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The lack of knowledge on the traits related to the germination and establishment of native
plant species represents obstacles to restoration. Seed mass, germination and emergence
variability from two characteristic grasses (Festuca vaginata and Stipa borysthenica), and two
dicots (Centaurea arenaria and Dianthus serotinus) of Hungarian sandy grasslands from al-
together 34 localities were tested. Our results showed that seed mass had a significant
positive effect on germinability of the dicots and on seedling emergence of all species. The
laboratory germination capacity of S. borysthenica was low due to dormancy. We found a
significant variability among seed traits and emergence between localities in all the species
except for the germination of S. borysthenica. This significant variation among populations
might be explained by local adaptation or maternal effects. We conclude that germination
under laboratory-regulated conditions is a good predictor of seedling emergence for resto-
ration projects, but limited to species with non-dormant seeds.

Key words: emergence, germination, grasslands, local adaptation, Pannonian region, rela-
tionship of traits, thousand seed weight

INTRODUCTION

Grasslands cover an estimated 52.5 million km? or 40.5% of the Earth’s
land surface, making them one of the world’s largest ecosystems (Suttie et al.
2005, Dengler et al. 2014, Torok and Dengler 2018). Grasslands provide a wide
range of ecosystem services, such as carbon sequestration (34% of the global
carbon stock in terrestrial ecosystems; EC 2008), fodder supply, erosion con-
trol, soil fertility preservation (Lavorel et al. 2017), and foster recreation activi-
ties such as hunting, bird watching and hiking (White et al. 2000). The area of
grasslands is shrinking and their biodiversity is decreasing globally and also
in the EU, mainly due to land-use conversion (Maes et al. 2021).

The implementation of ecological restoration projects is necessary to
compensate grassland loss and fragmentation. Many conservation practition-
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ers advocate for passive restoration as they consider that spontaneous succes-
sion is sufficient to improve the natural condition of grasslands (Prach and
del Moral 2015). However, it is not enough in many regions of Europe where
the active introduction of species is necessary by sowing seeds or transfer-
ring plant material from target species or communities to the restoration site
to accelerate the process and avoid invasion by non-native species (Torok et
al. 2011). Kévendi-Jakd and coworkers (2019) found a tenfold acceleration of
succession due to seeding.

To cope with the loss of grasslands, large-scale restoration efforts are
planned globally (UN Decade on Ecosystem Restoration) and in the EU Bio-
diversity Strategy 2030 (EU 2020) that require big quantities of seeds, as the
most common restoration method is direct seeding (Kiehl et al. 2010). There is
a seed shortage at the moment that must be solved (Merritt and Dixon 2011,
McDonald et al. 2016) by developing native seed markets with ecologically
based certification programs (Ladouceur et al. 2017). Fortunately, few coun-
tries, like Austria and Germany (De Vitis et al. 2017) have already developed
a native seed market that can serve as a model, however, still with a multi-
tude of problems (Mainz and Wieden 2019). The lack of knowledge on native
species characteristics and behaviour provides further obstacles to restoration
(Rinella et al. 2016); e.g. to estimate seeding quantities (Kovendi-Jako et al.
2017, Pedrini and Dixon 2020), or to identify provenance guidance for seed
transfer (Cevallos et al. 2020).

When plant material is sown or transplanted to a new site, it is essential
to know if this material will fit under the new conditions. The use of seeds
from local origin is usually recommended to avoid maladaptation in restora-
tion (Broadhurst et al. 2008, Breed et al. 2018). According to a meta-analysis, in
nearly two thirds of studies, local plants performed better than plants from
distant regions (Leimu and Fischer 2008). Populations evolve fitness traits that
provide advantage in the local habitat irrespective of other habitats, the re-
sulting pattern and the process is called local adaptation (Kawecki and Ebert
2004). Evidence of intraspecific variation among populations, as a proof of lo-
cal adaptation, has been demonstrated in several studies, and can be measured
by functional traits of selected grassland species (Moreira et al. 2012, Wellstein
et al. 2013, Siefert et al. 2015, Helsen et al. 2017). Intraspecific functional trait
variation was found to be so large that it makes the use of mean values from
databases originating from a few populations challenging (Albert et al. 2010).

Seed mass is an essential fitness-related trait (Violle et al. 2009), easily
measurable and variable within plant species (Helsen et al. 2017). Hendrix
and Sun (1989) found that intraspecific variation in seed mass can range from
three to 16-fold. Intraspecific seed mass variability might exceed that of spe-
cies within a genus (Ellison 2001). The variability between seeds from differ-
ent provenance can be a sign of local adaptation to the environment (Moles et
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al. 2005). Seed mass variation can also be explained by several biotic factors,
including maternal genetic influence, flowering time, seed location within a
plant and fruit (Obeso 2012).

The germination rate provides critical information on the early life stage
of the introduced species (Gallagher and Wagenius 2016) and this knowledge
is essential for estimating seeding densities for restoration (Kovendi-Jako et al.
2017). The regulations on native seed transfer also require the knowledge on
germinability of seed lots (Mainz and Wieden 2019). Germination is the first
stage-transition that can shape later life-stage traits, thus especially important
for adaptation (Donohue et al. 2010). Germination is generally studied in labo-
ratory or under greenhouse conditions (Kévendi-Jako ef al. 2017), therefore it
might be a weak predictor for field establishment (Carrington 2014). Gallagher
and Wagenius (2016) found 3-12 times higher germination in the chamber than
in the field for three grass species. Similarly lower emergence was detected in
the field than in a germination experiment for seven loess species out of 15
seeded species, and four did not emerge at all (Valko et al. 2018). Emergence
variability can be measured in common garden settings when all provenances
are grown under similar conditions (Kawecki and Ebert 2004, Bell and Gal-
loway, 2008). Common garden experiment is also used to test trait variations
among provenances for a particular restoration purpose (Bernik et al. 2021).
For Pannonian sandy grassland species, germination and emergence rate were
positively connected (Kovendi-Jakd et al. 2017). If different traits respond simi-
larly to an environmental gradient, a strong intraspecific relationship between
traits can be detected (Laughlin et al. 2017). Intraspecific trait variance should
be included in studies when the response of species to environmental changes
and thus consequences for survival are to be estimated (Violle et al. 2012), like
during the introduction of species to a site in restoration interventions. Fre-
quently measured plant functional traits are seed size and germination, seed
production and leaf area (Baskin and Baskin 1998, Qaderi and Cavers 2002,
Vergeer and Kunin 2013, Helsen et al. 2017). Studies should sample high num-
ber of populations to reveal trait variability (Albert et al. 2010).

We tested trait variability by comparing and linking seed traits (seed
mass, germination) and seedling emergence from altogether 34 different loca-
tions within Hungary. In our study, four representative species of the Pannoni-
an sand grasslands were studied. Two species of grass (Festuca vaginata Waldst.
et Kit. ex Willd. and Stipa borysthenica Klokov ex Prokudin), which are domi-
nant species within the calcareous sandy areas in the Pannonian region and
two forbs (Centaurea arenaria M. Bieb. ex Willd. and Dianthus serotinus Waldst.
et Kit.), as accompanying species. We hypothesised 1) that larger seed mass
predicts higher germinability and establishment for all studied species; 2) that
laboratory germination rate is a good predictor of emergence in the common
garden, and 3) intraspecific variation is significantly different among localities.
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MATERIALS AND METHODS

Study region — This study was conducted in the Pannonian biogeograph-
ic region, Hungary (Fig. 1). Within the Carpathian Basin, the Pannonic sand
steppes are endemic, and they are classified as priority habitats by the EU
(HD code 6260). The larger parts of sand steppes lie in the Mid-Danube-Tisza
and Nyirség regions. Smaller patches are located in other areas within the
Great Hungarian Plain, Transdanubia and the foothills of the North Hungar-
ian Mountains (Fig. 1, Boloni et al. 2011). The yearly mean temperature ranges
between 10.5 and 11 °C, with yearly precipitation ranging between 500 and
600 mm (Bihari ef al. 2018). The type of soil from the most extensive sandy
regions, e.g. Mid-Danube-Tisza region and Nyirség, is identified by blown
sand skeletal soil (arenosol) including low humus content (below 1%). In the
Transdanubian region and the northern foothills, the sandy soils are formed
by sandy loam with up to 2% organic matter content (Pasztor et al. 2018).
Open and closed sandy grasslands characterise the Pannonic sandy steppes,
commonly composing a mosaic. We collected samples in open sandy grass-
lands that potentially occur on dune tops, on loose sand with low humus
content (BOloni et al. 2011).

() ~ 0 50 100 150 200
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Localities

rivers-lakes

sandy areas

Fig. 1. Map of locations of seed collection of the four species and main sandy regions in
Hungary (Pasztor et al. 2018). Names of localities are displayed in Table 1
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Field sampling — We selected the two dominant grasses (Festuca vaginata
and Stipa borysthenica) and accompanying forbs (Centaurea arenaria and Dian-
thus serotinus) that are widely distributed in open sandy grasslands through-
out Hungary. Seeds were collected from altogether 34 different locations (Fig.
1; Table 1) during the 2019 growing season according to the ripening: S. bo-
rysthenica in May-July; F. vaginata in June-July; C. arenaria in July; D. serotinus
in August-September. Ripening period was estimated based on Torok et al.
(2013) collection dates and checked by visits to the field. The 34 sampled loca-
tions can be found in the most representative sandy grassland patches within
Hungary. Fifty seeds were collected by hand from 15 randomly selected spec-
imens, resulting in 15 seed samples (each containing 50 seeds) at each locality.
S. borysthenica displayed a lower average seed yield per individual, therefore,
the seeds collected from neighbouring individuals were considered as one
sample to achieve 50 seeds. The seeds were stored in a dry environment (tem-
perature: 25+3 °C, humidity: 38+4%) until they were ready to be processed.

Laboratory processing — An analytical balance (0.0001 g precision) was used
to measure the dry weight of 50 or 25 seeds (for S. borysthenica) from each of
the 15 individuals from each location. Due to the large seeds of the latter spe-
cies, there was no need to use a high number of seeds to reach a measurable
quantity. The seed mass was expressed as grams per 1,000 seeds.

A germination experiment was carried out under regulated conditions in
a plant growth chamber from October 2019 to March 2020 based on Peti et al.
(2017) and RBGK (2020). The germination experiment was carried out during
three weeks for D. serotinus, F. vaginata and C. arenaria, and six weeks for S. bo-
rysthenica. The extended incubation time for the latter species was due to retard-
ed germination. Seeds of six individuals were selected randomly per location
for each species. Thirty-five seeds (C. arenaria, D. serotinus, and F. vaginata) and
ten seeds (S. borysthenica) were placed on wet filter paper in sterile Petri dishes.
Seed coats were not sterilised. Mechanical scarification (rubbing the seeds with
sandpaper) was used to break the dormancy of S. borysthenica. The Petri dish-
es were placed inside an Aralab plant-growth climatic chamber (FITOCLIMA
D1200 PHL) with regulated temperature (20 °C), light (8 h light and 16 h dark)
and humidity (50%). The same conditions were used for all the species. Seeds
were watered regularly, three times per week. Germination was counted once a
week. A seed was considered to be germinated when the radicle reached 2 mm.

Common garden experiment — A cumulative seedling emergence experi-
ment was conducted in a roof garden under outdoor conditions at the Nation-
al Botanical Garden in Vacratot (47.7106° N, 19.2305° E). Fifteen seeds were
sown (5 rows x 3 columns) per sample in a pot (13 x 13 x 13 cm) filled with
washed river sand. Fifteen pots were sown per location and species, with a
total of 285 pots for C. arenaria, 240 pots for D. serotinus, 435 pots for F. vagi-
nata, and 210 pots for S. borysthenica. For all species, sowing was carried out in

Acta Bot. Hung. 64, 2022

Unauthenticated | Downloaded 01/18/23 09:24 AM UTC



CEVALLOS, D., SZITAR, K., HALASSY, M., KOVENDI-JAKO, A. and TOROK, K.

242

(44 09 I [*r44 0rc I - - - - - - S
0080 0000 916IL 0020 eeT0 887°0 - - - - - - 1
000'T 001°0 00S9T 2980 6280 0250 - - - - - - 1
¥26°0 €€0°0 €ETEL L8S0 $65°0 vEP0 - - - - - - x (19) 9siy oedng
0re 09 7L [*r44 0rc I - - - [oras 0re I S
€640 0000 98Tl £90°0 0000 90€°0 - - - 0000 0070 €6T1 1
000'T 0020 UFST  €€60 988°0 g19'0 - - - 008°0 0080 1¥6T 1
6060 LIT'0 8TSEL  8LS0 65L°0 067°0 - - - L8E0 1€5°0 6£T°T x (ng) oeSng
- - - - - - [oras 01c <1 - - - S
- - - - - - £9T°0 €860 9570 - - - 1
- - - - - - £66'0 000'T 699°0 - - - 1
- - - - - - L0 61L°0 870 - - - x (19) e3zsndSaqg
- - - gzc 0re I [oras 0r1c I - - - S
- - - 0000 €he0 08¢0 0020 £68°0 P67°0 - - - 1
- - - £66'0 £68°0 929'0 0001 0001 £08°0 - - - 1
- - - 1650 €650 067°0 609'0 1L6°0 S€9'0 - - - x (vq) soduosreg
0re 09 7L gzc 0re I [oras 0re I [ora4 0re I S
£99°0 0000 8868 0000 0000 081°0 £9T°0 0070 9T0 £90°0 6200 0071 1
000'T 0050 9eLFL L9850 0080 €750 £98°0 000'T 6L9°0 009°0 LSF0 6L7'T 1
878'0 L9T°0 [o1 4 24 SIS 1) ] 9820 S6€°0 €L5°0 1840 867°0 7920 181°0 T6LT x (SV) woreynosy
Akl a9 NS Nd ) NS Nd k) NS Nd a9 NS

voayjshioq vdyg

vppurSve vonjsaq

SNU1J042S SHYFUDI(]

S Aesoy
DIADUIAD DIAINVIUID)

DUZIOWS = [N ‘SSEW Pass = ]S

‘uoneurunIadg = g5) ‘[OqUIAS = G :UOTJEIAIQQY "SJUSUWIINSEIUT U} UT PASN $Pads JO Jaquuinu [e30} 3} Aq 9dua3Iawe pue uoreuruniad aij) 10J pue “uonedo] 1ad sjusuamnseauwr
JO Jaquunu 3y Aq Sseur paas aYj 10J pajuasardai st J1 pue soIfejr ur st azis afdures ayJ, ‘onjer ur usdIows pue uoneuruLdg ‘spass puesnoyp 1ad sureid ur passaidxa st ssewr
P33 "£10T ‘17 12 13 UT aN[eA pue ¢10g ‘Jv 12 OIQ, UT SINJEA :S30UIJI 0M] 0] pareduwiod axe sanjea asay ], ‘pake[dsip st 10119 prepue)s F (X) sawads 1ad j1en 1ad aSeraae [ejoy
A A[qe) 3} JO puLd A} 1y “(So11e)I “G) 9z1s afdures pue () sanfea wnuururw (| ) wnwirxew ‘(poq  x) a8eraay “Ajijesof £q pasiuegio sanads yoes 10y duaSIows pue sjrer} pasg

LaquL

Acta Bot. Hung. 64, 2022

Unauthenticated | Downloaded 01/18/23 09:24 AM UTC



LARGER SEED MASS PREDICTS HIGHER GERMINATION AND EMERGENCE RATES 243

(o144 09 I [ora4 01z I [oras 01c I [ora 0re SI S
0080 0000 T0TL  00%°0 0000 69€°0 0070 ceL’0 810 0000 0000 0871 1
000'T 009°0 T6€9L 000'T 560 £99°0 £€6'0 0001 908°0 £90°0 910 18CC l
€660 LIT'0 €IUST  $99°0 8990 187°0 089°0 806'0 9.5°0 €100 6€0°0 £99'T x (n4) ezeydomg
- - - [ora4 01z I - - - - - - S
- - - L9T°0 LSF0 8v¢°0 - - - - - - 1
- - - 000'T $16°0 619°0 - - - - - - l
- - - 9L9°0 LLLO v67°0 - - - - - - x (34) Qyohuag
0rc 09 2 - - - - - - - - - S
L9¥%°0 0000 80LL - - - - - - - - - 1
000'T 0010 $00°€L - - - - - - - - - l
$9L°0 L10°0 616701 - - - - - - - - - x (53) 919259PIH
(o144 09 SI [ora4 01z I [oras 0r1c I (o144 0re I S
0080 0000 08G°€l  L9¥°0 LST0 12€0 L9%°0 98¥°0 0170 0000 L5T0 011 1
000'T 00€°0 02691 000'T 560 ahL0 £€6'0 000’1 18¢°0 €650 0080 G68'C l
LE6'0 001°0 ST 91L0 $95°0 peS0 0940 LS8°0 €050 9LT°0 €65°0 120°T x (J3) s30T
(o144 09 SI - - - - - - - - - S
€640 0000 8TH'IL - - - - - - - - - 1
000'T 0010 $89°€L - - - - - - - - - l
€680 L10°0 LOB'TL - - - - - - - - - x (3@ m=ba
(o144 09 I [ora4 01z I [oras 0r1c SI (o144 0re I S
€640 0000 6T 0000 0000 L¥T0 0000 0000 9L0°0 0000 0000 peet 1
000'T 00%°0 08T9L  009°0 IL1°0 £T5°0 0080 £88°0 €650 €660 €750 €50°¢ l
906'0 0210 SFFPL 6210 LS0°0 16£°0 €8€°0 0050 6970 520 €€T0 €IT'T x (SD) 1zseIRYARSD
A€ 149 NS JAE 149 NS A 49 NS WA 49 NS . S0 ]

voruayshioq vdys

vppurSve vongsaq

SNU1J0.42S SHYJUDI

DVIIVUIID VIINDIUID)

(panunuod) 1 2jqu],

Acta Bot. Hung. 64, 2022

Unauthenticated | Downloaded 01/18/23 09:24 AM UTC



CEVALLOS, D., SZITAR, K., HALASSY, M., KOVENDI-JAKO, A. and TOROK, K.

244

01z 09 I [erad 01c SI (44 01¢ I gee 01c gL S
0020 0000 $95°L L9%°0 $1S°0 64£°0 €e1'0 €750 0020 £90°0 0020 eIrl 1
000’ 0010 I2€ST 000D £68°0 189°0 £98°0 1£6'0 ££9°0 €660 7160 $99°C l
079°0 L10°0 6SL0T  ISL0 89L°0 6£5°0 8150 5780 570 LTH0 1250 676'L x (3> woreysay
01z 09 I [orad 01c I (44 01C I gee 01c gL S
0000 0000 AN £90°0 €re0 €870 00¥°0 7150 €50 0000 IL10 8911 1
000’ 00¥°0 0T8'ST  £98°0 $IL0 7650 £98°0 1¥6°0 ULO L9%°0 170 L66'T l
007°0 £90°0 0sP'8 6250 €870 957°0 £29°0 99.°0 759°0 161°0 $LT0 1961 x (OH) Aueiop
- - - [erad 01z I - - - gee 01c gL S
- - - 0000 0000 STTo - - - 6200 6200 P11 1
- - - £9T°0 £80°0 9¢¥°0 - - - €750 €750 L60C l
- - - 6500 6200 987°0 - - - <970 S9T°0 809°L x (am) 9nepreD
- - - [orad 01z I (44 01¢ I gee 01c gL S
- - - 00¥°0 6270 STe0 L9%°0 $15°0 ¥Tro €610 6270 P6L1 1
- - - €€6°0 ¥16'0 6£9°0 0001 000’1 gz9°0 €640 628°0 9pee l
- - - L0L°0 $18°0 6L7°0 $9L°0 006'0 087°0 THe0 629°0 PLET x (0D) serelf10qeD
- - - [erad 01z I (44 01¢ I gee 0rc gL S
- - - £90°0 0020 7680 0090 988°0 I1%0 0000 6200 691 1
- - - £98°0 £88°0 1€9°0 £€6'0 000’ 8/9°0 0070 6280 SLLT l
- - - 0090 6590 pIS0 0940 796'0 9950 95T'0 617°0 €81°C x (19) A3ay-10015
- - - - - - - - - (o144 g¢ gL S
- - - - - - - - - £90°0 980°0 g 1
- - - - - - - - - 0090 £58°0 085°C l
- - - - - - - - - €LE°0 86€°0 $06'T x (3D) pp193259D)
A€ 149 NS WA ) NS A 49 NS WA 49 NS . feoo]

voruayshioq vdys

vpwurSve vongsaq

SNU1J0.42S SHYJUDI

VIADUIAD DIINVIUID)

(panunuod) 1 2jqy],

Acta Bot. Hung. 64, 2022

Unauthenticated | Downloaded 01/18/23 09:24 AM UTC



LARGER SEED MASS PREDICTS HIGHER GERMINATION AND EMERGENCE RATES 245

- - - [ora4 01z I 08T 01c 01 - - - S
- - - 0000 £80°0 60€°0 £90°0 62T0 911'0 - - - 1
- - - 0080 $16°0 0670 0090 €760 8150 - - - l
- - - $09°0 PIS°0 780 LFE0 S67°0 THEO - - - x (VN) woleqd3eN
- - - [ora4 01z I - - - (o144 0re SI S
- - - L9%°0 £80°0 06£°0 - - - €e1'0 LSF0 8141 1
- - - 0001 $16°0 619°0 - - - £98°0 €hL0 098'C l
- - - £€69°0 8€8°0 850 - - - 0950 ¥29°0 61T'C X (I es[unIein
(o144 09 SI (o4 01z I - - - - - - S
0090 0000 UL L9%0 9150 L1%0 - - - - - - 1
€660 0010 080F%L  €£60 1460 c19°0 - - - - - - 1
1€8°0 €€0°0 685°TL $9L°0 1840 6870 - - - - - - x (OW) 20N
- - - [ora4 01z I - - - - - - S
- - - L9T0 €he0 80€°0 - - - - - - 1
- - - 0001 1460 €040 - - - - - - 1
- - - ¥eL0 S6L°0 6150 - - - - - - x (VIN) 43ey
- - - (o4 - I - - - - - - S
- - - 0000 - 9710 - - - - - - 1
- - - L9%°0 - €150 - - - - - - 1
- - - 0210 - 95€°0 - - - - - - x (a7) ezsnd-Auene
(o144 09 I [ora4 01z I - - - (o144 0re I S
0000 0000 91TF 0000 0000 0 - - - 1920 98%°0 996'0 1
000’ 0090 P8LST £98°0 6280 0060 - - - £98°0 £59°0 €66°T l
9150 L9T°0 087'6 T97°0 €670 wUvo - - - 1650 7850 994°T x (D) 1zsoxosTy|
Akl a9 NS Akl a9 NS Nd a9 NS WA 49 NS
voruayshioq vdys vppurSve vongsaq SNU1J04IS SNLJUDL(] DLIDUILDY VIINDIUID) 5 Ao

(panunuod) 1 2jqu],

Acta Bot. Hung. 64, 2022
Unauthenticated | Downloaded 01/18/23 09:24 AM UTC



CEVALLOS, D., SZITAR, K., HALASSY, M., KOVENDI-JAKO, A. and TOROK, K.

246

0re 09 I gee 0re I [ora4 0re I - - - S
£9T°0 0000 960'6 0000 6200 €1€°0 0000 £9€°0 9200 - - - 1
£98°0 0000 ¥P00C L9870 L88°0 2990 £98°0 000'T $88°0 - - - l
9€9°0 0000 THOFL  9S€°0 T0L°0 657°0 1€5°0 089'0 050 - - - x (Id) TeA-SQIQASI[L]
- - - gee 0re I [ora4 01e I [oras 0re I S
- - - 0000 0000 £92°0 £9T°0 9.9°0 $61°0 0000 0000 2601 1
- - - €6L°0 989'0 97’0 0001 000'T 860 0080 LSF0 vLET l
- - - A 0120 65€°0 L0L°0 L98°0 $09'0 95T'0 0Ir'0 019'T x (Vd) sx1ed
- - - gee 0re I [ora4 0re I - - - S
- - - 0000 980°0 860 €650 6250 UEO - - - 1
- - - 000'T 000'T £2L0 £€6'0 0001 2650 - - - l
- - - 110 €040 SSH0 $9.°0 868°0 150 - - - x (MO) Augyzsoio
- - - - - - - - - [oras 0re I S
- - - - - - - - - 0000 IL10 $96°0 1
- - - - - - - - - 0080 989°0 L9¢T !
- - - - - - - - - 687°0 S07°0 6€8'T x (10) 912230
- - - gee 0re I - - - - - - S
- - - 0000 0000 91€°0 - - - - - - 1
- - - €6L°0 £89°0 £89°0 - - - - - - !
- - - 750 8€C0 SHro - - - - - - x (AN) 19191 1zeyASa14N
- - - gee 0re I [ora4 0re I [ora 0re I S
- - - €60 0000 61€°0 L9%°0 6270 8¢1°0 0000 0000 £9£°0 1
- - - 000'T 000'T 809°0 £98°0 0001 889°0 L9%°0 eran} 9681 !
- - - $89°0 TLL0 SHh'0 91L'0 6080 850 0z1'0 650°0 6€7'T x (AN) 1PWIN
W4 a9 NS Nd a9 NS Nd a9 NS Nd a9 NS . S0

voayjshioq vdyg

vjvuI8va VINISI]

S1U1J042S SHYFUI

VIIVUIID VIINDIUID)

(panunuod) 1 2jqy,

Acta Bot. Hung. 64, 2022

Unauthenticated | Downloaded 01/18/23 09:24 AM UTC



LARGER SEED MASS PREDICTS HIGHER GERMINATION AND EMERGENCE RATES 247

Ayiqeururrag 10§ pajsa) 10 PIds dUO SIAYIO ‘S]] PAdS OM],,, ‘UOTILDO] JUO WIOIJ BIEP IDYIO0 ‘SUOTILdO] ¢ Jo “Sae

L« 'SUOTIEDO[ 7 JO "SA®

:0L000  «6VTTL 80°0 ceeo $9°0 5019 "0 I 90%'T Bad
80T°€T 1590 6770 81T JOIOL
OIT'0F  SIO0F  9€LTF  0SO0F  ZSO0F  TEO0F  #80°0F SO0 990°0 €500 €600 ¥TTOF S
S6L°0 €800 9ILTL €050 8550 SS7'0 L£9°0 €08°0 0050 €67°0 $SE°0 168°L -
- - - gee 0rc I - - - - - - S
- - - €60 (540} 8870 - - - - - 1
- - - £99°0 $16°0 1990 - - - - - - !
- - - 6870 1€L°0 LTV0 - - - - - - x (57) 10lewr-predisz
(44 09 I gee 0rc I - - - [ora4 0re I S
€660 0000 96Tl €€€°0 $1€0 eLE0 - - - 0000 £50°0 [Aral 1
000'T 00¥°0 96691  ££6°0 $16°0 7190 - - - £€€°0 ¥61°0 0ST'T !
986°0 €81°0 GS9FL 6790 6890 €05°0 - - - 691°0 €TT0 9T x (41) 9L
- - - gee 0re I - - - [oras 0re I S
- - - £90°0 980°0 L£€°0 - - - £92°0 1££0 0€T1 1
- - - €640 1460 1450 - - - €640 0080 ehLT !
- - - €450 009°0 €850 - - - L0 T95°0 LL0T x (Z1) Teyze],
- - - [er44 0re I [oras 0re I [oras 0re I S
- - - £90°0 62C0 $0€°0 00¥°0 6280 #87°0 0000 6200 01¥'1 1
- - - €640 6280 6550 0001 0001 £6L°0 L9%°0 98%°0 180T !
- - - L0€°0 0050 TH0 €18°0 $16°0 685°0 PTro 1120 61LT x (VL) eareyroqe,
- - - gee 0rc I - - - - - - S
- - - 0000 6200 L¥T0 - - - - - 1
- - - £99°0 6270 0940 - - - - - - !
- - - $02°0 8920 167°0 - - - - - - x (75) TeatyRIsN2S
Akl a9 NS Nd ) NS Nd k) NS Nd a9 NS . p—

voajshioq vdyg

vppurve vonjsaq

SNU1J042S SHYFUVI

VIIVUIID VIINDIUID)

(ponunuod) 1 ajqur

Acta Bot. Hung. 64, 2022

Unauthenticated | Downloaded 01/18/23 09:24 AM UTC



248 CEVALLOS, D., SZITAR, K., HALASSY, M., KOVENDI-JAKO, A. and TOROK, K.

September 2019. The seedling emergence was tracked in October, November,
and April 2020 after the winter period. The maximum value was used in the
analysis as cumulative seedling emergence rate, so mortality during the win-
ter was not considered (only a few cases detected).

Data analysis — We used linear regression to examine the effect of seed
mass on germination and emergence for each species separately, applying
linear mixed models (LME) by using the nlme package’s linear mixed models
(LME; Pinheiro et al. 2017). Germination and emergence were used as response
variables, seed mass was the explanatory variable, and sampling location was
used as a random factor in the models. The variability of traits was analysed
by using ANOVA to determine significant results. Squaring transformations
of the response variables were used to approximate assumptions of normality
and homoscedasticity when it was necessary. Pearson correlation was used to
evaluate the relationship between germination and emergence for each spe-
cies separately. All statistical analyses were performed using the R version
3.6.2 (R Core Team 2019).

RESULTS
Effect of seed mass on germination and seedling emergence

The overall values of seed mass, germination and emergence, as well as
the standard error and data from other references (Torok et al. 2013, Peti et al.
2017) are displayed in Table 1. The mean seed mass of S. borysthenica was much
higher than that of the other studied species. Average seed mass values derived
from this study are in between the values from the two references for D. seroti-
nus, F. vaginata and S. borysthenica, as for C. arenaria thousand seed weight was
greater in this study, not only on average, but considering all sites separately.

Seed mass had a significant positive effect on germination for C. arenaria
(x2=13.439, df =1, p = 0.0002) and D. serotinus (x*>=6.239, df =1, p = 0.0125),
while for the two grass species we did not find such effect (Fig. 2A and B). The
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Fig. 2. The effect of seed mass on the germination; A) C. arenaria, B) D. serotinus
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seed mass had a significant positive effect on seedling emergence for all spe-
cies based on the results of LME (C. arenaria: x? = 65.806, df =1, p = 4.976e-16,
D. serotinus: x> =64.232, df =1, p =6.078e-11, F. vaginata: x2>=37.289, df =1, p =
1.018e-09, S. borysthenica x*> =148.41, df =1, p = 2.2e-16; Fig. 3A, B, C and D).

Relationship between germination and seedling emergence

Dianthus serotinus had the highest germination in the growth chamber
(80.25%), while in the outdoor setting, the cumulative seedling emergence of
S. borysthenica was the highest (79.62%). Higher mean germination percent-
ages were found in the plant growth chamber for all species when compared
to outdoor emergence, except for S. borysthenica, which germinated at a much
lower rate in the chamber. A significant positive correlation between germi-
nation and emergence for all species was detected (C. arenaria: R = 0.551, p =
2.102e-10, D. serotinus: R=0.316, p =0.0016, F. vaginata: R =0.538, p = 5.37e-14),
except in the case of S. borysthenica (R =0.159, p = 0.149) due to the low germi-
nation rate in the chamber (Fig. 4).

¥*=65.806, df=1, p=4.976e-16 ¥ =42.795, df=1, p=6.078e-11
1.00 1.00 . o e
Q [0 .
k= B
8 075 - g 075
(%) L (%)
0 =y
b3 5}
E 050 5§ 0.50
3 2
5 5
§ 0.25 § 0.25
S -
S 0.00 R S oo00f ¢ e .
1.0 15 2.0 25 3.0 0.25 0.50 0.75 1.0
A C. arenaria seed mass B D. serotinus seed mass
¥ =37.289, df =1, p=1.018e-09 y?=148.410, df=1, p=2.2¢-16
1.00 .. - oo 1.00

. o wano o .
* ¢ @ wnemesmiem o o
* we ame casmen

F. vaginata emergence rate

S. borysthenica emergence rate
f=)
wn
[=)

0.00{ e«
0.00 0.25 0.50 0.75 1.0 5 10 15 20
C F. vaginata seed mass D S. borysthenica seed mass

Fig. 3. The effect of seed mass on the emergence; A) C. arenaria, B) D. serotinus, C) F. vaginata,
and D) S. borysthenica
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Variability of seed traits and emergence between localities

The seed traits (seed mass, germination rate) and seedling emergence
had a significant variability between locations (Table 2) except for S. borys-
thenica germination results in the plant-growth chamber as an effect of the
failure in dormancy breaking.

DISCUSSION

Our study provides new data on the intraspecific variability of seed mass,
germination capacity and seedling emergence of four species of the Pannon-
ian biogeographic region over a large sampling area of about 40,000 km?* Our
results supplement previous data collections on seed traits and emergence
from single or few locations (Csontos et al. 2003, 2007, Torok et al. 2013, 2016;
Kovendi-Jako et al. 2017, Peti et al. 2017, Kiss et al. 2018) with multisite meas-
urements.
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Fig. 4. Pearson correlation between germination in plant-growth chamber and emergence
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Table 2
Variability within seed traits and emergence between localities in the studied species. Values in bold are significant. Traits: seed

mass (M), seed germination (G), seedling emergence (E).

D. serotinus F. vaginata S. borysthenica

C. arenaria

Species

M
9.999
18

Traits & emergence

15.069

1.379

15.375 15.373

2985 5.707 6.793  7.088
27

7.175

35.366 12.819

F-value
df

13

13

13

28

28

15

15

15

18

18

Concerning seed mass data in the literature, only
Peti et al. (2017) and Torok et al. (2013) include data on
the studied species, based on one measurement from
one to three locations. For three species, the values of
seed mass are between those of the above references,
but for C. arenaria we measured higher thousand seed
weight values in this study by 34-42%. This deviation
is important and points to intraspecific variability that
may originate also from year effect (Mazer et al. 2020).

The knowledge on the germinability of seed batch-
es is essential for estimating seeding densities for res-
toration (Kovendi-Jako et al. 2017, Pedrini et al. 2020).
Seed provenance had an impact on germinability for all
four studied species, as it was found for other species by
Gallagher and Wagenius (2016). At this level of knowl-
edge, the reason for site differences might be either lo-
cal adaptation or differences in maternal environment
(Galloway 2005, Gallagher and Wagenius 2016). Further
genetic studies could shed light on the presence of lo-
cal adaptation that is necessary to help decide on the
regulation of seed transfer (Durka et al. 2017), and to
help create seed zones (Cevallos et al. 2020). The seed
dormancy of S. borysthenica was expected based on lit-
erature (Gasque and Garcia-Fayos 2003), so mechani-
cal scarification was applied. Despite this pretreatment
germination was very low, similar to the rate achieved
by gibberellin A3 treatment (Peti et al. 2017). In the lack
of results from other experiments, we suggest to ex-
empt this species from the obligation of providing ger-
minability levels in seed batches for practice (Pedrini
and Dixon 2020), as the emergence rate in the field was
found very high, so low germinability under laboratory
conditions is no impediment for restoration use.

Our study is filling a knowledge gap regarding
emergence data in common garden for a large number
of provenances. Only standardised conditions are rel-
evant to study intraspecific variation as under field con-
ditions competition with other species limits seedling
establishment in different ways (Carrington 2014), and
different populations might cope differently with com-
petition. The detected variability in the emergence of the
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seed lots from different sites detected for the four species suggests that some
populations with low emergence are less suitable to be introduced to new sites
in restoration trials, and in such cases a mixed approach of local and non-local
seed use, called admixture provenancing is suggested (Bucharova et al. 2019).

The hypothesis that larger seed mass predicts higher germinability and
establishment was supported by the results, except for the germination of S.
borysthenica due to its seed dormancy. Seed mass proved to be an important
fitness trait as it had a significant positive effect on the fraction of germinated
seeds in the case of the two dicots and on the seedling emergence of all the
species, in accordance with other studies (Greipsson and Davy 1995, Larios
et al. 2014, Kévendi-Jako et al. 2017). Higher resource availability of maternal
plants induce the production of larger seeds that correlates with higher ger-
minability and emergence (Galloway 2005, Gallagher and Wagenius 2016).
However, it is not clear to what extent this advantage remains during field
emergence and development and in later stages.

The second hypothesis that laboratory germination rate and emergence
in the common garden are positively correlated was also partly proved, simi-
larly to other studies (Clarke and Davidson 2004, Koévendi-Jako et al. 2017).
We found this interdependence for three species (C. arenaria, D. serotinus, and
F. vaginata), but not for S. borysthenica. The non-significant correlation for S.
borysthenica can be explained by the failure in its breaking seed dormancy. A
positive correlation between laboratory germination and second year field es-
tablishment was found for twelve dry grassland species in a study (Kévendi-
Jako et al. 2017). Our results point to the importance of seed dormancy regard-
ing the predictability of field performance based on laboratory germination,
like for S. borysthenica. If breaking dormancy fails, germination remains low
and no predictions can be made on field emergence. Further specific stud-
ies are required to test best methods for dormancy breaking as very little is
known on native species behaviour (Valko et al. 2018).

The third hypothesis was also confirmed, as a significant variability be-
tween locations was observed in the studied traits and emergence for all the
studied species. Other studies found similar results comparing the intraspecif-
ic variability within plant traits among different localities (Mitchell and Bakker
2014, Helsen et al. 2017). This result might reflect local adaptation, but mater-
nal effects can also contribute to the differences among populations, mainly in
seed mass (Bischoff et al. 2006, Bischoff and Miiller-Scharer 2010). To identify
the origin of the differences, genetical analyses are required in further studies.

IMPLICATIONS FOR PRACTICE

Based on our results, seed mass and germination in the laboratory are
good predictors for cumulative seedling emergence in species showing no
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dormancy. As we found sufficient emergence for S. borysthenica, seed dor-
mancy should not be a barrier for its use in restoration projects. The seed mass
of collected seed lots can be used as a proxy for germination potential and help
calculate the necessary seeding rates for restoration, also found in the study
of Kovendi-Jaké and colleagues (2017). However, the international standards
for native seeds in ecological restoration recommend using viability and ger-
minability tests as well for samples of seed batches to achieve good quality
propagule sources available on the seed market (Pedrini and Dixon 2020). To
support this direction, further experiments are needed, among others, on the
genetic variability to disentangle local adaptation versus maternal effects to
guide provenancing; on finding better approaches to break seed dormancy of
native species, and on native species behaviour in later life stages to improve
restoration success.
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