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Abstract

The germinability of buried seeds changes with time, and the direction and periodicity of these
changes differ among plant species. In 116 abundant dicotyledonous herb species, we investi-
gated the changes in seed germinability that occurred during the 2-yr period following burial in
the soil. We aimed to establish differences between seeds collected in “anthropogenic” (ruderal,
arable land) and “wild” (grassland, forest) habitats. The seeds were buried in a field 1 mo after
collection, exhumed at regular intervals, and germinated at 25 C. During the 2-yr study period,
four categories of species-specific patterns of germinability changes were found: seeds demon-
strating seasonal dormancy/nondormancy cycles (31 species); seeds germinating only in the
first season after burial (16 species); seeds germinating steadily (38 species); and seeds whose
germinability changed gradually, with increasing (7 species) or decreasing (18 species) germin-
ability. The seeds of 6 species did not germinate at all. We found no significant difference in the
frequency of these categories between species typical for anthropogenic and wild habitats.
The cause for this result may be dramatic human influences (changes of agricultural practices),
the pressure of which impedes the development of floras specific for certain habitats, as distin-
guished by the frequency of species with particular patterns of seed germinability. These
frequencies varied among taxa with the growth form, seed mass, and flowering phenology
of species.

Introduction

Changes in seed germinability in the incipient phase of seedbank formation have been exten-
sively studied (Baskin and Baskin 1998), because they greatly affect the emergence of weed seed-
lings (Baskin and Baskin 2006). The germinability of seeds buried in soil gradually changes.
Seeds of some species germinate steadily (Tkachenko 2018), while the germinability of seeds
of other species decreases over time (Bostock 1978) or fluctuates due to dormancy/nondor-
mancy cycles with annual periodicities (Bouwmeester and Karssen 1993; Honék et al. 1999;
Van Assche et al. 2002).

Most studies concerning germination behavior in the initial phase after seed burial have
investigated single (Bochenek et al. 2007; Figueroa et al. 2007; Hon¢k et al. 1999) or few species
(Baskin and Baskin 1981; Froud-Williams et al. 1984; Milberg and Andersson 1997; Pons 1991).
Comparative studies of many species of local flora (Fenner and Thompson 2005; Grime et al.
2007) are desirable but sporadic. In this work, we studied germinability changes in seeds of
dicotyledonous herb species collected on agricultural and nonagricultural land in an intensively
farmed area of central Europe. The germinability of seeds buried in soil was monitored for a
period of 2-yr after dispersal; this length of time allows trends in germinability changes to occur.

After distinguishing categories for the observed patterns of changes of seed germinability
over time, we tested the hypothesis that the frequency of these categories differs between plant
species that are typical for “anthropogenic” (ruderal, field) and wild “nonanthropogenic”
(grassland, forest) habitats. As there are no previous studies revealing the effects of anthropo-
genic factors on the frequency of various categories of temporal variation in seed germinability,
we can only speculate on what the differences should be. We expect an increased frequency of
species with seasonal dormancy/nondormancy changes in seed germinability in anthropogenic
habitats. This is because arable lands are exposed to interventions caused by agricultural prac-
tices, such as soil cultivation and the sowing and the harvesting of crops. If germination is not
limited in time, seedling emergence could occur at an inappropriate period as a result of these
interventions. In an unpredictable environment, seasonal cycles in seed germination limit the
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germination time to a suitable period. Indeed, seasonal cycles of
seed germinability have been found in a number of weed and
ruderal species, including shepherd’s purse [Capsella bursa-pasto-
ris (L.) Medik.] (Milberg and Andersson 1997), corn speedwell
(Veronica arvensis L.) (Boutin and Harper 1991), prostrate knot-
weed (Polygonum aviculare L.) (Batlla and Benech-Arnold 2006;
Courtney 1968), and common mullein (Verbascum thapsus L.)
(Baskin and Baskin 1981). This intrinsic reduction in germination
time is a beneficial adaptation under conditions of intense human
activity (Battla et al. 2020).

Material and Methods
Seed Materials

The study included seeds of 116 abundant annual and perennial
forb species collected from arable and abandoned fields, ruderal
habitats, grasslands, and forests in central Bohemia. The seeds were
collected between May 10 and October 7 in 1995 at 24 sites located
between 49.13°N and 50.81°N and between 14.28°E and 16.00°E at
altitudes from 190 to 660 m above sea level. High-quality seed
materials were collected from well-developed stands of mother
plants at the time of dispersal. The materials were cleaned of poorly
developed or damaged seeds. This procedure guaranteed that the
seed materials were viable at the beginning of the experiment.
From the time of collection until burial (Table 1), the seeds were
dried at 26 + 2 C and 40% relative humidity.

Experimental Treatment

The seeds were buried in 1995, for 17 to 58 d (mean 30.9 + 0.8 d)
following collection (Table 1). The seed material of each plant spe-
cies was divided into 24 or 12 lots (when there was not enough seed
to make 24 seed lots) of ca. 1,000 seeds; these lots were wrapped
into pieces of nylon fabric with a mesh size of 0.24 mm (56% open
area). The seed packets were buried below an unshaded, regularly
mown sward at a 20-cm depth. Each packet was connected by a
string to a wooden label on the ground to make reclamation easy.
Data on soil moisture at 20-cm depth from the meteorology station
of the Crop Research Institute (150 m away from the experiment
site) are available at https://old.vurv.cz/meteo/.

The first exhumation of seeds of 77 species buried before
September was made "2.5 mo after burial (i.e., during the later
period of the vegetation season in 1995, the year when burial
was performed). Exhumation of all 116 species then continued
for 2 yr, from January 1996 to October 1997. For plant species
for which 24 seed lots were buried, one packet of seeds was
exhumed monthly (on day 1 of each month); for species for which
12 seed lots were buried, the packets were exhumed at bimonthly
intervals (on day 15 of each even month in 1996 and each odd
month in 1997).

The germination experiments started within 24 h after exhuma-
tion, during which time the exhumed seeds were stored at 25 C. At
each germination date, three samples of 50 seeds each were
sampled for germination from each seed species. Each sample
was placed into a 10-cm-diameter petri dish on filter paper
(Whatman no. 1, Sigma-Aldrich, St. Louis, MO) moistened with
5 ml of tap water. The germination experiments were performed
at a constant temperature of 25 C under light conditions. These
germination conditions were considered “neutral” and were
chosen to allow germination of a maximum number of species.
The germinating seeds were counted and removed at 2-d intervals
until no germination had occurred within 4 d.
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Statistical Modeling

For each plant species, the average germinability percentage of the
samples exhumed in successive terms (ordinate) was plotted
against the date of exhumation of the samples (abscissa). This ordi-
nation of data made for the 2-yr experimental period was called the
“pattern of germinability changes.”

The presence of long-term trends and annual cycles of germin-
ability were tested first. The temporal progression of germination
was modeled via a binomial generalized additive model (GAM)
(Hastie and Tibshirani 1990; Wood 2017) with penalized spline
components. For each plant species, the data consisted of the num-
ber of germinating and nongerminating seeds at each time point
used in the experiment. In particular, the probability of seed ger-
mination was modeled as a function of the long-term trend in time
from the beginning of the experiment (first germination) until its
end (last germination) for a given species, and the seasonality of
seed germination was given as a function of the position of each
day within a calendar year (1 to 365). The long-term trend was
modeled as a linear trend on the logistic scale. For proper season-
ality modeling, we have to enforce periodicity (i.e., the beginning
and end of the seasonal component curve must meet smoothly).
This was done by using the cyclic cubic regression spline (Wood
2017). The estimated long-term and seasonal components were
tested via penalized likelihood ratio tests and were extracted and
displayed for detailed expert inspection.

To differentiate biologically significant trends in the observed
patterns of germinability changes, we adopted the ensuing criteria.
The long-term trend in germinability was characterized by a
decrease/increase in average germinability by >15% during the
2-yr experimental period. The value of this difference was calcu-
lated from the linear regression interpolated into a given species’
pattern of germinability changes. A criterion for the presence of
periodical seasonal changes was a difference in the percentage of
germinability between the period of minimum germinability and
that of maximum germinability of >10%. This value was calculated
as the difference between the average of the four maximum ger-
minability values and the average of the four minimum germin-
ability values.

Evaluating Patterns of Germination Changes and Their
Frequencies in Groups of Plant Species

We first established categories of seed germinability patterns using
three criteria: (1) the presence of seasonal dormancy/nondor-
mancy periodical changes; (2) the presence of a long-term trend
in seed germinability; and (3) the survival of seeds after the first
year of burial. Second, we determined the frequencies of these cat-
egories in groups of plant species that were split according to their
preferences to anthropogenic or wild habitats. Data on species hab-
itats, including ruderal, weed, grassland, and forest species
(Table 1), were taken from Sadlo et al. (2007) and Wild et al.
(2019). Third, we examined the relationships between the frequen-
cies of germinability patterns and taxonomic position (the orders
Asterales, Caryophyllales, and Lamiales, which were each repre-
sented in this study by more than 15 species), seed mass (a group
of species producing light seeds of <1 mg in mass and a group of
species producing heavy seeds of >1 mg in mass), growth form
(annual vs. perennial, clonal vs. non-clonal perennial) and the
flowering phenology of species (spring-flowering species, for
which the median of the flowering period fell before the end
of June, vs. summer-flowering species, for which the median of
the flowering period fell after the beginning of July). The data
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Table 1. Species included in the study (divided according to categories and subcategories of the pattern of germinability changes) and their characteristics.

799

Seed mass®  Collection Burial Non- Flowering Flowering
Species Family? —mg— date® date? Exhumed®  Trend”  Periodicity ~ Ruderal®  Weed  Grassland  Forest ~ Annual  Perennial  Clonal  clonal spring) summerk
No germination (n=6)
1 Falcaria vulgaris Bernh. APIA 0.6 10-Sep 24-Oct Bi 1 1 1 1 1
2 Fumaria officinalis L. FUMA 3.01 21-Aug 22-Sep Bi 1 1 1
3 Malva sylvestris L. MALV 2.05 17-Jul 18-Aug Bi 1 1 1 1
4 Melampyrum nemorosum L. SCRO 4.29 10-Sep 24-Oct Bi 1 1 1
5 Petasites albus A. Gray ASTE 0.23 27-May 16-Jun Mo 1 1 1
6 Sedum album L. CRAS 0.02 24-Jul 18-Aug Bi 1 1 1 1
Subcategory 1A: periodic seasonal changes in germinability, maximum in late winter and spring (n = 14)
7 Arctium lappa L. ASTE 8.72 27-Aug 22-Sep Bi 1 1 1 1 1 1
8 Campanula rapunculoides L. CAMP 0.18 21-Aug 22-Sep Bi +1 1 1 1 1 1 1 1
9 Conium maculatum L. APIA 1.95 24-Aug 22-Sep Bi 1 1 1 1 1 1
10 Daucus carota L. APIA 0.68 24-Aug 22-Sep Mo +1 1 1 1 1 1 1 1
11 Fallopia convolvulus (L.) A. POLY 3.89 21-Jul 18-Aug Mo +1 1 1 1 1 1
Love
12 Galeopsis tetrahit L. LAMI 5.01 29-Jul 25-Aug Mo -1 1 1 1 1 1
13 Geranium pusillum L. GERA 0.79 29-Jun 28-Jul Mo +1 1 1 1 1 1
14 Knautia arvensis (L.) Schrad. DIPS 3.95 13-Sep 24-Oct Bi 1 1 1 1
ex Roem. et Schult.
15 Pastinaca sativa L. APIA 2011 22-Aug 22-Sep Bi 1 1 1 1 1
16 Persicaria lapathifolia (L.) POLY 2.13 01-Aug 25-Aug Mo -1 1 1 1 1 1
S.F.Gray
17 Polygonum aviculare L. POLY 1.56 21-Aug 22-Sep Mo 1 1 1 1 1
18 Rumex obtusifolius L. POLY 0.82 21-Aug 22-Sep Bi 1 1 1 1 1 1
19 Salvia verticillata L. LAMI 0.35 01-Oct 25-Oct Bi 1 1 1 1 1 1
20 Trifolium arvense L. FABA 0.26 20-Jul 18-Aug Bi Arll 1 1 1 1
Subcategory 1B: periodic seasonal changes in germinability, maximum in summer and autumn (n =11)
21 Alsinula media (L.) Dost. CARY 0.42 23-Jun 28-Jul Mo -1 1 1 1 1
22 Capsella bursa-pastoris (L.) BRAS 0.12 25-May 16-Jun Mo -1 1 1 1 1 1
Medik
23 Cirsium arvense (L.) Scop. ASTE 0.79 18-Jul 18-Aug Mo -1 1 1 1 1 1 1 1
24 Hypochaeris radicata L. ASTE 0.59 15-Jul 04-Aug Bi -1 1 1 1 1 1 1
25 Lactuca serriola L. ASTE 0.42 01-Aug 18-Aug Bi -1 1 1 1 1 1 1
26 Moehringia trinervia (L.) CARY 0.21 27-Jun 28-Jul Mo +1 1 1 1 1
Clairv.
27 Myosotis arvensis (L.) Hill. BORA 0.25 22-Jun 28-Jul Mo 1 1 1 1
28 Silene nutans L. CARY 0.29 05-Aug 25-Aug Bi -1 1 1 1 1 1
29 Sisymbrium loeselii L. BRAS 0.08 17-Jul 04-Aug Mo -1 1 1 1 1 1
30 Verbascum thapsus L. SCRO 0.08 30-Aug 24-Oct Bi 1 1 1 1 1
31 Veronica arvensis L. SCRO 0.09 02-Jul 04-Aug Mo -1 1 1 1 1
Subcategory 1C: periodic seasonal changes in germinability, maximum in autumn to spring (n = 6)
32 Aegopodium podagraria L. APIA 8.59 03-Sep 24-Oct Mo 1 1 1 1 1
33 Cardaria draba (L.) Desv. BRAS 0.95 24-Jul 18-Aug Bi -1 1 1 1 1 1 1
34 Origanum vulgare L. LAMI 0.05 01-Oct 25-Oct Bi -1 1 1 1 1
35 Potentilla erecta (L.) Raeusch. ROSA 0.21 24-Aug 22-Sep Mo +1 1 1 1 1 1
36 Rumex crispus L. POLY 1.44 20-Jul 18-Aug Mo -1 1 1 1 1 1 1 1
37 Tanacetum vulgare L. ASTE 0.09 24-Sep 24-Oct Bi =il 1 1 1 1 1 1
Category 2: germinating in the first year after burial, later ceasing to germinate (n = 16)
38 Achillea millefolium L. ASTE 0.13 22-Aug 22-Sep Mo -1 1 1 1 1 1 1
39 Anthriscus sylvestris (L.) APIA 2.51 08-Jul 04-Aug Mo 1 1 1 1 1 1 1
Hoffm.
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Table 1. (Continued)

40 Arenaria serpyllifolia L.

41 Betonica officinalis L.

42 Bryonia alba L.

43 Chamerion angustifolium (L.)
Holub

44 Hypericum perforatum L.

45 Lupinus polyphyllus Lindl.

46 Melilotus albus Medik.

47 Mycelis muralis (L.) Dumort.

48 Petasites hybridus (L.) G.
Gaertn., B. Mey. & Scherb.

49 Prenanthes purpurea L.

50 Senecio ovatus (G. Gaertn
et al.) willd.

51 Sisymbrium altissimum L.

52 Tragopogon pratensis L.

53 Veronica persica Poir.

CARY
LAMI
cucu
OENO

HYPE
FABA
FABA
ASTE
ASTE

ASTE
ASTE

BRAS
ASTE
SCRO

Subcategory 3A: germinating steadily in

54 Alisma plantago-aquatica L.
55 Alliaria petiolata (Bieb.)

Cavara & Grande
56 Anagallis arvensis L.

57 Atropa bella-donna L.

58 Ballota nigra L.

59 Chelidonium majus L.

60 Descurainia sophia (L.) Webb
ex Prantl

61 Galium aparine L.

62 Geum urbanum L.

63 Heracleum sphondylium L.
64 Lamium amplexicaule L.
65 Lycopus europaeus L.

66 Medicago lupulina L.
67 Mercurialis annua L.
68 Papaver dubium L.

69 Sedum acre L. emend.

Grimm
70 Stachys sylvatica L.
71 Tussilago farfara L.
72 Vicia cracca L.

73 Vicia hirsuta (L.) Gray

74 Vicia sativa L.

75 Viola arvensis Murray

ALIS
BRAS

PRIM
SOLA
LAMI

PAPA
BRAS

RUBI
ROSA
APIA

ASTE
FABA
FABA
FABA
VIioL

Subcategory 3B: germinating steadily in

76 Artemisia vulgaris L.

7 Atriplex sagittata Borkh.
78 Chenopodium album L.

79 Cichorium intybus L.

80 Circaea lutetiana L.

81 Cirsium oleraceum (L.) Scop.

82 Conyza canadensis (L.)
Cronquist

ASTE
CHEN
CHEN
ASTE
OENO
ASTE
ASTE

0.05 22-Jun

11 10-Sep
13.49 03-Oct
0.04 06-Aug
0.12 07-Sep
22.83 30-Jul
181 02-Aug
0.3 26-Jul
0.15 04-Jun
0.89 27-Aug
0.62 07-Sep
0.08 22-Jun
6.62 25-Jun
0.47 15-Jun

low percentages (n = 22)
0.28 05-Oct
227 09-Jul
0.43 01-Aug
1.26 17-Sep
0.65 17-Sep
0.68 20-Jun
0.11 29-Jun
6.64 01-Aug
2.36 31-Jul
5.83 02-Aug
0.67 08-Jun
0.18 05-Oct
1.81 13-Jul
211 27-Jul
0.07 05-Jul
0.04 12-Jul
121 02-Aug
0.21 16-May
25.92 20-Jul
5.12 22-Jun
17.53 17-Jul
0.46 29-Jun
high percentages (n = 16)

0.06 10-Sep
0.84 07-Oct

0.7 21-Aug
1.09 23-Aug
211 17-Sep
2.04 17-Sep
0.04 02-Aug

28-Jul
24-Oct
25-Oct
26-Aug

24-Oct
25-Aug
25-Aug
18-Aug
12-Jul

24-Oct
24-Oct

28-Jul
28-Jul
12-Jul

25-Oct
04-Aug

22-Sep
25-Oct
24-Oct
12-Jul
28-Jul

25-Aug
27-Aug
25-Aug
12-Jul
25-Oct
04-Aug
18-Aug
04-Aug
04-Aug

25-Aug
16-Jun
18-Aug
28-Jul
18-Aug
28-Jul

24-Oct
24-Oct
22-Sep
22-Sep
25-Oct
25-Oct
25-Aug

=kl

+1

=Fil
=kl

=Fil

=FiL
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[ SRS

[
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—
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Table 1. (Continued)

Seed mass® Collection Burial Non- Flowering Flowering
Species Family? —mg— date® date Exhumed®  Trend”  Periodicity® ~ Ruderal®  Weed  Grassland  Forest  Annual  Perennial  Clonal  clonal spring) summerk
83 Dipsacus sylvestris Huds. DIPS 3.18 07-Sep 24-Oct Bi 1 1 1 1 1
84 Jacea pratensis Lam. ASTE 131 24-Sep 25-Oct Bi +1 1 1 1 1 1
85 Leonurus cardiaca L. LAMI 0.64 24-Aug 22-Sep Bi -1 1 1 1 1 1
86 Matricaria maritima L. ASTE 0.32 27-Jul 18-Aug Mo 1 1 1 1 1
87 Plantago major L. PLAN 0.24 18-Aug 22-Sep Bi Fil 1 1 1 1 1
88 Plantago media L. PLAN 0.27 25-Jul 18-Aug Bi +1 1 1 1 1 1
89 Prunella vulgaris L. LAMI 0.6 30-Jul 25-Aug Bi -1 1 1 1 1 1
90 Scrophularia nodosa L. SCRO 0.08 26-Aug 22-Sep Bi 1 1 1 1 1
91 Senecio vulgaris L. ASTE 0.19 01-Aug 25-Aug Mo 1 1 1 1
Subcategory 4A: germinability gradually decreasing over the 2-yr period (n = 18)
92 Amaranthus retroflexus L. AMAR 0.53 29-Aug 24-Oct Mo -1 1 1 1 1 1
93 Cerastium holosteoides Fries CARY 0.12 25-Jun 28-Jul Mo =i 1 1 1 1 1 1 1
ampl. Hyl.
94 Dianthus deltoides L. CARY 0.12 16-Jul 18-Aug Bi -1 1 1 1 1 1
95 Echium vulgare L. BORA 2.68 02-Aug 25-Aug Bi -1 1 1 1 1 1
96 Epilobium collinum C. C. OENO 0.05 27-Jul 18-Aug Bi -1 1 1 1 1 1
Gmelin
97 Erigeron acris L. ASTE 0.06 29-Jun 28-Jul Bi -1 1 1 1 1 1 1
98 Leontodon hispidus L. ASTE 0.81 02-Jul 04-Aug Bi 1 1 1 1
99 Lepidium ruderale L. BRAS 0.21 03-Jul 04-Aug Mo -1 1 1 1 1 1
100 Melandrium pratense (Rafn.) CARY 0.79 21-Jul 18-Aug Mo -1 1 1 1 1 1 1
Roehling
101 Microrrhinum minus (L.) SCRO 0.08 08-Jul 04-Aug Bi -1 1 1 1 1
Fourr.
102 Pilosella officinarum Fries & ASTE 0.13 01-Jul 04-Aug Bi -1 1 1 1 1 1
C.H.Schultz
103 Potentilla argentea L. ROSA 0.08 20-Jul 18-Aug Bi -1 1 1 1 1
104 Sonchus asper (L.) Hill ASTE 0.28 08-Jul 04-Aug Mo -1 1 1 1 1 1
105 Spergularia rubra (L.) J. Presl CARY 0.03 01-Jul 04-Aug Bi -1 1 1 1 1
& C. Presl|
106 Taraxacum officinale Wigg. ASTE 0.48 10-May 16-Jun Mo -1 1 1 1 1 1 1
107 Teucrium chamaedrys L. LAMI 1.22 07-Oct 25-Oct Bi -1 1 1 1 1 1
108 Thymus pulegioides L. LAMI 0.14 29-Jun 28-Jul Bi 1 1 1 1
109 Urtica dioica L. URTI 0.14 21-Aug 22-Sep Mo =i 1 1 1 1 1
Subcategory 4B: germinability gradually increasing over the 2-yr period (n=7)
110 Crepis biennis L. ASTE 0.67 17-Jul 04-Aug Mo <ril 1 1 1 1 1 1 1
111 Galinsoga parviflora Cav. ASTE 0.17 08-Jul 04-Aug Mo Fil 1 1 1 1 1
112 Hieracium sabaudum L. ASTE 0.8 18-Sep 25-Oct Bi +1 1 1 1 1 1 1 1
113 Lapsana communis L. ASTE 138 30-Jul 25-Aug Mo Fl i a1 i} a1 1 1
114 Oenothera biennis L. OENO 0.5 30-Aug 24-Oct Bi <ril 1 1 1 1
115 Sonchus arvensis L. ASTE 0.32 10-Sep 24-Oct Mo =FiL 1 1 1 1 1 1
116 Thlaspi arvense L. BRAS 0.97 15-Jun 12-Jul Mo +1 1 1 1 1 1
Total 65 81 60 52 45 23 38 78 40 38 32 84

2Family: ALIS, Alismataceae; AMAR, Amaranthaceae; APIA, Apiaceae; ASTE, Asteraceae; BORA, Boraginaceae; BRAS, Brassicaceae; CAMP, Campanulaceae; CARY, Caryophyllaceae; CHEN, Chenopodiaceae; CRAS, Crassulaceae; CUCU, Cucurbitaceae; DIPS,
Dipsaccaceae; EUPH, Euphorbiaceae; FABA, Fabaceae; FUMA, Fumariaceae; GERA, Geraniaceae; HYPE, Hypericaceae; LAMI, Lamiaceae; MALV, Malvaceae; OENO, Oenotheraceae; PAPA, Papaveraceae; PLAN, Plantaginaceae; POLY, Polygonaceae; PRIM,
Primulaceae; ROSA, Rosaceae; RUBI, Rubiaceae; SCRO, Scrophulariaceae; SOLA, Solanaceae; URTI, Urticaceae; VIOL, Violaceae.

bSeed mass: average dry mass of one seed.

Collection date: day-month (1995).

dBurial date: day-month (1995).

¢Exhumed: Mo, monthly; Bi, bimonthly.

fTrend: long-term germinability change trend established using generalized additive modeling; +1, positive; —1, negative characteristic is present in the species.

8Periodicity: periodic seasonal changes in seed germinability established using generalized additive modeling; 1, the characteristic is present in the species.

"Ruderal to forest: habitat; 1, habitat is typical for the species.

iAnnual to non-clonal: growth form; 1, growth form is typical for the species.

IFlowering spring, median time of flowering period before June 30; 1, flowering period is typical for the species.

kFlowering summer, median time of flowering period after July 1; 1, flowering period is typical for the species.

%99
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were taken from Dostdl (1989) and the Pladias database
(Anonymous 2021).

The differences in the number of species that fall into the par-
ticular categories of seed germinability patterns described earlier
were tested using contingency tables with groups of plant species
as columns and categories of germination patterns as rows. The
differences in the number of species in a particular category of seed
germinability pattern were tested using a two by two contingency
table with groups of plant species as columns and the number of
species in a tested category versus the total number of species of all
other categories in rows. The statistical significance of the
differences in the frequency of species in the contingency tables
was tested using the chi-square test.

Results and Discussion

Categories of Long-Term Patterns in Seed Germinability
Changes

Of the 116 plant species included in this study, the seeds of six spe-
cies did not germinate at all. Seeds of these species (Table 1, “No
germination”) either decayed (sickleweed [Falcaria vulgaris
Bernh.], drug fumitory [Fumaria officinalis L.], high mallow
[Malva sylvestris L.], Petasites albus A. Gray, white stonecrop
[Sedum album L.]) or did not pass the seed crush test for estimation
of the viability of weed seed (Saska et al. 2020) after first winter of
burial (Melampyrum nemorosum L.). Attempts to germinate resi-
dues of decayed seeds continued until the end of the 2-yr experi-
ment. The seeds of these “nonpersistent” species died following
burial or persisted in the soil for a very short time (unlike species
of category 2, which germinated in the first year).

Of the remaining 110 plant species, 96 species could be tested
using the GAM. A long-term germinability change trend was
found in 65 species, with negative trends observed in 40 species
and positive trends observed in 25 species. Periodic seasonal
changes in seed germinability were found in 81 species (Table 1).

According to their pattern of germinability changes, the species
were divided into four categories. Category 1 included 31 species
with periodic seasonal changes in seed germinability (Figure 1).
Species of this category were divided into subcategories as follows:
(1A) species with maximum germinability in late winter and spring
(14 “spring” species), (1B) species with maximum germinability in
summer and autumn (11 “autumn” species), and (1C) species
whose period of maximum germinability extended from autumn
of a given year to spring of the following year (6 “winter” species)
(Figure 2). The types of seasonal emergence established in this
study—spring, autumn, and winter species—are well known in
weeds. The periods of maximum and minimum germinability dif-
fered among plant species not only in terms of the season in which
they occurred but also in terms of their duration (Figure 2).

Category 2 included 16 “nonpersistent” species (Figure 3A-D)
whose seeds germinated in the first year after burial and later
ceased to germinate. This category of germinability likely covers
two kinds of seed behavior: first, “true” nonpersistent seed species
that germinate in the first year after burial and die later (Grime
etal. 2007), for example, Jack-go-to-bed-at-noon (Tragopogon pra-
tensis L.) (Mahesh et al. 1996; Roberts 1986) and bigleaf lupine
(Lupinus polyphyllus Lindl.) (Klinger et al. 2020). True nonpersist-
ent species forming transient seedbanks further include common
yarrow (Achillea millefolium L.), white bryony (Bryonia alba L.),
fireweed [Chamerion angustifolium (L.) Holub], and wall-lettuce
[Mycelis muralis (L.) Dumort.], which germinate in autumn of
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the year of seed dispersal, and wild chervil [Anthriscus sylvestris
(L.) Hoffm.] and Petasites spp. (Grime et al. 2007; Roberts 1979;
Thompson et al. 1997), which germinate in the spring of the year
following seed dispersal. Some species included in category 2 form
a class of “false” nonpersistent species. These species, for example,
thymeleaf sandwort (Arenaria serpyllifolia L.), common hedgenet-
tle (Betonica officinalis L.), common St. Johnswort (Hypericum
perforatum L.), wood ragwort [Senecio ovatus (G. Gaertn et al.)
Willd.], hedgemustard [Sisymbrium officinale (L.) Scop.], and bird-
eye speedwell (Veronica persica Poir.), form persistent seedbanks
(Grime et al. 2007; Thompson et al. 1997). Seeds of these species
germinated in our experiment only in the first year after burial,
probably because, during this period, they germinate in a wide
range of temperature conditions (including at a constant temper-
ature of 25 C); however, starting with the second year after burial,
the seeds require specific germination conditions, likely alternating
temperatures.

Category 3 included 38 plant species whose seeds germinated
steadily during the 2-yr experimental period, that is, without sea-
sonal changes or long-term decreasing or increasing germinability
trends. In 22 species of subcategory 3A, the percentage of germi-
nable seeds was consistently low (<10%) (Figure 3E); in 16 species
of subcategory 3B, the percentage of germinable seeds was high
(Figure 3F-H). Except for coltsfoot (Tussilago farfara L.)
(Namura-Ochalska 1987), all species of subcategory 3A form per-
sistent seedbanks in the soil, for example, garlic mustard [Alliaria
petiolata (M. Bieb.) Cavara & Grande], catchweed bedstraw
(Galium aparine L.), herb bennet (Geum urbanum L.), and eltrot
(Heracleum sphondylium L.) (Grime et al. 2007; Thompson et al.
1997). For ample germination, the species of subcategory 3A may
require conditions other than the constant 25 C used in this study,
probably including alternating temperatures. The germinabilities
of the seeds of 16 plant species of subcategory 3B were steadily
high. These species formed permanent seedbanks in the soil, except
chicory (Cichorium intybus L.), broadleaf enchanter’s nightshade
(Circaea lutetiana L.), cabbage thistle [Cirsium oleraceum (L.)
Scop.], and wild teasel (Dipsacus sylvestris Huds.), which are con-
sidered transient (Grime et al. 2007; Thompson et al. 1997).
However, even these seeds survived in our experiment for 2 yr.

Twenty-five species were included in category 4. For 18 species
of subcategory 4A, the percentage of germinable seeds during the
2-yr experimental period decreased (Figure 31-K), presumably due
to deterioration of seeds in the soil. The seedbanks of these species,
for example, bitter fleabane (Erigeron acris L.), bristly hawkbit
(Leontodon hispidus L.), Melampyrum pratense L., mouse ear
hawkweed (Pilosella officinarum Fried & C. H. Schultz), dandelion
(Taraxacum officinale Wigg.), and wall germander (Teucrium cha-
maedrys L.) (Grime et al. 2007; Thompson et al. 1997), are termed
“transient.” In some species, such as redroot pigweed (Amaranthus
retroflexus L.) (Figure 3I), germinability decreases due to changes
in the thermal requirements for germination after the first year of
burial (Costea et al. 2004). For seven species of subcategory 4B, the
percentage of germinable seeds during the 2-yr burial increased
(Figure 3L). Except for rough hawksbeard (Crepis biennis L.)
and New England hawkweed (Hieracium sabaudum L.), all species
of this subcategory form permanent soil seedbanks (Grime et al.
2007; Thompson et al. 1997). The causes of the progressive increase
in germinability were established for common evening primrose
(Oenothera biennis L.), whose seeds require alternating tempera-
tures for germination in the first year after burial and later germi-
nate in a wide range of thermal conditions, including at a constant
temperature of 25 C (Baskin and Baskin 1994).
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Figure 2. Duration of the period of minimum germinability (gray), the transition period from minimum to maximum germinability (hollow), and the period of maximum ger-
minability (black) during the germinability cycle in seeds of plant species demonstrating seasonal dormancy/nondormancy changes. From bottom to top: “spring” species of
subcategory 1A, “autumn” species of subcategory 1B, “winter” species of subcategory 1C.

The observed patterns of seed germinability point to factors that ~ portion of the 110 seed species that germinated in our study. In
direct seedling emergence to a period favorable for the survival of 31 species of category 1, germination is regulated by seasonal dor-
seedlings. We succeeded in determining these factors for a large ~ mancy/nondormancy cycles (Benech-Arnold et al. 2000), that is,
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Figure 3. Changes in seed germinability during the 2-yr period of burial. Examples of plant species of category 2: (A) Tragopogon pratensis, (B) Anthriscus sylvestris, (C) Lupinus
polyphyllus, (D) Senecio ovatus; seeds of category 3 with constant germinability: (E) Trifolium arvense, (F) Matricaria maritima, (G) Chenopodium album, (H) Dipsacus sylvestris; seeds
of category 4 with long-term trends of changes in germinability: (I) Amaranthus retroflexus, (J) Taraxacum officinale, (K) Microrrhinum minus, (L) Lapsana communis. Open symbols:
seeds were rotten.

by intrinsic factors. In 41 species of subcategory 3B and category 4,  environmental factors, such as the onset of suitable temperature
germinability at 25 C was steady and gradually decreased or  and humidity conditions (Boyd and Van Acker 2003; Guillemin
increased. Germination and seedling emergence are triggered by et al. 2013; Martinkova et al. 2014; Roberts and Neilson 1981)
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Figure 4. Distribution of the categories of seed germinability patterns in groups of
plant species sorted according to their preferred habitat. Ordinate is frequency of
plant species with particular patterns of seed germinability changes (the designation
of the categories in the legend is the same as in the text): category 1, seasonal changes
in seed germinability; category 2, nonpersistent seeds; category 3, seeds with constant
germinability; category 4, seeds with long-term trends of changes in germinability.
Abscissa is habitats: ruderal, species typical for ruderal habitats; weed, weed species
typical for arable lands; grassland, species typical for grasslands; forest, species typical
for forest undergrowth; ruderal+weed, species typical for anthropogenic habitats;
grassland-forest, species typical for wild habitats. Numbers above the columns:
n species. Some plant species are classified as preferring more than one habitat (most
frequently, ruderal and weed species).

or soil cultivation (Froud-Williams et al. 1984; Kahmen and
Poschlod 2008). Eight true nonpersistent species of category 2 ger-
minated within periods convenient for seedling establishment
because of transient persistence in their soil seedbanks (Grime
et al. 2007; Thompson et al. 1997). Thus, in 80 species, it was pos-
sible to ascertain mechanisms controlling germination and seed-
ling emergence. For 30 plant species, the mechanisms leading to
seed germination have not been fully elucidated. These species
included 8 false nonpersistent species of category 2 whose seeds
persisted in the soil for more than 1 yr and 22 species of subcate-
gory 3A whose seeds germinated at a low percentage at 25 C. The
seeds of the latter species would likely increase in their germinabil-
ity under alternating temperatures and show one of the above
patterns: periodic seasonal changes, steady germinability, or
decreasing or increasing germinability.

The positive effect of alternating temperatures on germination
has already been demonstrated in several species included in this
study, for example, Canada thistle [Cirsium arvense (L.) Scop.]
(Bostock 1978), gallant soldier (Galinsoga parviflora Cav.) (De
Cauwer et al. 2014), G. aparine (Wang et al. 2016), gypsywort
(Lycopus europaeus L.) (Thompson 1974), apetalous sandwort
[Moehringia trinervia (L.) Clairv.] (Vandelook et al. 2008), curly-
top knotweed [Persicaria lapathifolia (L.) S.F. Gray] (Araki and
Washitani  2000), silver cinquefoil (Potentilla argentea L.)
(Kolodziejek et al. 2019), woodland figwort (Scrophularia nodosa
L.) (Vranckx and Vandelook 2012), and V. thapsus (Catara et al.
2016), and in other weed species not included in our study, for
example, Robert geranium (Geranium robertianum L.) (Van
Assche and Vandelook 2006) and addersmeat (Stellaria holostea
L.) (Vandelook et al. 2008). In fact, the absence of a positive effect
of alternating temperature on seed germinability is a rare phe-
nomenon (Ottavini et al. 2019). For the long-term survival of
buried seeds, the dependence of germination on oscillating tem-
perature conditions is a useful property. Temperature oscillations
provide information on the temporal progression of the season and
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on the position of the seed in the soil (Saatkamp et al. 2011), and
this information enables seeds to limit germination to a time and
place suitable for seedling emergence. In addition to alternating
temperature, germination can also be supported by alternating soil
moisture (Batlla and Benech-Arnold 2006; Hu et al. 2018).

Distribution of the Categories of Germinability Patterns in
Anthropogenic and Wild Habitats

The expected result of our study was the detection of differences in
the observed frequency of categories of seed germination patterns
in plant species belonging to the flora of anthropogenic habitats
that are seriously affected by humans (ruderal and field weed spe-
cies) and plant species belonging to the flora of wild habitats that
are significantly less affected by humans (grassland and forest spe-
cies). Surprisingly, the differences in the observed frequency of the
categories of germinability patterns between the groups of species
divided according to this criterion were not statistically significant
(Figure 4). The difference between species preferring ruderal hab-
itats and species classified as weeds was not significant (3*= 0.9,
df = 4, NS), nor were the differences between ruderal and grassland
species (x*=2.1, df =4, NS), ruderal and forest species (3> = 4.3,
df =4, NS), weed and grassland species (3> = 4.5, df = 4, NS), weed
and forest species (x> = 6.9, df = 4, NS), or grassland and forest spe-
cies (y? = 4.3, df = 4, NS). No significant difference was found after
ruderal and weed species were grouped as species typical of
anthropogenic habitats and grassland and forest species were
grouped as species typical of wild, nonanthropogenic habitats
(x* = 1.2, df = 4, NS) (Figure 4). No category of germinability pat-
terns was significantly overrepresented in any of these groups of
plant species.

We sought to answer the question of why there was no differ-
ence observed between the floras of these markedly different hab-
itats. The reason for the failure to detect differences in the observed
frequencies of categories of seed germinability patterns was not the
small number of plant species included in our study. The
differences would not be statistically significant even if the number
of plant species included in our study were increased 4-fold
(assuming that the proportions of the germinability pattern catego-
ries were maintained). We assume that this result may be due to
rapid changes in the compositions of floras of anthropogenic hab-
itats caused by human activity. The areas and locations of plots of
agricultural land and their use as arable land, grassland, plantations
of fast-growing trees, and so on are changing. On arable land, the
composition of crops and agricultural practices gradually change.
This alternation of habitat conditions causes changes in the pres-
ence of weed species (Smith and Gross 2006). The composition of
weed flora changes spontaneously during long-term farming
(Warington 1958), mainly due to changes in management practi-
ces (McCloskey et al. 1996), the plowing regime (Chauhan et al.
2006; Mirsky et al. 2010; Roberts and Feast 1973), the transition
to organic farming (De Cauwer et al. 2020), the change of arable
land to grassland or pasture (Chancellor 1986; Richner et al.
2018) and subsequent grazing (Nicol et al. 2007). Indirect
anthropogenic influences, including climate change, also affect
the composition of weed flora (George et al. 2009). On the other
hand, farming practices can cause changes in weed biology,
because agricultural practices exert selective forces on weed pop-
ulations. As these practices change over time, the adaptive traits
of weeds also evolve, allowing weeds to persist in new environ-
ments (Batlla et al. 2020). These changes counteract the selection
of a flora of species typical for a particular habitat. The formation of
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floras typical of particular habitats does not keep pace with changes
to the landscape.

Other Factors Affecting Seed Germinability

The results indicated that the differences in the frequency of seed
germinability categories that occur between groups of plant spe-
cies are defined by criteria other than habitat preferences. The
frequencies of categories were not significantly different among
Asterales, Caryophyllales, and Lamiales (y*=9.5, df=8, NS)
(Figure 5A), but the frequency of species of category 2 was signifi-
cantly higher in Caryophyllales than in other taxa (y?=4.1, df
=1, P <0.05). In plant species bearing light or heavy seeds, the
frequencies of categories of germinability patterns were not sig-
nificantly different (y? = 6.7, df = 4, NS); but species of category 4
were significantly overrepresented (y*=5.8, df =1, P <0.025)
among the plants bearing light seeds (Figure 5B). The frequencies
of germinability patterns were not significantly different between
annuals and perennials (y?>=2.6, df =4, NS) or between non-
clonal and clonal perennials (n=38) (x*=8.2, df=4, NS)
(Figure 5C), but the frequency of plant species with seed
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germinability patterns of category 1 (seasonal dormancy/nondor-
mancy cycles) was significantly higher in non-clonal perennials
than in clonal perennials (3> = 7.4, df = 1, P < 0.01). The frequen-
cies of categories of germinability patterns were not significantly
different between spring- and summer-flowering plant species
(¥3=9.0, df = 4, NS) (Figure 5D), but the frequency of category
2 plants was significantly higher in spring- than in summer-
flowering plants (x> =4.7, df =1, P < 0.05), while the frequency
of plants of category 4 was significantly higher in summer- than
in spring-flowering species (x> = 6.1, df = 1, P < 0.025). The fail-
ure to identify significant differences in the distribution of ger-
minability categories among the above groups of plant species
was likely caused by the limited number of species included in
this study. The effect of the seed weight, flowering time, and
differences between clonal and non-clonal perennial plants
would be statistically significant if the number of plant species
included in this study were increased 1.5-fold, and the differences
among Asterales, Caryophyllales, and Lamiales would be signifi-
cant if the number of plant species were increased 2-fold (pro-
vided the proportional representations of the germinability
pattern categories were maintained).
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This study of the seed germinability of 116 plant species enabled
the reliable determination of patterns of long-term germinability
changes and factors determining seedling emergence in 80 plant
species, of which seed germinability steadily or slowly changed
in 41 species and oscillated in 31 species due to seasonal dor-
mancy/nondormancy cycles. Eight plant species produced nonper-
sistent seeds. In 30 species of plants, the pattern of seed
germinability remained uncertain, because these species did not
readily germinate at a constant temperature of 25 C. To germinate,
these species probably require alternating temperatures.

The frequencies of the categories of seed germinability do not
differ among groups of plant species that are segregated according
to their preference for anthropogenic or wild habitats. We assume
that this result may be caused by rapid changes in the composition
of the flora of anthropogenic habitats enforced by human activity.
The instability of habitat conditions is likely to prevent the selec-
tion of floras characteristic for certain habitats and specific in their
proportional representations of germination categories.
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