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Background and Aims European ancient woodlands are subject to land use change
and the distribution of herbaceous understory species can be threatened because of
their poor ability to colonize isolated forest patches. The regeneration niche can
determine the species assembly of a community and seed germination traits may be

important descriptors of it.

Methods We analysed ecological records for 208 herbaceous species regarded as
indicators of ancient woodlands in Europe and, where possible, collated data on seed
germination traits, reviewed plant regeneration strategies and measured seed internal
morphology traits. The relationship between plant regeneration strategies and
ecological requirements was explored for 57 species using ordination and

classification analysis.

Key Results Three regeneration strategies were identified. Species growing in closed
canopy areas tend to have morphological seed dormancy, often requiring darkness and
low temperatures for germination, and their shoots emerge in early spring, thus
avoiding the competition for light from canopy species. These species are separated
into two groups: autumn and late winter germinators. The third strategy is defined by
open-forest plants with a preference for gaps, forest edges and riparian forests. They
tend to have physiological seed dormancy and germinate in light and at warmer

temperatures, so their seedlings emerge in spring or summer.

Conclusion Seed germination traits are fundamental to which species are good or
poor colonizers of the temperate forest understory and could provide a finer

explanation than adult plant traits of species distribution patterns. Seed dormancy
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type, temperature stratification and light requirements for seed germination are
important drivers of forest floor colonization patterns and should be taken in account

when planning successful ecological recovery of temperate woodland understories.

Key words: ancient woodland indicator species, herbaceous forest understory, regeneration
niche, seed dormancy, seed ecology, seed germination traits, seed internal morphology,

temperate forest.
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INTRODUCTION

Ancient woodlands are forests that have not been cleared for a certain period of time, the
duration of which differs throughout Europe, ranging among 150 and 400 years before
present depending on the landscape history of each region, (Hermy et al. 1999). Ancient
Woodland Indicators (AWIs) are plants associated with ancient woodlands, whose presence
could be taken as an indicator of a long history of forest cover (Peterken, 1974). AWIs are
generally considered to be stress-tolerant species with poor colonizing capacity due to their
heavy seeds, low seed production, limited long-distance dispersal mechanisms (Hermy et al.,
1999; Verheyen et al., 2003) and short-lived soil seed bank (Bossuyt et al.2002; Bossuyt and
Honnay, 2008). Because of these traits, AWIs are vulnerable to human-induced
environmental changes, and require active restoration efforts (Verheyen et al., 2003). While
current reforestation interventions focus mainly on the tree layer (McClain et al., 2011;
Francis and Morton, 2001), the natural recolonization of the forest understory may be very
slow (Bossuyt and Hermy, 2000; Brunet et al, 2011; Peterken and Game, 1984).
Nevertheless, the herbaceous understory contributes the highest species richness and has the
highest rates of extinction amongst forest layers (Gilliam, 2007). It also plays a functional
role in the ecosystem, influencing the composition of the canopy by competitive interaction
with the juvenile stages of overstory species (Gilliam, 2007). Thus, it is important that
understanding the ecology of understory species is incorporated into good forest restoration
practices (Blakesley et al., 2013). However, basic research on seed functional traits is still
needed to enable AWIs to be included in the restoration species pool and to encourage their

supply through the native seed industry (Ladouceur ef al., 2018).

A key requirement, so far unmet, towards a better inclusion of AWIs in reforestation
efforts is to define their regeneration strategies in terms of reproductive traits and ecological

requirements. Reproductive traits determine the colonization capacity of understory herbs and
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the ecological niche in which they can successfully regenerate (Grubb, 1977). In trait-based
studies, the most widely used reproductive trait is seed mass (Jiménez-Alfaro et al., 2016).
Although some correlations of seed mass with seed production or seedling growth have been
proposed, seed mass says little about when and where a seed will germinate (Larson and
Funk, 2016). For instance, the temperature requirements for dormancy loss and germination
allow seeds to track the cycle of the seasons (Probert, 2000), while the germination
requirements for light and temperature fluctuations serve as a gap detection mechanism
(Pearson et al., 2002). However, germination traits are rarely measured in wide-scale
ecological studies (Jiménez-Alfaro et al., 2016) and poorly represented in trait databases
(Diirr et al., 2015; Kattge et al., 2011). Nonetheless, their importance is being increasingly

recognized (Saatkamp et al., 2018; Fernadez-Pascual et al., 2019).

The aim of this study is to analyse the current data and information, available from
literature and databases, on plant reproduction by seed in ancient woodland understories,
focusing on species described in the literature as AWIs for European temperate broadleaf
forests. We hypothesize a relationship among the environmental preferences of AWISs,
defined by the Ellenberg Indicator Values (EIVs, Ellenberg and Leuschner, 2010) and the
expression of their functional regeneration and seed germination traits. From the analysis of
our dataset we aim to recognize groups of species with specific regeneration strategies and to
discuss them as potential adaptations to variable forest habitats. In particular, we expect that
shade tolerant herbs possess regeneration strategies that allow to reduce the competition for
light at the time of seed germination or seedling emergence. The role of seed dormancy, and
the environmental cues required to break it, may be pivotal to this regard.The implications of

our findings will be discussed in relation to ancient forest restoration.
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MATERIALS AND METHODS
AWI species list

A list of 208 herbaceous species regarded as AWIs in temperate Europe was compiled from
published data from eight North Western and Central European countries (Crawford, 2009;
Hermy et al., 1999; Kimberley et al., 2013; Kirby, 2006; Perrin and Daly, 2010; Schmidt et
al., 2014; Verheyen et al., 2003; Wulf, 2003). Latin names were standardized according to
“Plants of the World Online” (http://www.plantsoftheworldonline.org/,” accessed 16™

February 2019).

Ecological requirements and reproductive traits

As a proxy of the ecological requirements of each species, EIVs for temperature,
continentality, light, soil moisture, nutrients and pH were obtained from Ellenberg and

Leuschner (2010).

The TRY database provided several traits related to plant reproduction by seed: number of
seeds produced per plant, seed dry mass, seed width and length, seed terminal velocity, and
plant height (Campetella et al., 2011; Ciocarlan, 2000; Dainese and Bragazza, 2012;
Everwand et al., 2014; Fitter and Peat, 1994, Fry et al., 2014; Gachet et al., 2005; Garnier et
al., 2007; Green, 2009; Hickler, 1999; Hill et al., 2004; Kleyer et al., 2008; Kihn et al.,
2004; Milla and Reich, 2011; Moretti and Legg, 2009; Ordofiez et al., 2010; Paula et al.,
2009; Peco et al., 2005; Prentice et al., 2011; Royal Botanic Gardens, Kew, 2011; Sandel et
al., 2011; Spasojevic and Suding, 2012; Vile, 2005; Wirth and Lichstein, 2009; Wright et al.,
2004). Seed terminal velocity, measured in ms™, expresses the maximum rate of fall of a seed
after dispersal. When more than one record of a species trait was available in TRY, the

average value was used. Duplicated records and outliers were removed before averaging.
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Embryo measurements

Embryo morphology is the main determinant of morphological seed dormancy (Baskin
and Baskin, 2014). For 106 of the 127 endospermic AWI species listed, seeds were obtained
from the Millennium Seed Bank, Royal Botanic Gardens, Kew, or collected in the wild.
Twenty seeds of each species were imbibed on 1% agar-water for 24 hours. Thereafter, seeds
were cut longitudinally, and photographs taken of the internal seed structure using a camera
(AxioCam HRc, Carl Zeiss Microlmaging, Jena, Germany) mounted on a Stemi SV 11
Microscope (Carl Zeiss, Welwin Garden City, Herts, UK). Ten photographs of viable and
normally developed seeds were selected per species. Embryo and internal seed areas were
measured using the software Axiovision 3.1.2.1 (Carl Zeiss Microlmaging GmbH, Jena,
Germany) and the ratio between them calculated. This parameter was defined as the
“embryo:endosperm ratio”, as the internal area not occupied by the embryo was always filled
with endosperm. Low embryo:endosperm ratios may signify that the embryo needs to grow
and develop before germination can occur. All Orchidaceae (16 species), Orobanchaceae
(three species) and three parasitic Ericaceae (Monotropa hypopitys, Orthilia secunda and
Pyrola minor) that possess “micro” seeds with undifferentiated embryos (Martin, 1946) were
not dissected. Fifty-nine species from genera reported to have no endosperm were also not
dissected. For non-endospermic seeds, the embryo:endosperm ratio was considered to equal
1. Embryo types were classified following Martin (1946). The categories of “micro” seed (<
0.2 mm long) and “dwarf” seed (0.3 to 2 mm long) referred to seed size rather than embryo
morphology. Following the revision of Martin’s classification in Baskin and Baskin (2007),
species with “micro” seeds were assigned to the “undifferentiated” category while species

with “dwarf” seeds were classified according to their embryo morphology.
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Germination traits

Because reliable germination traits were, for the most part, unavailable in databases, a
systematic search strategy was devised to obtain these traits from published journal articles. A
Boolean search string was built including: (1) all species names connected with an “OR”
operator; and (2) the following string: “AND (seed AND (germination OR dormancy))". To
also include those papers on woodland understory plants where no species name appeared in
the title or abstract, a second string was used. In this case, instead of the species list the
following terms were included: “ancient woodland indicators”, “woodland understory
species”, “woodland herbs” and “forest understory”. The strings were used to run searches in
the Web of Science, accessed in June 2016. Initially, 924 papers were found. These were
filtered by title and abstract, keeping only papers that clearly referred to genera and species in
the list and included germination experiments on them. Studies in which seeds were exposed
to only one germination temperature were excluded unless other parameters, such as the
effect of light, fluctuating temperature or a dormancy breaking treatment were also
investigated. The screening reduced the papers to 55 relevant references. The bibliography
cited by these 55 works provided another 26 relevant papers, totalling 81 papers (marked

koo

with a in the references section). Further information was extracted from the germination
compendium of Baskin and Baskin (2014). Specific germination data were produced by the

authors for Hypericum androsaemum and Stachys sylvatica.

The following traits were extracted from the available sources: dormancy type;
stratification requirements; minimum, maximum and effective germination temperatures;
germination response to light and fluctuating temperatures. Physiological dormancy refers to
seeds that are water permeable but where a physiological inhibition prevents radicle
emergence (Baskin and Baskin, 2014). Morphological dormancy is present in seeds with

small embryos that need to elongate before germination can occur (Baskin and Baskin, 2004).
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If an additional physiological block to germination is present, this dormancy type is defined
as morphophysiological (Baskin and Baskin, 2004). Physical dormancy relates to a physical
barrier to germination, e.g., seed coat impermeability to water. Stratification requirements
were defined when a positive response to a cold (“C”, 0-10°C) or warm (“W”,10-25°C)
stratification treatment was reported in the literature. The effective germination temperature
was considered the condition, in each study, resulting in the highest seed germination
percentage. Maximum and minimum temperatures were defined as the temperature above and
below which seed germination was not observed. When the effective germination
temperature of a species differed across different studies, the temperature at which final
germination was greatest was selected. When alternating temperatures were used, the mean
constant temperature was calculated, considering the time spent at the warmer and cooler

phases.

Three phenological traits were also collected from the literature: month of flowering peak,
dispersal season (when seeds were collected) and germination season (when radicle
emergence was observed in simulated natural conditions). When such data were not
available, the ECOFLORA database, accessed in May 2017, was consulted (Fitter and Peat,

1994).

Statistical analysis

Quantitative data were checked for normality, using the Shapiro-Wilk test, and for
autocorrelation, using the Pearson correlation coefficient. A Principal Component Analysis
(PCA) was applied to the EIVs to assess the variability in the ecological requirements of
AWIs. This analysis was performed only for the 191 species that had information on EIV
(Supplementary data Table SI). With the goal of identifying general regeneration strategies in
ancient woodland understories, an ordination and classification analysis was performed on

the reproductive traits. Because not all traits were available for all species, before performing
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an ordination analysis of the regeneration traits the first step was to select a group of traits
that: (1) provided a full data coverage for as many species as possible; (2) represented the full
spectrum of reproductive processes; and (3) did not supply redundant information. According
to data availability, 57 species were found to comply with the criterion of complete
information on the following nine traits: flowering phenology;germination phenology; plant
height; seed dry mass; embryo:endosperm ratio; seed dormancy type; stratification
requirement; effective germination temperature and germination response to light. To remove
outliers, this dataset did not include species representing the rarest categories of seed
dormancy (Geranium robertianum, Geranium sanguineum, Lathyrus linifolius and Vicia
sepium which possess combinational or physical dormancy) and stratification requirement
(Paris quadrifolia, which requires cold + warm stratification). Data were ordered using a
Factorial Analysis for Mixed Data (FAMD, Pages, 2004). The resulting two principal axes of
the FAMD were tested for correlation with the EIVs for light, moisture, nutrients and pH.
Then, the two FAMD axes were classified with a Hierarchical Clustering on Principal
Components (HCPC, Husson ef al., 2010) to define regeneration strategies. Euclidean
distance was calculated between all the species in the maps of individuals, taking into
account only the first two dimensions of the FAMD. Clusters were aggregated using the Ward
method and 40 iterations were performed. All data analyses were performed with the

statistical software R (R Core Team, 2017), using the package FactoMineR (Lé etal., 2008).
RESULTS

The final species list included 208 AWI species distributed across 45 families and 124 genera
(Supplementary data Table S1). Table 1 reports the number of species for which information

on each trait was available.
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Ecological requirements of European AWIs

The indicators for temperature, light, nutrients and moisture all have a median value of
five. Continentality have a median of three, indicating low seasonal and daily thermal
variation (Fig. 1a). The pH indicator ranges from two to nine, indicating a broad spectrum of
pH preferences amongst woodland species (Fig. 1a). Finally, the light EIV varies between
one and nine, describing species ranging from forest edges and gaps to closed canopy areas
(Fig. 1a). The first two components of the PCA explain 57% of the variance (Fig. 2,
Supplementary data Table S2). The first component represented mainly variation in nutrients,
pH and light requirements (Pearson’s r = 0.86, 0.71 and -0.48, respectively, Supplementary
data Table S2). It orders species along a degree of decreased adaptation to shade-tolerance
and increased adaptation for poor and acidic soils. The second component represents
variation in moisture and light (Pearson’s r = 0.72, 0.64, Supplementary data Table S2),
grouping together species from open and moist sites. Temperature and continentality
contribute little to the main axes, so these two EIVs were not included in subsequent

analyses.

Reproductive traits of ancient woodland indicators

Flowering occurrs from February to September, with a peak in June, indicating that
average understory AWIs tend to flower in late spring/early summer (Fig. 1b). Sixty-three
species possess seeds which are dispersed in summer (June to August); thirty-five are
disperse seeds in autumn (September to November) and 20 species in spring (March and
April). None disperses seeds in winter (Fig. 1b). Two-thirds of autumn-dispersed species
require cold stratification. Ninety-four species are reported to germinate in spring, 11 in
summer, 29 in autumn and one, Vicia sepium, either autumn or spring (F. Vandelook,
unpublished data). Finally, nine species are known to germinate in late winter when the

temperature is still cold and the forest canopy open.
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Seed production per plant is skewed towards low seed numbers (Fig. 1¢), with 75% of the
species producing less than 1,400 seeds per plant. Only 10 species produce more than 30,000
seeds per plant. Seed production per plant and seed dry mass were negatively correlated

(Pearson’s r = -0.65).

Seed dry mass is skewed towards lighter seeds (Fig. 1c), with 75% having a value < 4.28
mg. The maximum value, 197 mg, was reported for Ruscus aculeatus (Asparagaceae). Seed
length ranged between 0.37 and 14.5 mm and seed width between 0.1 and 10 mm; both traits
are skewed towards smaller values (Fig. Ic), are positively correlated with seed dry mass
(Pearson’s r = 0.74 and 0.89, respectively) and negatively with seed number per plant

(Pearson’s r = -0.50 and -0.67, respectively).

Seed terminal velocity has a mean value of 3.03 ms™' (Fig. 1c). Plant height in AWI has
average and median values of 0.4 m, and >75% of the species have an adult plant height < 0.6

m.
Seed internal morphology

Eleven categories of embryos were identified in the AWI list, following Martin (1946) and
Baskin and Baskin (2007). Species with bent, folded or investing embryos have negligible
endosperm, while it was sometimes present in species with linear and spatulate embryos. All
other categories identified included only endospermic seeds. Table 2 reports the number of
species assigned to each embryo type category. The ratio varied between 0.01 and 1 and the
data have a bimodal distribution, with most species divided between those two extremes. The
average embryo:endosperm value is 0.48 and the median is 0.25 (Fig. 1d). For all species
with rudimentary and 17 out of 52 species with linear embryos a morphological component

to seed dormancy is reported.
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Seed germination traits

Physiological dormancy is the most prevalent dormancy class (71 species),, 38 species are
classified as morphophysiologically dormant and none as just morphologically dormant. Only
four species possess physical dormancy and one, Geranium robertianum (Vandelook and Van

Assche, 2010), has a combination of physical and physiological dormancy (Fig. 3a).

Seeds with physiological dormancy lose dormancy during a defined period of imbibition
at a specific temperature, generally referred to as a stratification treatment. The imbibition
temperature may be cold or warm to reflect the winter or summer average temperatures.
Some seeds may require a combination of warm followed by cold stratification (W+C) or the
opposite (C+W). Seventy-six species in our list required cold stratification, 13 warm, 10
W+C and one species, Paris quadrifolia (F. Vandelook, unpublished data), requires C+W. Ten
species had no need for stratification (Fig. 3a). In species with epicotyl dormancy, an
additional cold stratification period is required after radicle emergence to break shoot
dormancy (Eriksson, 1994; Kondo et al., 2004; Mondoni et al., 2008; Mondoni et al., 2009;

Mondoni et al., 2013; Takagi, 2001).

Effective temperature for germination ranges from 2°C (Hordelymus europaeus, Ten
Brink et al. 2013) to 33.5°C (Scirpus sylvaticus, Grime et al., 1981) with a mean of 16.6°C
(SD 5.5, SE 0.5) and a median of 17.5°C (Fig. 3b). Temperature extremes for germination
vary considerably amongst species. The minimum germination temperature, defined as the
lowest temperature at which germination occurred, ranges between 0°C and 20°C. The
maximum germination temperature, above which no germination occurred, is between 10°C
and 38°C. Minimum and effective germination temperatures present a skewed distribution
towards low values while the distribution of the maximum germination temperature is evenly
distributed. However, the effective temperature has significant and positive correlation only

with the maximum germination temperature (Pearson’s r = 0.66).
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Alternating temperatures increase germination for 27 species, while the rest are reparted
among species indifferent to fluctuating temperatures (19 species) or requiring constant
temperature to germinate (14 species) (Fig. 3a). The latter group is dominated by species with

morphophysiological dormancy .

The response of germination to light, expressed as photosynthetic active radiation (PAR),is
positive for 68 species, while 26 germinate equally in light or in complete darkness (Fig. 3a).
Eleven germinate better in darkness than in the light, all of which are monocotyledons that
can be grouped in three categories: a grass (Bromus ramosus) and two groups of species in
the order Asparagales: orchids (Dactylorhiza maculata, Epipactis helleborine, Neottia ovata,
Platanthera clorantha) and large, endospermic geophytes (Allium ursinum, Colchicum
autumnale, Convallaria majalis, Galanthus nivalis, Maianthemum bifolium, Narcissus

pseudonarcissus).

No information is readily available on the germination of 76 of the AWIs, often species
belonging to genera with a difficult taxonomy (e.g. Hieracium, Pulmonaria) or to groups for
which germination in the laboratory is known to be challenging (e.g. orchids or parasitic
plants). Many of the studies on the germination of 22 AWIs with “micro” seeds were not
included in our analysis because seeds were germinated only in buried mesh nets and so no

data on germination temperature or other germination traits were available.

Regeneration strategies in ancient woodland understories

The ordination of reproductive traits with a FAMD suggest certain general regeneration
patterns in the European AWIs (Fig. 4a). The first component (Dim 1) explains 29% of the
variance. All the continuous variables contribute positively and significantly to it, excluding
seed mass which has a negative correlation coefficient (Supplementary data Table S3). All the

qualitative variables are highly significant (p < 0.01). Stratification and light requirements for
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germination are the qualitative variables that contribute most to explain the first axis (R* =
0.66 and 0.54, respectively, p < 0.01, Supplementary data Table S3). The distribution of the

categories along the first component separates the species into two regeneration strategies:

1) Taller plants that flower relatively late with seed germination in spring. Their seeds
are smaller and have more developed embryos. Seeds have physiological dormancy
and require cold stratification for dormancy loss. Their germination requires warmer

temperatures and light.

2) Shorter plants that flower earlier with seed germination in autumn. They have larger
seeds with smaller embryos, morphological or morphophysiological dormancy
requiring warm temperatures or a combination of warm and cold stratification for
dormancy loss. Germination occurs at cooler temperatures and is photoinhibited or

indifferent to light.

The second group includes species more associated with closed forests (sensu Hermy et
al., 1999). The position of each species on the first axis thus indicates its affinity with ancient
closed woodland as expressed by its regeneration strategy. The ecological requirement for
moisture is marginally correlated with the first axis of the FAMD (Spearman rho = 0.253, p =
0.056), where species from the first group require wetter habitats. (Fig. 4c). The EIV for light
is not significantly correlated with the first axis but presents a correlation coefficient higher
than the other EIVs (Spearman rho = 0.128, p =0.341, Fig. 4b) and follows similar pattern to

the moisture EIV.

The second axis of the FAMD (Dim 2) explains 13% of the variance (Fig. 4a). Effective
germination temperature and relative embryo size are the quantitative variables significantly
correlated to this dimension (Pearson’s r = 0.31, p < 0.01 and 0.30, p = 0.02, respectively,

Supplementary data Table S3) while the contribution of all the qualitative variables is
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significant. The second axis orders species primarily associated with mature forest.

Germination season is the categorical trait with the strongest association with the second axis

(R*=0.65, p < 0.01), followed by dormancy type (R* = 0.33, p < 0.01), light requirement (R?

= 0.22, p < 0.01) and stratification requirements (R* = 0.15, p < 0.01). Therefore, this

component separates species with bigger embryos and autumn germination, in the upper part

of Fig. 4a, from species with smaller embryos and winter germination.

The HCPC clustering confirms the patterns shown by the FAMD and enables the

identification of three groups. For each one, the species closest to its centre is indicated in

brackets:

1)

2)

3)

Group 1 (Carex brizoides) (41 species): The majority of species in this group flower
late, and germination occurs mostly in spring. The group includes tall species with
small seeds. Embryos are relatively big and belong to the capitate, peripheral or
investing categories. Seeds of all species possess physiological dormancy and 95% of
them require cold stratification. Germination occurs at warmer temperatures and 82%

of seeds require light for germination.

Group 2 (Narcissus pseudonarcissus) (6 species): These species flower the earliest and
all seeds germinate in autumn. Epicotyl dormancy or a slow development of the shoot
delays emergence until late winter or spring. Plants are short, seeds of all species are
endospermic, and the embryos are smaller and linear or spatulate. Seeds of half of the
species possess morphophysiological dormancy and the other half physiological
dormancy, requiring warm or warm plus cold stratification. Germination occurs at

lower temperatures and seeds from 80% of the species only germinate in darkness.

Group 3 (Polygonatum odoratum) (10 species): Seeds of these species germinate in

late winter or spring and possess large seeds with small, rudimentary embryos. Seeds
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of eight of the species have morphophysiological dormancy and require cold
stratification. Germination occurs at low temperatures and seeds of seven species

germinate equally well in light or darkness.

The affinity of each species tested with the clusters is reported in the dataset and the
association of each trait and supplementary variable with the HCPC clusters was statistically

tested (Supplementary data Table S4).

DISCUSSION

In woodland understory communities, the ecological requirements for the adult plants are not
always matched by similar preferences in the early life stages. For example, species that have
high values of the EIV for light, such as N. pseudonarcissus or Conopodium majus, possess
seeds that prefer germination in the dark. Moreover, species with broad ecological
requirements, such as C. majus, can be both indicators of meadow communities (Rodwell,
1998) and of ancient forests (Blandino ef al., 2018) in different parts of their distribution

range.

Seed dormancy is a mechanism that prevents seeds from germinating during suitable
environmental conditions of temperature and water availability (Baskin and Baskin, 2004).
The ecological advantage conferred by the presence of dormancy is the avoidance of the
development of seedlings in adverse seasons, and/or the spread of seed germination over
several years which ensures cohort survival in case a generation is lost during a particular
year. In temperate forest understories, the main factors that can limit seedling survival and
development are light deficiency during the summer months and extremely cold temperatures

during winter. Therefore, it is not surprising that our findings on European species do not
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differ from the global assessment of dormancy types and average germination temperature for

nemoral understory species described by Baskin and Baskin (2014).

Adaptation to forest clearings and hedges

Species of group 1 have the highest ecological requirements for light and moisture (Fig.
4b-c). Thus, these plants are associated with open situations, including clearings, forest edges
and riparian forests. In these environments, more light is available and temperature
fluctuations are less buffered than under the canopy or leaf litter. The need for temperature
fluctuation is a requirement typical of small-seeded species that tend to germinate close to the
soil surface (Probert, 2000). Germination of small seeds too deep in the soil may result in
seedling death as there are insufficient reserves in the seed to support growth up to the
surface. Bigger seeds, with more stored reserves, can germinate at greater depths in the soil,
where daily temperature fluctuations are less detectable. Alternating temperatures can also be
a cue to detect gaps in the canopy, where larger temperature fluctuations are expected. It has
been demonstrated that strong temperature fluctuations can trigger germination in tropical,

forest edge species (Wood et al., 2000).

The requirement of light for seed germination is a known gap-detection mechanism
(Pearson ef al., 2002). As noted by Ten Brink ef al. (2013), forest gap herbs have a positive
germination response to light, and require cold stratification and relatively warm
temperatures to germinate. Indeed, species in group 1 have physiological dormancy and lack
traits associated with morphophysiological dormancy, such as linear or rudimentary embryos.
All these traits point to dormancy being removed during winter and emergence in late spring
or summer. Because they are not limited by canopy shading, species adapted to forest
openings can afford to germinate relatively late, when the risk of frost has passed, and the
thermal environment is optimal for seedling growth. Furthermore, the production of many

small seeds and the greater plant height make the species of group 1 more efficient for longer
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distance seed dispersal than species in the other groups. Species from this cluster also have
slower seed terminal velocity. This trait is directly proportional to seed mass, and it can also
be influenced by seed shape. A slow terminal velocity allows wind-dispersed seeds to travel
greater distances and, together with release height, and relatively open spaces, increases
dispersal distance (Tackenberg et al., 2003). In fact, adult plant height has been demonstrated
to be a major driver of dispersal distance, more important than seed mass (Thomson et al.,
2011). Overall, species from this cluster can be regarded as good colonizers (Verheyen et al.,

2003) adapted to germinate in forest edges and canopy gaps.

Adaptation to closed canopy forests

Conversely, species from groups 2 and 3 have traits that characterize them as poor
colonizers: short plants with big, short-lived seeds (Verheyen et al., 2003). These are species
more associated with closed canopies and lower values of the EIVs for light and moisture.
Their germination indifference to light, or the requirement of darkness for germination
(photoinhibition), can indicate preference for shady habitats or the necessity to germinate
under leaf litter. While germination in group 3 was indifferent to light, photoinhibition was
prevalent in group 2, mainly composed of lilioid monocots. In these taxa, inhibition of seed
germination by light has been observed frequently (Carta ef al., 2017). This phenomenon is
common in species from warm and dry climates, where absolute dark can be a cue of deep
burial in the soil, away from the danger of desiccation. However, photoinhibition occurs also
in phylogenetically related species from other habitats where desiccation is not a feature, and
its retention can be explained by phylogenetic inertia (Vandelook et al., 2017). In any case,
forest species that germinate in autumn and emerge in spring can benefit from germinating
underground; this ensures that the radicle and developing shoot will be buried and protected

throughout winter. Moreover, all the species of group 2, with the exception of Mercurialis
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perennis, are bulbous geophytes that, being able to germinate in darkness, can ensure the

development of bulb at an adequate depth in the soil.

Overall, this study confirms the ability of understory species of temperate forests with
large seed mass to germinate in the dark (JankowskallBtaszczuk and Daws, 2007, Carta et
al., 2017). An important exception to this rule is represented by orchids (Carta et al., 2017,
Waes and Debergh, 1986). Large endospermic seeds have enough reserves for the embryo to
grow and germinate even from far below the soil surface. In fact, orchids often need to
establish a symbiotic relationship with fungi to germinate (Baskin and Baskin, 2014), and the
absence of light may be indicative of incorporation in the soil, where the symbiotic fungi can

be found.

The two closed canopy groups also include all the AWIs with a morphological component
to their dormancy. Morphological dormancy has been reported as an important feature of
herbaceous species from temperate forests of the Northern hemisphere (Baskin and Baskin,
2014). Its frequency in this type of habitat may be explained by the predictable moist
conditions that characterize forest understories, allowing seeds with underdeveloped embryos
to remain imbibed long enough to complete embryo growth. In the Apiaceae, Vandelook,
Janssens and Probert (2012) found a negative correlation between relative embryo size and
seed mass, plant longevity, shade requirement and precipitation: species with lower relative
embryo size were more common in stable and moist environments, such as closed canopy
temperate forests. A convergent evolution in regeneration strategies between core forest
species derived from different evolutionary lineages can be observed in the clusters identified

and has been described by Vandelook (2009).

The regeneration strategies of the two closed canopy groups differ mainly in their
reproductive phenology. Thus, their regeneration niches are separated in time but not

necessarily in space. Plants in group 2 are the earliest to flower: they usually disappear in late
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spring, after seed dispersal, and are replaced by other species (Newton et al., 2013, 2015).
Early flowering woodland plants take advantage of a season in which the tree canopy is still
open and there is plenty of light available for flower and fruit development. Species of this
group also tend to germinate in autumn, after a warm period. Autumn can be a favourable
season for germination in broadleaved temperate forests, because temperatures are still
relatively high in the day, while the tree canopy begins to open. However, emergence of the
seedling above the litter layer can expose it to winter frosts. A possible solution is to decouple
the timing of radicle and shoot emergence. While the radicle emerges and establishes itself in
the autumn and during winter, securing a place for the seedling in the forest floor, the shoot
will start to grow only after a cold period (Mondoni et al., 2008, Takagi, 2001), or will keep
growing but at a very slow pace during the coldest months (Blandino ef al., 2018, Newton et
al., 2013, 2015; Vandelook and Van Assche, 2008a). In the latter case, seedlings are frost-
resistant (e.g. Galanthus nivalis). Nonetheless, even though the relative embryo size is
smaller than the overall mean, only half of the species in group 2 possess morphological
dormancy. In fact, one species, Mercurialis perennis, possesses physiological dormancy and
two have been reported to have linear embryos that do not grow prior to germination (Allium
ursinum and Convallaria majalis; Vandelook, 2009). In the latter cases, the embryo act as a
haustorium by absorbing nutrients from the endosperm after germination. This type of
germination was described for the genus Yucca (Horner and Arnott, 1966) and can be a
further adaptation to germination in the dark because it allows the shoot to start developing

before emerging from the soil or leaf litter.

Species of group 3 flower later than species of group 2. Most of them possess seeds with
underdeveloped embryos that are dispersed in summer. The embryos grow during autumn
and winter and most of the species in the group germinate after a cold stratification in late

winter or early spring, when the tree canopy is still open. Seedling emergence occurs soon
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after germination. Therefore, the two clusters of closed canopy species share a common
timing of seedling emergence in early spring, although this result is achieved by different
regeneration strategies. Early emergence represents a competitive advantage in seasonal
temperate forests and is an indication of adaptation to this habitat. Group 3 is characterized
by the prevalence of morphophysiological dormancy and rudimentary embryos. There is
agreement among different authors that a morphological component of dormancy is an
ancestral character of angiosperms (Baskin and Baskin, 2004; Forbis et al.; 2002; Finch-
Savage and Leubner-Metzger, 2006; Willis et al., 2014) associated with a low relative
embryo size (Forbis et al., 2002; Martin, 1946). Willis et al. (2014) stated that some
dormancy classes occur more in certain lineages but observed also a high degree of
convergent evolution. In group 3, 80% of the species possess seeds with morphophysiological
dormancy; these plants belong to the Apiaceae, Asparagaceae, Papaveraceae and
Ranunculaceae families which are reported to show this type of dormancy in 63, 86, 94 and

96% of the studied species, respectively (Baskin and Baskin, 2014; Willis ef al., 2014).

Phylogeny was not included in our analysis but it is evident how it plays an important role in
describing the HCPC grouping. In fact, with the exception of Hordelymus europaeus
(Poaceae), no species from the families included in group 2 and 3 are found in group 1
(Supplementary data Table S1). Even though some families show a greater affinity for
regeneration in a closed canopy environment, they are not necessarily phylogenetically

related but could have independently evolved a similar expression of the germination traits.

Implications for forest recovery

Within the 57 species analysed with FAMD, a clear distinction can be made between: (1)
good colonizer species that benefit from forest gaps and edges (group 1); and (2) core forest
species, well adapted to survive in a stable environment but with limited ability to establish in

new habitats. Our findings broadly concur with the study by Verheyen et al. (2003) that
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compared understory species from temperate Europe and North America. Based on life
history and reproductive traits, dispersability was found to be a limiting factor for
colonization and poor colonizers usually have complex seed dormancy breaking
requirements. Another limitation to recruitment for core forest species with big seeds is that
they do not form a persistent soil seed bank (Bekker et al., 1998, Thompson et al., 1997).
Thus, after deforestation their seeds are soon depleted from the soil (Honnay et al., 2002). A
subsequent enrichment by ruderal species that form a long-lived soil seed bank means that
recent forests on former arable land can take up to 100 years before the ruderal seed bank is
depleted (Bossuyt and Hermy, 2002). Therefore, an efficient conservation measure to assist
natural recolonization by core forest species in recent forest patches could be the control of
the ruderals e.g., by minimising gaps in the canopy and disturbance in the herb layer (Honnay
et al., 2002). Moreover, it has been demonstrated that new forests, established as close as
possible to ancient ones, can receive significantly more propagules of core woodland species

than isolated forest patches (Honnay et al., 2002), where reintroductions may be necessary.

When using seeds for ecological recovery of temperate woodland understories, the type of
dormancy and the need for stratification are major constraints that can influence the success
of an intervention. It is important to assess, for each species, the best vector for reintroduction
(i.e. plants vs. seeds) according to its reproductive traits and regeneration biology. It has been
demonstrated that big-seeded species are often more limited by seed availability than small-
seeded ones (Clark et al., 2007) and that seedling emergence and development is a more
critical stage of plant development than seed germination (Turnbull et al., 2000). Therefore,
more research is necessary on the seedling survival strategies of temperate forest herbs and

the main constraints to species continuity after in sifu reintroduction by seed.
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FIGURES

Fig. 1: Distribution of ecological and regeneration traits values of herbaceous European
Ancient Woodland Indicators. In all boxplots the data represented are not transformed. a)
Distribution of Ellenberg Indicator Values. C, continentality; L, light; M, moisture; N,
nutrients; T, temperature. b) Distribution of reproductive phenology data. Categorical traits
are represented by stacked columns. AUT =autumn; SPR = spring; SUM = summer; WIN =
winter; DD = data deficient. ¢) Distribution of seed yield and dispersal traits. TV, terminal

velocity. d) Distribution of relative embryo size values E:E, Embryo to Endosperm ratio.

Fig. 2: Principal Component Analysis of Ellenberg Indicator Values for 191 European
Ancient Woodland Indicators. The percentages express the proportion of variance explained

by each component. C, continentality; L, light; M, moisture; N, nutrients; T, temperature.

Fig. 3: Germination traits of European Ancient Woodland Indicator species. a) Stacked
columns with the proportion of each level of the categorical dormancy types and germination
requirements. “DD” (“data deficient”) indicates data not available. PYPD, physiological +
physical; PY, physical; PD, physiological; MPD, morphophysiological; C, cold; W, warm;
W+C, warm + cold; C+W, cold + warm; NS, no need for stratification, A>C, species
requiring alternate temperatures; A=C, species indifferent to temperature fluctuation; C>A,
species requiring constant temperature; L>D, species requiring light; D>L, photoinhibited
species; L=D, species indifferent to light. b) Boxplots showing minimum (Min), effective and

maximum (Max) germination temperatures.

Fig 4: Factorial Analysis of Mixed Data (FAMD) of regeneration traits and hierarchical
clustering on its principal components (HCPC). a) Distribution of the numerical variables
(left) and of the categorical traits (right). From left to right a gradient of growing capacity to

colonize new habitats was described. From bottom to top germination occurs progressively
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later in the year. E:E, Embryo to Endosperm ratio, PD, physiological dormancy; MPD,
morphophysiological dormancy; C, cold stratification; W, warm stratification; W+C,
combination of warm + cold stratification; L>D, species requiring light; D>L, photoinhibited
species; L=D, species indifferent to light; AUT, autumn; SPR, spring; SUM, summer; WIN,
winter. Graphs b) and c) indicate the variation of Ellenberg Indicator Values (EIV) for light
and moisture. The dark red dots represent the species with highest values for the variable (>
than the 4th quartile of its distribution) while the yellow dots are the species with the lowest
values (< than the Ist quartile). d) The three clusters of species identified by HCPC are group
1 (Carex brizoides, in red), group 2 (Narcissus pseudonarcissus, in blue) and group 3

(Polygonatum odoratum, in green).
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TABLES

Table 1 Number of species and percentages, from the original list of 208 AWI, for whom each trait

was available. EIV = Ellenberg Indicator Value; E:E = embryo to endosperm ratio

Trait name N. of species %
Ecological preferences

EIV for Temperature 191 92
EIV for Continentality 191 92
EIV for Light 191 92
EIV for Moisture 191 92
EIV for Nutrients 191 92
EIV for pH 191 92
Reproductiove phenology

Flowering month 204 98
Dispersal season 118 57
Germination season 144 69
Regeneration and seed traits

Plant heigth 207 99
Seed dry mass 182 87
Seed length 167 80
Seed width 130 62
Seed terminal velocity 99 48
Embryo type 208 100
E:E ratio 165 79
Germination traits

Dormancy type 114 54
Stratification requirements 110 53
Effective germination temperature 108 52
Minimum germination temperature 79 38
Maximum germination temperature 78 37
Temperature fluctuation 60 29
Light requirement 105 50
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Table 2 Embryo type and embryo:endosperm ratios of European Ancient Woodland indicators.

Number of Number OT . i

Embryo type . endospermic Mean ratio SD ratio
species :
species

Rudimentary 19 19 (13) 0.03 0.01
Capitate 14 14 (13) 0.09 0.02
Broad 4 4 (4) 0.11 0.05
Lateral 19 19 (16) 0.12 0.03
Linear 52 45 (38) 0.28 0.33
Peripheral 6 6 (6) 0.59 0.08
Spatulate 52 20 (16) 0.82 0.27
Bent 12 0 1 0
Folded 3 0 1 0
Investing 5 0 1 0
Undifferentiated 22 ND ND ND

Numbers in parentheses indicate the number of species measured to calculate the mean ratio for each embryo type
category. SD indicates the standard deviation from the mean embryo:endosperm ratio. Species with undifferentiated
embryos that were not dissected (ND) for image analysis are indicated.
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Figure 4
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