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Abstract

We aimed to investigate the reproduction-related traits of Vicia biennis L., an endan-
gered and poorly known wetland species in its western marginal populations (in Hunga-
ry), and discuss the conservational and ecological implications. We measured the mass,
viability, and physical dormancy of half-year-old seeds in five in-situ collected seed lots,
while potential seed longevity (i.e., seed bank type) was estimated from repeatedly ger-
minating subsamples from four ex-situ collected seed lots for 3—8 years. Plant survival,
flowering, and seed production were studied in different light-, irrigation-, and competi-
tion conditions in a botanical garden experiment. We found that 1) half-year-old seeds
have a high germination capacity (78-100%), 2) and high level of physical dormancy
(72-100%) in all examined Hungarian populations, and 3) the seeds can preserve their
germination capacity for more than five years, although their viability sharply decreases,
probably falling below 10% within ten years, when they are stored at room temperature.
The results of the botanical garden experiment suggested that 1) the species is annu-
al, not biennial; 2) it shows strong sensitivity to precipitation and low competitiveness
for water; and 3) it can produce hundreds of seeds even in suboptimal (dry or shady)
conditions. Although the species was found to be well-adapted to a temporally hetero-
geneous environment, its future vulnerability can increase depending on the duration
of dry seasons. Further investigation of genetic diversity and soil seed bank is needed
to estimate the actual vulnerability of the species while strengthening the populations
through seed sowing, and additional vegetation control in the habitats is suggested.

Key words: Fabaceae, germination, physical dormancy, seed longevity, seed production

Introduction

Recently, several studies have shown that human-induced loss, fragmentation,
and degradation of natural habitats, together with accelerating climate change,
are among the most important drivers of current and future biodiversity cri-
sis (Sala et al. 2000; Jaureguiberry et al. 2022). These processes may also
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significantly affect species distribution patterns (Parmesan and Yohe 2003),
leading to a significant level of species turnovers and species extinctions in
several regions, such as the Pannonian region (Thuiller et al. 2005)).

An increasing number of models were developed to predict the responses of
species and communities to future environmental changes in order to prioritize
conservation actions (Thuiller et al. 2008). There is a growing demand for using
trait-based approaches in plant ecology and related sciences (Violle et al. 2007) as
well as in species distribution modelling (Violle and Jiang 2009; Violle et al. 2014).
This approach needs high-quality functional trait data of the target species, which
led to the development of large trait databases, e.g., TRY (Kattge et al. 2011), SID
(Anon 2020) or LEDA (Kleyer et al. 2008). Although these databases have achieved
unprecedented coverage (Kattge et al. 2020), there are still some critical knowl-
edge gaps: seed-related traits except for seed mass (Jiménez-Alfaro et al. 2016;
Saatkamp et al. 2019), and generally, the traits of rare species (Kattge et al. 2020)
are surprisingly underrepresented in these databases and the literature.

Life history traits of rare plant species are often poorly known, and the rel-
ative importance of these species in maintaining ecosystem functioning has
been underestimated for a long time (Grime 1998). However, several studies
have shown that rare species often support important and vulnerable ecosys-
tem functions (Lyons et al. 2005; Mouillot et al. 2013) as they are usually char-
acterized by unique functional trait combinations in the given community (Jain
et al. 2014). Furthermore, they potentially have an essential role in stabilizing
food webs (Saterberg et al. 2019) and can even strengthen a community’s re-
sistance to invasions (Lyons and Schwartz 2001). Consequently, their role in
maintaining ecosystem functioning and ecosystem services can be significant
despite their small number in the community (Dee et al. 2019). However, rare
species are considered more vulnerable to climate change, habitat loss, distur-
bance, or biological invasions; thus, their loss can contribute disproportionally
to the current extinction crisis (Pimm et al. 1988; Enquist et al. 2019).

For the effective in-situ and ex-situ conservation of rare species, it is essen-
tial to have a basic knowledge of life-history traits related to germination and
seedling establishment that can considerably affect population growth and
stability (Saatkamp et al. 2019; Pence et al. 2022). This knowledge is also in-
evitable for planning effective reintroductions of rare species (Godefroid et al.
2011) and fundamental in the case of annual and biennial plants for which
recruitment by seed is a crucial process due to their short life-cycle.

This study aimed to examine the life strategy of a poorly known, endangered
plant species (Vicia biennis L.) and its reproduction-related traits in order to
reveal potential sources of the species’ vulnerability and understand its current
demography and distribution.

Vicia biennis L. is a wild legume species with a 1-3m long, branching and
climbing herbaceous stem system. Originally it was described as a biennial
(hemitherophyte) plant, which is preserved in its Latin name, but recently, this
was questioned in the literature. Nowadays, it is occasionally referred to as an-
nual (Leht 2005; Kiraly 2009), annual/biennial (Lesku and Molnar 2007; POWO
2023) or as a perennial liana with “periodic shoot reduction to a remnant shoot
system that lies relatively flat on the ground surface” (Botta-Dukat et al. 2023).

Although the species has a wide distribution area (from Hungary to Kazakh-
stan), its known populations are often isolated and situated far from each oth-
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er. They live near wetland habitats: edge of gallery forests, willow bushes, or
reed-framed watersheds in the steppe zone. These habitat types are profoundly
affected by land use, climatic changes, and invasive alien species (Stohlgren et
al. 1998; Schindler et al. 2016). According to So6 (1980), its habitats are char-
acterised by moist, compacted clay or alluvial soils.

The westernmost populations live in the Pannonian Biogeographic Region in
Hungary, where the species is endangered and strictly protected by law (Kiraly
2007). It was probably always rare in this country and was among the first
plants proposed for protection in 1908 (Farkas 1999). Herbarium specimens
from the 1900s are sporadic (Molndr et al. 2000), but new populations have
been found continuously since the late 1990s. In the last 25 years, 13 popula-
tions have been recorded in the “Vascular Plants of Hungary online database”
(Fig. 1) (Bartha et al. 2023). These populations were found along the River
Tisza and its tributaries, but not necessarily in wetland habitats. For example,
Somlyay and Bauer (2013) found larger populations in near-water fallows and
even in dry, weedy hay meadows, suggesting that the plant may not be strongly
associated with wetlands, or at least, it can appear intermittently on drier habi-
tat types too. According to the different ecological indicators collected togeth-
er in the Pannonian Database of Plant Traits (Sonkoly et al. 2022), Vicia biennis
is a disturbance-tolerant species and prefers moist, sunny/semi-shaded and
nitrogen-rich habitats (Soé 1980; Borhidi 1995).

The size of the found populations was highly variable, ranging from one
specimen to more than 100 individuals. However, despite all conservational
efforts, this shows a high within-population variation between years. Based on
this and the vulnerability of wetland habitats, the species was suggested for
ex-situ conservation by the Hungarian National Park Directorates (Hazi and
Lesku 2006), and an ex-situ population was established in 2009 in the MATE
botanical garden, Godollé (Fig. 1).
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Figure 1. Location of the ex-situ and in-situ populations in Hungary validated after 1990.
Examined populations (Tiszaderzs, Pliispokladany and Lakitelek) are highlighted. The map
is based on the data of the Vascular Plants of Hungary online database (Bartha et al. 2023).
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Despite the species’ endangered conservation status, vulnerability, and its
well-known crop (e.g., Vicia sativa) and weed (e.g., V. cracca) relatives, only
morphological data and no functional trait data are available about V. biennis
in the literature or public databases (e.g., SID (Anon 2020), TRY (Kattge et al.
2020)), making predictions and conservation actions even more challenging.

In our research, we aimed to experimentally investigate some reproduc-
tion-related traits of the species in semi-natural conditions: Seed and germina-
tion-related traits (i.e., seed mass, potential seed longevity, dormancy, germina-
tion capability) were examined in greenhouse experiments, while plant survival,
flowering, seed production and their reaction to different light exposure and
precipitation were investigated in a botanical garden experiment. The main
questions and hypothesis of the study were the followings:

1) What is the degree and variance of mass, physical dormancy, and
germination capacity (viability) of seeds collected from different in-
situ populations?

Avastmaijority of speciesinthe Fabaceae family produce seeds with somekind of
dormancy — mostly physical (PY) or combinational (i.e., physical + physiological,
PY+PD) dormancy (Baskin and Baskin 1998; Van Assche and Vandelook 2010;
Jayasuriya and Wijetunga 2013). The primary role of physiological dormancy
(PD) is to inhibit germination until environmental conditions are favourable for
seedling establishment (e.g., waiting for the end of the summer period in the
case of winter annuals (Van Assche and Vandelook 2010)). In contrast, seeds
with physical dormancy (PY) cannot germinate even in favourable conditions
until their water-impermeable structures in the seed coat break due to me-
chanical or thermal effects (Baskin and Baskin 2004; Renzi et al. 2014). From
a long-term conservational perspective, physical dormancy (PY) can be more
important in the bet-hedging of annual or biennial species and greatly impact
population dynamics, as it can positively correlate with the seeds’ longevity as
well as delay germination for many years. (Cohen 1966; Childs et al. 2010).

Due to the limited number of seeds available from the endangered popula-
tions of V. biennis, we decided not to test all potential dormancy types but rather
focus on the more important physical dormancy (PY). Based on the expected
life form of the species (i.e., summer annual) and the seed characteristic of oth-
er Vicia species, high between-population variances in seed dormancy, weight,
and viability were expected. As the examined in-situ populations are small and
variable (containing ~10-50 individuals), detecting signs of inbreeding depres-
sion (e.g., low viability of seeds) was also conceivable.

2) What is the potential seed longevity (seed bank type) of Vicia biennis?
How long can the seeds potentially preserve their germination capacity?

The longevity of seeds (i.e., the time they can preserve their germination ca-
pacity) is a crucial seed trait affecting the survival of endangered, annual/bien-
nial plant populations. Although this highly depends on the species’ attributes,
environmental conditions affect it too (Bekker et al. 2003). For the effective
conservation of a species, maximum ex-situ seed longevity (i.e., the time the
seeds can be stored in controlled conditions without losing their germination
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capacity), potential in-situ seed longevity (i.e., the time the seeds can persist
in the soil without losing their germination capacity) and realized in-situ seed
longevity (i.e., the actual seed longevity on a given habitat) can be all important.
Ex-situ seed longevity is usually measured by controlled seed ageing experi-
ments (Newton et al. 2014), while long-term seed burial experiments can help
to estimate in-situ seed longevity (e.g., Csontos et al. 2016). The former is more
expensive and requires proper lab equipment, while the latter is time-consum-
ing and highly affected by the soil and weather conditions. In addition, both
approaches require hundreds/thousands of seeds, which can be problematic
for an endangered species. In a simplified approach, seed longevity can also be
estimated by ecological correlates (Probert et al. 2009): e.g., in-situ seed per-
sistence is correlated with some seed characteristics (mass, shape, and densi-
ty in the soil) (Thompson et al. 1993; Bekker et al. 1998). However, these sim-
plified approaches are usually limited only to determine the potential seed bank
type of the species, i.e., if a species probably has a transient seed bank (with
seeds viable for less than one year), a short-term persistent seed bank (with
seed persistence between 1-5 years) or a long-term persistent seed bank (with
seeds preserving their viability for more than five years) (Thompson 1993).
Although we did not have the conditions (lab and a sufficient number of
seeds) to conduct a proper longevity test, we wanted to estimate at least the
potential seed bank type of the species by testing the viability of seeds with dif-
ferent ages in the short-term ex-situ seed collection. Based on the known eco-
logical correlates, itis not clear what seed bank type to expect: E.g., species with
similarly large seed sizes have a higher chance to have a short-lived, transient
seed bank (Csontos 2001) but short life histories (e.g., annual life form) are usu-
ally associated with increased seed persistence in soils (Thompson et al. 1998).

3) How do light, precipitation, and root competition affect mortality,
growth, flowering, and seed production?

V. biennis often grows close to wetland habitats in the half-shaded edge of tall-
er vegetation (e.g., bushes or cattails); thus, we hypothesized that the species
has a relatively low light requirement and high water demand for healthy devel-
opment and seed production.

Materials and methods
Examined populations

Three in-situ and one ex-situ Hungarian population were selected as seed
sources to study the seed traits of the species (Fig. 1).

The Tiszaderzs population was found in 1999, near a canal connected to an
oxbow of the River Tisza (Cserékozi-Holt-Tisza). At that time, the known habi-
tats of the species were threatened by invasive weeds (e.g., Amorpha fruticosa,
Vitis spp., Echinocystis lobata, Solidago gigantea) (Molnar et al. 2000). In 2009,
the individuals occurred 20—50 m from the canal, mainly in a young, semi-shad-
ed poplar forest (Populetum canadensis cultum) in the neighbourhood of a hol-
iday home zone. However, a few individuals had already appeared in the more
open willow bushes (Calamagrosti — Salicetum cinereae) nearby. Regarding the
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vegetation, although we found some typical softwood gallery forest species
(e.g., Salix alba, Rubus fruticosus, Galium mollugo) in the forest habitat, most of
the recorded plants were disturbance-tolerant weeds (e.g., Amaranthus albus,
Cirsium vulgare, Artemisia vulgaris, Tanacetum vulgare, Equisetum arvense) and
V. biennis had to cope with many invasive neophytes (e.g., Conyza canaden-
sis, Erigeron annuus, Amorpha fruticosa) too (Endrédi 2010; Endrédi and Nagy
2012). Between 2009 and 2016, the estimated population size oscillated be-
tween 40 and 5 individuals (Endrédi 2012; S6th 2017).

In the last decade, the forest habitat has become more shaded, and despite
all conservational efforts (e.g., early spring weed control and some reintroduc-
tion attempts), the number of V. biennis individuals showed a significant de-
crease here. Meanwhile, the shift of the population towards the continuously
disturbed (cut) edge of willow bushes was observed.

The Pilispokladany population was found in 2009 in a ditch between fields.
Here, the plant community was mainly composed of typical wetland species
(e.g., Typha angustifolia, T. latifolia, Bolboschoenus maritimus s. I., Lycopus exalta-
tus, Butomus umbellatus) (Gulyas 2013). Two years later, in 2011, the population
size was about a dozen (Gulyas 2013), and we found a similar number (10-15) of
individuals in the year of the seed collection (2015), climbed up to cattail (Typha
spp). We do not have information about the conservation of this population.

The Lakitelek population was recorded in 2012. A few dozen individuals oc-
curred on a pond’s steep shore, and a similar number of plants were found near-
by, on the embankment between artificial ponds (Somlyay and Bauer 2013). In
2014, we found about 10-15 plants climbed up to the vegetation on the edge
of a pond. In 2017 and 2018, we did not find the species here, while the cover of
disturbance-tolerant weeds has increased dramatically. Although, on the edge
of a nearby artificial pond, a few dozen individuals appeared in 2017 (Ercz 2018).

The ex-situ population was established in 2009 in the Botanical Garden of
MATE (G6doll6). For the establishment, seeds were collected from the Tisza-
derzs population in 2007 and germinated in 2009. The species’ preference for
light and moist conditions was tested in the first year. The results and the con-
ditions are presented in this paper. In the following years, the population was
maintained partly by spontaneous germination and partly by additional seed
sowing and seedling planting. All seeds/plants used for the sowing and planta-
tion originated from the previous seed lots of the same ex-situ population. The
number of seed-producing individuals in this population varied between 50 and
100, and about 50% of the mature seeds was collected each year.

Seed collection and storage

In the germination tests, we used both in-situ and ex-situ collected seeds. In
this paper, we will use the term “seed lot” for seeds collected from the same
population in the same year, while “seed sample” refers to subsamples of seed
lots for germination experiments or weighing.

Five in-situ seed lots were collected in four years (2013, 2014, 2015, 2017)
from the three different populations (Fig. 1): Tiszaderzs (13T and 14T), Lakitelek
(14L and 17L) and Puspokladany (15P). In the years of seed collections, all
populations contained only a relatively small number of individuals: The
Tiszaderzs population contained approximately 40 individuals, the Lakitelek
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population was formed by 10-15 (2014) and 20-30 (2017) individuals, while
the Pispiikladany population included only 10—-15 individuals. Population size
was estimated partly by counting the stems right above the ground and partly
based on the more or less separated canopies, as in some cases, the vegeta-
tion density (dense willow bushes, cattail or the “carpet” formed by the target
species) made it impossible to count each stem separately.

We performed only one seed collection in a vegetation season to mini-
mize the disturbance of these endangered populations. The Tiszaderzs and
Lakitelek populations were sampled twice in two different years, while in the
Piispokladany population, only one seed collection was performed in 2015.
Samplings were performed in August, in the middle of the yielding period. Fol-
lowing the ENSCONET (2009) seed-collecting manual’s suggestions for small
populations, the aim was to collect less than 20% of the total seeds available.
Depending on the size of the population, ~7-20 individuals (~50-100% of the
population) were selected randomly, and 2-5 mature (brown and dried) pods
were collected from them. The collected seed lots accounted for only a small
proportion of the plants’ total seed production as the species has continuous
flowering and yielding during summer/autumn (Endrédi 2010).

Pods were opened, and only mature (round, pigmented) and intact seeds
were selected for storage. In total, ~46-150 seeds were collected per popu-
lation during one collection. Seeds from the same lot (collected in the same
year and population) were mixed. Whereas previous observations suggested
that the species is a spring germinator and a preliminary study did not show a
significant effect of cold winter stratification (1 month in 4 °C) on germination
(Endrédi 2010), seeds were kept in the dark, in paper bags, at room temperature
(23 °C), and in ambient moisture conditions for about six months before the ex-
periment. This time interval should be sufficient to eliminate the after-ripening
period the seeds potentially need (i.e., primary dormancy) before germination.

As the size of the in-situ collected seed samples was not appropriate for
repeating germination tests for years, seeds from the ex-situ population
were used for the longevity experiment. For the longevity experiment, we
used seeds collected from the population in four different years: 2009, 2010,
2012, and 2013 (seed lots 09EX, 10EX, 12EX, and 13EX, respectively). These
ex-situ seed lots were stored under the same conditions as the in-situ seeds:
in the dark, within paper bags, at room temperature (23 °C), and in ambient
moist conditions.

Germination tests

Two series of germination experiments were conducted in greenhouse condi-
tions to determine 1) the viability (estimated via germination capability) and
physical dormancy of half-year-old seeds and 2) the average seed longevity
(i.e., the time until the seeds can preserve their germination capacity). Experi-
mental setups are shown in Fig. 2a. and Table 1.

Before the experiments, the average seed mass of all seed lots was esti-
mated by weighing three subsamples containing exactly 20—20 seeds. In the
case of Lakitelek seed lots (14L and 17L) we did not have 3x20 seeds; thus,
we weighed all the 46-50 seeds individually to get the average seed masses.
Subsamples were measured in grams with an accuracy of 0.0001 g.
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a) Germination experiments
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Figure 2. Materials and experimental setups of a the germination tests and b the botanical garden experiment.

Experiment 1 - Viability and dormancy tests

In the first experiment, we tested the viability and dormancy of the in-situ col-
lected seeds, mainly focusing on physical dormancy (PY).

From the largest seed lot (15P), 120 seeds were randomly selected for
the experiment, while only 80—-80 seeds were available from the Tiszaderzs
seed lots (13T and 14T), and all the 46—50 seeds of the Lakitelek seed lot
(14L and 17L) were used in the experiment (Table 1). Before the germination
test, half of the seeds in each sample were scarified individually (i.e., the
seed coat was perforated) by sandpaper to break the possible physical dor-
mancy (i.e., water-impermeable layer in the seed coat). The other half of the
sample was treated as unscarified control. All (control and scarified) seeds
were soaked for 24 hours in tap water. From each treatment group, at least
20 seeds (23 for 14L and 25 for 17L) were germinated in Petri dishes, with
1-3 replicates, depending on the number of available seeds (see details in
Table 1).

We recorded the number of imbibed seeds daily to study the degree of phys-
ical dormancy. Physically dormant seeds could not intake water; thus, their
appearance (size and colour) did not change, while seeds with broken hard
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seed coats visibly swollen and their colour faded. Based on this, the physical
dormancy of the seed lots was estimated as follows:

IMB

PY,=1-ND;=1- ——"—
IMB . +UN,

PYi= level of physical dormancy in population i

NDi= ratio of non-dormant seeds in population i

IMBc= number of imbibed seeds in the control group
UNc= number or unchanged seeds in the control group

Table 1. Origin, treatments and number of seeds used in germination experiments. Note that seed age is rounded up as
the seeds were collected in summer and germinated in spring.

Experiment Year of collection | Source population Seed sample = Seed age (yr) | Treatment | Sample size (n)
1. (viability & dormancy) 2013 Tiszaderzs 13T 1 Control 2*20
Scarified 2*20
2014 Tiszaderzs 14T 1 Control 2*%20
Scarified 2*20
Lakitelek 14L 1 Control 23
Scarified 23
2015 Piispokladany 15P 1 Control 3*20
Scarified 3*20
2017 Lakitelek 17L 1 Control 25
Scarified 25
1. (longevity) 2009 Godolls (EX) 09EX 1 Scarified 3*20
2 3*22
3 3*22
7 3*20
8 3*20
2010 Go6dolls (EX) 10EX 1 Scarified 3*22
2 3*22
6 3*20
7 3*20
2012 Go6dolls (EX) 12EX 1 Scarified 3*20
4 3*20
5 3*20
2013 Godolls (EX) 13EX 1 Scarified 3*20
3 3*20
4 3*20

Germination (root/shoot emergence) was monitored daily to investigate seed
viability. As scarification was a reliable method to break physical dormancy (see
in the Results section), the viability of the in-situ collected seed lots was estimat-
ed based on the germination of the scarified, imbibed seeds as physical dorman-
cy did not prevent the germination of viable seeds in this group. However, the pos-
sible occurrence of viable seeds with combinational dormancy (PY+PD) “hiding”
among the non-germinated, imbibed seeds was also considered in interpreting
the results. Thus, seed viability of the in-situ collected seed lots was calculated as:

GERMg.
SsV=———"——"—
"~ GERMg,+NGg,
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SV = seed viability in population i
GERM, = number of germinated seeds in the scarified group
NG, number of non-germinated seeds in the scarified group

Experiment 2 — Longevity tests

In the second experiment series between 2009 and 2018, four ex-situ collected
seed lots (09EX, 10EX, 12EX, and 13EX) were sampled and germinated repeat-
edly for 3-8 years to record the temporal dynamics of their germination capa-
bility (Table 1). Before the experiments, all seeds were scarified and soaked in
tap water for 24 hours to break physical dormancy.

All germination experiments were performed in a greenhouse from the be-
ginning of March when the temperature in the greenhouse varied between
10 °Cand 20 °C. All seeds were placed onto wet filter papers in Petri dishes, and
irrigation was automatic by diffusion with the help of 2cm x 20cm filter paper
stripes. Imbibition and root/shoot emergence were monitored daily for 30 days.

Botanical garden experiment

Survival, development, and reproduction success were studied in 2009 in the
newly established ex-situ population (Fig. 2b).

For establishing the ex-situ population, seeds of Tiszaderzs population were col-
lected in 2007 and germinated in March 2009. In June, the well-developed (longer
than 30 cm) specimens were planted on a 15 x 2m plot with sandy, fertilized, and
homogeneously mixed soil and naturally diverse light conditions (Endrédi 2012;
Fig. 2b). Ninety-eight individuals were planted in 3 rows and 33 columns. In the
same column, individuals grew under the same light conditions, and the columns
followed a natural light gradient regarding the time spent in direct sunlight (see
Fig. 2b). To decrease root competition, plants were placed at least 40cm from each
other: the distance between the rows was 80cm, while between the columns it was
50cm (see Fig. 2b). To estimate the plants’ sensitivity to root competition, marginal
specimens were planted only 20cm from the grassy edge of the seedbed.

Before planting, we classified the columns according to their light conditions
(Fig. 2b): 1) shaded microsites (columns 1-5, called “Shady”), which were never ex-
posed to direct sunlight due to a large shading tree, 2) sunny microsites (columns
16-26, called “Sunny”) which were exposed to direct sunlight the whole day, and
3-4) two half-shaded microsites (columns 6-15 & columns 26-33, called “HS”
and “HS + dry, respectively) with at least some hours of direct sunlight and shade
every day. As the Tiszaderzs population (i.e., the source population) grew in half-
shady conditions (Endrédi 2010), we used the same condition to test the species’
sensitivity to precipitation. For this purpose, the two half-shady microsites were
irrigated differently: while the first three microsites (Shady, Sunny, and HS) were
irrigated once a week for an hour, the last half-shady microsite (HS + dry) got irri-
gation only every second week. This experimental setup enabled us to study plant
survival, development, and reproduction success in different microsites, reflecting
a wide range of light conditions and two different precipitation scenarios occurring
in the different in-situ populations. We randomly distributed the specimens that
germinated on the same day between the four microsites and randomly selected a
column for them within the microsites to minimize the effect of germination time.
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Measurements: We measured the length of the stems weekly. The number of
inflorescences per individual, flowers per inflorescence, green pods per inflores-
cence, seeds per green pods, and the number of mature legumes were counted
weekly, too. Mature pods were collected, and seeds were counted as well.

As flowering and seed production is continuous during the summer, note that
with monitoring once a week, particular flowers could be counted more than
once, and we could not collect all of the mature legumes before the escape of
some seeds. Consequently, we cannot estimate the exact number of produced
flowers or seeds, but the standard sampling makes it possible to compare the
seed production of the individuals grown under different conditions.

Data processing and software

Data visualization and statistics were performed using R statistical software
(R Core Team, 2019). Figures were drawn by the ‘ggpubr’ (Kassambara 2019)
package, except Fig. 1 and Fig. 2. Fig. 1 was made with the help of ‘maps’ and
‘mapdata’ (Brownrigg et al. 2018) packages, while the river shape file is from
(Tapiquén 2015), and Fig. 2 was drawn in Inkscape (Bah 2010).

Germination capabilities and dormancy of seeds in the different seed sam-
ples, as well as the effect of seed weights on seed germination probability, were
compared by logistic regressions (g/m function; R Core Team 2019), while lin-
ear model (Im function; R Core Team 2019) was used to compare the average
seed weights of in-situ seed samples.

Regarding the garden experiment, the probability of mortality after the plan-
tation was analysed within 6-week periods (i.e., the probability of survival in the
first six weeks, between 6-12 weeks, 12-18 weeks, and 18-24 weeks after
plantation). The effect of microsites (i.e., light and precipitation conditions) and
root competition (marginal/inner individuals) on this probability was analysed
by logistic regression. The maximum heights of plants growing in different mi-
crosites and within different root competition conditions were compared with
linear models. Post hoc pairwise comparisons were made using the glht func-
tion of the ‘multcomp’ package, which automatically gives adjusted p-values
(Hothorn et al. 2008). The impact of microsites and root competition (i.e., mar-
ginal or inner position) on the number of legumes and seeds was examined us-
ing the microsites/root competition in the non-parametric Kruskal-Wallis test,
and pairwise Wilcoxon-test was used for posthoc pairwise comparisons.

Results
Germination tests
Experiment 1 - Viability and dormancy tests

The results of the first experiment are summarized in Fig. 3.

Generally, the seeds of the species showed high viability (on average, 78-88%
of the scarified seeds germinated), and there were no significant differences be-
tween the different in-situ seed lots (adjusted p>0.08, logistic regression) (Fig. 3a).
Furthermore, the level of physical dormancy was also high in every seed lot (ad-
justed p>0.88, logistic regression): only 0—10% of the control seeds showed visu-
ally noticeable water uptake (Fig. 3b), indicating the absence of water-imperme-
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Figure 3. Results of the first germination experiment: seed viability (a), dormancy (a, b), seed weight (c) and their relationship
(germination probability/relative frequency of scarified seeds with different weights) (d) in the case of half-year-old, in-situ
collected seeds. Different characters in panel ¢ indicate significantly different seed lots (linear model, Tukey’s contrasts). In
panel d, the heights of the bars represent the relative frequencies of germinated (hanging bars) and non-germinated (stand-
ing bars) seeds in the different seed weight classes. The sum of the heights of all bars is equal to one. E.g., 4.78% of the ex-
amined scarified seeds weighed between 5-10 mg and showed no germination (second standing bar), while another 20.21%
of all tested seeds fell into the same weight category but did germinate in the experiment (second hanging bar). The fitted line
shows the relationship between the seed weight and the germination capability, predicted by the logistic regression model.

able seed coat (i.e., the absence of physical dormancy). Individual scarification
proved to be a suitable method for breaking this high level of physical dormancy
- 96-100% of the seeds could take up water after the treatment (Fig. 3b), with a
significant 72—-87% increase in germination capability as well (Fig. 3a).

Almost all seed samples were different in average seed mass (p<0.001, linear
model) (Fig. 3c), even the ones that came from the same population but differ-
ent years (13T/14T and 14L/17L pairs), and those collected in the same year
but from different populations (14T/14L). However, heavier seeds had a higher
germination probability (p<0.01, logistic regression), germination probability of
seeds with more than 10 mg mass was found to be high, exceeding 0.8 (Fig. 3d).

Experiment 2 — Longevity tests

The results of the second experiment series are shown in Fig. 4.
Despite the highly protective seed coat (i.e., the generally high initial physical
dormancy) and high initial viability, all examined ex-situ collected seed samples
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Figure 4. Temporal changes in seed viability of ex-situ collected seeds.

showed a sharp decrease in germination capability in the first 5—-6 years (p<0.001,
logistic regression) (Fig. 4). The logistic regression model suggests that germi-
nation capability probably decreases below 10% within ten years when these
seeds are stored at room temperature and ambient relative humidity.

Botanical garden experiment

Summary statistics (mean and SD) of traits (lifespan, height, pod, and seed
production) measured on the different microsites are summarized in Table 2.

Table 2. Summary statistics (mean and sd) of the traits of plants grown in the botanical garden in different light and pre-
cipitation conditions (Shady= always shaded weekly irrigated microsite (n=17), HS= half-shaded, weekly irrigated microsite
(n=30), Sunny= always sunny, weekly irrigated microsite (n=30), HS+dry= half-shaded, biweekly irrigated microsite (n=23)).

Lifespan (weeks)

Microsite
mean
Shady 21.00
HS 18.33
Sunny 15.30
HS + dry 14.39

sd
3.78
5.96
8.82
5.98

Max. height (cm) Nur!1be.r .of pods/ Number <.)f seeds/ Number of seeds/
individual individual pods
mean sd mean sd mean sd mean sd
201.37 41.42 80.43 39.79 264.43 111.56 3.39 0.63
276.91 50.82 148.07 76.67 529.25 256.75 3.62 0.40
209.00 54.43 184.50 130.95 679.91 507.77 3.69 0.36
161.47 49.52 53.45 51.44 183.05 152.20 3.67 0.49

Survival and development

All ex-situ planted individuals (n=98) germinated, established and finished their
life cycle within one vegetation season (from spring to autumn) as summer an-
nual plants. Within the 24-week-long field experiment, the highest average lifes-
pan (21 weeks after plantation) was found in shady conditions, and a decreasing
trend was observed along the light gradient (Half-shady (HS)=18.3 weeks, and
Sunny=15.3 weeks, Fig. 5a). However, individuals growing on the drier half-shady
part (HS + dry) of the plot showed the lowest average lifespan (14.4 weeks).
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Figure 5. Survival and growing in different light conditions and competition: lifespan after plantation (mean + SE) (a), temporal
patterns in survival (b), maximum height (mean + SE) (c¢) and temporal patterns in growing (d). Lighter boxplots show individ-
uals with no competitors within 40cm, while darker boxplots indicate plants with neighbouring grass in 20cm distance. Dots
and bars on the boxplots show mean and SE values. Grey and white stripes on panels b and d indicate 6-week-long periods.

Plants grown in the marginal position showed a slightly, but not significantly low-
er average lifespan than their neighbours in the middle of the plot. The temporal
change in mortality is presented in Fig. 5b. Plants growing under direct sunlight
were found to be more vulnerable to the stress caused by planting, as 26.7%
of the individuals died in the first few weeks after planting. In contrast, in half-
shady areas, the mortality rate was 18—-20% less, while in the shade, none of the
individuals died within the first six weeks. In general, the mortality rate started
to increase 12 weeks after plantation (from week 34, middle of August, after the
plants reached their maximum height (Fig. 5d)), but plants growing under differ-
ent light conditions showed different patterns: on the drier half-shady part of the
plot, the increase started some weeks earlier than on the shady or sunny parts.

The plants reached their maximum height 12-16 weeks after plantation
(Fig. 5d), and it was significantly the highest (mean=276.9 cm, sd=50.8) in the
half-shady, weekly irrigated microsite (HS), while the smallest plants (with an
average of 161.5 cm and sd=49.5) were found on the half-shady, but rarely irri-
gated microsite (HS + dry) (Table 2). There was no difference between the max-
imum height of plants growing in shady (mean=201.4 cm, sd=41.4) and sunny
(mean=209.0 cm, sd=54.4) conditions, but both groups differed significantly
from the half-shady groups (p<0.03, linear regression). There was no significant
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difference in the maximum stem length of plants growing at the edge/middle of
the plot as well (i.e., in different root competition conditions, Fig. 5c).

Reproduction

Flowering started around week 28, reached the peak around week 33, and end-
ed around week 39 (Fig. 6b). However, the timing of flowering seems to be
independent of the light and competition conditions (Fig. 6a, b), the number of
flowers per individuals showed some differences (Fig. 6b): plants which were
grown in the half-shady and weekly irrigated microsite (HS) had more flowers
than those in the other groups.

The first pods appeared two weeks after the start of flowering. The number
of pods showed a similar temporal pattern to the flower’s (Fig. 6d), with the
highest values in the half-shady, weekly irrigated area (HS), but the average total
number of matured pods per individual (Fig. 6¢) was similarly high in the sunny
area too (p=0.61, pairwise Wilcoxon test). All the other group pairs differed sig-
nificantly (p<0.04, pairwise Wilcoxon test). As the number of seeds in the pods
was independent of the conditions (Table 2), the total number of seeds showed
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Figure 6. Flowering and yielding in different light conditions and competition: first week of flowering after plantation (a),
temporal patterns in flowering (b), number of matured pods/individual (c) and temporal patterns in producing pods (d).
Lighter boxplots show individuals with no competitors within 40cm, while darker boxplots indicate plants with neigh-
bours within 20cm distance. Dots and bars on the boxplots show mean and SE values. Grey and white stripes on panels
b) and d) indicate 6-week-long periods.
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a similar pattern as the pods: the plants produced the lowest number of seeds
in the half-shady, dry (HS + dry) area (mean=183.05, sd=152.2), slightly more in
shady conditions (Shady, mean=264.4, sd=111.6), while the best performance
was observed on the weekly irrigated half-shady (HS, mean=529.3, sd=256.8)
and sunny (mean=679.9, sd=507.8) microsites (Table 2). Regarding the edge
effect, only the sunny group showed a significant difference; plants grown in
the middle of the plot, far from each other, produced more pods and seeds
than their neighbours on the edge of the plot, where the root competition with
grasses was more emphasized (p=0.029, Wilcoxon test).

Discussion

To summarize our results, Vicia biennis seeds showed high seed viability and phys-
ical dormancy in all the studied Hungarian populations, while seed mass was high-
ly variable across years and source populations. The germination results suggest
that the species has a long-term persistent seed bank, but seed viability sharply
decreases below 10% within ten years in dry storage and room temperature.

All specimens in our experiment behaved as annual (not biennial), and their
mortality, growth, and reproduction showed a strong sensitivity for irrigation/
soil moisture content: on sandy but fertilized soil and in half-shady conditions,
the plants performed significantly better (lived longer, grew higher and produced
more flowers and seeds) when they were irrigated weekly and not only every sec-
ond week. When getting the same amount of water, the plants had longer stems
and more flowers in the half-shady area than in shady or sunny conditions, but
the pod and seed production were similar or even higher (when competition for
water was low) on the sunny part of the plot. However, higher competition for
the limited water resulted in a significant decrease in seed production.

Annual plant species are typically associated with highly disturbed and tem-
porally variable habitats, where producing seeds with different dormancy levels
and high longevity can efficiently “spread the risk” caused by the unpredictable
environment (Cohen 1966; Childs et al. 2010). Seed dormancy is a widespread,
adaptive strategy for avoiding unfavourable conditions in a seasonally variable
environment (Westoby 1981; Rubio de Casas et al. 2017). In theory, seed dor-
mancy is generally more important for annuals as the vegetative phase of their
life is short, and a massive part of their populations exist only in seed banks (Co-
hen 1966; Pake and Venable 1996; Childs et al. 2010). However, even in the case
of annuals, high dormancy is rather expected in highly unpredictable, stochastic
environments (Venable and Brown 1988; Philippi 1993; Volis and Bohrer 2013).
Furthermore, environmental factors (i.e., mainly annual precipitation) in the year
of seed production can also modify the ratio of dormant seeds produced, espe-
cially in habitats with poor water supply (Cseresnyés-Bézsing 2010).

V. biennis is mainly connected to the edge of temporal or persistent wetland
habitats, and we found that the adult plants show a strong sensitivity to water
availability. Based on this, a possible explanation for the generally observed high
seed dormancy across populations and years can be the widespread insufficient
precipitation or high inter-annual variation in precipitation in their habitats. The
long-term climate data of Hungary support this: in the last decades, there was
a significant decrease in spring precipitation and the number of wet days (with
more than Tmm rainfall), and an increasing trend in the duration of dry seasons,

Nature Conservation 54: 121-147 (2023), DOI: 10.3897/natureconservation.54.105606 136



Anett Endrédi et al. Life-history traits and conservation of Vicia biennis in marginal populations

while a large inter-annual variation can be observed for all the three parameters
(Lakatos et al. 2018). On the other hand, high dormancy can also result from the
strong competition for water (Harel et al. 2011). Evidence suggests that in some
cases, mostly in disturbed areas, V. biennis can appear further away from water
bodies, while in the Tiszaderzs and Lakitelek populations, it has disappeared
from areas where the vegetation cover had increased. In addition, our botanical
garden experiment showed that in a sunny area, where the higher evaporation
rate can lead to lower soil moisture, increased root competition significantly
negatively affected seed production. Based on these, the adult plants seem
sensitive to insufficient water supply and have low competitiveness for water.
Thus, consistently high physical dormancy can indicate temporally suboptimal
conditions in all examined populations (i.e., increasing aridity or competition),
or it may be a sign that the species or its local populations are adapted to a
highly unpredictable, stochastic environment (Cohen 1966; Childs et al. 2010).

Seed mass is also important in coping with environmental stress. At an indi-
vidual level, larger seeds support a higher survival rate for seedlings (Westoby
et al. 2002) and adult plants (Metz et al. 2010) and can increase the longevity
of the seeds (by the greater storage capacity), especially when combined with a
hard seed coat (which effectively protects the embryo) (Debeaujon et al. 2007).
However, the larger predation pressure on these seeds can limit the seed mass
in a population (Volis and Bohrer 2013), and as there is a trade-off between
seed size and seed number, seed size depends more on the local environment
of the mother plant too (Debeaujon et al. 2007). For example, many studies
found that plants produce larger seeds in shaded habitats than in more open
areas (e.g., Salisbury 1942; Hodkinson et al. 1998; Sonkoly et al. 2017).

In this study, we found significant differences in the seed weights between the
different populations and years. In general, we found significantly larger seeds in
the larger populations (Tiszaderzs and Lakitelek in 2017) containing more than
20 individuals, while the 10-15 individuals living in the smallest populations
(Plspokladany and Lakitelek in 2014) produced the smallest seeds. Although seed
mass usually correlates with seed viability (i.e., seeds developed in unfavourable
conditions are often less viable), we found high seed viability in all populations. A
possible explanation for this is that even these populations with small seeds have
reached an average seed weight of 10 mg, which — according to our logistic mod-
el — can be enough to maintain high seed viability (i.e., an expected germination
capacity higher than 0.8). These results suggest that the small numbers of individ-
uals in the populations have not yet led to a significant deterioration in seed quality.

At the species level, seed longevity shows some correlation with other seed
traits, like seed mass: species with smaller average seed mass are more likely
to have long-term persistent seed banks (i.e., seeds that are still viable after five
years in the seed bank) (Thompson et al. 1993; Hodkinson et al. 1998; Csontos
2001). According to the 8-grade seed weight category system of Csontos (2001),
V. biennis has relatively large seeds belonging to the 7" group (i.e., species with
average seed weight between 10.1 and 50 mg). Based on this, a transient seed
bank (with seeds that are viable for less than a year after dispersal) would be
expected, but according to Thompson et al. (1998), the majority of variance in
seed persistence cannot be explained by seed mass, because seed longevity is
more a species attribute, and more dependent of phylogeny and life history of
the species than seed mass. Most Vicia species living in the same region have
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similar average seed weights as V. biennis, and many have persistent seed banks
(Csontos 2001; Kleyer et al. 2008). However, data about seed bank types of Vicia
species are scarce and sometimes contradictory. On the other hand, shorter life
histories correlate with increased seed longevity and habitat specialists of dis-
turbed habitat types (often annuals) show higher persistence in soils than those
of stable, undisturbed habitats (Thompson et al. 1998). These findings support
our results that V. biennis is more likely to have a long-term persistent seed bank,
and its seeds can preserve their germination capability for more than five years.
Although we experienced a sharp decrease in germination after five years of
dry storage at room temperature, our results do not necessarily reflect the true
(ex-situ or in-situ) seed longevity. In their natural environment (i.e., in lower tem-
peratures of the natural seed bank), seeds can remain viable for a longer time
than in our experiment, and the realized persistence in the soil also depends on
other factors (i.e., soil moisture, depth, temperature fluctuations, seed predation,
microorganism). Based on the LEDA database, no Vicia species has yet been
found with a seed life expectancy exceeding 25 years (Kleyer et al. 2008), so
we do not expect V. biennis to have higher seed longevity, but for a more precise
determination, appropriate experiments, either in-situ or ex-situ, are needed.

From a conservation perspective, the most crucial question is how threat-
ened the species actually is by climate change or habitat change/loss. Ac-
cording to the climate models of Hungary (Lakatos et al. 2018), due to the de-
creasing annual precipitation and increasing mean annual temperature, the soil
moisture content is expected to decrease, and the frequency and duration of
droughts will increase in the future. The rainfall deficit will affect the summers
the most when V. biennis is most sensitive to adequate soil moisture and low-
er competition for water during flowering. This makes it increasingly unlikely
that stable populations will be established further away from wetlands. How-
ever, wetlands are not only becoming increasingly threatened globally but are
also changing locally. With increasingly rare periods of extreme rainfall events,
regulated shorelines and reduced grazing, the competition-poor environment
required by the species is becoming less and less likely.

The species’ long-term survival will depend on how it can adapt to these
changes or ‘escape’ them and find more suitable areas.

Adaptive capacity is based on the adequate genetic diversity of populations.
In small, highly fluctuating populations, genetic diversity is more likely to be
reduced by inbreeding and genetic drift, and these populations may become
more sensitive to environmental change (Bouzat 2010).

The probability and level of inbreeding depression depend on the species’ mat-
ing system. Although self-compatibility of flowers is common in the Fabaceae
family (e.g., Zhang and Mosjidis 1995), we do not have information about the
possibility or frequency of self-pollination in the case of V. biennis. It also needs
to be discovered how isolated the populations of the species actually are. Re-
garding pollinators, only common Bombus species have been observed as active
pollinators to date (A. E. personal observation). The estimated foraging distance
of these species does not exceed 1000m (Cresswell et al. 2000), so they are not
suitable for maintaining gene flow between the natural populations of the plant.
However, the contribution of other pollinator species cannot be excluded.

The primary mechanism to escape from the negative effects of climate and
habitat change is dispersal. Similarly to other Vicia species (e.g., Oleas et al.
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2018), in the case of V. biennis, short-distance dispersal (for a few meters) is
achieved by the explosive opening of mature fruits and the ejection of seeds
(called “ballochory”) (A. E., personal observation), but other mechanisms of
dispersal are unknown. However, maintaining a large, persistent and highly
dormant soil seed bank may be an appropriate strategy to avoid unfavourable
conditions, not in space but in time. However, this strategy is only successful if
conditions in the habitat become optimal at specific intervals.

Marini et al. (2012) suggest that the three most important traits that can
help cope with the effects of habitat loss and isolation are annual life form (i.e.,
short generation time usually coupled with large persistent seed banks), high
competitive ability and animal dispersal (i.e., non-random long-distance disper-
sal helping to reach suitable habitats). Although V. biennis is probably an annu-
al plant with reproductive traits well adapted to unpredictable environments, its
competitive ability — especially for water - is low, and there is no reliable data
about animal dispersal. Based on this, the species’ sensitivity to further habitat
loss or isolation can be high, and if the frequency of wet years or the distur-
bance events in suitable wetlands decreases under a threshold, seed banks
can be depleted, and these small western marginal populations can disappear.

Based on the above, the following conservation priorities are suggested:

1. To assess the actual vulnerability of the species, it is essential to assess
the populations’ current genetic diversity and isolation. This should be
complemented by an investigation of the state of the soil seed bank and
appropriate experimental studies of seed longevity.

2. In-situ conservation actions should primarily target the vegetation of the
habitat and the seed bank of the species: continuous, controlled distur-
bance of the sites and reinforcement of the seed bank by seed sowing
can help the species to persist in a given area. In the long-term, assisted
migration may also be an option, where seed sowing is used to help the
species spread to new areas likely to provide suitable conditions in the
longer term.
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