Babes -Bolyai University
Faculty of Biology and Geology

Integrative Biology doctoral school

DOCTORAL THESIS

Comparing ecology and phenotypic plasticity of Romanian
hawthorn (Crataegus L.) species and their hybrids

-SUMMARY -

Scientific supervisor
Conf. Dr. Eszter RUPRECHT
PhD Student
Thomas KUHN

Cluj-Napoca
2023



Table of Contents

Outling Of the PRD TheSIS.........oiiiiiieiee e 6
CHAPTER 1. - General introduction to haWthorns............coeeeiiiiiciiiiecee e 8
1. Taxonomy OFf NAWENOINS.........cciiiieiiece et re e e 8
1.1. Taxonomic position of hawthorns (Crataegus L.) within Rosaceae...........ccccccovevverrrnnnne 8
1.2. Infrageneric classification of hawthorns............ccocoe i 9
1.3. History of Central and Eastern European hawthorn taxonomy...........ccccoeverenenenennnnnns 10
2. Morphology and anatomy of hawthorns (Crataegus Sect. Crataegus)..........ccoevvervvereriennens 13
3. Reproductive biology and life-cycle of hawthorns...........cccccccoiveivciciieci e, 15
4. Influence of ecological factors on the population structure, hybridization and introgression
OF EUropean NaWLNOINS. ..o s 16
5. Citological and genetical studies implicating hawthorns..............ccccoevviiiicne e, 18
7. Environment and habitat requirements of hawthorns..............cccccveve i, 19
7.1. Geographical distribution of hawthorn taxa present in Central-Europe............c.ccccvevneee. 19
7.2. Abiotic environmental requirements of Central and Eastern European hawthorns.......... 20
7.3. Habitat preference and phytosociological affiliation of Central and Eastern European
PAWENOINIS. ..o bbbttt bbbt 21
8. Characterization 0f the StUAY @rea...........cccvveieeiiiiiieii e 23
8.1. LOCAtiON AN HMITS.....otiiiiiiiieeieie et 23
B2, REIIET ...ttt 23
.30 CHIMALE. ...ttt bbbttt et b et 24
8.4. GEOIOGY AN SOIIS......uiiiiiiie e 24
8.5, VBOBTALION. ...ttt bbbt 25
9. AIMS OF the TNESIS. ...t 26
10, RETEIBINCES. ...ttt bbbt bbbttt et bbb b et ne e 28
Appendix I: Photos of hawthorn taxa occuring or potentially occuring in Romania............... 34
CHAPTER II. - Hawthorn (Crataegus L.) taxa and their hybrids in north-western Romania: a
recommendation for national identification keys based on morphometric analyses................ 46
I [ 11 7T L1 T { [ o TSROSO P PRSPPI 47
2. Material and METhOUS. ...........ooiiii s 49

2.1. Sampling design and collection oOf SPECIMENS. .........ccviiiiiiiiiie s 49



2.2. Taxa identification and morphometric analyses on collected specimens.............cccceev..... 51

2.3, SEALISTICAL ANAIYSIS. ... .t iiiiiieieeie ettt re e 52
2.4. Construction of proposed identification keys for Romania............cccccceveveveiiiereeieseennenn, 53
B RESUIES ...t 53
3.1. Identified Crataegus taxa from the study regions...........c.ccoovririiieienene e 53
3.2, OrdiNAION FESUITS......ecvitieeieiee ettt 55
3.3. Random Forest classifiCation rESUILS...........c.oouiiiiiiiiiiiesie e 56
3.4. Proposed identification keys of Crataegus taxa for Romania...........ccccccevveerenniierennnn 57
4. DISCUSSTON. ...ttt ettt bbb bbbt b bbbttt st b bt n e 62
5. ACKNOWIBAGEMENTS. ...ttt bbbttt 63
B. RETEIBINCES. ...ttt bbb 64

CHAPTER III. - Seedling performance, allocation patterns and phenotypic plasticity of two

sympatric hawthorn species and their natural hybrid............cccccooiiiiii i, 69
L INErOTUCTION ... bbbttt ne bbbt 70
2. Material and MELNOTS. ..........coueiiiieiei et 73
2.1. Fruit collection, handling, and seed germination...........ccccueivviereerenieseese e ne e 73
2.2. GrOWEN XPEIIMENT.......iiiiciie ettt e e te e s reebeeneesreenas 74
2.3, FUNCHIONGL TFAITS. ...ttt 75
2.4, STAtISTICAl ANAIYSIS......ccviiiiiiiiee e 76
3L RESUIES ...ttt 77
3.1. Effects of light availability on seedling development.............ccocooiiiiiiiiiincn e 77
3.2. Effects of water availability on seedling development.............ccooevvieniieniiininiceee 78
3.3. Phenotypic plasticity of seedlings under different light and water availabilities.............. 83
4. DISCUSSION. ...ttt ettt sttt ettt bbbt bbbt e s e b e et bt bt e bt bt bt e bt e st et e e et et et ne e 85

4.1. The effect of light availability on the performance and biomass allocation of seedlings.85

4.2. The effect of water availability on the performance and biomass allocation of

= T=T0 T T o SR SPPSOPRPR 87
4.3. PRENOLYPIC PIASTICITY......ocviiviiiiiieiieieie e bbbt 88
5. CONCIUSIONS. ... bbbt bbbttt n bt nne 90
6. ACKNOWIBAGIMENTS. ...ttt bbbt ne e 90

T RO BINCES. .ceeeee ettt ettt et ettt ettt eeeeeeeeeeeeeeeeteeeeeeeeeeeeeeeeeeeeeeearteteeetrtrtrtrraearraraaaaaes 90



CHAPTER IV. - Flowering phenology may shape hybridization patterns of hawthorn

(CrataBQUS L.) SPBCIES. ....uiieerieeieiie st esieeeesteeste st e s e e ste e e steesteaseesseesaeaseesteenseaneesseeeeaneesreenseanes 96
L INEFOTUCTION ..ttt b bbbt 96
2. Material and MELNOTS. ..........ooveiiiiecee s 99
2.1. Study site and selection Of SPECIMENS.........c.ccvviieiiiie e 99
2.2. Data COMBCLION. ..ot bbb 100
2.3. StAtISTICAL ANAIYSIS. .. .ieieieieiieeie et nns 101
B RESUILS. ..t b e 102
4. DISCUSSION. ...ttt etttk ekttt b bbbt h e e ettt b bbbt e st e e e et e b e b e b e 104
5. RETEIBINCES. ...ttt bbbttt bbb 107
APPENAIX TV bbbt b bbbttt bbb 110
CHAPTER V. - Niche breadth and overlap of pseudogamous apomictic hawthorn (Crataegus
L.) hybrids and their Progenitors............cc.ciieiiiii i 111
L INEFOTUCTION ... bbbttt bbbt eneas 111
2. IMIBENOTS. ...ttt bbb 115
2.1. Study area and Site SEIECLION...........ccveii i 115
2.2. Environmental variables for niche models...........ccccooiiiiiiiiinice 117
2.3. StAtiStICAl ANAIYSIS......ecviieieiieeie et 122
3L RESUIES ...t 124
3.1. Distribution patterns of Crataegus species and their hybrids...........cccoovvreiiiinnnnnnns 124
3.2. NICNE BIreadth.........cviiiiie s 125
3.3 NICNE OVETIAD. ...ttt 126
3.4. Influence of single environmental factors on niche differentiation between Crataegus

L D TP TR PR PR PP 129
3.5. Phytosociological affiliation...............ccociiiiiieic e 130
4. DISCUSSION. ...ttt ettt sttt bbbt bt h et et bt bbbt e st e e nn et b et e e enes 135
4.1. Distribution patterns of Crataegus species and their hybrids............ccccooe i, 135
4.2. NIChe Dreadth.... ..o s 136
4.3. NICNE OVEIIAP. ...ttt 137

4.4. Influence of single environmental factors on niche differentiation between Crataegus



B CONCIUSIONS ...t et e ettt e e e et e e e et et e e e e e e ee e eeeeeeeeee e eeeeeeeeenans 139

6. ACKNOWIBAGMENTS. .......eiiiiiiiiieieete ettt b e bbb e e 141
7 RETEIBINCES. ...t bbbttt 141
CHAPTER VI. - Comparing the ecology and distribution of hawthorn species and their
hybrids through species distribution modelling............cccooviieiiiiiic e 146
I [ 17T [V T3 {0 o O TS U PP U TP PRURURPPPPIN 147
2. Material and MELNOUS...........coviiiiiiiie e 148
2.1. Study area and SAMPIING AESIGN......c.viiiiiiiiiiii e 148
2.2. ENVIronmental COVAITALES. .........ooiiiiiiiiieieeee e 150
2.3. StAtiStICAl ANAIYSIS.......civeieieiecie et ns 152
B RESUITS. ..ttt 153
3.1. Hawthorn species, hybrids and morphotypes identified in the study area...................... 153
3.2. Predictive accuracy of RF and LR MOdelS...........cccooveiiiiecii e 153
3.3. Contribution of environmental covariates to the occurrence probability of hawthorn

L5 TP 154
3.4. Model predictions about the geographical distribution of Crataegus taxa...................... 158
. DISCUSSION. ...ttt ettt stttk et b et bbbt et bbbt bt b e b e e st e e et e bbb b 162
4.1. Environmental requirements of hawthorn hybrids and their progenitor species............. 162
4.2. Predicted distribution of hawthorn hybrids and progenitor species in the study area.....163
5. RETEIBINCES. ... ettt bbbttt bbb 165
APPENTIX VLot e e e e ettt et t et e et e st e s b e et e e ae e s be e teereenre e beereenes 168
LIST OF PUBLICATIONS INCLUDED AS CHAPTERS IN THE THESYS................... 175
LIST OF PUBLICATIONS NOT INCLUDED IN THE THESYS.......cooiiiiieeee e 175
LIST OF CONFERENCE PARTICIPATIONS. ..o 176
RESEARCH PROJECTS.....co ettt sttt sttt sttt 176
Keywords

Crataegus L., hybridization, introgression, morphometry, determination keys, phenotypic
plasticity, shade tolerance, performance, allocation, phenology, niche breadth, niche overlap,
habitat fragmentation, species distribution models,



Summary of the thesis

Chapter I. — General introduction into hawthorn taxonomy, biology and ecology

Parts of Chapter | were published in; Kuhn T., Jancsé B. and Ruprecht E. (2020). Hawthorn (Crataegus L.)
taxa and their hybrids in North-Western Romania: a recommendation for national identification keys based on

morphometric analysis. Contribuyii Botanice 55, 7-26.

Hawthorns (Crataegus L.) are a diverse genus of shrubs and small trees, widespread and
common throughout the Northern hemisphere (Christensen, 1992). Hybridization between
mostly diploid species is common within the genus, and hybrids are often polyploid (Talent
and Dickinson, 2005). Furthermore, while species are obligate outcrossers and self-
incompatible, hybrids are pseudogamous apomicts, and reproduce asexually (Vaskova and
Kolar¢ik, 2019). Introgression towards one of the progenitor species further blurs species
boundaries, making identification difficult (Christensen, 1992). Hawthorns have remarkable
ecological and economical significance. They represent important food sources and shelter for
various animals and play a crucial role in successional processes. Furthermore, hawthorns are
important components of hedges and hedge-banks, and are commercially exploited for their
medicinal, nutritional, and decorative properties (Fichtner and Wissemann, 2021, Thomas et
al., 2021). Thus, numerous scientific studies explore their biology, genetics, biochemistry, and
ecology. However, while these aspects are well studied in North-America, where hawthorn
diversity is the highest, numerous aspects of the ecology and biology of European hawthorn
species remain less explored (Talent and Dickinson, 2005). Nonetheless, hybrids are well
documented to be common, and regionally even more abundant relative to their progenitors,
occurring outside the hybrid zone (Christensen, 1992). Various hypothesis have been suggested
to explain the high abundance of hybrids in natural habitats, with the dominant one being, that
land use intensification and habitat fragmentation increases hybridization odds between
sympatric species (Christensen, 1992, Oklejewicz et al., 2013). Considering this, in the present
thesis we focus on exploring the potential ecological and biological driving factors behind

hybrid success, in the case of hybridizing temperate-European hawthorn species.

» Our study had the following objectives:



(A). In our “pilot” study, we investigated the morphology of Crataegus species and their
hybrids from North-western Romania, and compiled national identification keys for the genus
(Chapter 11 of the thesis).

(B). Comparing the performance, allocation patterns and phenotypic plasticity of the naturally
occurring and widespread hybrid Crataegus x subsphaerica (C. monogyna x C.
rhipidophylla)’s seedlings to that of its progenitors in a controlled common garden experiment

(Chapter I11 of the thesis).

(C). Exploring and comparing the flowering phenology of three sympatric Crataegus species
(Crataegus laevigata, C. monogyna, C. rhipidophylla) and their natural hybrids (C. x
subsphaerica, C. x media, C. x macrocarpa), in order to get an insight into the formation and

survival of Crataegus hybrids (Chapter 1V of the thesis).

(D). Comparing the niche breadth and niche overlap between hybrids and their progenitor taxa
by multiple niche parameter groups, defined based on macro- and microenvironmental
variables (Chapter V of the thesis).

(E). Comparing the environmental requirements and distribution patterns of hawthorns and
their hybrids in North-western Romania, based on field survey data, and using random forest

models and species distribution models (Chapter VI of the thesis).

CHAPTER II. - Hawthorn (Crataegus L.) taxa and their hybrids in north-western
Romania: a recommendation for national identification keys based on morphometric
analyses

Chapter Il was published in: Kuhn T., Jancsé B. and Ruprecht E. (2020). Hawthorn (Crataegus L.) taxa and
their hybrids in North-Western Romania: a recommendation for national identification keys based on

morphometric analysis. Contribuii Botanice 55, 7-26.

Crataegus species are common and widespread shrubs or small trees across Europe,
and are of considerable ecological and agricultural importance. However, controversy still
surrounds the taxonomy and ecology of this genus, mainly due to frequent hybridization
between sympatric species and introgression of genes (Christensen, 1992). Considering the
poor representation of Crataegus-related research in the Romanian botanical literature, we



investigated the occurrence and morphology of native Crataegus species and their putative

hybrids in north-western Romania.

We collected herbarium specimens from three regions (Zarandului Mountains,
Transylvanian Plain, Calata region), from a variety of habitats, including forests, grasslands
and forest-grassland ecotones. Morphometric measurements were taken on a total of 34 fruit-,
leaf- and stipule characters on generative shoots. We used PCA and Random Forest analysis to

select for the ‘best’ characters differentiating between species and hybrids.

We identified ten different Crataegus taxa, including species, subspecies, varieties, and
their hybrid nothotaxa (Appendix 1.): Crataegus monogyna (mainly in grasslands and other
open habitats), C. rhipidophylla var. rhipidophylla, C. rhipidophylla var. lindmannii and C.
laevigata subsp. laevigata, C. laevigata subsp. palmstruchii (mainly in forests), C. x kyrtostyla
nothovar. domicensis, C. x media, C. x macrocarpa nothovar. macrocarpa and C. x
macrocarpa nothovar. hadensis (mainly in forest openings and near forest edges). The most
common taxa identified was C. x kyrtostyla nothovar. kyrtostyla (common in grasslands, rarer

in forests).

The best differentiating characters between species and hybrids were (1) number of
styles, (2) fruit length, (3) number of teeth on stipules, (4) position of sepals on mature fruits,
(5) number of serrations on basal leaf lobe, (6) ratio between serrate part of lower leaf lobe and
the entire part, (7) depth of basal sinus, (8) and ratio between sepal length and width. Based on
the results of the morphometric analysis and literature review, we constructed national
identification keys of all Crataegus taxa identified in this study and other confirmed taxa
present in Romania. Additionally, we have illustrated the most common six identified taxa

(including hybrids).

CHAPTER I11. - Seedling performance, allocation patterns and phenotypic plasticity of
two sympatric hawthorn species and their natural hybrid

Chapter 111 was published in Kuhn, T., Gyorfi, O., Ruprecht, E. (2022). Seedling performance, allocation
patterns and phenotypic plasticity of two sympatric hawthorn species and their natural hybrid. Flora 287,
151994



Hybridization followed by introgression is common between European Crataegus
species, while hybrids of numerous sympatric taxa are abundant and widespread in several
natural and seminatural environments. However, no study to the present day has compared the
development of Crataegus species and their hybrids in their seedling stage. Our aim was to
compare seedling performance, biomass allocation and phenotypic plasticity of two sympatric
Crataegus species (C. monogya and C. rhipidophylla) with contrasting shade tolerance and
their natural hybrid along light and water availability gradients in a controlled pot experiment.
By this means we tested which of the existing hybrid zone models (Arnold, 1997) can

successfully explain the field distribution and habitat preference of the hybrid.

We hypothesized that under lower levels of light, shade tolerant C. rhipidophylla will
have a greater biomass production, greater leaf mass fraction, denser stems and lower root mass
fraction relative to the shade intolerant C. monogyna, which in turn will have a higher biomass
production under ambient light conditions. The hybrid is expected to be intermediate in trait
responses relative to its progenitors under all light availability levels. Furthermore, under low
levels of water availability, C. monogyna, as a grassland specialist, is expected to have a greater
biomass production, due to greater root mass fraction relative to C. rhipidophylla, while the
hybrid is expected to be intermediate in these. In addition, C. rhipidophylla is expected to be
more conservative in trait responses to the levels of water availability but more plastic in
response to light availability relative to C. monogyna, while we expect the hybrid to be

intermediate in phenotypic plasticity between its progenitors (Valladares and Niinemets, 2008).

The performance of both species and their hybrid decreased in deep shade as well as
under high water availability. Variation in light availability had a more pronounced effect on
seedling development than that in water availability. These results evidenced, that habitat
differentiation between the two species under natural conditions is probably mainly driven by
competitive interactions. The shade tolerant forest species C. rhipidophylla had shorter, more
dense stems compared to the shade intolerant C. monogyna, with the hybrid being intermediate
in these characters. This suggests a steadier growth and higher resource allocation into stems
in the case of the shade tolerant species, which is in accordance with the shade-tolerance
syndrome that states, that shade tolerant species are less competitive under ambient light
conditions relative to shade intolerant species (Valladares and Niinemets, 2008).

Furthermore, the hybrid was phenotypically more plastic in biomass allocation relative

to at least one of its progenitor species under various water availabilities, suggesting an



advantage on behalf of the hybrid in establishment under a wider range of environmental
conditions. Our results support the “mosaic-model” that describes most accurately the hybrid

Zone.

CHAPTER V. - Flowering phenology may shape hybridization patterns of hawthorn
(Crataegus L.) species

Chapter IV was published in: Kuhn, T. and Ruprecht, E. (2022). Flowering phenology may shape hybridization
patterns of hawthorn (Crataegus L.) species. Contributii Botanice 57, 95-107.

Asynchronous flowering phenology is an important prezygotic barrier to hybridization,
especially in the case of sympatric species (Rieseberg, 2007), while the degree of overlap in
flowering can influence hybridization odds and shift introgression. Crataegus species have
protogynous flowers, with female sexual organs reaching maturity earlier than male sexual
organs, thus, the likelihood of interspecific pollen transfer from earlier flowering (being the
pollen donor) towards later flowering species (being the mother plant) may shift introgression,

favouring later flowering species as the maternal progenitor.

In our study, we investigated the flowering phenology of three sympatric Crataegus-
species and their hybrids in Transylvania, Romania. The methodology was of phenological
scoring and statistical analysis was largely based on Mijnsbrugge et al. (2015). He
hypothesized, that progenitor species of more commonly occurring natural hybrids will overlap
more in their flowering phenology, while hybrids will be intermediate relative to their

progenitors in their phenology.

Our results revealed, that C. laevigata flowered first at the end of April, followed by C.
rhipidophylla and the hybrid taxa C. x subsphaerica and C.x media, C. x macrocarpa 8 days
later, while C. monogyna flowers last, 3 days later. The progenitor species of the most frequent
hybrid taxa C. x subsphaerica have been found to have the greatest overlap in their flowering,
while hybrids of C. laevigata, which overlaps narrowly in its flowering with the other two
species, are rare. Interestingly, all three hybrid taxa overlapped almost perfectly in their
flowering phenology with that of C. rhipidophylla, and except for C.x media, hybrid taxa are

not intermediate in the timing of their flowering relative to their progenitors.



Our results provide evidence that distribution patterns and frequency of Crataegus-
hybrids in the landscape are at least partially shaped by the progenitor species’ overlap in
flowering phenology, which influences hybridization odds and may shift introgression towards

one of the progenitor species.

CHAPTER V. - Niche breadth and overlap of pseudogamous apomictic hawthorn
(Crataegus L.) hybrids and their progenitors

Manuscript under review at Preslia; Kuhn, T. and Ruprecht, E. (2023). Niche breadth and overlap of

pseudogamous apomictic hawthorn (Crataegus L.) hybrids and their progenitors

Hybridization followed by introgression is well documented within the Crataegus
genus, and while many hybrids are known to be frequent and widespread, factors influencing
gene flow are still poorly understood. In this study, we compare niche breadth and overlap
between hybrids and their progenitors and investigate ecological factors potentially influencing

hybrid and progenitor distribution and frequency.

We hypothesized, that hybrids will have relatively wider niches to progenitors, and hybrids
will overlap more with their progenitors in their niche, that the progenitors with each other.
Furthermore, we assumed that niche breadth of the hybrid taxa and progenitor species will also
correlate with their range size and abundance (Blaine Marchant et al., 2016). In the case of

ecological factors, we assumed hybrid intermediacy relative to progenitors.

Based on our field investigation, most Crataegus hybrids were relatively rare compared
to their progenitors, except Crataegus x subsphaerica (C. monogyna x C. rhipidophylla),
which was the most common taxa in the study area, being present even outside of the hybrid-
zone, suggesting range expansion. Furthermore, it seems that the distribution of the studied
Crataegus taxa is determined primally by climatic factors and light availability, and they
appear to be habitat generalists across different broad-leaved forest or grassland plant
associations. Our results also revealed that most hybrids had progenitor-like niche breadths,
and rare hybrids had surprisingly wide niche estimates, suggesting that hybrid frequency is
influenced more by phenological overlap between progenitors and effective long-distance
dispersal of apomictic seeds, rather than environmental selection against hybrids. In addition,

the presumed intermediacy in ecological preferences of the studied Crataegus hybrids relative



to progenitors was not as evident as we expected, probably due to introgression towards one of

the progenitors.

Considering the frequent occurrence of hybrids outside the hybrid zone, and the mosaic
distribution pattern of the habitat of sympatric species, a combination of the mosaic and
evolutionary novelty model describes best the hybrid zone of the studied species (Arnold,
1997).

CHAPTER VI. - Comparing the ecology and distribution of hawthorn species and their
hybrids through species distribution modelling

Manuscript in preparation: Kuhn, T. and Ruprecht, E. Comparing the ecology and distribution of hawthorn

species and their hybrids through species distribution modelling.

Species distribution models are a widely used statistical tool by ecologists to predict
and explore geographical range and abundance patterns of plants and animals, based on
environmental characteristics and occurrence observations. In this study, we explored and
compared through this method the distribution, abundance, and environmental requirements of
hawthorn hybrids and their parental progenitors based on a field investigation in the North-
western part of Romania. We hypothesized, that hybrids will be more common, where the
distribution and environmental requirements of progenitor species overlap. Furthermore, we
assumed that hybrids between forest and grassland species will be more frequent in mosaic
landscapes, while the distribution of hybrids between forest species will follow landscapes
dominated by forests. In addition, we expected hybrid morphotypes with intermediate
characters between their progenitors will appear in the contact zone (hybrid-zone) of progenitor
species and manifest also intermediate ecological behaviour, while parent-like morphotypes

will resemble more to their progenitor species in their distribution and ecological requirements.

Our results revealed that climatic factors were the most important, while forest extent
the second most important predictors for the distribution and abundance of hawthorn taxa.
Hawthorns were most common at mid elevations in the foothills, and were sporadic or absent
from the mountainous belt upwards. They also clustered mostly in the proximity of forest
ecosystems. In most of the cases, hybrids resembled to one of their progenitors in their

environmental requirements and distributional range, presumably due to introgression from



hybrids genotypes towards progenitors. However, morphologically intermediate Crataegus x
subsphaerica hybrids (C. monogyna x C. rhipidophylla) occupied also environmentally
intermediate niches relative to their progenitors, and were most common in highly fragmented
landscapes consisting of a mosaic of the two progenitor species’ habitats (i.e. grasslands and
forests). These results confirm the importance of anthropogenic landscape-fragmentation as a
driver of interspecific hybridization between hawthorns, which was confirmed partially by
other studies (Oklejewicz et al., 2013). Furthermore, the presence or even high abundance of
some hybrid taxa (Crataegus x subsphaerica, C. x media, C. x kyrtostyla) outside the
distributional range of one or both progenitor species confirms the spread of mostly

introgressed hybrid genotypes outside of the hybrid zone.

The observed distribution patterns for hybrids can be explained by (1) the divergence
of flowering phenology between species, where the most common hybrids have progenitors
with less diverging phenologies; (2) the abundance and intermixing likelihood of progenitor
populations or specimens; (3) the high fitness, high phenotypic plasticity and effective dispersal
ability of mostly polyploid hybrid genotypes due to their pseudogamous apomictic breeding

system relative to their mostly diploid, obligate out-crosser progenitor species.
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Appendix I: Photos of hawthorn taxa occuring or potentially occuring in Romania

Figure 1 (A-E): Crataegus monogyna Jacg.; A — fruiting branch; B — stipules of generative shoot; C — subterminal leaf of generative shoot; D —
pomes with sepals; E — sterile long shoot; F — Crataegus monogyna subsp. brevispina (Kunze) Franco, sterile elongate shoot; (photos: Kuhn
Thomas, near Orsova (A), Cluj-Napoca (B - E) and Simeria (F), Romania)



Figure 2 (A-F): Crataegus laevigata subsp. laevigata (Poir.) DC.; A — fruiting branches; B — stipules of the leaves of flowering shoots; C —
abaxial surface of generative shoot with leaves, their stipules, and flowers before anthesis; D — pomes with sepals and styles; E — flowering
branch; F — flower; G - Crataegus laevigata subsp. palmstruchii (Lind.) Franco, generative shoot; (photos: Kuhn Thomas, near Huedin (A, B, C,
D), Beius (E, F) and Cluj-Napoca (G), Romania)



Figure 3 (A-F): Crataegus pentagyna subsp. pentagyna Wild.; A — flowering branches; B — stipule of leaf of generative shoot; C — abaxial
sufrace of leaf of flowering shoot; D — pomes; E — sterile long shoot with leaves and their stipules; F — flowers; G — Crataegus x rubrinervis
Lange, fruiting shoot; (photos: Kuhn Thomas, near Macin (A, B, C, F) and Orsova (D, E, G), Romania)



Figure 4 (A-G): Crataegus nigra Waldst. et. Kit.; A — fruiting branch; B — stipule of leaf of generative shoot; C — abaxial surface of leaf of
generative shoot; D — pome; E — generative shoot with flowers; F — sterile long shoot with leaves and their stipules; G — habitus of specimen in
its natural habitat (photos: Kerényi-Nagy Viktor, A, B, D, E, G — Szigetujfalu, C — Stikdsd, Hungary; Kuhn Thomas, F — Insula Calinovat —

Portile de Fier, Romania)
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Figure 5 (A-E): Crataegus rhipidophylla var. rhipidophylla Gand. (syn.: C. rosaeformis Janka); A — flowering branch; B — stipule of leaf of
generative shoot; C1, C2 — generative shoots with pomes and leaves; D — pome with sepals; E — habitus of a specimen in its natural
environment; (photos: Kuhn Thomas, near Cluj-Napoca, Romania)



Figure 6 (A-E): Crataegus rhipidophylla var. lindmanii (Hrabétova) K.I. Christensen (syn.: C. lindmanii Hrab. — Uhr.); A — fruiting branches; B
— stipules of the leaves of generative shoot; C — generative shoot with pome, leaves and their stipules; D — pomes and their sepals; E — habitus of
a specimen in its natural environment; (photos: Kuhn Thomas, near Cluj-Napoca, Romania)



Figure 7 (A-D): Crataegus x subsphaerica Gand. (syn.: C. x kyrtostyla nothovar. kyrtostyla Fingerh.; C. monogyna x C. rhipidophylla); Al, A2,
A3 — generative shoot with pomes, leaves and their stipules; B1, B2 — stipules of leaves of generative shoots; C — subterminal leaf of generative
shoot; D — sterile short shoot; (photos: Kuhn Thomas, near Cluj-Napoca, Romania)



Figure 8 (A-C): Crataegus x kyrtostyla Fingerh. (syn.: C. x kyrtostyla nothovar. domicensis (Hrabétova-Uhrova) K.I. Christensen; C. monogyna
x C. lindmanii); A — fruiting branches; B — stipules of generative shoot; C1, C2, C3 — generative shoots with pomes, leaves and their stipules;
(photos: Kuhn Thomas, near Gherla (A, B) and Cluj-Napoca (C1, C2, C3), Romania)



Figure 9 (A-D): Crataegus x media Bechst. (C. monogyna x C. laevigata); A — fruiting branch; B — stipules of leaves of a generative shoot; C1,
C2 — generative shoot with pomes and leaves; D — pomes with sepals and styles; (photos: Kuhn Thomas, near Cluj-Napoca, Romania)



Figure 10 (A-E): C. x macrocarpa nothovar. hadensis (Hrabétova-Uhrova) K.I. Christensen (C. laevigata x C. lindmanii); A — fruiting
branches; B — stipules of leaves of generative shoots; C1, C2 — generative shoot with pomes, leaves and their stipules; D — pomes with speals
and styles; E — habitus of a specimen in its natural habitat; (photos: Kuhn Thomas, near Huedin, Romania)



Figure 11 (A — D): Triple hybrid between Crataegus monogyna x C. lindmanii x C. laevigata; A — fruiting branches; B — stipules of leaves of
generative shoot; C — generative shoot; D1, D2 — pomes with sepals and styles; (photos: Kuhn Thomas, near Beius, Romania)



Figure 12 (A-E): Crataegus x degenii Zsak (C. monogyna x C. nigra); A — generative shoot with pome, leaves and their stipules; B — stipule of
leaf of generative shoot; C — leaf margin denticulation; D — trichomes on young shoots; E — flower; (photo: Kerényi-Nagy Viktor, Hungary)



