in these four proteins that had previously been reported
to confer resistance were specifically investigated. The developed NGS-TAS markers can
identify 16 amino acid substitutions of the investigated common ragweed genes among
which 4 (psbA: Val219, Ser264, ahas: Trp 574 and ppx2:Arg98) were proven. As a result, the
investigated samples characterized by imidazolinone (imazethapyr) and urea (linuron)
TSR were proved to carry mutation points at Trp574Leu and Val219Ile in the ahas and psbA
genes, respectively. Although no MTSR existed in the studied resistant samples (AMI,
AMU), the NGS-TAS method can be used to detect multiple herbicide resistance, which
needs to be confirmed by specific MTSR samples.

NGS technology can examine a large number of samples simultaneously using frag-
ment or sample-specific indexed primers. Therefore, amplicon primers were provided that
are suitable for discriminating mutation points. In this study, we demonstrated the trial of
a pooled sample evolved mutations points of herbicide target genes supporting resistance
of A. artemisiifolia populations and biotypes.

5. Conclusions

Invasive weed species appeared to be the bane of biodiversity, ecosystem services,
and food security. Integrated weed management practices provide several comprehensive
solutions for weed control to reduce weed coverage in agricultural fields. Unfortunately,
many weed management approaches used nowadays are highly unsustainable. Moreover,
many studies report on the rapid evolution of herbicide-resistant weed populations. This
complex evolution of herbicide-resistant weeds makes it difficult to use sustainable herbi-
cide technology [20]. Therefore, applying weed management tools for invasive plants are
often ineffective at producing long-term benefits [72]. In order to map evolved resistance

118



Diversity 2021, 13, 118

in populations, different herbicide resistance mechanisms have to be investigated, such
as TSR.

To summarize, NGS-TAS method is a powerful approach that was used for the de-
tection of amino acid polymorphism and mutations that induce TSR. Therefore, it can
improve effective weed control taking into account biological integrity and sustainability in
agroecosystems by selecting the optimal and effective herbicide usage in cropping systems.

Supplementary Materials: The following are available online at https://www.mdpi.com/1424-281
8/13/3/118/s1, Figures S1–S12: Primers, gel pictures and electropherograms of Sanger sequencing.
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Abstract: The majority of plant diversity in the boreal forest of northern Alberta, Canada is comprised
of native understory plant species that are continuously facing competition from other species,
including both undesirable native and weedy species. In oil sands mine reclamation, cover soils
rich in organic matter are used to cap overburden materials. The aim of this study is to understand
the role of weeds on different reclamation cover soils (forest floor-mineral mix and peat-mineral
mix) and determine if they hinder the establishment of the native plant community. This study
was conducted four growing seasons after site establishment in June 2019. At that time, both soil
types had approximately 45% total cover, had 21 species per plot, and were composed of mainly
native vegetation. Competition from non-native forbs (11% average cover, mainly Sonchus arvensis
and Melilotus alba) did not seem to impact the development of the native vegetation community
on either soil type given the high cover and richness of native forbs. However, native graminoids
(predominantly Calamagrostis canadensis) were associated with reduced native forb cover and richness
at graminoid cover greater than 17%. Overall, non-native forbs appeared to have little impact on
the native forb community on either soil type while native graminoids had a negative influence. We
suggest that the classification of what is considered an undesirable weedy species should be evaluated
in the context of ecosystem management goals rather than simply the presence of non-native species.

Keywords: reclamation; boreal; competition; plant community; weedy species

1. Introduction

Weed invasion on mine sites post-reclamation is an ongoing management issue world-
wide, particularly if weeds dominate to the point of altering the desired plant community.
For example, the introduced forb Tripleurospermum perforatum (scentless chamomile) is
establishing and dominating on reclaimed well sites in Alberta [1,2], Andropogon gayanus
(Gamba grass) is invading reclaimed mine sites in northern Australia [3], and the encroach-
ment of a non-native shrub, Elaeagnus umbellate, is dominating coal mining reclamation
sites across the eastern United States [4]. These species, and many others around the
world [5,6], inhibit revegetation of desirable species post-disturbance and are considered
detrimental to the reclamation goal of a native plant community. Weeds have the potential
to alter the successional trajectory of a reclamation site and hinder the establishment of
a native plant community [1,2,7]. Weeds typically reproduce prolifically, spread rapidly,
are disturbance-adapted [8], and outcompete other plants via utilization of vital resources
required for successful establishment and growth; they may also migrate outwards into the
surrounding landscape [9]. Consequently, in this context of post-mining land use a “weed”
is any undesirable plant species, native or introduced, that interferes with ecological, eco-
nomic, and management objectives for revegetation post-disturbance and may prevent
sites from meeting certification requirements [7].

“Weedy” species, including both native and non-native types in the North American
boreal region, are predominantly disturbance-adapted forbs and perennial grasses capable
of thriving in a variety of growing conditions [10,11]. Many of the boreal weeds may be
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acting as temporary placeholders in the early stage of vegetation community development
and can potentially be outcompeted over time. A study done in Alberta’s oil sands region
on a reclaimed upland forest suggests that within early successional communities, weedy
species can act as pioneers and may be facilitating native revegetation long-term [12].
However, facilitative interactions from non-native plants on the native vegetation commu-
nity are scarce and generally occur in high stress environments [13–16]. In many cases,
non-native species in higher stress environments can be crucial in the recovery of optimal
soil conditions which may be uninhabitable by native trees or understory species [12,16].
Through facilitation, weedy species have been shown to create better soil conditions and
structure due to their ability to efficiently capture limited resources and in turn enhance
aboveground and belowground biomass, leading to the addition of organic matter to
the soil [12,15,16]. This positive interaction has been seen in a weedy graminoid species,
Stipa tenacissim, in the degraded steppes of Spain, where it has directly enhanced seedling
survival through the alteration of microclimate, soil fertility, and moisture availability [16].
However, it is not clear if competition or facilitation processes are dominating on our site.

Anthropogenic activities, particularly oil sands mining, represent a high severity
disturbance that both removes the vegetation and modifies the soil [7,10,11,17]. Current
reclamation operations in the oil sands mining region of northern Alberta include con-
structing landforms from overburden or tailings and then capping these with cover soil
rich in organic matter. The reclamation cover soils used in northern Alberta are either
upland-derived forest floor-mineral mix (FFMM) or peatland-derived peat-mineral mix
(PMM). Due to the high stress environments created post-mining, the direction and inter-
actions that will occur within the novel vegetation communities are relatively unknown.
The interactions between weedy and native species are, in part, largely dependent on soil
quality and type. FFMM often displays higher initial species diversity than PMM, resulting
in more potential competitive and facilitative interactions. Cover and diversity dynamics
on PMM, on the other hand, likely have a more neutral relationship, as there is initially
more growing space available.

Weed research tends to be focused on the impact of non-native weedy species, but
in the boreal region there is evidence that native graminoid species pose a risk to the
ecosystem, tree, and plant community. However, these may not be a concern to land
managers as they are native species. Further research is needed, therefore, to understand
and help evaluate the differences in the plant community in response to various levels of
competition from both native and non-native species on reclamation sites. The goal of this
project is to gain a greater understanding of the role that weedy species, both native and
non-native, play on reclaimed sites and determine if weeds hinder the establishment of the
vegetation community, in particular native forbs. Alternatively, the weeds may simply be
utilizing available resources with no long-term impacts on plant community development.
The specific research questions include: Are weeds impeding the successful establishment
of a native plant community? What are the impacts of weeds on the different soil types?
Which species are acting as weeds?

2. Materials and Methods

This study was conducted on a reclamation site located at an oil sands mine approx-
imately 75 km northwest of Fort McMurray, Alberta, Canada (57.3377◦ N 111.7552◦ W)
within the boreal mixedwood ecoregion [18]. This area experiences annual precipitation
of 419 mm with an annual average temperature of 1 ◦C [19]. Reclamation occurred in
2015 on an overburden-based tailings dyke extending over 19 ha. The reclamation site
was capped with two distinct cover soils, upland-derived FFMM and peatland-derived
PMM, to a depth of 0.25 m. FFMM is an upland forest-based cover soil that incorporates
the seedbank rich organic forest floor layer with underlying mineral soil resulting in high
levels of initial plant diversity and biomass [10,11]. PMM is derived from peatlands and is
a mixture of lowland peat deposits and underlying mineral soil (ratio of 60:40 peat-to-soil
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volume) [17]. PMM has high organic matter content, water holding capacity, and surface
roughness, making it ideal for tree and woody species establishment [20,21].

Plant community composition was measured in June 2019 at 40 (20 FFMM and
20 PMM) plots. Within each plot, four 1 m2 quadrats were averaged to assess the per-
cent cover and richness of all vascular plants identified to species-level to a minimum of
0.5% cover [22–25]. Bare soil (%) was calculated as 100—total cover. Species were also
grouped into functional groups: native forbs, non-native forbs, graminoids (grasses, rushes,
and sedges), shrubs, and trees [22–25]. All graminoids, shrubs, and trees were native
species. Species nomenclature follows USDA [26]. The main competitive native graminoid
species on reclamation sites in Alberta is Calamagrostis canadensis [27–30]. Calamagrostis
canadensis is an aggressive rhizomatous grass that grows to be 60–120 cm tall, is highly
competitive for light and nutrient resources, and establishes earlier in the growing season
than other plant species [23,29,30]. The large amounts of dense aboveground litter and
belowground root mass produced by Calamagrostis canadensis negatively influence light
availability, surface access, and soil temperature, which can prevent understory plant and
tree regeneration [31,32].

General soil characteristics were measured in all plots. Volumetric soil water content
(FieldScout TDR 300, Spectrum Technologies Inc., Aurora, IL, USA), soil temperature (Fisher
Scientific digital thermometers), and pH (400-m, Field Scout, Spectrum Technologies Inc.,
Aurora, IL, USA) were measured within a short period (3–5 days) to minimize variation [33].
Soil measurements were not performed within 24 h after a rain event [33,34]. Volumetric
water content (VWC) was collected from three random locations within the inner plot to
acquire an average reading. Soil temperature and pH readings were collected at the plot
center; the thermometer and probes were left in the ground to stabilize for 2–3 min before
the reading was taken. All soil measurements were taken at a depth of 12 cm. VWC was
higher by 10.5% on PMM compared to FFMM, while pH and soil temperature were similar
between soil types (Table 1). All reclamation topsoil must meet chemical quality guidelines
for pH, electrical conductivity, and other variables as outlined in [17].

Table 1. Study site characteristics for showing average soil temperature, VWC, pH, (standard deviation), and species
richness for both soil types (FFMM n = 20; PMM n = 20). p-values for soil temperature are based on ANOVA and all other
p-values are based on permANOVA.

FFMM PMM p

Soil
Soil Temperature (◦C) 14.1 (2.2) 15.4 (1.4) 0.090

VWC (%) 16.5 (4.4) 27.0 (6.4) <0.001
pH 6.9 (0.7) 6.5 (0.9) 0.176

Average Species
Richness Per 1 m2

Quadrat

Tree 1 2 <0.001
Native Forb 10 9 0.118

Non-Native Forb 3 4 0.270
Graminoid 5 5 1

Shrub 2 1 0.980

All data analysis was done using R software (version R.3.1.1, R Core Team 2019).
The main response variable of interest is native forb cover in relation to soil type and
competing weed cover. Species cover, volumetric water content, and pH data had non-
normal distribution based on the Shapiro–Wilk test and residual plots and could not be
normalized; therefore, non-parametric tests were completed. To determine the differences
between functional group cover, richness (native forbs, non-native, graminoids, shrubs,
and trees), pH, VWC, and tree regeneration by soil type, a two-way permutational analysis
of variance (permANOVA) (significance level of 0.05) was completed using the lmPerm
package (version 2.1.0) [35]. ANOVA was used to compare soil temperature between
soil types. Spearman correlation was used to compare the cover of non-native forbs and
graminoids to native forb cover and richness on both soil types. Negative correlations are
interpreted to indicate competition, while positive correlations indicate facilitation or no
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direct interaction. Regression tree analysis using the mvpart package (Version 1.6–2) [36]
was used to evaluate the potential thresholds of weedy, graminoid, and individual species
cover that would be potentially limiting on native forb cover.

3. Results

Four growing seasons after establishment, species richness (average = 21 species per
1 m2 quadrat, p = 1) and total cover (average = 45%, p = 1) were similar between FFMM
and PMM. The largest component of the plant community in terms of both richness and
cover was from native forbs on both soil types (Table 1, Figure 1). Native forb cover was
similar on both soil types (p = 0.408) with an average cover of 21.3% on FFMM and 18.1%
on PMM. Shrub cover was similar between soil types (p = 0.076) with an average cover of
4.5% on FFMM and 1.8% on PMM (Figure 1). Non-native forb cover (p < 0.001) was higher
on PMM, which had a cover of 10.9%, compared to FFMM, which had an average cover of
4.3% (Figure 1). Tree cover (p < 0.001) was higher on PMM, which had an average cover
of 4.7%, while FFMM had 0.6% (Figure 1). Graminoid cover was higher on the FFMM
(p = 0.034), which had an average cover of 14.4%, while PMM had 9.9%.

 
Figure 1. Average percent cover by functional group comparison of forest floor-mineral mix (FFMM) and peat-mineral mix
(PMM) soil types with standard error bars and significant letters based on permutational analysis of variance (permANOVA)
(FFMM n = 20; PMM n = 20).
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On FFMM, the species with the highest cover were Calamagrostis canadensis (native
grass), Chamerion angustifolium (native forb), Rubus idaeus (native shrub), and Sonchus arven-
sis (non-native forb) (Table 2). On PMM, the species with the highest cover were Chamerion
angustifolium, Calamagrostis canadensis, Equisetum arvense (native forb), and Melilotus alba
(non-native forb) (Table 2). Calamagrostis canadensis accounted for the largest proportion of
graminoid cover on both soil types; 47% of graminoid cover was Calamagrostis on FFMM
and 53% on PMM. Sonchus arvensis accounted for 60% of non-native forb cover on FFMM
and 34% on PMM, while Melilotus alba accounted for 14% of non-native cover on FFMM
and 40% on PMM. These three weedy species were clearly the dominant weedy species on
both soil types.

Table 2. Four species with the highest average percent cover per plot found within each functional group and soil type
showing cover (%).

FFMM PMM

Functional Group Species
Average Cover Per

Plot (%)
Species

Average Cover Per
Plot (%)

Non-Native Forbs

Sonchus arvensis 2.6 Melilotus alba 4.4
Melilotus alba <1.0 Sonchus arvensis 3.7

Taraxacum officinale <1.0 Crepis tectorum 1.5
Crepis tectorum <1.0 Taraxacum officinale <1.0

Native Forbs

Chamerion angustifolium 6.2 Chamerion angustifolium 6.5
Equisetum arvense 3.9 Equisetum arvense 5.8

Lathyrus ochroleucus 1.9 Achillea millefolium 1.2
Fragaria virginiana 1.7 Lathyrus ochroleucus <1.0

Graminoids

Calamagrostis canadensis 6.8 Calamagrostis canadensis 5.3
Poa pratensis 2.7 Agropyron trachycaulum 1.0

Agropyron trachycaulum 2.5 Carex spp. <1.0
Leymus innovatus 1.3 Poa pratensis <1.0

Shrubs

Rubus idaeus 3.7 Salix spp. 1.0
Rosa acicularis <1.0 Rubus idaeus <1.0
Cornus sericea <1.0 Rosa acicularis <1.0

Ribes oxyacanthoides <1.0 Shepherdia canadensis <1.0

On both soil types, neither native forb cover (rho = −0.307, p = 0.056) nor richness
(FFMM rho = −0.131, p = 0.582; PMM rho = −0.044, p = 0.854) showed a significant
relationship related to non-native forb cover. Similarly, no relationships occurred be-
tween native forb cover and the two main non-native forb species, Sonchus arvensis (FFMM
rho = −0.278, p = 0.235; PMM rho = −0.223, p = 0.344) and Melilotus alba (FFMM
rho = −0.149, p = 0.530; PMM rho = −0.166, p = 0.483). There was also no relation-
ship between non-native forb cover and either tree (FFMM rho = 0.298 p = 0.202; PMM
rho = −0.070 p = 0.768) or shrub (FFMM rho = 0.040 p = 0.868; PMM rho = −0.071
p = 0.767) cover.

In contrast to non-native forbs, the relationship between graminoid cover and native
forb cover showed a clear threshold relationship with reduced cover of native forbs when
graminoid cover was greater than 17.4% (Figure 2b). Native forb richness, however,
was not impacted by graminoid cover on either soil type (graminoid FFMM rho = 0.104,
p = 0.663; PMM rho = 0.278, p = 0.235). There was no relationship between graminoid cover
and either tree (FFMM rho = −0.043, p = 0.857; PMM rho = −0.027, p = 0.910) or shrub
(FFMM rho = 0.0928, p = 0.697; PMM rho = −0.027, p = 0.513) cover on either soil type.
These relationships were unaffected by soil pH, temperature, and VWC at the plot level.
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Figure 2. Scatter plot between native forb cover (%), (a) non-native forbs, and (b) graminoid cover (%) with a threshold
created from a regression tree analysis (threshold for graminoid cover ≥17.4% n = 6, <17.4% n = 34).

4. Discussion

There is little evidence of competition among functional groups or of non-native
forbs hindering the development of native forbs. On the other hand, there is also no
evidence of facilitation with non-native species enhancing the establishment of native
forbs such as has been hypothesized for the nitrogen-fixing Melilotus [37–40]. Based on
the results of this study, Melilotus alba does not appear to be a factor in understory growth,
displaying little to no impact on abundance or diversity of native species on either soil type;
however, this may also be due to lifecycle, as Melilotus spp. are biennials [28,39]. Overall,
it appears that non-native forbs could simply be acting as placeholders or niche fillers
alongside other pioneer species within the native plant community and may not impede
the establishment and development of other species [38,41]. This random vegetation
community structure is common in early successional communities [39,42] and is evidenced
in our study by the abundance of available seedbeds (55% bare soil on average) and growing
space. Competition may play a larger role in structuring the vegetation community once
all available growing space is occupied, but competition from non-native forbs does not
appear to be negatively influencing the plant community at this stage.

On oil sands mine sites that utilized either FFMM or PMM as cover soil, Sonchus
arvensis (Perennial sow-thistle, non-native perennial forb), Melilotus alba (White sweet
clover, non-native biennial forb), and Calamagrostis canadensis (Bluejoint reedgrass, native
perennial grass) have been identified as potentially having the most impact on the desired
native forb community post-disturbance [1,2,27]. Listed on Alberta’s noxious weed list [20],
Sonchus arvensis is 40–200 cm tall and forms large, aggressive root networks [22,43] capable
of capitalizing on belowground resources, which can result in an aboveground competitive
advantage deleteriously affecting the native plant community development and diver-
sity [27]. Melilotus alba establishes quickly, grows to 250 cm tall, spreads rapidly, and
acts as a nitrogen-fixer [22,28,44], making it potentially useful as a cover crop. However,
some of these same characteristics enable Melilotus alba to become weedy and difficult to
control [28,44]. On a reclaimed coal mine in Alberta utilizing Melilotus spp. as a cover crop,
findings show the establishment of the native understory was not affected and may have
been facilitated via repression of other weeds [28]. Therefore, whether or not Melilous alba
should be considered a weed is dependent on many factors.

Sonchus arvensis, the other main non-native species found in our study, is listed on
Alberta’s noxious weed list [45], meaning that it is legally required to be controlled to
prevent the spread. However, based on our results Sonchus arvensis showed no evidence
of competition with native forbs four years after site establishment and has less than 5%
cover on both soil types. Species like Sonchus arvensis, and many other weeds, have high
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initial cover after reclamation and then decrease in abundance within a few years. This is
because they often originate from the seedbank, particularly on FFMM, and have rapid
expansion [28,35,46]. However, it appears that this initially high cover of Sonchus arvensis
does not inhibit the growth and development of native forbs and is a low risk to the
long-term ecosystem development on the site [2].

Although all graminoids, including the dominant Calamagrostis canadensis, present on
our site are native species and are not considered noxious weeds, they appear to have a
greater potential to reduce native forb cover [47,48]. Graminoids reduced cover of native
forbs on both FFMM and PMM at graminoid cover levels greater than 17%. In other
studies, the abundance of native forb species was reduced by 10% in the presence of
native perennial graminoids, in particular Calamagrostis canadensis, and the growth and
establishment of native trees were substantially reduced [25,43]. Graminoids have the
potential to impede other native plants through a decrease in soil temperature, reduced
light availability, and snow press damage due to the dense leaf litter [31,32]. A recent study
from northeastern Alberta found that perennial grasses showed the greatest impact on
tree growth and competition dynamics in this system [49]. We see a similar relationship in
our study with higher graminoid cover and lower tree cover on FFMM, with the opposite
being true on PMM.

The future of weeds on this site is still relatively unknown. On some mine reclamation
sites, non-native forbs can still be a large problem, showing 95% cover more than 20 years
post reclamation [50]. In other studies, weeds average only 10% cover after 20 years [21].
In our study, non-native forbs were around 10% cover after four years. Non-native species
still have the potential to drive ecosystem development when native species richness is
low and non-native forb cover is high [21]. In other cases, such as in our study, when
non-native cover is low and native species richness is high, non-native forbs are not likely
to have a large impact in structuring the vegetation community [51].

The future role of non-native forbs is generally dependent on the development of
an overstory canopy [51–53]. As long as trees can develop into the initial community on
reclamation sites, the long-term competitive relationships will likely be similar to what
is found in nearby natural ecosystems [46,48]. In both mature natural stands and post-
disturbance stands, the tree canopy has a strong influence on the altering of the understory
plant community, on soil nutrients, and on light availability [46,48]. With the presence of
an overstory canopy, the understory will be less likely to be invaded by weedy species
due to the barrier for wind-dispersal and heavy shading [50,52]. However, as in natural
forests, graminoids are capable of remaining in the understory canopy throughout the
entire rotation [29].

We expected the weed relationships to vary by soil type, but we did not see this trend.
This indicates that the vegetation communities on both soil types are behaving in a similar
manner. The initial vegetation community on this site was different between soil types due
to the differences in the seedbank [46]. Within a few years, however, other factors such as
seed rain alter the vegetation community on both soil types [46,53]. It also appears that
even at this early successional stage, the competitive processes between plant functional
groups are similar between soil types; in the future, we expect the successional patterns to
be similar as well.

5. Management Implications

From a management perspective, if weeds are not posing a problem by reducing
desirable plant cover or altering successional pathways, they can likely be monitored rather
than eradicated, resulting in saved time and money on weed control. Instead of focusing on
the presence and subsequent control of a particular weed species, reclamation requirements
and policies may need to focus more on ecosystem health and productivity outcomes, such
as the cover and richness of a desirable native plant community. This approach will better
account for “novel” ecosystems, which are a more realistic and economically achievable
outcome [51]. A viable weed management option for our site appears to be simply allowing
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the desirable plant community to develop over time with no further interventions required.
However, on sites where native graminoids appear to be acting as a more serious weedy
competitor than non-native forbs, more active interventions may be needed.

Sonchus arvensis, Melilotus alba, and Calamagrostis canadensis on this reclamation site
established through the seedbank. Determining the pre-salvage abundance of these species
would allow managers to identify the probability of reclamation sites having higher weed
pressures and potentially prevent them from establishing on site at all [2,29]. Although
competition did not seem to have a large influence in structuring the vegetation community
in our study, caution must be used to extrapolate to other reclamation sites and successional
stages. This study was a short-term experiment during the summer season of 2019 and
was only one time period on a successional stage. In addition, our study was intended to
identify the actual impact of weeds on native forbs on a specific site, and we believe we
have accomplished this goal using relatively simple plant community metrics, specifically
cover and richness. However, future studies using more sophisticated metrics such as
plant volume and competition indices may be able to better quantify plant interactions [54].
Of course, all reclamation sites are unique; therefore, continued monitoring is needed to
gain a better understanding of the long-term implications of different weed management
techniques on different site types.
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Abstract: The ecology and diversity of flowering parasitic plants and their hosts are poorly inves-
tigated and usually ignored in Saudi Arabian plant communities. Therefore, this work aimed at
assessing the ecology and diversity of parasitic plants and their hosts along an elevation gradient in
the Al-Baha region (1300–2400 m.a.s.l.). Different quantitative vegetation parameters were applied to
analyze the collected data. Eight parasitic plants from six genera and four families were identified
along the gradient, with 67% of them being zoochorously dispersed species. They accounted for
approximately 23.5% (8 out of 34) of those found throughout Saudi Arabia. Perennials, stem hemi-
parasites, and biregional taxa accounted for around 62.5% of the total parasites, whereas indigenous
species accounted for 75%. The dominant family of parasitic species was Loranthaceae (50%), and
Phragmanthera austroarabica A.G.Mill. & J.A.Nyberg was the most important species (IVI = 107.28).
Orobanche cernua Loefl. and Loranthella deflersii (Tiegh.) S.Blanco & C.E.Wetzel were restricted to the
dry zone (low elevation) only, while the other parasites were distributed across the surveyed region.
Twenty-three host plants were identified throughout the study region. About 83% of them were
phanerophytes and bioregional plants, with 91% being perennial species. The prevalent host plant
family across all sites was Fabaceae, with Nicotina glauca Graham being the most important host
species (IVI = 32.44%). P. austroarabica and Plicosepalus curviflorus Tiegh. preferred Vachellias as host
plants, while Vachellia flava (Forssk.) Kyal. & Boatwr. was the heavily infected host by P. austroarabica.
P. austroarabica had a broad spectrum of host range (13 host plants), while O. cernua had a very narrow
host range (only Rumex nervosus Vahl). Individual parasite and host species were markedly more
abundant in the wet zone than in the low-altitude dry zone. Further research is needed to fully
understand such distinctive groups of plants and their negative and positive ecological consequences
on plant biodiversity and natural ecosystems.

Keywords: parasitic plants; host species; elevation; vegetation parameters; diversity; Saudi Arabia

1. Introduction

Parasitic angiosperms are a diverse group of around 4500 species divided into
12 families and roughly 300 genera [1]. They are specialized plants that lose the capacity
to photosynthesize entirely or partially and receive their organic and inorganic nutrients
from the host plants through the haustoria. A parasitic plant’s haustorium is a special-
ized structure that has a physiological connection with the host plants [2]. Although the
number and diversity of these parasites vary depending on the biome and ecosystems,
they are common elements in terrestrial environmental habitats worldwide [3]. Beyond
having a bad impact on the host, their ecological roles are much more nuanced [4]. Some
parasitic species can change the community competition patterns, facilitate the environ-
mental cycling of nutrients [5], and modify diversity within communities [6]. It has been
frequently shown that parasitic plants can inhibit the development and competitiveness
of widespread plants, lower the rate of biomass formation in the ecosystem, and promote
seed growth by creating openings for embryos to germinate [7,8]. This means that the
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overall harm caused by parasitic plants to their hosts could be changed into a benefit
for wider plant communities [4]. Some of them play significant roles in controlling
plant invasions and aiding in biodiversity restoration [9,10]. Furthermore, the haustorial
link may aid in the flow of stress-responsive chemicals as well as potentially hazardous
substances such as heavy metals [11,12]. However, a small number of parasitic plants
are among the most devastating agricultural pests, costing billions of dollars in annual
losses, food poverty, and ecological risks [13]. Mistletoe is an airborne parasitic plant
that is pollinated and disseminated by birds and other visitors; it controls the natural
structure of the plant groups throughout the local habitat [14].

Depending on their photosynthetic ability, they can be classified as holoparasites
(photosynthetic) or hemiparasites (non-photosynthetic) [15] or as stem or root parasites
according to where they attach [16]. Although the haustorium structure varies throughout
parasitic plant families, it is a feature common to all species [16].

Orobanchaceae and the order Santalales have the highest number of parasitic plants [2],
with Loranthaceae (76 genera, more than 1000 species) having most of them [17]. Loran-
thaceae is predominantly distributed in Asia, the Americas, Africa, and Australia, with
certain species spreading in areas having mild temperatures in Europe and East Asia [18].
It is primarily composed of airborne parasitic plants but also includes three root parasitic
species [18]. The plants in this family interact with insects, birds, and mammals and have a
crucial role in the biological ecosystems in which they exist [14]. The family Loranthaceae
has four genera, Phragmanthera, Oncocalyx, Tapinanthus, and Plicosepalus, all of which grow
natively in Saudi Arabia, with six species belonging to these genera dispersed across the
Kingdom’s north, west, and south [19]. There have been few publications, most of which
have focused on species in a relatively restricted area of the Al-Baha region [20–22]. These
publications barely mention the distribution and host range of parasitic vascular plants in
this region. A few studies [23,24] have been conducted, but they do not address the ecology
and diversity of all parasitic plants and their host plants that are present throughout the
country. Consequently, this work gives an in-depth investigation on the distribution and
diversity of parasitic plants and their host range of flowering plants in the Al-Baha region.

2. Materials and Methods

2.1. Study Area

Al-Baha is a highland region in southwestern Saudi Arabia lying at the longitude
41/42 E and latitude 16/20 N with an elevation ranging from 1300 to 2450 m above sea
level (Figure 1). It is bordered on the west by the Rocky Mountains and on the east by
semi-arid mountains and has a broad diversity of habitats associated with different plant
species. The majority of Al-Baha’s region falls within the tropical and subtropical arid
zones [20]. Summer temperatures range from 22 to 32 ◦C and winter temperatures range
from 10 to 22 ◦C, and the rainfall in arid areas varies between 100 and 200 mm [25]. Alaqiq,
Baljurashi, Al Mandaq, and Al Mikhwah areas receive annual precipitations of 142, 300,
316, and 200 mm, respectively [20].
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Figure 1. A map shows the locations of the study area.

2.2. Field Survey

Extensive field surveys (over 30 trips) were conducted to cover all the sites of the study
region from April 2022 to March 2023. The region was divided into two zones, dry (low
altitude) and wet (high altitude) zones. According to the elevation gradient, each zone was
subdivided into two sites, dry zone (site 1: 1300–1500, site 2: 1501–1700 m.a.s.l.) and wet
zone (site 3: 1800–2100, site 4: 2101–2400 m.a.s.l.). Further, each site was divided into eight
stands with 10 quadrats (20 × 20 m). An overall 80 quadrat units were analyzed in each
site. Plant samples were collected once, and there was no seasonal sampling.

2.3. Plant Collection and Species Identification

The examined plant taxa were identified and revised using different published vol-
umes of Saudi Arabia flora [26–29]. Nomenclature was reviewed and updated using

135



Diversity 2023, 15, 1065

authenticated international data from the World Online [30]. Voucher specimen from each
plant was deposited at Biology Department, Faculty of Science, Al-Baha University.

2.4. Floristic Analysis

Life form, habit, and life span categories were determined using the updated Raunki-
aer [31] classification by Govaerts et al. [32]. Phytogeographical categories were recognized
following Wickens [33] and Zohary [34].

2.5. Data Analysis

Quantitative measurements derived from the quadrat method were performed to
determine the relative frequency, relative abundance, and relative density of each species in
the surveyed region. From these parameters, the species importance value index (IVI) was
calculated to assess the dominant species in the study region [35,36]. The importance value
defines the importance of a species in the community structure or species composition in
the study area [37].

Density (D) =
Total number of individuals of a species in all quadrats

Total number of quadrats studied
× 100

Frequency (F) =
Total number of quadrats in which species occur

Total number of quadrats studied
× 100

Abundance (A) =
Total number of individuals of a species in all quadrats

Total number of quadrats in which species occur
× 100

% Relative density (RD) =
Density of the species

Total density of all species
× 100

% Relative frequency (RF) =
Frequency of the species

Total frequency of all species
× 100

% Relative abundance (RA) =
Total number of individuals of a species in all quadrats

Total abundance of all species
× 100

Importance value index (IVI) = RD + RF + RA

Microsoft Excel was utilized as a software package (16.0) to analyze data and construct
the charts and histograms that were used to present the collected data.

3. Results

3.1. Floristic Composition of Parasitic Species

Eight species of parasitic angiosperm plants were recorded in the studied four sites,
namely, Phragmanthera austroarabica A.G.Mill. & J.A.Nyberg, Viscum schimperi Engl., Cuscuta
campestris Yunck., Orobanche mutelii F.W.Schultz, Orobanche cernua Loefl., Loranthella deflersii
(Tiegh.) S.Blanco & C.E.Wetzel, Plicosepalus acaciae (Zucc.) Wiens & Polhill, and Plicosepalus
curviflorus Tiegh. (Table A1 and Figure 2). These species belong to Loranthaceae (four
species), Orobanchaceae (two species), Santalaceae (one species), and Convolvulaceae (one
species). All parasitic species were found in the two surveyed dry and wet zones, except
for O. cernua and L. deflersii which were reported in the wet zone only (Figure 3). The total
number of individual parasitic species ranged between 392 and 405 in the wet zone and
172 and 190 in the dry zone. P. austroarabica, P. curviflorus, and V. schimperi were the most
abundant parasitic species in the study area (Figure 4). According to the WFO [38], C.
campestris and O. mutelii were exotic plants while the remaining species were indigenous
plants.
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(a) (b) 

  
(c) (d) 

Figure 2. Some parasitic species and their host plants. (a) P. austroarabica on Calotropis procera. (b) P.
curviflorus on Vachellia gerrardii. (c) C. campestris on N. glauca. (d) O. cernua on Rumex nervosus.
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Figure 3. The number of individual parasitic species identified in each site of the study region.
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Plicosepalus curviflorus Viscum schimperi

Figure 4. Percentage of the total number of individual parasitic species in the study region.

The identified angiosperm parasites can be categorized into four kinds: root hemipar-
asites, root holoparasites, stem hemiparasites, and stem holoparasites (Table A1). Most
of the parasitic species belonged to stem hemiparasites (five species), followed by root
holoparasites (two species), and stem holoparasites (one species). Of the total, five species
(62.5%) were perennials/shrubs and three species were annual/herbs (37.5%).

The number of the host taxa that were attacked by parasitic species in the study area
ranged between 1 and 13 species (Figure 5). P. austroarabica and P. curviflorus were found
parasitizing on 13 and 5 of the host plants, respectively. Vachellias was the favored host for P.
austroarabica and P. curviflorus with 83.4% and 73.5% infestations, respectively. C. campestris
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was found on Nicotiana glauca (2%), Pluchea dioscoridis (28%), and Pulicaria undulata (70%),
while L. deflersii was reported on Vachellia tortilis subsp. tortilis (69.6%), Tamarix senegalensis
(21.7%), and Searsia retinorrhoea (8.7%). The genus Orobanche was represented by two
species, including O. cernua on only one host species (Rumex nervosus) and O. mutelii on
Bidens biternata (22.1%) and R. nervosus (77.9%). P. acaciae was found parasitizing Senegalia
asak (58.1%), Vachellia tortilis subsp raddiana (32.3), and Tamarix aphylla (9.7%). V schimperi
was found attacking two different host species, Ziziphus spina-christi (92.9%) and T. aphylla
(7.1%).
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Figure 5. The number of host species infected by parasitic species in the study region.

3.2. Chorological Analysis of Parasitic Plants

The chorological analysis revealed that the identified parasitic species belonged to two
major groups: biregional and monoregional (Table 1). Five species, accounting for 62.5%
of the total number of species reported in the area, belonged to biregional taxa. Saharo-
Arabian shared with Sudano-Zambezian had the highest share of species with three species
(L. deflersii, V. schimperi, and P. curviflorus), followed by Saharo-Arabian /Irano-Turanian
with two species. On the other hand, three species representing 37.5% of the parasitic species
were monoregional. The three plants were native to the American (C. campestris), Saharo-
Arabian (P. austroarabica), and Sudano-Zambezian (P. acaciae) regions. The mechanisms
of seed dispersal for the eight parasitic plants are represented in Figure 6. Zoochory was
the most prevalent seed dispersion method (six species), followed by anempchory (two
species).
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Table 1. The number of parasitic and host species and their relevant percentages (%) classified into
different regional chorotypes in the study region.

Chorotype

Parasitic Species Host Species

Number of
Species

Percentage
(%)

Number of
Species

Percentage
(%)

Monoregional
AM 1 12.5 - -

SA-AR 1 12.5 - -
SU-ZA 1 12.5 - -
NEO - - 1 4.35
PAN - - 1 4.35

Biregional
SA-AR + SU-ZA 3 37.5 18 78.3
SA-AR + IR-TR 2 12.5 - -
SU-ZA + IR-TR 1 4.35

Pluriregional
SA-AR + SU-ZA + ME - - 1 4.35

SA-AR + ME + TRO - - 1 4.35
Total 8 100 23 100

ME: Mediterranean; IR-TR: Irano-Turanian; SA-AR: Saharo-Arabian; SU-ZA: Sudano-Zambezian; AM: American;
TRO: Tropical; NEO: Neotropical; PAN: Pantropical.

 

67%

11%

22%

Zoochory Hydrochory Anempchory

Figure 6. Dispersal mechanisms for parasitic species in the study region.

3.3. Diversity of Parasitic Species

The IVI values of the parasitic species were in the range of 107.28 to 10.21 (Table 2).
The most important parasitic plants were P. austroarabica, P. curviflorus, and V. schimperi,
with importance values of 107.28, 51.01 and 50.98, respectively, whereas O. mutelii was the
least important species in the study region with an importance value of 10.21.
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Table 2. Density (D), relative density (RD), frequency (F), relative frequency (RF), abundance (A),
relative abundance (RA), and importance value index (IVI) for the parasitic species in the study
region.

Parasite Species D RD F RF A RA IVI

Cuscuta campestris Yunck. 0.156 4.28 10.94 8.38 1.43 8.36 21.02
Loranthella deflersii (Tiegh.) S.Blanco & C.E.Wetzel 0.072 1.98 6.56 5.02 1.1 6.43 13.43

Orobanche cernua Loefl. 0.034 0.93 2.81 2.15 1.22 7.13 10.21
Orobanche mutelii F.W.Schultz 0.269 7.38 19.06 14.59 1.41 8.25 30.22

Phragmanthera austroarabica A.G.Mill. & J.A.Nyberg 1.825 50.08 37.81 28.95 4.83 28.25 107.28
Plicosepalus acaciae (Zucc.) Wiens & Polhill 0.097 2.66 9.06 6.94 1.07 6.26 15.86

Plicosepalus curviflorus Tiegh. 0.6 16.47 29.69 22.73 2.02 11.81 51.01
Viscum schimperi Engl. 0.591 16.22 14.69 11.25 4.02 23.51 50.98

Total 3.644 100 130.62 100 17.1 100 300.01

3.4. Floristic Composition of Host Species

In the dry zone, 104 individuals representing 13 species and 5 families were found
in site 1, whereas 102 individuals representing 13 species and 6 families were recorded in
site 2 (Figures 7 and 8). In the wet zone, 148 individuals were recorded in site 3 representing
19 species and 10 families, whereas 164 individuals, 20 species, and 9 families were docu-
mented in site 4. The most represented host plant families in all the sites were Fabaceae,
with 6, 6, 7, and 8 species in sites 1, 2, 3, and 4, respectively. Asteraceae was the second
highest number with three species in each site. In each of the following families, only one
species was identified: Apocynaceae, Barbeyaceae, Oleaceae, Polygonaceae, Rhamnaceae,
Scrophulariaceae, and Solanaceae. In the surveyed sites, the perennial parasitic plants
(91.3%) were considered the predominant type over the annual (8.7%) species (Table A2).
Among the host species, 20 species were indigenous (87%) and three species were exotic
(13%).

 

20%

20%
28%

32%

Site 1

Site 2

Site 3

Site 4

Figure 7. Percentage of the total number of individual host species at each site. Dry zone (site 1:
1300–1500, site 2: 1501–1700 m.a.s.l.); wet zone (site 3: 1800–2100, site 4: 2101–2400 m.a.s.l.).
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Figure 8. The number of families, genera, species, and total individuals of host plants in each
site. Dry zone (site 1: 1300–1500, site 2: 1501–1700 m.a.s.l.); wet zone (site 3: 1800–2100, site 4:
2101–2400 m.a.s.l.).

Eighteen species were detected in each site of the study region (Table A2). Vachellia
origena, Barbeya oleoides, Buddleja polystachya, and Ficus carica were found only in the wet
zone, while Olea europaea subsp. cuspidata was absent in site 1. It also indicated that
six host species were more affected by parasitic species (≥20%) and 17 species were less
affected (<20%). The percentage of infested trees by parasitic species showed that Vachellia
flava was the highest-infested tree (P. austroarabica = 47.5%), followed by Z. spina-christi
(V. schimperi = 30.1%, P. austroarabica = 7.4%), V. tortilis subsp. tortilis (L. deflersii = 26.7%),
Vachellia gerrardii (P. austroarabica = 19.8%, P. curviflorus = 5.8%), and V. tortilis subsp. raddiana
(P. austroarabica = 13.8%, P. acacia = 5.3%, P. curviflorus = 5.3%).

The plant life form analysis demonstrated that three life forms of host species were
reported in the four sites (Figure 9). Phanerophytes were the most common life form
(19 species = 83%), followed by Therophytes (3 species = 13%), while Hemicryptophytes
were represented by one species. The overall diversity of native trees was higher when
compared with that of non-native tree species. Additionally, the number of perennial host
plants in all sites were 21 species, whereas the annual plants were 2 species.
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Figure 9. Life form categories of the host species in the study region. TH: Therophytes; PH: Phanero-
phytes; HE: Hemicryptophytes.

3.5. Chorological Analysis of Host Plants

The chorological analysis categorized the host species into three main categories, plurire-
gional, biregional, and monoregional. Most of the reported host plants (19 species = 83%) in the
region belonged to the biregional group (Table 1). The biregional group had two chorotypes,
with the Saharo-Arabian/Sudano-Zambezian chorotypes having the greatest number of species
(18 species), while the Sudano-Zambezian/ Irano-Turanian included only one species, T. aphylla.

Only two pluriregional species were reported in the studied sites. Saharo-Arabian/
Sudano-Zambezian/Mediterranean was represented by one species (T. senegalensis), and
Saharo-Arabian/Mediterranean/Tropical also was represented by one species (Ficus pal-
mata). The monoregional elements were represented by two species. The detected monore-
gional species fall under two chorotypes: Neotropical (represented by one species, B.
biternata) and Pantropical (represented by one species, N. glauca).

3.6. Diversity of Host Species

The calculated importance value indices (IVI) for the host species ranged between 32.44
and 2.31%. As shown in Table 3, seven plant species had the highest levels of IVI across
the studied region. The dominant species were N. glauca (32.44%), P. undulata (28.24%), S.
asak (27.14%), Vachellia etbaica (19.66%), V. gerrardii (19.09%), O. europaea subsp. cuspidata
(18.59%), and B. biternata (18.21%). On the other hand, the least important species found in
the study region were V. tortilis subsp. tortilis (4.68%), Pistacia falcata (4.36%), T. senegalensis
(4.25%), B. polystachya (3.04%), and F. carica (2.31%). The importance value indices (IVI) for
these species were 4.68%, 4.36%, 4.25%, 3.04%, and 2.31%, in order.
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Table 3. Density (D), relative density (RD), frequency (F), relative frequency (RF), abundance (A),
relative abundance (RA), and importance value index (IVI) for the host plant species in the study
region.

Host Species D RD F RF A RA IVI

Barbeya oleoides Schweinf. 0.28 1.61 13.13 3.2 2.14 2.22 7.03
Bidens biternata (Lour.) Merr. & Sherff 1.11 6.38 13.44 3.27 8.26 8.56 18.21

Buddleja polystachya Fresen. 0.07 0.4 4.06 0.99 1.62 1.68 3.07
Calotropis procera (Aiton) W.T.Aiton 0.49 2.82 19.06 4.64 2.59 2.68 10.14

Ficus carica L. 0.16 0.92 1.56 0.38 1 1.04 2.34
Ficus Palmata Forssk. 0.61 3.51 24.38 5.93 2.5 2.59 12.03

Nicotiana glauca Graham 2.17 12.47 13.44 3.27 16.12 16.71 32.45
Olea europaea subsp. cuspidata (Wall. & G.Don) Cif. 1.18 6.78 33.44 8.14 3.53 3.66 18.58

Pistacia falcata Becc. ex Martelli. 0.13 0.75 8.44 2.05 1.52 1.58 4.38
Pluchea dioscoridis (L.) DC. 0.36 2.07 8.44 2.05 4.25 4.4 8.52

Pulicaria undulata (L.) C.A.Mey. 1.79 10.29 12.5 3.04 14.35 14.87 28.2
Rumex nervosus Vahl 0.68 3.91 10 2.43 6.75 7 13.34

Senegalia asak (Forssk.) Kyal. & Boatwr. 1.76 10.11 56.56 13.76 3.12 3.23 27.1
Searsia retinorrhoea (Steud. ex Oliv.) Moffett 0.94 5.4 5.94 1.45 1.579 1.64 8.49

Tamarix aphylla (L.) H.Karst. 0.73 4.2 17.81 4.33 4.11 4.26 12.79
Tamarix senegalensis DC. 0.1 0.57 3.75 0.91 2.67 2.77 4.25

Vachellia etbaica (Schweinf.) Kyal. & Boatwr. 1.3 7.47 33.75 8.21 3.84 3.98 19.66
Vachellia flava (Forssk.) Kyal. & Boatwr. 0.25 1.44 11.56 2.81 2.16 2.24 6.49
Vachellia gerrardii (Benth.) P.J.H.Hurter 1.24 7.13 33.13 8.1 3.76 3.9 19.13

Vachellia origena (Hunde) Kyal. & Boatwr. 0.8 4.6 23.75 5.78 3.38 3.5 13.88
Vachellia tortilis subsp. raddiana (Savi) Kyal. & Boatwr. 0.48 2.76 22.5 5.48 2.11 2.19 10.43

Vachellia tortilis subsp. tortilis 0.09 0.52 2.81 0.68 3.33 3.45 4.65
Ziziphus spina-christi (L.) Willd. 0.68 3.91 37.5 9.13 1.8 1.87 14.91

Total 17.4 100.02 410.95 100 96.489 100 300

4. Discussion

Studies on the distribution and diversity of parasitic plants in natural plant communi-
ties are lacking for many regions of Saudi Arabia. To my knowledge, this is the first attempt
to study the ecology and diversity patterns of these highly specialized plants in the Al-Baha
region, in the southwest part of Saudi Arabia. Previous studies focused only on the general
floristic compositions and the structure of plant communities in specific habitats. The
current study recorded eight species of the parasitic plants from four families. There were
34 parasitic species belonging to eight families recorded in the flora of Saudi Arabia [39].
However, the number of parasitic plants in Saudi Arabia is much lower than that of Nepal
(151) [40], Turkey (146), and China (678 species) [41]. This variation could be attributed
to host availability and abiotic stress, which are the key factors affecting the distribution
and abundance of parasitic plants or other ecological factors. Furthermore, the success of
parasitic plants under adverse conditions is highly dependent on host selection [11].

In the southern Andes at high altitudes, Amico et al. [42] demonstrated that the
Andean-Patagonian Forest is rich in parasitic mistletoes. This finding agreed with our result
which showed that the high-altitude sites had high numbers of parasites as compared with
the low-altitude sites. On the other hand, the abundance of parasitic plants at high-altitude
sites could be related to the richness of host plants in these sites. However, Hechinger and
Lafferty [43] revealed that high host diversity can assist the diversity of parasitic plants.

In the current study, the most dominant family of parasitic species was Loranthaceae
with four species, followed by Orobanchaceae with two species. Stem hemiparasites were
the dominant parasitic group with five species, while only two species belonging to root
holoparasitic plants were detected in the studied sites. This result was consistent with the
fact that the majority of parasitic species are hemiparasites [44]. Moreover, hemiparasitic
plants had morphological characteristics with a wide range of host interaction [44], often
parasitizing multiple plant species [45]. The diversity and distribution of both hemipara-
sitic and holoparasitic plants across the study region could be attributed to the effects of
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topography and climate factors, especially on the growth of seedlings and germination of
parasitic species.

Drought stress is another factor that affects the growth and distribution of hemipara-
sitic and holoparasitic plants [11]. The deficiency of water availability negatively affects
the development and the growth rate of seeds of the root parasites Orobanche crenata [46],
Striga hermonthica, and Alectra vogelii [47].

Our results revealed that P. austroarabica and P. curviflorus parasitized 13 and 5 different
host plants, respectively. Vachellias was the most favored host for P. austroarabica and
P. curviflorus with 83.4% and 73.5% infestation, respectively. This might be due to the
dominance of Vachellias trees, which were the highest-recorded host species in the study
area. This finding was consistent with the results of Migahid [48], who stated that P.
austroarabica and P. curviflorus are common parasites of Vachellias in Saudi Arabia. On
the other hand, Amico et al. [42] reported 12 mistletoes that parasitize 43 species (from
23 families) out of 185 woody species in the Andean-Patagonian Forest. Moreover, eight of
these mistletoes are specialists with restricted host range and the remaining are generalists.
In the wet zone, C. campestris parasitized N. glauca, which is one of the most invasive species
in Saudi Arabia. Previous studies in Chian indicated that the genus Cuscuta suppress the
invasive plants Ipomoea cairica, Mikania micrantha, Wedelia trilobata, Solidago canadensis, Bidens
pilosa, and Humulus scandens [49,50]. As a result, it is expected that the reported C. campestris
in the wet sites will suppress the widespread N. glauca. Těšitel et al. [10] demonstrated
that some native parasitic plant species could be used to repress plant invasions and help
restore biodiversity. Thus, it is possible that the indigenous parasites identified in the study
region could benefit this habitat by controlling invading plants.

The chorological analysis indicated that parasitic species from the Saharo-Arabian
and Sudano-Zambezian regions dominated the region. According to Zohary [34], the
vegetation of Saudi Arabia belongs to that of the Saharo-Arabian region. Abdel Khalik
et al. [51] showed that the Saharo-Arabian and Sudano-Zambezian species were the best
biomarkers of arid climate. Seed dispersal of parasitic species revealed that zoochory was
the main dispersal mechanism for six species, whereas anemochory was the dispersion
mode of both Orobanche species.

After feeding on mistletoe fruits, generalist birds regurgitate or defecate the sticky
seeds which paste onto woody branches [52]. Birds dispersing mistletoe seeds demonstrate
the great degree of coevolution between them [53], which also has an important function in
pollination [52]. Other studies have reported that birds are the primary seed dispersers,
with some seeds being dispersed by wind or hydraulic explosives [54,55].

As observed from the IVI analysis, P. austroarabica had the highest importance value
(107.28) as compared with other parasitic species. Magray et al. [56] reported that the
variation in the IVI of species might be caused by predominant environmental factors.
Moreover, the difference in IVI among the sites may be due to the composition of plant
species, human activities, and local ecological factors [57].

The number of host species, genera, and families varied across the surveyed sites.
In the dry zone, 206 individuals from 14 species and 6 families were recorded, whereas
312 individuals from 22 species and 12 families were recorded in the wet zone. Vegetation
analysis of the host species demonstrated that Fabaceae (seven species) and Asteraceae
(three species) were the two top host species-rich families. These results were consonant
with previous studies on the Saudi Arabian flora [58,59]. However, Fabaceae and Asteraceae
were notified in the flora of the Mediterranean, North Africa, eastern Ethiopia, and northern
Zambia [59]. Anacardiaceae, Moraceae, and Tamaricaceae each had only two species (8.7%),
whereas seven families (30.43%) were represented by just one species. As compared with
desert vegetation, the majority of plant species in Saudi Arabia are members of a few
families and about 58% of the families were represented by a single species. Al Nafie [58]
recorded that 24.2% of the families in Saudi Arabia’s flora are represented by one species
per family. In the surveyed region, the perennial types (91.3%) prevailed over the annuals
(8.7%). The host plants included 20 indigenous (87%) and 3 (13%) exotic species.
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In southwest China, Luo et al. [60] found only three hosts out of 88 species in the
tropical forest that were parasitized by Dendrophthoe pentandra, which indicates that the
abundance and host richness of species did not explain the frequency of infections at the
sampling unit. Zhang et al. [41] reported that the abundance of parasitic plants in a particu-
lar site is usually determined by environmental (altitude, area, longitude, and latitude) and
biological (dispersal vector and host availability) factors. Host plants’ diversity and differ-
ent kinds of habitats can also influence the spreading and density of parasitic species [61].
Further, the development and growth of parasitic species were closely correlated to the
features of their hosts [62,63]. Roxburgh and Nicolson [64] demonstrated that the age of the
host species was correlated with the number of mistletoes, so a high number of mistletoe
clusters enhanced the probability that additional mistletoe seeds could germinate on that
host tree, resulting in the growth of more mistletoe clusters.

The obtained results demonstrated that parasitic species infection varied among the
tree species, with V. flava being the highest infested tree by P. austroarabica, followed
by Z. spina-christi and V. tortilis subsp. tortilis. The woody parasites P. acaciae and P.
curviflorus are widespread parasites of Vachellia [48]. Al-Rowaily et al. [24] reported a high
infection incidence of P. curviflorus in different species of Vachellia genus in Saudi Arabia’s
southern and western areas, resulting in ecosystem degradation and loss of diversity and
soil nutrients. Other studies demonstrated that mistletoe preferentially infects massive
trees over small ones [64,65]. Therefore, the difference in infection rate could possibly be
correlated to host size [66]. This can be linked to the fact that dispersal birds prefer larger
trees for resting and feeding [67]. Further, some parasitic species preferred woody hosts,
which may be consistent with the perennial life form and hemiparasitic nature [68,69]. On
the other hand, some herbal species may work as bridging hosts to enable seedlings to live
long enough to grow onto nearby shrubs or trees [70].

In the present investigation, three life forms were noticed, with Phanerophytes being
the most prominent (19 species = 83%), followed by Therophytes (three species = 13%).
This result agreed with the findings that were reported by Abbas et al. [59] and Elkordy
et al. [71] in different regions of the Kingdom. The dominance of perennial species reflects
the characterization of the vegetation in the studied region. This may be caused by low
precipitation and a long dry season, which is not sufficient for the growth of annual
species [72,73]. Further, perennial plants can acclimate to the extreme ecological conditions
of the area.

According to the chorological analysis results, the biregional elements of the Saharo-
Arabian/Sudano-Zambezian chorotypes had the most dominant share of host species by
18 species. Comparable findings were found in several investigations in Saudi Arabian
flora [59,71,73].

Native plants showed higher levels of species richness and diversity when compared
to non-native plants. The abiotic variables such as the amount of rainfall and the aridity of
the area are the most affected factors on the dominance of perennial species [51,73,74]. This
is a prominent characteristic of the vegetation of the Al-Baha region since perennial species
might be more resistant to climatological change than annual species.

Based on the IVI analysis, the most important host species were N. glauca, P. undulata,
S. asak, V. etbaica, V. gerrardii, O. europaea subsp. cuspidata, and B. biternata. Importance value
indices can be applied in vegetation analysis to determine the order of species conservation.
Species that have low importance values must be afforded higher conservation priority
than species with high importance values [75].

The variations in the obtained results among the studied sites could be mainly due
to the elevation gradient. However, Al-Robai et al. [21] revealed the effects of elevation
gradient on structure and diversity of plant communities along the Alabna escarpment in
the Al-Baha area. Further, Al-Namazi et al. [22] demonstrated that the high-attitude area of
the Al-Baha region has a wide range of plant diversity.
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5. Study Limitations

An important study limitation to consider is the inability to compare, monitor, and
assess the distribution and diversity of parasitic plants in the surveyed region due to the
lack of previous research on these species. The study focuses on the elevation gradient as
the major element that may influence the distribution and diversity of parasite and host
plants, whereas other environmental variables may have an impact on the structure and
dynamics of these plants. It should be kept in mind that this study was conducted in a
rather small and restricted location. Future research will expand on other habitats to cover
more geographical regions across the country to fully examine the main factors that affect
the diversity of parasitic plants and their hosts in the selected studied regions. This will be
performed by employing more environmental parameters.

6. Conclusions

Vegetation analysis of density, abundance, and frequency revealed a clear variation of
both parasite and host plants along the elevation gradient. Elevation, unique topography,
and climatic conditions of the study region could possibly be responsible for these variations
as well as other environmental factors. Eight parasites and 23 host species were recorded
across the surveyed four sites. Phragmanthera austroarabica was widely spread throughout
the sites and was reported in most of the studied sampling units. It represented half of the
total individuals in the region and had the highest infection rate, followed by P. curviflorus.
Half of the parasitic species (50%) found in the region belonged to Loranthaceae family.
The highest alpha diversity of the reported hosts (20) was detected in site 4, while the
lowest (13) was reported in sites 1 and 2. Fabaceae was the most common host plant
family, and seven families were represented by only one host species. The most infested
tree was Vachellia flava, followed by Z. spina-christi, and V. tortilis subsp. raddiana was the
least infected species. Perennial, therophyte, and bioregional elements were the dominant
host species in both the dry and wet zones. It is suggested that Cuscuta campestris can
be exploited as a biological control tool to reduce the spread of N. glauca in the Al-Baha
region. The majority of the recorded parasite and host plants were indigenous to Saudi
Arabia. Further work at the local or broad geographical regions is recommended all over
the country to better understand and document the diversity, structure, and dynamics of
parasitic plants.
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8. Těšitel, J.; Mládek, J.; Horník, J.; Těšitelová, T.; Adamec, V.; Tichý, L. Suppressing competitive dominants and community
restoration with native parasitic plants using the hemiparasitic Rhinanthus alectorolophus and the dominant grass Calamagrostis
epigejos. J. Appl. Ecol. 2017, 54, 1487–1495. [CrossRef]

9. Wu, A.P.; Zhong, W.; Yuan, J.R.; Qi, L.Y.; Chen, F.L.; Liang, Y.S.; He, F.F.; Wang, Y.H. The factors affecting a native obligate parasite,
Cuscuta australis, in selecting an exotic weed, Humulus scandens, as its host. Sci. Rep. 2019, 9, 3–10. [CrossRef]
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Abstract: Weeds can have both positive and negative effects on agricultural environments. How-
ever, despite the growing interest in the ecology of weed communities in agricultural areas, a few
studies have been carried out in the northern region of the Andes of Colombia, where urban and
agricultural expansion have generated highly disturbed scenarios. The aim of this study was to
analyze the diversity of vegetation and weed seed banks in three agricultural production systems
and a forest ecosystem in the northern Andes of Colombia. Hill numbers were used to compare
diversity, Beta diversity to assess changes in composition, and range—abundance–dominance curves
at different sites. Likewise, indicator species were analyzed to find species associations to each
system. The results revealed differences in the composition of weeds between the forest ecosystem
and the agricultural production systems, with higher equitability in the forest ecosystem and higher
dominance in agricultural systems. Significant differentiation was observed among the dominant
species within each agricultural system, particularly highlighting those species considered pests due
to their unique life history traits. These traits confer them with a greater advantage in the face of
various anthropogenic selection pressures. These findings highlight the impact of anthropogenic
disturbances on the ecological dynamics of weed communities in different ecosystems, which should
be considered when planning integrated weed management techniques.

Keywords: soil seed banks; surface vegetation; composition; dominance; weeds; forest ecosystems;
agricultural production systems

1. Introduction

Weeds are adventitious plants that grow in crops without being sown intentionally
but can play a crucial role in these systems [1]. These plants have short life cycles, produce
abundant seeds, and form seed banks in the soil that ensure their persistence over time
in various ecosystems [2,3]. Due to their nature, they can positively or negatively affect
agricultural environments, either through soil conservation [4], associated beneficial fauna
and allelopathic effects on crops [5], or due to the intense competition exerted by some
species for resources such as nutrients, water, and sunlight [6,7]. Some studies suggest
a high correlation between severe soil disturbances, with an increase in annual weed
communities [8,9]. However, although tillage stimulates the germination of weed seeds
dormant in the soil, the effect caused by this and other cultural practices on seed banks
depends on the weed species and the interactions with the environment [10–12]. Thus,
the diversity of weed species that comprise the seed banks could fluctuate over time and
with different crop rotation systems [13]. In this way, understanding the dynamics of weed
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communities subjected to different anthropic pressures in different agricultural systems
could help design more efficient and environmentally friendly management strategies.

Biodiversity and ecological dynamics of weed communities in agricultural production
systems have been the subject of recent studies due to the negative impact that human
activities have on these highly modified environments [12]. Authors have suggested that
the composition of weed communities in agriculture shows a wide variation related to
the different types of crops and the historical uses of the soil [2]. For example, in a study
that evaluated seed bank dynamics for five years under a corn–soybean rotation system,
seed density in the soil decreased by almost 90% during the first year under a productive
system based on corn, and the trend was maintained by rotating with soybeans during the
following years [2]. Thus, understanding the diversity variability of weed communities
in areas under different anthropogenic pressures, including various crops and associated
tasks, is essential to identify problematic species in agricultural production systems and
developing more efficient and sustainable management strategies [14]. However, even
though in recent years there has been a growing interest in understanding the ecology and
diversity of weed communities in agricultural areas with high anthropogenic pressure,
little has been studied in the northern region of the Andes, where urban and agricultural
expansion have generated highly disturbed scenarios [15].

In the northern part of the Colombian Andes, agriculture, livestock, and urbanization
have historically caused significant impacts on plant cover, generating drastic changes
in soils and promoting the colonization of weeds, many of them invasive [15,16]. For
example, a study carried out in a production system of roses under greenhouse conditions
in the Sabana de Bogotá area to evaluate the diversity of weed species in cultivated fields
registered 46 species, of which 2, Cardamine hirsuta and Pennisetum clandestinum, showed
a marked dominance with 67% of the total plant cover [17]. Similarly, in a peach orchard
in the same region, a low species diversity was found, with a high dominance of Oxalis
corniculata reaching a 68% coverage [18]. However, some weed species in this Andean area
have become a serious problem in forested areas without agricultural pressure, as is the
case of the invasive species Thunbergia alata, in which an average density of 493 seeds/m2

has been documented, with a viability of 100% stored in the soil [19]. This suggests that
the various aspects of the life histories of weeds could be related to the structuring of
communities according to anthropogenic dynamics that alter natural ecosystems, both in
cover and in seed banks in the soil.

Understanding the diversity of species that comprise seed banks can provide valuable
information on the relationships of weeds with their environment [20] and the effect of
transforming natural areas into different agricultural contexts. Such information could help
minimize the use of herbicides and agricultural inputs, contributing to the conservation and
health of ecosystems [21]. In this sense, the aim of this study was to analyze the diversity
of vegetation and weed seed banks in four areas of the northern Andes of Colombia under
different anthropogenic pressures (little intervened forest, and vegetable, avocado, and
livestock farming), with the hypothesis that species diversity changes according to the type
of intervention, and that some dominant species can be identified as specific indicators of
each system. Consistent with this, the following questions are answered: (a) Can differences
in the diversity (Alpha) of the weed communities of the seed banks between the different
agricultural production systems and the forest ecosystem be observed? (b) Are there
differences in weed species composition in the soil seed banks between the agricultural
production systems and the forest ecosystem (Beta diversity)? (c) Which weed species in
the seed banks of the soil manage to manifest themselves in its surface vegetation and can
potentially be considered “weeds”? (d) Is a higher dominance of weed species observed
in the ecosystems most affected by human activity? (e) Which weed species could be
considered indicators of each evaluated system?

This work provides novel information related to the composition of the weed com-
munities in the seed banks of little-studied areas with different anthropic impacts. It also
provides basic knowledge on patterns of diversity and ecology of different weed species
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associated with anthropized ecosystems in one of the most diverse regions in the world
and with high rates of endemism, as is the northern area of the Andean mountain range in
Colombia [22]. These findings may contribute significantly to integrated weed manage-
ment plans, prioritizing those that show a marked dominance and that could be considered
specific to each productive system evaluated.

2. Materials and Methods

2.1. Study Area

The study was carried out in the highlands of the Oriente antioqueño area located in
the central mountain range (Cordillera) of the Andes, to the southeast of the department
of Antioquia, Colombia. In this region, the low montane very humid forest life zone
predominates [23] with average temperatures between 18 ◦C and 21 ◦C, elevations from
2100 to 2400 m a.s.l. and annual rainfall between 1500 and 4000 mm. This is one of the
areas that shows the highest agricultural suitability in the department, being considered a
substantial agricultural breadbasket [24], where different production systems have been
established, including vegetables, flowers, fruit trees, coffee, sugarcane, and livestock,
among others [25].

The sampling was carried out in four sites, three of them corresponding to agricultural
production systems farming vegetables (FV), avocado (A), and livestock (L), and a forest
fragment identified as a low secondary vegetation cover (VC) [26] (Figure 1).

The forest ecosystem (VC) is in the initial stages of a secondary succession since it
has undergone various anthropic intervention phenomena due to deforestation and urban
expansion. Its vegetation type is mainly shrubby and herbaceous, with an irregular canopy
and occasional trees and vines, with heights of less than five meters [26]. It is dominated
by some tree species such as Cecropia peltata, Andesanthus lepidotus, Cavendishia pubescens,
Vismia baccifera, and Myrsine guianensis, and shows an area of 7000 m2. The livestock
productive system (L) corresponds to extensive livestock farming for milk production, an
area dominated by the Kikuyu grass Pennisetum clandestinum used for animal feed. The
avocado production system (A) is dedicated to the production of export-type avocados, with
an extension of 200,000 m2. Finally, the vegetable production system (FV) includes open
fields dedicated to cultivating lettuce, potato, and tomato in an area of 10,000 m2. For weed
management in the production systems, the non-selective agrochemical Paraquat, which
contains the chemical molecule 1,1′-dimethyl-4,4′-bipyridinium ion dichloride, applied
every two months, is used in the livestock area (L) and avocado crop (A). For vegetable
crops (FV), selective herbicides with the active ingredient Oxyfluorfen, with the chemical
molecule 2-chloro-1-(3-ethoxy-4-nitrophenoxy)-4-(trifluoromethyl)benzene, are used with a
frequency of application of every two months.

2.2. Sampling Design

A specific sampling was carried out for each production system, including registering
soil seed banks and their surface vegetation. In VC and L, the samples were collected
haphazardly in a zigzag pattern; in the A, the planted tree area was sampled, and in the
FV, samples were collected on the production furrows in areas where weeds were present.
In each productive system, an area of 5000 m2 was delimited, establishing five plots of
0.25 m2. Each plot was subdivided into 25 quadrats of 0.1 m. Twenty soil subsamples
were extracted from each plot collected with the help of an auger at a depth of 10 cm
according to the recommendations of Buhler et al. [2]. The subsamples were grouped,
homogenized, and stored in hermetically sealed plastic bags for later analysis, following
the methodology described in Bigwood and Inouye [27]. The number of species found in
the surface vegetation was recorded in each plot, including the presence or absence of the
species without considering their abundances.
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Figure 1. Study area. (A) Geographical location of the northern Andes, Colombia. (B) Location of
the department of Antioquia, indicating the highlands of the Oriente antioqueño area. (C) Spatial
location of the agricultural production systems sampled. VC = low secondary vegetation area,
L = livestock production system area, A = avocado production system area, and FV = vegetable
production system area.

The seedling emergence method [28] was used to determine the species that com-
prise the soil seed banks in each production system. In this method, the homogenized
material of the soil samples is arranged in 50 × 30 cm germination trays covered with
plastic lids to prevent the interference of other weed seeds that may be present in the
environment. The trays were left for four months while the seeds germinated. During
this time, they were supplied with surface irrigation every 15 days until reaching field
capacity, according to the requirements of each tray. All the experiments were carried out
under greenhouse conditions with a mean temperature of 26.39 ± 4.85 ◦C and a relative
humidity of 60.83 ± 10.79%. Every 15 days during the four months, the emerged seedlings
were counted and recorded, and their taxonomic identification was carried out through
comparisons between specimens stored in the reference collection of the herbarium of
Universidad Católica de Oriente (HUCO). In addition, taxonomic identification guides
from the list of vascular plants of Antioquia [29], the illustrated guide to identifying weed
plants of the Marengo agricultural center (CAM) [30], and the guide of frequent weeds in
coffee cultivation in Colombia [31] were used.
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2.3. Data Analysis

Only zero-order (q0) Alpha diversity was calculated for the surface vegetation in the
four productive systems assessed and used to compare the weed species found in the soil
seed bank with their surface vegetation. Likewise, the Alpha diversity of the soil seed banks
of each productive system was computed using the numbers of species equivalents [32,33].
For Order 0 diversity or richness (q0), the number of species found in the soil seed banks
was considered excluding abundance. Order 1 diversity, calculated as the exponential of
the entropy of the Shannon index (q1), analyzes the diversity weighted by the relative
frequency of each species in the community. Finally, Order 2 diversity calculated as the
inverse of the Gini–Simpson index (q2) considers the most abundant or dominant species
in the community, discarding rare species. From the data obtained, the confidence intervals
were calculated [34]. At the same time, the completeness of the seed banks sampling in
each productive system was evaluated using the sample coverage (Cm) proposed by Chao
and Jost [34] and based on the following equations:

E(Cm) =
S
∑

i=1
pi[1 − (1 − pi)m]

= 1 − S
∑

i=1
pi(1 − pi)m, m > 0,

(1)

where

Cm = sampling coverage
S = total number of species sampled
pi = relative abundance of the ith species
m = sample size.

This value indicates the proportion of the total community represented by the weed
species found in each study area. When its value approaches 100%, the complete sample
is considered concerning the sampling effort made [34]. The estimation was performed
in the iNEXT web application [34]. In addition, rank–abundance curves were established
for each production system to compare the dominance of the weed species in the soil seed
banks [35].

The Beta diversity was calculated for three orders (β0, β1, and β2) following the
multiplicative partition of diversity [36] to evaluate the change in the composition of
weed species, seed banks, and between each production system. The Baselga partitioned
Beta index was also calculated [37] to estimate the proportion of turnover and nesting in
differentiating communities between sites. Additionally, comparisons were made between
the composition of the species found in the soil seed bank with the superficial vegetation
in each of the productive systems using Whittaker’s complementarity index [38], which
exclusively contemplates matrices of presence and absence of the species between the
compared units. The above is performed to estimate the representation of the seed bank in
the coverage of each site. Finally, a species indicator analysis was performed to estimate
the weed species best associated with each production system using the indicator value
method (IndVal) according to Dufrene and Legendre [39] and calculated as follows:

IndVal = speci f icity × Fidelity × 100, (2)

where

Specificity = Nindij/Nindi
Fidelity = Ntrapij/Ntrapj
Nindij = the average number of individuals of species i in type j habitat
Nindi = the sum of the average number of individuals of species i in all habitat types
Ntrapij = the number of individuals in habitat j where species i is present
Ntrapj = the total number of individuals in habitat j.
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The species with high IndVal (higher than 50%) were considered the best indica-
tors of the productive systems, while the species with low percentages (less than 25%)
were not considered indicators [39]. Statistical significances (p-values) were estimated
using 9999 random permutations of sites between groups. The data were analyzed in the
statistical software Past version 4.13 [40].

3. Results

3.1. Species Richness

From the soil seed banks, a total of 3332 weed seedlings were recorded emerging
from the four productive systems, belonging to 38 species, 36 genera, and 21 botanical
families. Asteraceae was the most representative family with 12 species (31.57%) of the
total number of emerged seedlings, followed by Cyperaceae and Polygonaceae with three
species each (7.89%), and Caryophyllaceae with two species (5.26%). The other families
were only represented by a single species (Table 1). The highest seedling emergence in
the soil seed banks was constituted by genera Cardamine (723), Trixella (636), Verbena (380),
Polygonum (375), Oxalis (200), Cyperus (277), and Gnaphalium (179). The productive system
with the highest number of individuals was L with 1872, followed, with a much lower
number, by A with 534, FV with 525, and VC with 401, i.e., the lowest number of individuals.
The species predominating in the soil seed banks of the four productive systems evaluated
were Cardamine hirsuta with 282 seedlings and Polygonum nepalense with 136 individuals
in FV. Conversely, Trixella arvensis, Oxalis corniculata, and Cyperus odoratus dominated in L
with a total number of 605, 152, and 83 seedlings, respectively (Table 1).

Table 1. Weed species abundance found in the soil seed banks of four productive systems evaluated
in the Oriente antioqueño region, northern Andes, Colombia.

Family Species VC L A FV

Amaranthaceae Amaranthus viridis L. 3 *

Apiaceae Centella asiatica (L.) Urb 7 * 6

Araliaceae Hydrocotyle umbellata L. 6 *

Asteraceae Ageratum conyzoides L. 20 * 12 *

Erechtites valerianaefolia C.E.C. Fisch 5 * 22 * 1 *

Porcellites radicata (L.) Cass. 15 * 7 * 48 *

Jaegeria hirta (Lag.) Less. 3 * 6 * 5 *

Gnaphalium americanum Mill. 110 * 60 * 9 *

Sonchus oleraceus L. 18 *

Artemisia vulgaris L. 5 20 *

Conyza bonariensis (L.) Cronquist 1 * 9 *

Emilia sonchifolia (L.) DC. 6 *

Galinsoga quadriradiata Ruiz and Pav. 13 *

Senecio vulgaris L. 3 *

Acmella oppositifolia (Lam.) R.K. Jansen 1 *

Brassicaceae Cardamine hirsuta L. 2 263 176 282

Caryophyllaceae Stellaria media (L.) Vill. 46 1 8 * 2 *

Drymaria villosa Schltdl. and Cham 15 *

Commelinaceae Commelina diffusa Burm. f. 12 * 2 * 1 *

Convolvulaceae Ipomoea purpurea (L.) Roth 1 *
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Table 1. Cont.

Family Species VC L A FV

Cyperaceae Cyperus odoratus L. 67 83 48 * 12 *

Cyperus rotundus L. 51 2 14 *

Kyllinga erecta Schumach. 42 3

Fabaceae Mimosa albida Humb. and Bonpl. ex Willd 3 *

Melastomataceae Chaetogastra kingii (Wurdack) P.J.F. Guim.
and Michelang. 14 * 3 *

Lythraceae Cuphea carthagenensis (Jacq.) J.F. Macbr. 20 * 4 *

Iridaceae Sisyrinchium micranthum Cav. 27 * 10 * 4 *

Lamiaceae Trixella arvensis (L.) Fourr. 1 605 * 4 * 26 *

Phyllanthaceae Phyllanthus niruri L. 2 *

Rubiaceae Richardia scabra L. 32 * 5 20 *

Oxalidaceae Oxalis corniculata L. 1 152 * 39 * 8 *

Poaceae Bromus sp. L. 16 *

Paspalum paniculatum L. 11 * 50 * 5 *

Polygonaceae Polygonum nepalense Meisn. 4 * 125 * 9 * 136 *

Polygonum segetum Kunth 1 *

Rumex crispus L. 49 *

Plantaginaceae Plantago major L. 5 * 1 * 6 *

Verbenaceae Verbena litoralis Kunth 380 *

N◦ individual per site 401 1872 534 525

N◦ species per site 23 25 19 16

VC = low secondary vegetation area, L = livestock production system area, A = avocado production system
area, and FV = vegetables production system area. * Species registered both in the seed bank and in the
surface vegetation.

The plots of the four-soil seed bank production systems exhibited variability in terms
of both richness and abundance. Regarding richness, the weed communities displayed
no significant differences in the number of species. However, when it came to abundance,
notable variations were observed in relation to the number of individuals present in each
of the production system plots (Table 2).

Table 2. Average richness and abundance with standard deviations (in brackets) across sampled
plots in four production systems of the Oriente antioqueño region, Northern Andes, Colombia.

L VC A FV

Richness 12.8 (±3.49) 12.2 (±5.67) 8.2 (±2.16) 7.2 (±2.77)
Abundance 374.4 (±148.79) 80.2 (±56.82) 106.8 (±41.49) 105 (±63.65)

The total diversity observed in the soil seed banks of the four productive systems
was 38 species, with a sampling coverage of 0.999, indicating a representative sampling.
The richness and diversity of the seed banks differed between the productive systems; the
diversity of L showed the highest richness value of the soil seed banks (q0) with 25 species,
followed by VC with 23 and A with 19. On the other hand, FV registered the lowest richness
value with 16 species (Table 3). Even though L obtained a higher richness (q0), the weed
community of the seed banks was more equitable in VC since its (q1) and (q2) diversity
values were higher compared to those of the other systems. Furthermore, regarding the
diversity weighted by the most abundant species (q2), VC registered a higher value of
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11.07 equivalent species once again, followed by A with 6.40, L with 5.47, and FV with 2.77
(Figure 2).

Table 3. Alpha diversity values for the weed species registered in four productive systems sampled
in the Oriente antioqueño region, northern Andes, Colombia.

Diversity VC L A FV Total

Observed
q0 23 [18.89; 27.11] 25 [19.16; 30.84] 19 [17.59; 20.41] 16 [8.37; 23.63] 38 [32; 43]
q1 14.11 [13.03; 15.19] 7.75 [7.37; 8.13] 9.89 [9.10; 10.68] 4.30 [3.84; 4.76] 13.40 [12.87; 13.94]
q2 11.07 [9.80; 12.35] 5.47 [5.16; 5.77] 6.40 [5.48; 7.33] 2.77 [2.50; 3.04] 8.58 [8.18; 8.97]

Estimated
q0 23.86 [18.42; 29.30] 27.53 [18.54; 36.51] 19.00 [17.78; 20.22] 18.19 [8.52; 27.86] 40.19 [32.80; 47.58]
q1 14.39 [13.28;1 5.49] 7.79 [7.40; 8.18] 10.01 [9.13; 10.88] 4.35 [3.88; 4.81] 13.46 [12.92; 14.00]
q2 11.21 [9.89; 12.54] 5.47 [5.17; 5.78] 6.44 [5.55; 7.33] 2.77 [2.50; 3.04] 8.59 [8.19; 8.98]

Sample coverage 0.995 0.998 1 0.994 0.999

VC = low secondary vegetation area, L = livestock production system area, A = avocado production system area,
and FV = vegetables production system area. Note: The numbers inside the [ ] indicate the 95% confidence interval.

Figure 2. Alpha diversity profiles based on the number of equivalent species from the soil seed banks
of weeds from the four production systems sampled in the Oriente antioqueño region, northern
Andes, Colombia. VC = low secondary vegetation area, L = livestock production system area,
A = avocado production system area, and FV = vegetables production system area. Alpha indicates
order of diversity q0, q1 and q2. Dashed lines indicate confidence intervals (95%).

The range–abundance graph revealed fluctuations in the dominance of weed species
from the seed banks in each production system. In VC, no species showed a clear domi-
nance. On the other hand, in the L productive system, a higher dominance of species was
demonstrated, with a total of six weed species with values higher than 100 individuals
(Trixella arvensis with 605 individuals, Verbena litoralis with 380, Cardamine hirsuta with 263,
Oxalis corniculata with 152, Polygonum nepalense with 125 and Gnaphalium americanum with
110 individuals). In A, a single species, Cardamine hirsute, dominated with 176 individuals,
while in FV, two dominant species, Cardamine hirsuta with 282 and Polygonum nepalense
with 136 individuals, were found (Figure 3).
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Figure 3. Weed species range–abundance curves in the seed banks of the sampled production systems.
The names of species with abundances higher than 100 individuals are provided. VC = low secondary
vegetation area, L = livestock production system area, A = avocado production system area, and
FV = vegetable production system area.

3.2. Species Composition
3.2.1. Seed Bank Composition

Richness (β0) between the comparisons of the VC and the L and A productive systems
showed a low dissimilarity in the composition of weed species of the seed banks since
they showed values of higher than 50% similarity, represented by [0.29; 0.33; 0.27]. In
addition, when the VC, L, and A are compared with FV, the richness (β0) tends to increase
the dissimilarity of the species. Regarding (β1), the comparison between VC and FV
showed a high dissimilarity, represented by a 79% variation between the species of these
systems. Regarding (β2), when comparing the forest ecosystem (VC) with the agricultural
systems, there was a high dissimilarity of species, registering values of higher than 50%
of difference, represented by [0.84; 0.60; 0.91] (Table 4). In addition, the variations in the
composition of the weed communities were mainly caused by the high turnover values of
the species (βC-bal), reflected in the paired comparison between the forest ecosystem with
the agricultural production systems, recording values of [0.690; 0.655; 0.935] (Table 5).

Table 4. Beta diversity of the soil seed banks of weeds in multiplicative partition among the four
productive systems evaluated in the Oriente antioqueño region, northern Andes, Colombia.

VC × L VC × A VC × FV L × A L × FV A × FV

β0 0.29 0.33 0.58 0.27 0.51 0.54
β1 0.41 0.46 0.79 0.24 0.21 0.30
β2 0.84 0.60 0.91 0.43 0.41 0.15

VC = low secondary vegetation area, L = livestock production system area, A = avocado production system area,
and FV = vegetables production system area.

3.2.2. Composition of the Seed Banks and Their Surface Vegetation

The Beta diversity in the four productive systems showed a high similarity between
the composition of weed species that comprise the soil seed banks concerning their surface
vegetation, showing values higher than 50%, corresponding to the 76.19% of similarity in
VC, 77.27% in L, 93.75% in FV, and 100% in A. Further, the species found in the soil seed
banks were also registered in the superficial vegetation of this productive system.
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Table 5. Beta partitioned diversity of the soil seed banks of weeds among the four productive systems
evaluated in the Oriente antioqueño region, northern Andes, Colombia.

β.Bray.bal (Turnover)

β
.B

ra
y.

gr
a

(n
es

ti
ng

) VC L A FV

VC 0 0.69 0.655 0.935
L 0.2 0 0.299 0.133
A 0.048 0.389 0 0.571
FV 0.008 0.487 0.003 0

VC = low secondary vegetation area, L = livestock area, A = avocado production system area, FV = vegetables
production system area.

3.2.3. Indicator Species

In the VC, three weed species were registered as indicators of the productive system,
with IndVal values higher than 60%. These species were Cyperus rotundus (60.9%; p = 0.0048)
and Stellaria media (64.56%; p = 0.0053), and the species that had the highest representative-
ness was Kyllinga erecta (74.67%; p = 0.0024). L registered the following indicator species:
Oxalis corniculata (76%; p = 0.001), Verbena litoralis and Sonchus oleraceus (80%; p = 0.0021),
Trixella arvensis (95.13%; p = 0.0003) and Rumex crispus with 100% (p = 0.0003). We recorded
Conyza bonariensis as an indicator species but with a value lower than 60% (54%; p = 0.0186).
Lastly, in FV, Galinsoga quadriradiata (80%; p = 0.0013) was the only indicator species for the
system (Figure 4).

Figure 4. Indicator analysis of weed species of the four production systems sampled in the Oriente
antioqueño region, northern Andes, Colombia. VC = low secondary vegetation area, A = avocado
production system area, L = livestock productive system area, and FV = vegetables productive system
area. Yellow, orange, and red colors correspond to InVal values higher than 60%.

4. Discussion

Human activities exerted on ecosystems can have an impact on the ecological dynam-
ics of weed communities, as well as on the composition and dominance of species [41,42].
Among these activities, agriculture and deforestation have been identified as the leading
causes of impacts on natural areas [42,43]. Although several studies have documented
variations in the diversity of weed communities related to disturbances [12,14,43–45], in
the Andes, there is a shortage of research that evaluates the effect of anthropogenic dis-
turbance associated with different agricultural practices on weed vegetation cover [17,18].
In this work, the taxonomic diversity of weed communities in one of the areas of greatest
anthropogenic pressure, the northern Andes in Colombia, was studied by comparing the
surface cover and the soil seed banks in three intensive agricultural production systems
and a slightly intervened forest ecosystem.
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Our results indicate that, despite finding no significant differences in weed richness
between the compared areas (Alpha q0), variations were observed in the composition of
the communities, mainly reflected in the high turnover values (βC-bal) and minor nesting
(βC-gra). In addition, the diversity profiles were less equitable in the agricultural produc-
tion systems compared to the forested area, suggesting a higher dominance of species
considered “weeds”, which have a negative economic impact on these production systems.
Additionally, the second-order Beta diversity (β2) for the seed banks [0.15; 0.91] suggests
that weed communities under different anthropic pressures have similar structuring pat-
terns in which dominance increases, but differences in dominant species are probably the
result of contrasting life histories that allow their response in different ways to selection
pressures generated by human activity.

Several studies have documented the differences in the composition and abundance
of weed species between production systems and forest ecosystems; they attribute these
changes to variations in the growth habits of the species and the agricultural management
supplied to the weeds to control their growth [12,46–49]. Likewise, previous studies have
shown that the composition of weed communities in soil seed banks is influenced by human
activities [2,43]. Similarly, recent research suggests that differences in weed species compo-
sition between natural ecosystems and agricultural production system areas are subject to
constant anthropogenic disturbances caused by tillage, with higher dominance of weed
species in agricultural systems that have experienced major interventions [12,43,49–51].
Thus, the disturbance frequencies governed by tillage in production systems generate
notorious changes in the weed community, where highly disturbed environments tend
to be simpler and less stable in the abundance of weed populations [12,43,49–51]. For
example, as a disturbance in soil seed banks increases in corn, soybean, and oat cropping,
the dominance of weed species capable of adapting to these areas tends to increase [52,53].
Similarly, it has been observed that the weed communities in the forest cover do not reflect
dominance in the most conserved areas, in contrast to the most intervened areas such
as cropping fields since the species of the conserved ecosystems are less abundant and
competitive [42].

However, cases have also been reported where, in agricultural production system
areas, the abundance, diversity, and uniformity of the weed community in the seed banks
tend to increase as the disturbances caused by soil tillage decrease [49,54]. Gurber and
Claupein [55] recorded a higher abundance of weed species in more conserved areas
compared to those highly disturbed. These authors relate their results to the high capacity
of weeds to produce a large number of seeds that persist in the soil forming seed banks,
also suggesting that the physical and chemical characteristics of the soil can influence the
diversity of weeds in less disturbed ecosystems.

Sharp [56] argued that the differences in the life cycles of the weed species
(annual vs. perennial) may influence the dominance of the species. It has been documented
that environments with high anthropogenic disturbances favor the growth of weeds with
annual cycles, which have the capacity to grow rapidly when tillage is interrupted, reach-
ing reproductive maturity in a short time [8,9,12]. This allows the species produce a large
number of seeds in a single season, increasing their ability to disperse and colonize open
areas [12,57–59]. In addition, it has been indicated that the notable abundance of weed
species in cultivated areas and pastures may be related to reproductive strategies and
seed dispersal mechanisms, allowing the species the expansion to new habitats and quick
colonization of those disturbed areas [12,42]. These studies support the current results since,
in the agricultural production systems, there was a marked dominance and abundance
of weed species with annual cycles, including Trixella arvensis, Verbena litoralis, Cardamine
hirsuta, Polygonum nepalense, and Gnaphalium Americanum. The only exception was Oxalis
corniculata. The species found in the current study as dominant, which could be considered
weeds in agricultural production systems, show certain characteristics that allow them the
domination of agricultural areas. For example, it has been reported that the high abundance
of the species Cardamine hirsuta in horticultural crops could be related to its ability to easily
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adapt to disturbed environments and grow in open habitats with higher availability of
direct light [17]. Likewise, its reproductive capacity offers it advantages to dominate, since
it is a species with a short cycle (annual) and a high germination potential; it has been
recorded to produce approximately 5000 seeds with germination percentages higher than
90% [60,61]. In addition, this species has self-dispersal mechanisms, favoring its dominance
in anthropized environments [17,60,62]. Similarly, it is argued that the dominance of Oxalis
corniculata in crop fields is related to its polymorphic reproduction since it is a species capa-
ble of easily reproducing both by seeds and vegetatively [63,64]. Conversely, Polygonum
nepalense has been reported as a weed in productive systems of the Colombian Andes, and
its dominance is due to its reproductive traits through the production of a large number of
seeds (approximately 27,900/m2); the seeds have the ability to survive for long periods in
the soil and form seed banks, in addition to having a wide range of adaptation to disturbed
ecosystems [17,65,66].

Other findings correspond to the fact that the diversity of soil seed banks is higher
in the less disturbed ecosystem. These findings are reflected in high values of first- and
second-order Alpha diversity (q1 and q2) in the forest ecosystem, presenting a more
equitable and homogeneous behavior in terms of its species, and are supported by previous
research. For example, Mitja and Miranda [42] found similar results, indicating that forest
covers with some degree of conservation may show a higher diversity of weed species,
and the diversity in this type of habitat may be related to the stability dynamics of forest
ecosystems [49]. In line with these findings, in the current study, the weed community
in the soil seed banks and the surface vegetation of the forested area were found not to
show competitiveness characteristics. These results support the idea that less intervened
ecosystems offer favorable conditions for the coexistence of multiple weed species in an
equilibrium [49,67].

On the other hand, the weed communities in the soil seed banks in the agricultural
production systems showed a lower first- and second-order Alpha diversity compared
to the forest ecosystem. These results agree with previous investigations, indicating that
the low diversity of weeds in soil seed banks is a consequence of the high disturbance
pressure exerted by man on agricultural systems for their control [49,68], where intensive
management practices can favor the growth and establishment of some weed species
while restricting the development of others [49,67,68]. Therefore, agricultural management,
including selection pressures in production systems, could be a contributing factor to the
low weed diversity observed in these environments [12,41,49,51,57,67].

It is crucial to recognize that while the findings imply that the sampling effort for
each production system was sufficient and that the observed and expected diversity are in
alignment, logistical constraints tied to material collection limited our ability to conduct
sampling at only one site within each production system for this study. Despite this
constraint, species estimation indicates a marginal increase in just two additional species
with doubled sampling efforts. As such, the decision to expand the number of plots at this
specific site seems to offer minimal impact. However, an exception arises in the context
of the vegetable production system, wherein further sampling could potentially unveil a
modest rise in newly identified species. This circumstance suggests that future research
endeavors should consider this system as a potential focal point for deeper exploration.

The agricultural production systems assessed have historically experienced various
types of agricultural management to control weed populations. Among these management
practices, the application of herbicides and overgrazing stand out in livestock areas. In
avocado and vegetable production systems, soil tillage practices are highlighted. Some
studies have reported that the diversity of weeds in soil seed banks and their surface
vegetation is influenced by the type of management used in each production system,
suggesting that the use of herbicides, soil tillage, or grazing result in communities of differ-
ent weeds [8,12,41,43,49,52,67,69]. However, although agricultural management practices
in production systems can reduce the diversity of weeds, it has been observed that the
abundance of these species does not always decrease and may even tend to increase the
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dominance of a few species that have the capacity to easily compete with other weed
species [43–45,70], agreeing with the results found in the current study.

The results suggest that understanding the variability of the diversity of weed commu-
nities in soil seed banks and their surface vegetation in areas under different anthropogenic
pressures in the northern Colombian Andes provides valuable information on the ecological
dynamics of weeds species, which could facilitate the identification of those that really
represent a problem in agricultural production systems. In addition, a clear understanding
of how different agricultural management practices interact to condition weed communities
is a key component in the development of integrated weed management programs focused
on agricultural efficiency and environmental sustainability based on ecological approaches
that promote the biodiversity of ecosystems [42,45,46,54,71–75].

5. Conclusions

The composition of the weed communities in soil seed banks and the superficial
vegetation differed between the little-intervened forest ecosystem and the agricultural
production systems assessed. A greater equitability was observed in the forest ecosystem,
while there was a higher dominance of some species in the agricultural systems. Likewise,
the highest differentiation occurred in the species composition between sites and the
dominant species in the agricultural systems, those with a negative impact on agricultural
production standing out probably due to their life history traits that could make them
more successful in the face of different anthropic selection pressures in each productive
system. Thus, understanding the dynamics of weed communities subjected to various
anthropic pressures in different production systems could help design more efficient and
environmentally friendly weed management strategies.
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