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Abstract
In lowlands, many species have been confined into small and isolated populations due to agricultural and 
industrial development, leading to constraints in generation turnover which may threaten their survival 
in the long run. Therefore, studies aimed at identifying such constraints must indeed be carried out. The 
populations of the hydro-hygrophilous Jacobaea paludosa are decreasing due to progressive habitat loss, 
water pollution and eutrophication. In order to assess possible reproductive constraints, in this study we 
have investigated: (a) the species’ self-compatibility and dependency on insect pollination, (b) the occur-
rence of pollination limitation, (c) differences in reproductive success between the study population and 
another population subjected to a reinforcement intervention conducted 10 years earlier. We performed 
a series of field pollination tests, including spontaneous selfing, natural pollination, hand self-pollination 
and pollen supplementation, as well as assessing reproductive fitness in terms of fruit production, cypselae 
vitality and seed germination ability. Other than providing insights into the reproductive ecology of the 
species, our results showed that supplementing capitula with pollen collected from a distinct population 
benefited seed germination within the study population. Altogether, these results indicate potential in-
breeding depression and highlight the importance of focusing on populations as key units for identifying 
constraints in generation turnover and for implementing targeted conservation measures, thereby opti-
mising resource allocation.
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Introduction

Land cover alterations are among the greatest human-induced threats to terrestrial 
biodiversity (IPCC 2007; IPBES 2019). In the last century, Europe has witnessed 
unprecedented rates of habitat loss and fragmentation, where past and ongoing hu-
man activities have transformed the territory into a mosaic of semi-natural habitats 
and both urban and agricultural environments, where natural habitats are restricted 
to just a few small areas (e.g. Danihelka et al. 2009; Wärner et al. 2011). In contexts 
such as these, many hydro-hygrophilous species, once common in previous decades, 
have either become extinct or are currently facing extinction. Among them are there 
the so-called river corridor plants (sensu Zacharias and Garve 1996; Burkart 2001 and 
references therein), i.e. plant species found exclusively or at least predominantly in 
the valleys of large European rivers, in areas where the ground is periodically subject 
to inundation and desiccation cycles. Given their naturally fragmented distribution, 
many of these species are very rare and on the brink of extinction in central Europe 
(e.g. Allium angulosum L., Gratiola officinalis L., Scutellaria hastifolia L., Viola elatior 
Fries, V. pumila Chaix: see Metzing et al. 2018). In the Po Plain (northern Italy) they 
are on the very edge of their range, geographically isolated from core-range popula-
tions. Despite belonging to widely distributed chorotypes (e.g. Eurasian, Eurosiberian, 
Palaeotemperate), many of these species are currently confined to small, relict and iso-
lated nuclei, often growing in artificial habitats such as drainage canals, quarry basins, 
man-made wetlands etc., basically their last refuge areas in an otherwise inhospitable 
territory (e.g. Buldrini et al. 2013a, 2013b; Dorotovičová 2013). In fact, agricultural 
and industrial development in the Po plain has left only a few strips of wilderness in 
its highly anthropogenic matrix (Dallai et al. 2011), where intensive crops, industrial 
areas, urban outskirts and hydraulic regulation nowadays replace the vast marshes and 
forests of past centuries (Montanari et al. 2020, 2022).

The Po Plain populations of Jacobaea paludosa (L.) G.Gaertn., B.Mey. & Scherb. (a 
river corridor plant) are decreasing rapidly due to progressive habitat destruction and 
increase in water pollution and eutrophication (Buldrini et al. 2013c), which is why 
the taxon has been included in various regional red lists (Conti et al. 1997; Poldini et 
al. 2001; Prosser 2001; Buffa et al. 2016). On a national scale, the species is not yet in-
cluded in any official red list, although present in an unofficial (yet scientifically relevant) 
document (Conti et al. 1992). J. paludosa populations are often fragmented and isolated, 
separated from the rest of the continental populations by the Alps (Conti et al. 2005).

For conservation purposes, carrying out works aimed at identifying potential con-
straints in the succession of plant generations is highly encouraged (Aronne 2017). At 
the same time, reinforcement interventions (here intended sensu IUCN/SSC 2013: 
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«the intentional movement and release of an organism into an existing population of 
conspecifics») are performed frequently, especially in the case of small, isolated popula-
tions. It is a conservation practice without great impact on the habitat, even if there is 
the risk of outbreeding depression when recipient populations are small and most of 
the progenies derive from less adapted translocated individuals. In addition, individuals 
introduced into an existing population may be subject to a high mortality (IUCN/SSC 
2013). This is particularly true for species which reproduce mainly by vegetative propaga-
tion, given their fine regulation of resource exploitation and micro-habitat colonisation, 
which is due to the so-called clonal integration (Liu et al. 2016 and references therein).

In Italy, only few studies on J. paludosa have dealt with its reproductive fitness (e.g. 
Dallai et al. 2010, 2015; Buldrini 2012). Consequently, several aspects of the species’ 
reproductive ecology are still largely unsubstantiated to this day, therefore making it 
hard for conservation actions to be implemented at a local scale. Since a population’s 
long-term survival is guaranteed by maintaining genetic variability and generation 
turnover (Aronne 2017), the aim of this study is to evaluate whether reproduction 
constraints may limit generation turnover in a natural population and, in doing so, to 
demonstrate how a conservation-oriented experimental design can rapidly identify such 
constraints, therefore allowing targeted management interventions. More specifically, 
in this study we investigated: a) the breeding strategy, in particular the species’ ability to 
self-pollinate and self-fertilise, and its dependency on insect pollination; b) the occur-
rence of pollination limitation within the natural population; c) the reproductive fitness 
of the natural population compared to that of a previously reinforced population.

Our initial hypotheses were:
H0: if no differences in fitness were observed, we could assume that, although 

Jacobaea paludosa is declining on a national scale, the large populations of the Po Plain 
have not yet been affected by bottlenecks or other reproductive limitations;

H1: on the contrary, we should assume that there is a general demographic decline 
of the populations, even largest ones; therefore, it would be necessary to implement 
conservation actions such as the general reinforcement of the populations themselves.

Materials and methods

Jacobaea paludosa: morphology and ecology

Jacobaea paludosa is a perennial rhizomatous helophyte, 50–250 cm tall, with an erect 
fistulous stem and linear-lanceolate leaves with narrowly toothed margins. The inflo-
rescence is a terminal corymb of capitula with peripheral ligulate bright yellow flowers 
(only female) and tubulous yellow-brownish flowers (hermaphroditic); the fruit is a cy-
psela provided with a pappus of whitish hairs (Zàngheri 1976; Michna 2006; Pignatti 
et al. 2017–2019). Italian populations are currently attributed to the subsp. paludosa 
(Portal to the Flora of Italy 2025) following Calvo et al. (2015), despite marked mor-
phological variability being frequently observed.
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J. paludosa has a Eurosiberian distribution and lives in marshes, lakes, riparian 
forests or in sparse Phragmites australis (Cav.) Trin. ex Steud. reed thickets, as well as on 
river or canal banks and in wet grasslands with peaty soil (Michna 2006; Persico 2009; 
Pignatti et al. 2017–2019). In Italy, it grows in various northern regions, but only in 
sparse, fragmented and often very small unstable populations (Buldrini 2012; Pignatti 
et al. 2017–2019).

J. paludosa propagates mainly vegetatively through rhizome fragmentation, while 
seed recruitment appears to be limited in the wild (Michna 2006). Seed viability and 
germination are highly variable among European populations and tend to be low 
in small, isolated populations (Walters 1974; Wells et al. 1993; Winter et al. 2008). 
Similarly to other Asteraceae, J. paludosa seems to be able to self-pollinate to some 
degree, however results from previous investigations are contradictory (Wells et al. 
1994; Michna 2006); a pollination mediated mostly by insects was suggested by Klotz 
et al. (2002). In Italy, some preliminary observations showed good pollen vitality (50% 
minimum) and variable seed fertility (9.3 to ca. 50%, unpublished data), with germi-
nation ability dropping to zero after about one year.

Study populations

Breeding system and selfing ability were investigated in a natural population located 
in Piuda, within the protected area SCI-SAC IT20B0017 ‒ Ansa e Valli del Mincio 
(45°10'16"N, 10°42'9"E, alt. 19 m a.s.l.; hereafter NAT – Fig. 1). There, the popula-
tion of J. paludosa counts many hundreds of flowering scapes and grows in a humid 
grassland with peaty soil, extending over approximately 6.8 ha, characterised by Mo-
linia caerulea (L.) Moench, Carex spp. and various threatened species.

We also selected a second population, along the right bank of the «Collettore 
delle Acque Basse Reggiane» canal, within the protected area SCI-SAC IT4030015 
‒ Valli di Novellara (44°53'15"N, 10°45'32"E, alt. 18 m a.s.l.; hereafter REI – Fig. 
1). Here, individuals of J. paludosa form two distinct nuclei, less than 100 m apart, 
of about 10–15 scapes each; one nucleus is natural, the other derives from a rein-
forcement intervention performed in 2006, with seeds taken from the first nucleus 
(Dallai et al. 2010).

Both populations are subject to seasonal water table level fluctuations, with nearly 
constant soil imbibition and occasional submersion of the basal part of the plants.

Breeding system and selfing ability

To investigate the species’ self-compatibility and ability to self-pollinate without insect 
pollination and to assess reproductive success in natural conditions, we performed a 
pollination experiment in the field, both in NAT and in REI, comparing three tests: a) 
spontaneous self-pollination, where no manipulation was performed on capitula pre-
viously bagged with non-woven fabric bags at bud stage (SS, performed on 6 distinct 
capitula in NAT and 3 in REI); b) hand self-pollination, where capitula were pol-
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linated manually with pollen from the same individual plant and re-bagged after pol-
lination (HS, performed on 11 capitula in NAT); c) natural pollination, where no 
manipulation was performed on marked unbagged capitula, freely accessible to floral 
visitors (NP, in 2016 performed on 6 distinct capitula in NAT and 4 capitula in REI, 
and in 2017 on 12 distinct capitula in NAT). After withering, all treated capitula 
were re-bagged to prevent fruit loss or predation. Both NP and SS were performed in 

Figure 1. Location of the study populations. NAT = natural, REI = reinforced. The red ellipse roughly 
indicates the distribution area of the species.
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NAT and REI populations, whereas HS was implemented only in NAT population 
(Table 1). We point out that separate scapes of J. paludosa may belong to the same gen-
et rather than being distinct individuals, due to predominant vegetative propagation.

After performing tests, all capitula subject to manipulation were monitored until 
withering, after which cypselae were collected when ripe.

The embryo vitality test (TTC) was carried out on seeds obtained through SS 
and NP treatments to assess viability. In particular, we tested whether the morpho-
logical appearance of the cypselae was a reliable criterion for predicting viability. All 
cypselae produced within a capitulum were first attributed to distinct morphological 
classes: well developed and well-shaped, pale brown in colour (G1 – viable); small, 
shrunken, and dark coloured (G3); intermediate forms (G2). According to prelimi-
nary observations, we expected that: G1-type cypselae would bear a vital embryo, 
G2-type would be empty or with an unviable embryo, G3-type would always be 
sterile (without embryo). Following the experiment, morphological categories «vi-
able» and «unviable» were later assigned to the classes.

The TTC test was performed on a subset of seeds from each morphological class 
(20% of the total number of cypselae per capitulum, following Bacchetta et al. 2006), 
using 2,3,5-triphenyltetrazolium chloride diluted to 1% in a 0.1 M solution of phos-
phate buffer (Van Waes and Debergh 1986). Before being immerged in TTC solution, 
the cypselae were scarified mechanically. Once divided according to morphological 
class, seeds were placed into a test tube with 6 ml of reagent, after which the tubes were 
put in a water bath at a constant temperature of 30 °C for 48 hours. Next, the tubes 
were extracted from the water bath, the TTC solution substituted with distilled water 
after which the tubes were placed into a fridge (at 4 °C). Embryo vitality was inspected 
under an optical microscope at a later stage.

Table 1. Sample sizes of the embryo vitality and germination ability experiments: number of cypselae 
tested per class, population, year. The number of experimental scapes is also indicated. NP = natural 
pollination, SS = spontaneous self-pollination, HS = hand self-pollination, Xe-intra = intra-population 
xenogamous pollination, Xe-inter = inter-population xenogamous pollination. REI = reinforced popula-
tion, NAT = natural population, * = cypselae tested for germination the year after collection and test 
performance. Cypselae were categorised per morphological aspect (G1, G2, G3, see main text for details).

Experiment Year Test Population No. of 
scapes

No. of 
capitula

No. of G1 
cypselae tested

No. of G2 
cypselae tested

No. of G3 
cypselae tested

Embryo vitality 2016 NP REI 4 4 56 56 15

NAT 5 6 62 37 21

SS REI 3 3 0 3 56

NAT 6 6 0 26 49

Germination 2017 NP REI - 180* - -

NAT at least 5 12 135* - -

SS REI - - - -

NAT - - - -

HS NAT 5 11 82 - -

Xe-intra NAT 4 11 135 - -

Xe-inter NAT 5 11 135 - -
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Reproductive success under natural conditions

To gather information on reproductive success and pollination efficiency, we per-
formed a pollen supplementation experiment in NAT. We marked 12 capitula 
chosen randomly, and left them unmanipulated (test NP – natural pollination); in 
parallel, we selected 11 capitula and supplemented flowers with pollen collected 
from different individuals within the same population (test Xe-intra – intra-popu-
lation xenogamous pollination). Pollen was collected from different plants, mainly 
from capitula with abundant exposed pollen. Pollen supplementation was repeated 
for three consecutive days, in order to pollinate all flowers of the inflorescence. A 
minimum distance of 5 meters between pollen donors and pollen receiving scapes 
was kept while performing the test Xe-intra, to limit the risk of intra-genet polli-
nation. Using a clean paintbrush, pollen was applied to flowers exhibiting exposed 
stigmas. Experimental capitula were monitored until withering and fruiting and 
cypselae collected once ripened.

To check for possible intra-population inbreeding depression, we performed an 
inter-population pollination test (Xe-inter) on 11 capitula. The scapes were marked 
and bagged at bud stage with non-woven fabric as protection against insects. Ma-
nipulations were performed as described for Xe-intra, but pollen donors were selected 
among individuals belonging to REI. To preserve pollen viability, donor capitula were 
kept in a Falcon tube and maintained in a cool bag during the transfer. Before per-
forming hand pollination, bagged capitula were delicately shaken, to avoid (at least 
partially) issues deriving from stigma clogging, sensu Kawagoe and Suzuki (2005). As 
for the other experiments, capitula were monitored until withering and fruiting and 
mature cypselae were collected.

Subsequently, germination ability of viable cypselae (G1) produced under the 
different treatments was evaluated in the laboratory. Since no specific germination 
protocol of J. paludosa is available, we adopted the procedure currently in use in Bolo-
gna University’s laboratory of agriculture for Jacobaea maritima (L.) Pelser & Meijden 
(http://www.scienzeagrarie.unibo.it). The test was carried out on fruits collected in 
2017, set after the following tests: NP, HS, SS, Xe-intra, Xe-inter. A total of 15 visually 
well-developed fruits per capitulum were randomly chosen among those collected in 
the field. All G1 cypselae produced by one capitulum were selected if less than 15 G1 
cypselae were available per capitulum. Sample sizes are shown in Table 1. Germination 
tests lasted a total of 21 days and were considered done when, after two consecutive 
inspections, no new radicles were visible.

To minimise mould formation, all materials were sterilised using either an auto-
clave or an alcohol bath (e.g. plastic Petri dishes). Cypselae were surface-sterilised by 
immersion in 1% NaClO for 3 minutes, rinsed with deionised water for 10 minutes 
(Rossi et al. 2016), and stored at 4 °C for 5 days, to induce dormancy-breaking thermal 
shock. Afterwards, cypselae were placed on filter paper moistened with deionised water 
in Petri dishes and kept in phytotron (12 h light/dark, 20 °C). Filter paper moisture 
was checked daily, and germination was monitored every 2–3-days. Seeds were consid-
ered germinated when radicles were visible to the naked eye.

http://www.scienzeagrarie.unibo.it
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Statistical analyses

We performed χ2 tests by means of chisq.test function, with p-values adjusted using 
the Bonferroni correction. In particular, the first analysis involved testing to verify 
any difference in embryo vitality between G1 cypselae and the sum of G2 and G3 
cypselae (ratio G1/(G2+G3)), basically viable/unviable cypselae. Next, we tested the 
ratio set after NP, SS, HS, Xe-intra and Xe-inter tests, considering pairs of ecologi-
cally relevant comparisons. Finally, we compared G1 cypselae germination rates with 
distinct pairs of tests, considering the numbers of germinated versus the number of 
ungerminated seeds (sensu lato, including G3 cypselae). All statistical elaborations 
were performed in RStudio version 4.0.2.

Data resources

Data available from the Zenodo Digital Repository: https://doi.org/10.5281/zeno-
do.15461682.

Results

Breeding system and selfing ability

The mean number of cypselae produced per capitulum in NAT is reported in Table 2.
The highest number of G1 cypselae was obtained after NP treatment. HS treat-

ment mainly produced G2 and G3 cypselae, whereas SS treament produced only G2 
and G3 cypselae.

The TTC test confirmed that only G1 cypselae carried a vital embryo, with highly 
significant differences in embryo vitality between G1 and G2+G3 (χ2 = 37.38, ν = 1, 
P < 0.001).

The proportion of viable cypselae produced differed among treatments, resulting 
significantly higher in NP compared to both SS (which set exclusively G2 and G3 
types; χ2 = 570.34, ν = 1, P < 0.001) and HS (χ2 = 552.44, ν = 1, P < 0.001). How-
ever, HS produced significantly more G1 cypselae compared to SS (χ2 = 64.78, ν = 1, 
P < 0.001), which produced none.

Germination rates of G1 cypselae obtained through NP and HS were not signifi-
cantly different (χ2 = 0.325, ν = 1, P = 0.569).

Reproductive success under natural conditions

The number of viable fruits produced in natural conditions (NP) was significantly 
different in NAT and REI populations (χ2 = 15.51, ν = 1, P < 0.001), with more G1 
cypselae obtained in the former (74.56%) compared to the latter (65.81%). How-
ever, the germination of NP-seeds was significantly higher for REI, than for NAT 
(χ2 = 166.68, P < 0.001).

https://doi.org/10.5281/zenodo.15461682
https://doi.org/10.5281/zenodo.15461682


Jacobaea paludosa constraints in its generation turnover 9

The number of G1 cypselae per capitulum did not significantly differ (χ2 = 0.725, ν = 
1, P = 0.395) between NP (60.56%) and Xe-intra treatments (72.44%). Equally, no sta-
tistical difference was found for germination rates of NP and Xe-intra seeds (χ2 = 0.170, 
P = 0.680). The number of G1 cypselae obtained through Xe-intra was significantly 
higher than the one obtained through Xe-inter (χ2 = 65.67, ν = 1, P < 0.001). However, 
seeds produced through Xe-inter showed significantly greater germination rates than 
those produced through Xe-intra (χ2 = 4.821, P = 0.028). All ecologically relevant pair-
wise comparisons and the results of the χ2 goodness of fit tests are summarised in Table 3.

Discussion

In this study, we investigated the breeding system and reproductive efficiency of Jaco-
baea paludosa in the Po Valley (Italy), in a context of progressive habitat loss (Dallai et 
al. 2015). Even though the study focused on a single population, our results highlight 
intrinsic limitations in reproductive performance that are directly relevant to popula-
tion vulnerability and of conservation interest.

Table 3. Ecologically relevant pairwise comparisons of the reproductive output (ratio between G1 and 
G2+G3 cypselae, and seed germination rates); ν = 1. NP = natural pollination, Xe-intra = intra-popu-
lation xenogamous pollination, Xe-inter = inter-population xenogamous pollination, REI = reinforced, 
NAT = natural. From a reproduction viewpoint, the meaning of the contrasts can be explained as follows: 
NP REI : NP NAT - Comparing the natural reproductive outcome of NAT with that of a population 
subjected to a previous reinforcement intervention; NP NAT : Xe-intra NAT - Comparing the natural 
reproductive outcome of NAT with that of capitula subjected to hand pollen supplementation; Xe-intra 
NAT : Xe-inter with NAT as pollen recipient - Comparing the reproductive outcome of NAT when sup-
plemented with pollen from the same population vs. pollen taken from another population.

Contrast Parameter Sample size χ2 P Mean values

NP REI : NP NAT G1/(G2+G3) 738 : 384 vs. 545 : 186 15.51 < 0.001 1.92 vs. 2.93

Germination rates of G1 135/180 vs. 2/135 166.68 < 0.001 75.00% vs. 1.48%

NP NAT : Xe-intra NAT G1/(G2+G3) 545 : 186 vs. 652 : 200 0.73 0.395 2.93 vs. 3.26

Germination rates of G1 2/135 vs. 4/135 0.17 0.680 1.48% vs. 2.96%

Xe-intra NAT : Xe-inter 
with NAT as pollen receiver

G1/(G2+G3) 652 : 200 vs. 547 : 380 65.67 < 0.001 3.26 vs. 1.44

Germination rates of G1 4/135 vs. 14/135 4.82 0.028 2.96% vs. 10.37%

Table 2. Number of fruits (mean ± st.dev.) categorised per morphological aspect (G1, G2, G3, see main 
text for details) obtained from pollination tests (NP = natural pollination, SS = spontaneous self-pollina-
tion, HS = hand self-pollination) in the NAT population. Numbers in brackets represent sample sizes.

Cypsela morphological classes

Test G1 G2 G3 Mean percentage of vital G1 embryo (TTC)

NP 73.50 ± 7.65 (441) 22.83 ± 7.23 (137) 6.33 ± 3.12 (38) 10.96 ± 3.83

SS - (0) 7.33 ± 5.38 (44) 72.33 ± 8.17 (434) -

HS 10.73 ± 3.19 (118) 19.55 ± 6.10 (215) 54.00 ± 8.41 (594) Not available
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Our results reveal clear constraints on sexual reproduction and generation turno-
ver, which are key components of vulnerability, even in relatively large and appar-
ently stable populations. To begin, the external appearance of the fruit was consistently 
correlated with embryo vitality, providing a reliable, practical indicator within the 
populations of J. paludosa we investigated. In fact, results from the TTC test showed 
that only the apparently swollen cypselae (G1-type) contained a vital embryo. Among 
Asteraceae, the production of aborted seeds or no seeds at all is often related to small 
population size, inbreeding depression or pollination failure (Luijten et al. 1996; Mat-
tana et al. 2012 and references therein). Contrary to Palmer (2006) and Winter et al. 
(2008), who regard the taxon as a non-obligate entomophilous or even apomictic, we 
found that the presence of an insect pollen vector is essential for setting vital seeds. All 
seeds collected from capitula subjected to SS test were in fact either empty or (more 
rarely) carried unvital embryos, whereas hand self-pollinated capitula produced G1 cy-
pselae. Altogether, these results suggest that the species is self-compatible, but is rather 
significantly dependant on insect-mediated pollination (Palmer 2006; Stroh 2020).

The pollen supplementation experiment revealed that pollination was not limited, 
even though the proportion of viable cypselae appeared greater (but not statistically 
different) for manually pollen-supplemented capitula. On average, the number of G1 
cypselae produced per capitulum by Xe-intra and natural pollination (NP) was not 
so different (72.44 and 60.56, respectively); nonetheless, overall germination rates of 
both tests were alarming, indicating a severe limitation in effective recruitment despite 
adequate fruit production. This result appears similar to that obtained in Lamyropsis 
microcephala (Moris) Dittrich & Greuter, which is endemic to Sardinia, characterised 
by small and isolated populations and with notoriously low seed production (Diana 
Corrias 1977; Mattana et al. 2012).

The germination rate of G1 cypselae obtained in REI through natural pollination 
revealed a germination rate of 75% (against a value of 1.48% found in NAT, not subject 
to any reinforcement), suggesting that the reinforcement carried out in 2006 was suc-
cessful in enhancing the recipient population’s sexual reproduction. However, since in-
dividuals used for reinforcing came from the same population, therefore the increase in 
genetic variability could be scarce or even close to zero, these results must be interpreted 
carefully, seeing as for REI no reproduction studies were carried out prior to 2006.

Unexpectedly, cross pollination between populations resulted in a significantly 
lower G1/(G2+G3) ratio, possibly reflecting outbreeding depression; however, the 
overall germination rate of Xe-inter was significantly higher than that of Xe-intra. 
In fact, seeds deriving from Xe-inter showed a germination rate of 10.37%, whilst 
those deriving from Xe-intra (within NAT) did not exceed 2.96%. Such a result, 
where cross-pollination within the same population (NAT) leads to low reproduc-
tive success, could be explained following two alternative scenarios: a) vegetative 
propagation determines a short-range colonisation of the same maternal genotype; 
b) pollen vitality and/or fertility is scarce within the studied population. But previ-
ous unpublished results on pollen viability seem to rule out the latter hypothesis 
(on average, pollen vitality was never below 50%), whereas it has been documented 
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that the species reproduces mainly vegetatively through fragmentation of the rhizome 
(Michna 2006), which bears buds that remain vital for years even if buried in the 
ground (Ott et al. 2019; Stroh 2020). Therefore, low seed germination rates following 
xenogamous pollination may be due to some sort of post-zygotic barriers, which do 
not hinder embryo development but prevent vitality. Such barriers probably arise due 
to a high degree of kinship, suggesting the presence of inbreeding depression. Overall, 
our results highlight that significant constraints to generation turnover may occur 
even in relatively large populations and should not be interpreted necessarily as a con-
sequence of the geographic marginality. In fact, even if small populations can experi-
ence fecundity reduction in insect-pollinated species (see e.g. Tephroseris integrifolia 
(L.) Holub – Widén 1993, sub Senecio integrifolius (L.) Clairv.), this is not the case of 
NAT, which is formed by several hundreds of flowering scapes. Therefore, given also 
its predominantly vegetative reproduction, the presence of some large populations of 
Jacobaea paludosa and it being rather widespread in some regions in northern Italy 
(Buldrini 2012) are not enough to assure the species’ survival over time, as already 
seen for Marsilea quadrifolia L. (Bonafede et al. 2003; Dallai et al. 2015), which lives 
in environments similar to those of J. paludosa.

Overall, our findings indicate that limitations in seed viability and germination 
are a major bottleneck for J. paludosa population persistence, and that population size 
alone is not a reliable indicator of long-term viability.

Implications for conservation

The evidence gathered in this study from two peripheral populations of J. paludosa 
provides useful indications for conservation actions in lowland ecosystems.

Italian populations of J. paludosa are fragmented and isolated, likely characterised 
by a low genetic diversity, as it often happens in populations located at the range limits 
(e.g. Paul et al. 2016). Such populations, other than being isolated from one another, 
are separated from central European ones by the Alps (Conti et al. 2005). Studies 
carried out on Jacobaea vulgaris Gaertn. reported that seed dispersal occurs within 
15 m from the mother plant (McEvoy and Cox 1987), thus making spontaneous rein-
forcement of Po Plain populations from beyond the Alps very unlikely.

Altogether, our results indicate that the reinforcement intervention performed in 
2006 was successful. Regarding the study population, however, a similar intervention 
may not be sufficient. In fact, seed germination ability in this population is extremely 
low, indicating that a similar approach would likely be effective using material sourced 
from a distinct population. In addition, this intervention alone may not be enough to 
prevent population loss if nothing is done to maintain the original habitat of hydro-
hygrophilous species. In fact, if J. paludosa typically grows on unstable floodplains, 
subject to alternating phases of erosion and deposition, which create and destroy new 
habitats continuously, what remains of the species in wetlands and marshes would be 
guaranteed by maintaining traditional management involving harvesting, grazing, fires 
and alteration of grass cover, imitating natural processes (Michna 2006). This kind of 
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management is becoming rarer nowadays. Furthermore, the decline of J. paludosa is 
due not only to the ever-increasing deterioration of wetland areas, but also to the lack 
of regeneration niches in its natural habitat (Diekmann and Bartels 2012). Therefore, 
alongside with targeted conservation measures, the implementation of policies aimed 
at preserving and restoring wetland habitats are of fundamental importance.
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