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Abstract: Hybridization followed by introgression is well documented within the genus
Crataegus and although many hybrids are known and widespread, factors influencing gene
flow are still poorly understood. In this study, the niche breadth and overlap between hybrids
and their progenitors are compared assuming that a relatively wide niche is advantageous in the
spread of hybrids outside of the hybrid zone and the ecological factors potentially influencing
hybrid and progenitor distribution and frequency are investigated. For this, specimens of
Crataegus were sampled in four subregions in north-western Romania that differed in terms of
elevation, forest cover, fragmentation and the extent of anthropogenic effect on the landscape.
We used dynamic range boxes to estimate niche breadth and overlap based on climatic, land-
scape and microenvironmental variables. CCA models were used to explore the effects of envi-
ronmental factors on the distribution of taxa of Crataegus. Cluster analysis was used to explore
the phytosociological affiliation of the taxa studied. In this field investigation, 10 Crataegus
taxa were identified: five species and five hybrids. Most Crataegus hybrids were relatively rare
compared to their progenitors, except Crataegus xsubsphaerica (C. monogyna x C. rhipido-
phylla), which was the most common taxon in the area studied, being present even outside of the
hybrid zone, suggesting range expansion. Based on the results, it seems that the distribution of
the studied Crataegus taxa is determined primarily by climatic factors and light availability,
and they appear to be affiliated with major habitat categories, such as low altitude broad-leaved
forest or grasslands and scrublands. The results also revealed that most hybrids had parent-like
niche breadths, and rare hybrids had surprisingly wide niches, 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 intermediate position in ecological preferences of the hybrid Crataegus relative
to its progenitors was not as evident as 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 best describe hybrid zone of the studied species.
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Introduction

Interspecific hybridization occurs frequently between angiosperms and it is estimated
interspecific hybrids occur in around 40% of angiosperm families, with an overall fre-
quency of 0.09 hybrids per nonhybrid species (Arnold 1997, Whitney et al. 2010). As
hybridization has great evolutionary consequences, the comparative ecology of plant
hybrids and their parental taxa has been of great interest to botanists and plant ecologists
for decades (Arnold & Hodges 1995, Arnold 1997, Coughlan et al. 2017, Dickinson et al.
2021). Considering the mechanism acting upon the fitness of hybrids, Arnold (1997) pro-
posed four main models describing the structure and composition of the hybrid zone: (a)
the ‘tension zone model” assumes fitness inferiority of hybrids due to genetic incompati-
bilities between parental genomes. The hybrid zone is shaped by an equilibrium between
the continuous dispersal of parental individuals into the contact zone, followed by nega-
tive endogenous selection against hybrids, preventing introgression (Arnold 1997); (b)
the ‘bounded hybrid superiority model’ assumes that hybrids exhibit superior fitness in
intermediate environments to those of their parental species, but lower fitness in the
parental environments. Furthermore, hybrids often present transgressive trait expression,
and parental species and hybrids usually show niche differentiation (Arnold 1997, Wang
etal. 1999, Favre & Karrenberg 2011, Gallego-Tévar et al. 2018); (c) the ‘mosaic model’,
where hybrid fitness may vary considerably, and hybrids can have lower, higher or simi-
lar fitness than their progenitors. This model proposes that the hybridizing species are
sympatric, adapted to different environments and hybridization occurs in the ecotone
between progenitor environments, resulting in a mosaic distribution of genotypes
(Arnold 1997, Abbott 2017, Gramlich & Hoérandl 2016). The mosaic structure prevents
the total extinction of either of the purebred species while allowing for introgression; (d)
the ‘evolutionary novelty model’ assumes higher fitness of certain hybrid lineages com-
bined with transgressive trait expression, allowing hybrids to occupy novel habitats far
from the hybrid zone or outcompete one particular parental species. Nevertheless, hybrid
zones often do not perfectly fit any of these models (Arnold 1997, Curry 2015). This is
especially true in the case of the tension zone model, where reconsideration of old data
suggests that beside endogenous selection that acts against hybrids, exogenous selection
also shapes the genetic patterns in the hybrid zone. While the models presented above
constitute a basic framework for hybrid ecology, assumptions or predictions about niche
breadth and niche overlap of hybrids and their progenitor species are scarce or missing.
Such assumptions can be made based on case studies invoking different hybrid systems
and considering niche sizes and overlaps between progenitors and hybrids (Lopez-
Alvarez et al. 2015, Blaine Marchant et al. 2016). According to Blaine Marchant et al.
(2016), during establishment, hybrids can experience niche contraction (the hybrid has
a narrower niche but overlaps considerably that of its progenitors), niche expansion (the
hybrid has a wider niche, which greatly overlaps that of its progenitors), niche inter-
mediacy (hybrid niche breadth intermediate and greatly overlaps that of its progenitors)
and niche novelty (breadth of hybrid niche narrower, intermediate or wider, but there is
very little niche overlap between the hybrid and its progenitors). Based on the two frame-
works discussed, regarding the structure of the hybrid zone and niche breadths of hybrids
relative to progenitors, in the tension zone model, hybrids should manifest niche contrac-
tion, whereas in the bounded hybrid superiority model, niche expansion (Arnold 1997,
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Blaine Marchant et al. 2016). Furthermore, in the case of the evolutionary novel model,
hybrid niche can be narrower, intermediate or wider than that of its progenitors; however,
overlap should be small between hybrid and progenitor niches (Arnold 1997, Blaine
Marchant et al. 2016). In the case of the mosaic model, a more complex interpretation of
niche breadth and overlap is required. Based on macroenvironmental niche constraints,
hybrids and parental taxa should have similar niche breadths and overlap considerably,
while in the case of microenvironmental niche constraints, hybrids and parental taxa
should be different in niche breadth and overlap less. This assumption is based on the
sympatric nature of progenitor distributions, with progenitors differentiating in their
niche along small scale environmental clines, while overlapping in their range on
a broader geographical scale and macroenvironmental parameters, e.g. type of climate
(Arnold 1997, Li et al. 2018, Cai et al. 2021).

The genus Crataegus includes a few- to several hundred shrub and small tree species
native to the temperate and subtropical regions in the Northern Hemisphere, with many
species being widespread and common across a wide range of habitats, of great economic
and ecological importance (Christensen 1992, Kuhn et al. 2021). However, confusion
and controversy still surround many aspects of Crataegus taxonomy, genetics and ecol-
ogy, due to frequent hybridization, followed by introgression towards one or both paren-
tal species, resulting in blurred species boundaries (Byatt 1975, 1976, Christensen 1992,
Depypere et al. 2006, Kuhn et al. 2021). In the case of European species of Crataegus,
hybridization occurs mostly between sympatric species, and the resulting hybrids are
usually alloploid pseudogamous apomicts (Talent & Dickinson 2005, Vaskovd &
Kolarcik 2019). Existing studies indicate that such asexually reproducing alloploid taxa
may have larger geographical distributions and thus wider niches relative to their sexu-
ally reproducing diploid parental species due to niche expansion and geographic parthe-
nogenesis (Blaine Marchant et al. 2016, Coughlan et al. 2017, Dickinson et al. 2021).
Dickinson et al. (2021) present evidence of geographic parthenogenesis in North-Ameri-
can species of Crataegus. Their study confirmed that wider geographic ranges in the case
of alloploid Crataegus taxa of hybrid origin are the result of self-compatibility, thus
pseudogamous agamospermy. In contrast, narrower ranges of diploid parental species
can be associated with self-incompatibility and sexual reproduction. Furthermore, they
suggest that sexual reproduction favours adaptation and investment in seedling-establish-
ment, while geographic parthenogenesis has less to do with adaptation than reproductive
insurance (Dickinson et al. 2021). While a large distribution can be associated with
a wider macroenvironmental niche (e.g. climatic niche) in the case of alloploid apomictic
hybrids (Blaine Marchant et al. 2016, Li et al. 2018), little is known about the smaller-
scale ecological niche components that may affect hybrid distribution. Furthermore,
there is little data on the effect of anthropogenic habitat alteration on hybrid formation
and distribution. Ecological studies across Europe suggest that some hybrid taxa of
Crataegus can be regionally common and may increase in abundance under anthropo-
genic pressure related to landscape fragmentation, while pure populations of the forest
specialist species of Crataegus are restricted to more intact, forested landscapes (Byatt
1975, 1976, Gosler 1990, Christensen 1992, Oklejewicz et al. 2013). However, in con-
trast to the North-American alloploid taxa of Crataegus of hybrid origin, no studies or data
on temperate European Crataegus taxa demonstrate that hybrids, despite being abundant
and widespread, have a greater distribution than their progenitors, thus manifesting
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significant niche expansion or even niche novelty (Christensen 1992, Coughlan et al.
2017, Dickinson et al. 2021). Nevertheless, most studies investigating niche shifts in
alloploid hybrids only consider macroenvironmental parameters when comparing niche
breadth and overlap between hybrids and parents, e.g. climate and distribution (Lopez-
Alvarez et al. 2015, Coughlan et al. 2017, Dickinson et al. 2021). However, there has not
been an attempt to compare the estimated niche breadth and niche overlap between spe-
cies of Crataegus and their hybrids, based on the disassembly of niche space into macro-
and microenvironmental parameters.

This study had two main objectives: (i) to investigate the habitat requirements, fre-
quency and distribution of species of Crataegus and their hybrids in north-western Roma-
nia, where many sympatric species of Crataegus with diverging habitat requirements co-
occur, and (ii), relying on these results, to compare the niche breadth and niche overlap of
hybrids and their parental taxa using multiple niche parameter groups defined based on
macro- and microenvironmental variables.

To address these objectives, the following hypotheses were proposed: (i) Hybrids with
progenitors with divergent environmental requirements will have wider niches than their
progenitors, since they combine parental environmental requirements. (ii) Niche breadth
of the hybrid taxa and progenitor species will also correlate with their range size and
abundance. (iii) Hybrids will have wider microenvironmental niche breadth, but narrower
macroenvironmental niche breadth than their progenitors, due to the more restricted
occurrence of hybrids in the ‘hybrid zone’, where both progenitor species meet. (iv) The
niche overlap between hybrids and their parental species is expected to be greater, rela-
tive to the overlap between the two hybridizing progenitors, assuming a broader spectrum
of environmental tolerance/adaptation of hybrids compared to their parents. (v) Hybrids
are expected to occur in a wider range of plant associations relative to their progenitors.

Methods
Study area and site selection

Our study area was located in the north-western part of Romania and included plains and
hills located in the eastern and western foothills of the Apuseni Mountains (Fig. 1).
Regions at elevations higher than 800 m were not sampled, as previous field studies
revealed that the number of species of hawthorn dramatically decline in abundance and
frequency with altitude (Kuhn et al. 2021, Thomas et al. 2021). The climate in this area
(except the higher elevations upon ~1000 m), based on the Koppen-Geiger climate classi-
fication is humid continental, characterized by four distinct seasons and large seasonal
differences in temperature, with warm to hot (and often humid) summers and freezing
cold winters (Beck et al. 2018). The western part of the study area is characterized by
a milder climate with oceanic influences, while the eastern part has a more continental
climate (Barbu et al. 2014).

Within the area studied, four regions of approximately 30 km x 30 km located in the
Timig Plain, the Zdrand Mountains, the Célata Hills region and the Transylvanian Plain
(Campia Transilvaniei) (Supplementary Fig. S1) were selected. The selection of these
regions was based on their including a wide range of climatic, topographic and landscape
compositions. In the case of landscape composition, two major types of ecosystem were
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Fig. 1. Location of the study area (transparent red square) within central-eastern Europe (country borders are
represented by black lines); and the distribution of the plots sampled in the four study regions in north-western
Romania (abbreviations in legend: CH — Cilata-Hills (continental fragmented), CT — Transylvanian Plain
(continental open), TM — Timig Plain (suboceanic fragmented), ZR — Zarandului Mountains (suboceanic for-
ested); for each habitat category the number of plots is indicated in brackets).

selected, which are hence forth referred to as habitats, were included in the study: forest
and grassland habitats. The grassland habitats are all natural and semi-natural open habi-
tats, where tree cover was below 20%. Thus, grasslands with various degrees of shrub
cover, scrublands and wooded pastures with isolated trees were included. Furthermore,
forests with a canopy cover exceeding 50% were included. Forest ecosystems with more
open canopies were not characteristic of the regions studied, and forest and grassland
ecosystems are usually clearly distinguishable. The Timis Plain study region is located
around the city of Timisoara at an elevation around 100 m. It has suboceanic climatic
influences, and is characterized by a mixed, highly fragmented landscape, consisting of
large agricultural fields, while the natural vegetation is a mosaic of grasslands and forests
(this region is referred to as a ‘suboceanic fragmented region’, Supplementary Fig. S1).
The Zirand Mountains region is characterized by hills of between 200-550 m, with sub-
oceanic climatic influences from the west and a landscape dominated by intact forests,
with a small but significant amount of natural and semi-natural grassland (this region will
be referred to as the ‘suboceanic forested region’, Supplementary Fig. S1). The Cilata
Hills region lies between 350-600 m elevation, has a more continental climate, natural
and semi-natural vegetation predominates with agricultural land restricted mostly to the
valleys, while the landscape is moderately fragmented and characterized by a mosaic of
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forest and patches of grassland (this region will be referred to as the ‘continental frag-
mented region’, Supplementary Fig. S1). The Transylvanian Plain, lies between 300-500
m elevation, and is dominated by open habitats with large areas of agricultural land with
small patches of grassland between them. Forests are almost completely absent and usu-
ally consist of black-pine plantations (this region will be referred to as the ‘continental
open region’, Supplementary Fig. S1).

In each of the four regions studied, six sites of approximately 3 km?” were selected.
Based on the habitat composition of the landscape, this resulted in three types of sites:
sites with large areas of grassland with various degrees of shrub cover and no forest
within 1 km, forested sites with no grassland within 1 km, and mixed sites with both
grassland and forests present usually in a 1:1 ratio. The field survey was carried out in late
summer and early autumn in 2017 and 2018. At the study sites, three 10 m x 10 m plots
were established for each habitat category (grassland or forest): for sites with only one
major habitat, 3-5 plots were established, while for sites with both forest and grassland,
three plots were established in both grassland and forest, and three plots in the ecotone
(Fig. 1). Region studied and site selection was based on aerial photographs and previous
field surveys that included landscape structure, habitat fragmentation and shrub cover in
grasslands, and survey plots were established during the field sampling in shrubby places
where specimens of Crataegus were observed from a distance. Sites at which shrubs had
been cleared were avoided. Plots were placed to include a maximum number of mature,
fruit-bearing specimens of Crataegus, as young, sterile individuals are not identifiable
(Christensen 1992). In total, 151 plots were sampled: 70 plots in grasslands and scrub-
lands, 46 in forests and 35 in forest-grassland ecotones. Herbarium material from each
fertile specimen of Crataegus growing inside the plots was collected for identification
following the method described in detail by Kuhn et al. (2021). Crataegus taxa (both spe-
cies and nothospecies or hybrids) were identified according to the system of Christensen
(1992), with a few minor nomenclatural modifications: C. laevigata subsp. palmstruchii
was recognized as a separate taxon, the name C. xsubsphaerica was used for the hybrid
of C. monogyna and C. rhipidophylla, and C. xkyrtostyla for the hybrid between
C. monogyna and C. lindmanii (Christensen 1992, Kuhn et al. 2021). The cover (%) of
each species of vascular plant within the plots was estimated separately for each vegeta-
tion layer (herbaceous, shrub and tree layer). Additionally, we recorded elevation, geo-
graphic coordinates, cover (%) of each vegetation layer, slope inclination and orientation
were recorded.

Environmental variables for niche models

Environmental variables were selected and grouped for niche modelling according to the
hierarchical scale at which they have been measured in terms of macroenvironmental and
microenvironmental variables (Li et al. 2018). Macroenvironmental niche components
were placed in two categories: climatic and landscape-metric niche components. Vari-
ables related to soil chemistry and topography were also considered; however, due to
their strong correlation with climatic factors and negligible variation within the regions
studied they were not included in the analysis. Five climatic variables were derived from
monthly temperature and precipitation data at 30' resolution from the WorldClim data-
base for the period 1970-2000 (https://www.worldclim.org/data/bioclim.html, Fick &
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Hijmans 2017): the minimum temperature in the coldest month, temperature seasonality,
precipitation seasonality, the climatic water balance for April and the climatic water bal-
ance for August (Table 1). Climatic water balance was defined as the difference between
the sum of the monthly precipitation and monthly potential evapotranspiration, obtained
from the mean monthly temperature using the Thorthwaite equation (Senf et al. 2020).
Furthermore, considering the evidence for a slight biogeographical differentiation between
some taxa of Crataegus (Christensen 1992), climatic factors related to potential environ-
mental stress, such as drought and frost, that might be involved in selection against cer-
tain taxa, were recorded (Table 1). Thus, all five climatic variables were selected based on
their differentiation on an east to west gradient, as being diagnostic of either continental
or oceanic climates (Fick & Hijmans 2017, Beck et al. 2018). Hence forth, this niche cate-
gory will be referred to as the ‘climatic niche’.

As a second group of macroenvironmental components, three landscape metrics were
selected, characterizing the configuration and habitat composition of the landscape sur-
rounding the plots: grassland-forest balance, forest-edge density and distance to the near-
est forest edge. For this, maps of the habitats within a 564 m radius around each plot, cov-
ering 1 km?, where the differences between forests, open habitats and artificial surfaces
were based on satellite images. An area was considered to be forest if trees were clearly
visible and their cover exceeded 50%. Open habitats were areas with none or very little
tree cover and still dominated by natural vegetation (e.g. grasslands, scrublands, wetlands
and abandoned agricultural fields). Human-altered areas included arable lands, settle-
ments and roads. Grassland-forest balance was calculated as the difference in the ratio of
open habitat to forest, divided by the sum of these two ratios. The index varies between —1
(there are no open habitats in the landscape) and +1 (there are no forests in the landscape).
Forest-edge density was calculated as the ratio between the length of forest-open habitat
boundary and the area of forest (Hesselbarth et al. 2019). The distance from the nearest
forest edge was expressed as the square root of the distance of the plot centroid from the
nearest forest edge (Table 1). Hence forth, this niche category will be referred to as the
‘landscape-configurational niche’.

The microenvironment was defined based on variables related to the vegetation and
the stand characteristics, recorded in the field at the plot level. Two types of variables
were included. The first category included tree canopy cover, shrub cover, cover of the
herbaceous layer and a topographic heat load index, which characterize light availability
and the strength of competition for light and other resources such as nutrients and water.
Heat load index was calculated based on slope inclination and aspect (Parker 1991)
(Table 1). The second category included the species composition at plot level and was
computed using five environmental indicator values describing the plant species’ optimal
environment. For this, we used the indicator values for temperature, soil moisture and soil
reaction from Sanda et al. (2003) and light, N content and continentality from Borhidi
(1995), which are adapted versions of the indicator values of the central-eastern Euro-
pean flora of Ellenberg et al. (1991). First, the species abundance matrix was log trans-
formed, and then the weighted averages of the species indicator values were calculated
for each plot, which will be referred to as the biotic niche components (Table 1). Hence
forth, this will be referred to as the ‘microenvironmental niche’.
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Table 1. Environmental variables used in niche breadth and niche overlap estimates for the taxa of Crataegus

studied
o 2 Variable Scale Details Units  Statistics for ~ Relevance Source Reference
S = (abbreviation) sampling units
v O (min) mean (max)
temperature sea- 1 km® the standard deviation of mon- %  (7425) 7636 (7776) measure of http://www. Hijmans
sonality (Bio4) thly temperature averages x100 continentality worldclim.org et al. 2005
minimum tempe- 1 km® calculated by selecting the °C  (-7.8) =5.8 (4.1) species have different Hijmans
rature in coldest minimum temperature value tolerances to extremely et al. 2005
month (Bio6) across all months within cold temperatures
2 a given year.
g precipitation sea- 1 km? the ratio of the standard devi- %  (25.0) 35.2 (44.5) measure of Hijmans
= sonality (Biol5) ation of the monthly total pre- continentality et al. 2005
cipitation to the mean monthly
total precipitation x100
climatic water ba- 1 km® the difference between precipi- mm  (35.3)39.8 (47.3) water availability Senf et al.
] lance in April tation sum of April and the po- at budburst 2020
2 (CWB4) tential evapotranspiration for
5 April
2 climatic water ba- 1 km® the difference between precipi- mm  (-23.7)-10.7  water availability before Senf et al.
5 lance in August tation sum of August and the (-1.6) fruit ripening 2020
g (CWBS) potential evapotranspiration
§ for August
grassland - forest 1 km? proportion of open habitats in % (=1)0.21 (1)  the ratio of open habi-  hand drawn habi-
balance (GR-FR) 1 km? buffer; proportion of tats and forest in the tat maps based on
g forests in 1 km? buffer / pro- landscape, the fragmen- satellite images
= portion of open habitats in tation of these habitats
E 1 km? buffer; proportion of and the edge-effect
= forests in 1 km? buffer around habitat borders
§ forest-edge densi- 1 km® the length of forest edges in m/ha  (0)25.6 (112.8) can influence intrusion
gty (FED) a 1 km buffer / area covered by of forest species in
8 forests in the 1 km? buffer nearby grasslands, thus
Z distance to nearest 1 km” the square root of the distance (—59.5) 8.5 (79.7) probability of
§ forest-edge of the plot centroid from the hybridization
(DISTF) nearest forest-edge (becomes
negative if the plot is inside
a forest)
canopy cover 100 m* 100-(the proportional coverin % (0)31.7(99)  sympatric species diffe-
a horizontal plain of the sky by rentiate on a small scale
the tree layer) regarding light environ-
herb layer cover 100 m’ the proportional cover in aho- % (1)59 (100)  ment, competition from
rizontal plain of the herbace- herbaceous plants and
ous layer other shrubs
shrub layer cover 100 m* the proportional cover in a ho- % (0) 37 (95)
rizontal plain of the shrub layer
heat index 100 m’ calculated from slope inclinati- % (-0.43) 0.06 (1)
on and aspect based on Parker
(1988)
= temperature 100 m? the average temperature opti- - (2.8)3.3(4.2) based on the assumption Borhidi
g mum of plant species in a plot that vegetation composi- 1995;
5 (weight for log-transformed tion is indicative of Ellenberg
E abundance) microenvironmental etal. 1991
g soil moisture 100 m* the average moisture optimum ~ — (1.7)2.6 (4.2)  conditions
g of plant species in a plot
g (weight for log-transformed
abundance)
soil reaction 100 m* the average soil reaction opti- - (3.0)3.6 (4.1)
mum of plant species in a plot
(weight for log-transformed
abundance)
nitrogen content 100 m’ the average soil nitrogen opti- - (2.0)4.2(6.7)
mum of plant species in a plot
(weight for log-transformed
abundance)
continentality 100 m* the average continentality opti- — (3.8)4.7 (6.2)

mum of plant species in a plot
(weight for log-transformed
abundance)
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Statistical analysis

To estimate the niche breadth and niche overlap between species of Crataegus and their
hybrids in the area studied, dynamic range boxes (dynRB) were used, which is a robust
nonparametric approach to quantifying size (a proxy for niche breadth) and overlap of n-
dimensional hypervolumes, which do not require assumptions about the underlying dis-
tribution (Junker et al. 2016). In an n-dimensional hypervolume, each environmental
variable represents one dimension and each Crataegus specimen is considered to be one
point within this coordinate system. To reduce the effect of outliers, i.e. plots with excep-
tionally high numbers of specimens of Crataegus on the niche estimation procedure, the
following calculations and modifications of the raw data were carried out: first, the
Crataegus specimen counts were log transformed and values rounded up to the closest
integer; second, each row was replicated using recorded values so as the number of rows
per plot per taxa reflects the abundance of Crataegus taxa; third, environmental variables
representing niche components were added as columns to the data. Due to low sample
size, two Crataegus taxa were excluded from the analysis, Crataegus xkyrtostyla with
three records and C. laevigata subsp. palmstruchii with only one. The ‘dynRB_Pa()’ func-
tion from the ‘dynRB’ package in R was used with the geometric mean (gmean) aggre-
gation method to calculate hypervolume size vol(Taxal) as a proxy for relative niche
breadth of taxa and hypervolume overlap port(Taxal, Taxa2) as a proxy for relative niche
overlap between taxa. The gmean aggregation method was selected because it assumes
that the hypervolume becomes zero if size and overlap in just one of the dimensions is
zero, while size and overlap are not biased by the number of dimensions, thus are compa-
rable between hypervolumes with different numbers of dimensions. Both hypervolume
size vol(Taxal) and overlap port(Taxal, Taxa2) are set between 0 and 1. Hypervolume size
vol(Taxal) represents the proportion of the total trait space in the data that is covered by the
environmental niche space of Taxal. The overlap port(Taxal,Taxa2) represents the pro-
portion of environmental niche space of Taxa2 covered by Taxal, while port(Taxa2,Taxal)
represents the proportion of environmental niche space of Taxal covered by Taxa2, thus
overlaps are asymmetrical (Junker et al. 2016), and port(Taxal, Taxa2) does not equal
port(Taxa2, Taxal). Hypervolume size and overlap, being relative measures, are compa-
rable between different groups of traits (e.g. climatic niche vs. landscape-configuration
niche). Separate niche models were computed for climatic, landscape configuration and
microenvironmental niche variables. Furthermore, because some of the selected environ-
mental variables are correlated (Supplementary Fig. S2), the original dimensions were
replaced with principal components, which were used in subsequent calculations (Junker
et al. 2016).

To explore the underlying influence of single environmental variables on niche differ-
entiation and the direction in which these variables influence Crataegus composition,
separate constrained CCA models were developed for each of the three sets of environ-
mental variables used in the niche models. As a dependent term the log-transformed
Crataegus taxa count matrix was included, while the environmental variables are inde-
pendent terms. In addition, type of habitat was included as a proxy covariate for the
microenvironment, in order to explore the pure effect of the macroenvironment on
Crataegus taxa composition, while partialling out the effect of the microenvironment.
Alternatively, in the case of the CCA models with microenvironmental constraints as
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independent terms, study region was included as a proxy covariate to partial out the effect
of the macroenvironment on Crataegus taxa composition. As our variable groups are cor-
related, a bidirectional model selection was carried out in order to exclude variables that
do not have a significant effect on the model, while keeping the conditional term fixed.
Furthermore, the pure effect of each of the significant variables included in the pCCA
models on Crataegus taxa composition was also explored.

Niche breadth based on phytosociological affiliation of Crataegus taxa was investi-
gated using divisive hierarchical clustering of the plot data. Species abundances were
Hellinger-transformed, and the distance matrix obtained by clustering was obtained
using the Bray-Curtis dissimilarity index (Pakgohar et al. 2021). Information regarding
the vertical layering of the vegetation in the plot data was included in the analysis by
merging the name of a particular layer with species names within the layer, thus avoiding
duplicate species in the data. In this way, species present in more than one vegetation
layer were considered statistically separate species. The optimal number of clusters was
estimated using the gap statistical method with 500 permutations (Kassambara & Mundt
2020). In addition, plots were classified in a plant association based on the Romanian
classification system (Sanda et al. 2008). Each plot located in either a forest or grassland
ecosystem was classified into one syntaxon, while in the case of ecotonal plots, two asso-
ciations were attributed to each plot, based on the two syntaxa meeting at the plot level.
Both hierarchical relationships between the plots and the number of phytosociological
associations were included in the estimate of the niche breadth of a particular taxon. The
most important R-packages used were the ‘vegan’ package for the pCCA ordinations and
calculation of the dissimilarity index (Oksanen et al. 2022) and the ‘cluster’ package used
for divisive hierarchical clustering (Maechler et al. 2022). All statistical analyses were
done using R (R Core Team 2021).

Results
Distribution patterns of Crataegus species and their hybrids

In total, 10 Crataegus taxa were identified in the area studied, five “pure” species, sub-
species or varieties, and five nothospecies, nothosubspecies or nothovarieties (which will
be referred to as “hybrids”) (Christensen 1992). The species identified were Crataegus
monogyna, C. rhipidophylla var. rhipidophylla, C. rhipidophylla var. lindmanii, C. laevi-
gata subsp. laevigata and C. laevigata subsp. palmstruchii and the hybrids C. xsubsphaerica
(hybrid of C. monogyna and C. rhipidophylla), C. xmedia (hybrid of C. monogyna and
C. laevigata), C. xkyrtostyla (hybrid of C. monogyna and C. lindmanii), C.xmacrocarpa
nothosubsp. macrocarpa (hybrid of C. laevigata and C. rhipidophylla) and C. xmacro-
carpa nothosubsp. hadensis (hybrid of C. laevigata and C. lindmanii) (Supplementary
Table S1, Supplementary Fig. S3). The names of infraspecific taxa are referred to as bino-
mials.

Crataegus monogyna occurred relatively frequently in all four regions studied in open
habitats such as grassland, scrubland and rarely wetlands, and it was also common in forest
edges (Fig. 2). Crataegus rhipidophylla was also common, but mainly restricted to forest
habitats and their periphery, sporadically also occurring in open habitats such as grass-
land and scrubland, however, usually in close proximity to forests (Fig. 2). Crataegus
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Fig. 2. Frequency (A — the proportion of occupied plots) and abundance (B — proportion of specimens in the total)
of taxa of Crataegus in the study area, by region. Parentheses on the y-axis indicate total sampling effort relative
to which the proportions were calculated.

laevigata was less frequent than C. rhipidophylla, and occurred in forest ecosystems
mainly in the western part of the area studied, while C. lindmanii was sporadic in forests and
forest edges in the continental fragmented region and the suboceanic forested region
(Fig. 2). Crataegus palmstruchii was present in a single plot in the suboceanic forested
region (Fig. 2). The most common hybrid and also the most common and widespread
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Crataegus taxon identified was C. xsubsphaerica, which was present in every region
studied in open habitats, at forest edges and in forest ecosystems, but was significantly
less common in the latter (Fig. 2). Other hybrids were mostly sporadic or rare, with
C. xmedia occurring sporadically in open habitats and at forest edges in all four regions
studied, C. xmacrocarpa and C. xhadensis occurring rarely in open habitats, at forest
edges and in forests in the continental fragmented region and suboceanic forested region,
while C. xkyrtostyla being very rare in open habitats and at forest edges in the continental
fragmented and the suboceanic forested regions (Fig. 2).

Niche breadth

Crataegus taxa (both species and hybrids) varied greatly in niche breadth based on
hypervolume sizes, with values ranging from 0.36 to 0.99 of the total available
hypervolume (Fig. 3). Both macroenvironmental niche categories had greater between
taxa variability in hypervolume compared to the microenvironmental niche, which also
had a greater hypervolume (Fig. 3). In the case of climatic niche breadth, C. monogyna
and its two hybrids, C. xsubsphaerica and C. xmedia had the widest niches, followed by
C. rhipidophylla, C. xmacrocarpa, C. lindmanii, and C. xhadensis and C. laevigata had
the narrowest (Fig. 3). In the case of the landscape-configuration niche, C. Xsub-
sphaerica, C. monogyna and C. laevigata had the widest niches, followed by C. xmacro-
carpa, C. xmedia and C. rhipidophylla, and the smallest hypervolumes were estimated
for C. xhadensis and C. lindmanii (Fig. 3). Furthermore, in the case of the micro-
environmental niche, hypervolume sizes were in general high, the widest niches were
estimated for C. xsubsphaerica, C. monogyna, C. lindmanii and C. rhipidophylla, fol-
lowed by C. xhadensis, and the smallest for C. xmacrocarpa and C. xmedia (Fig. 3).

Niche overlap

Crataegus monogyna, C. rhipidophylla and their hybrid C. xsubsphaerica

Niche overlap between C. monogyna and C. rhipidophylla was low to intermediate, with
lower overlap values in the case of the landscape-configuration niche relative to the other
two niche categories (Fig. 4A—C). Furthermore, the overlap between the hybrid C. xsub-
sphaerica and both of its parental species was in general higher than the niche overlap
between the two parents, and the hybrid C. xsubsphaerica overlapped more with the
niche of C. monogyna than that of C. rhipidophylla in the case of all three niche catego-
ries (Fig. 4A-C). In addition, the overlap between C. xsubsphaerica and C. rhipido-
phylla as well as C. xsubsphaerica and C. monogyna was asymmetrical, with port(C. xsub-
sphaerica, C. rhipidophylla) and port(C. xsubsphaerica, C. monogyna) having higher over-
lap values than port(C. rhipidophylla, C. xsubsphaerica) and port(C. xsubsphaerica,
C. rhipidophylla) in the case of all three niche categories (Fig. 4A—C).

Crataegus monogyna, C. laevigata and their hybrid C. xmedia

The overlap between C. monogyna and C. laevigata was low to intermediate, with the
highest values for the climatic niche in the case of port(C. monogyna, C. laevigata). Fur-
thermore, overlaps were relatively symmetrical for two of the three niche categories, but
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Fig. 3. Hypervolume size estimates with the gmeans-aggregation function for the taxa of Crataegus studied for
each niche category (CLIM - climatic niche, LSC — landscape-configuration niche, MICR — microenviron-
mental niche; Table 2).

not for the climatic niche, where port(C. monogyna, C. laevigata) was much greater than
port(C. laevigata, C. monogyna) (Fig. 4A—C). The hybrid C. xmedia overlapped with
C. monogyna to a higher degree than with C. laevigata, with lower overlap values for the
latter in the case of landscape configuration and microenvironmental niche than for cli-
matic niche (Fig. 4A—C). Furthermore, niche overlap asymmetry was detected between
port(C. monogyna, C. xmedia) and port(C. xmedia, C. monogyna) and port(C. xmedia,
C. laevigata) and port(C. laevigata, C. xmedia) (Fig. 4A-C).

Crataegus laevigata, C. rhipidophylla and their hybrid C. xmacrocarpa

The degree of overlap between C. laevigata and C. rhipidophylla was very variable and
depended on the niche category and was also asymmetrical (Fig. 4A—C). The overlap
between the two species is the highest for the microenvironment, followed by landscape
configuration and the lowest for the climatic niche. Furthermore, the overlap between the
hybrid C. xmacrocarpa and C. rhipidophylla was in general higher than the overlap
between the two parental species in the case of the climatic and landscape-configuration
niche, while in the case of the microenvironment the overlaps were more similar. In addi-
tion, in the case of the climatic and landscape-configuration niches, the overlap between
the hybrid C. xmacrocarpa and C. rhipidophylla was higher than the overlap between
C. xmacrocarpa and C. laevigata (Fig. 4A-C).
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Crataegus laevigata, C. lindmanii and their hybrid C.xhadensis

The degree of overlap between C. laevigata and C. lindmanii was very variable with
higher overlap estimates for microenvironmental niche, intermediate values for the biotic
niche and landscape-configuration niche and no overlap in the case of climatic niche.
Overlaps were relatively symmetrical, except in the case of the landscape-configuration
niche, where port(C. laevigata, C. lindmanii) was greater than port(C. lindmanii,
C. laevigata) (Fig. 4A—C). The hybrid C. xhadensis overlapped to a greater degree with
the C. lindmanii parent, than the parental species with each other in the case of all three
niche categories (Fig. 4A—C). This is, however, not the case for the overlap between the
hybrid C. xhadensis and C. laevigata, which overlapped two or three times less than that
recorded for C. laevigata and C. rhipidophylla (Fig. 4A—C). Asymmetry in pairwise over-
lap was also detected, with greater overlap values for port(C. lindmanii, C. xhadensis)
than port(C. xhadensis, C. lindmanii), and for port(C. laevigata, C. xhadensis) than
port(C. xhadensis, C. laevigata) (Fig. 4A-C).

Influence of single environmental factors on niche differentiation between Crataegus taxa

Based on the results of the pCCA model, the explained constrained variance of Crataegus
taxa composition was comparatively similar between the climatic and microenvironmental
niche categories, while in the case of the landscape-configuration niche, the variance was
about half that of the other two niche categories. In the case of the reduced pCCA models
via model selection, the constrained variance explained was 8.3% for the two significant
climatic variables (climatic water balance for April, climatic water balance for August),
4.3% for two significant landscape configurational variables (grassland-forest balance,
forest-edge density) and 7.8% for canopy cover as the only significant microenvironmental
variable. The conditional term ‘habitat’ in the macroenvironmental pCCA models accounted
for 12.5%, while the conditional term ‘study region’ explained 13.5% of the variance in the
microenvironmental pCCA models (Supplementary Table S2).

In the case of climatic niche components, climatic water balance in April and climatic
water balance in August had a significant effect on Crataegus taxa composition.
Crataegus laevigata and C. xmacrocarpa were associated with the highest values for cli-
matic water balance in April, while C. xhadensis was at the opposite end of this gradient,
and C. monogyna, C. rhipidophylla, C. lindmanii, C. xsubsphaerica and C. xmedia
occupied a central position (Fig. 5A). In the case of climatic water balance in August,
C. xmacrocarpa and C. lindmanii had the highest values for this variable, followed by
C. xhadensis and C. laevigata. Furthermore, C. rhipidophylla, C. xsubsphaerica and
C. xmedia had intermediate values, while C. monogyna had the lowest values for clima-
tic water balance in August (Fig. 5B). In the case of landscape-configuration compo-
nents, grassland-forest balance and forest-edge density had significant effects on taxa
composition. Crataegus xhadensis was associated with the highest, C. laevigata and
C. xmacrocarpa with the lowest values for the grassland-forest balance, while C. xme-
dia, C. monogyna, C. rhipidophylla and C. lindmanii had intermediate values for this
variable (Fig. 5C). In case of the forest-edge density, the highest values were recorded for
C. xsubsphaerica and C. monogyna, with C. laevigata and C. xmacrocarpa at the opposite
end of this gradient, while C. xmedia, C. rhipidophylla and C. xhadensis occupy more
intermediate positions (Fig. 5B). Furthermore, according to the CCA model containing
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Fig. 6. Dendrogram resulting from the divisive hierarchical clustering of plot data. Red boxes show the 10 opti-
mal clusters determined by the gap statistical method. Branch colours indicate type of habitat (green — forests,
yellow — open habitats, blue — ecotone), leaf colour indicates study region (green — suboceanic forested, purple
— suboceanic fragmented, black — continental fragmented, red — continental open). Plant associations to which
the plots belong are listed below the leaves (abbreviations follow Table 2). Occurrence of taxa of Crataegus in
plots is indicated by the coloured vertical lines at the bottom (taxa abbreviations follow Table 2).

microenvironmental components, only canopy cover had a significant effect on taxa
composition. Crataegus laevigata had the highest canopy cover values closely followed
by C. rhipidophylla, and C. lindmanii, while C. xmedia and C. monogyna had the lowest
values. Crataegus xsubsphaerica, C. xhadensis and C. xmacrocarpa had intermediate
cover values (Fig. 5C).

Phytosociological affiliation

The optimal number of clusters determined by the gap statistical method was 10 (Fig. 6, Sup-
plementary Table S3). There was a clear distinction between forest and grassland clusters,
with grassland plots classified into six neighbouring clusters, while forest plots were classi-
fied into four clusters (Fig. 6). Ecotonal plots were scattered across clusters of forest and
grassland ecosystems (Fig. 6). Furthermore, plots in the different study regions differed
clearly within the forest and grassland clusters, forming more or less compact sub clusters.
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Table 2. Plant associations classified at the plot level (Code — association code used in the dendrogram in Fig.
6. Taxa abbreviations: CM — C. monogyna, CR — C. rhipidophylla, CLA — C. laevigata, CPA — C. palmstruchii,
CLI-C. lindmanii, CXS — C. xsubsphaerica, CXME — C. xmedia, CXMAM - C. xmacrocarpa, CXMAH - C.
xhadensis; Count — the first number represents the number of taxa of Crataegus present in a certain association
while the second number followed by the letter ‘e’ represents the number of taxa found only in the ecotone of
a certain association).

No. Association Class Code Ecosystem Taxa Count
1 Convolvulo-Agropyretum repentis Artemisietea vulgaris CAR open habitat CM, CXME, CXS 4
Felfoldy 1943 Lohmeyer et al. (ruderal)
in R. Tixen 1950
2 Agrostio-Festucetum rupicolae Festuco-Brometea AFR open habitat CLI, CM, CXKY, 6+3e
Csiiros-Kaptalan 1964 Br.-Bl. et R. Tiixen (grassland) CXMAH, CXME, CXS
3 Botriochloetum ischaemi in Br.-Bl. 1949 BI open habitat CM, CR, CXMAM, S+le
(Kristiansen 1937) Pop 1977 (grassland) CXME, CXS
4 Carici humilis-Brachypodietum pinnati CBP open habitat CLI, CM, CR, CXKY, 7
S06 (1942) 1947 (grassland) CXMAH, CXME, CXS
5 Cynodonti-Poétum angustifoliae CPA open habitat CXME, CXS 2
Rapaics ex So6 1957 (grassland)
6 Danthonio-Brachypodietum pinnati DBP open habitat CLI, CXS 2+3e
So6 (1946) 1947 (grassland)
7 Elytrigietum hispidi EH open habitat - le
(Dihoru 1970) Popescu et Sanda 1988 (grassland)
8  Festucetum rupicolae FR open habitat CM, CR, CXME, CXS 4+le
Burduja et al. 1956 (grassland)
9 Medicagini-Festucetum valesiacae MFV open habitat CM, CXME, CXS 3
Wagner 1940 (grassland)
10 Stipetum capillatae SC open habitat CXME, CXS 2
(Hueck 1931) Krausch 1961 (grassland)
11 Stipetum lessingianae SL open habitat CXME 1
So06 (1927 n.n.) 1947 (grassland)
12 Stipetum pulcherrimae SP open habitat - 2e
So6 1942 (grassland)
13 Taraxaco serotinae-Festucetum TSF open habitat CM, CXS 2
valesiacae (Burduja et al. 1956, (grassland)
Rivirut et al. 1956) Sérbu et al. 1999
14 Thymio pannonici-Chrysopogonetum TCG open habitat CM, CXS 2+2e
grylli Donita et al. 1992 (grassland)
15 Thymo comosi-Festucetum rupicolae TFR open habitat CM, CXS 2
(Csiiros et Gergely 1959) Pop et Hodigan (grassland)
1985
16 Anthoxantho-Agrostietum capillaris Molinio-Arrhenatheretea AAC open habitat - 4e
Sillinger 1933 R. Tiixen 1937 (grassland)
17 Medicagini lupulinae-Agropyretum MAR open habitat CXS 1
repentis Popescu et al. 1980 (ruderal)
18  Poétum pratensis Ravarug et al. 1956 PP open habitat - 2e
(grassland)
19 Arrhenatheretum elatioris AE open habitat - 2e
Br.-Bl. ex Scherrer 1925 (grassland)
20 Ranunculo repenti-Alopecuretum repentis RAR open habitat CLA, CM, CR, CXME, 5
Ellmauer et Mucina in Mucina et al. 1993 (grassland) CXS
21 Lolio-Plantaginetum majoris Plantaginetea majoris LPM open habitat CM, CXS 2
(Linkola 1921) Beger 1930 em. Sissingh R. Tiixen et Preising 1950 (ruderal)
1969
22 Achilleo-Festucetum pseudovinae Puccinellio-Salicornietea AFP open habitat CM, CXME, CXS 3
(Magyar 1928) So6 (1933) 1945 Topa 1939 (grassland)
23 Peucedano officinalis-Asteretum sedifolii PAS open habitat - le

So06 1947 corr. Borhidi 1996 (grassland)
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No. Association Class Code Ecosystem Taxa Count

24 Bromo sterilis-Robinietum pseudacaciae Quercetea pubescenti- BR forests - 2e
(Pocs 1954) Sod 1964 petraeae

25  Corno-Quercetum pubescentis (Oberdorfer 1948) CQP forests - 3e
Jakucs et Zsolyomi ex Mathé et Kovacs ~ Jakucs 1960
1962

26 Lychno coronariae-Quercetum cerris QCE forests CLA, CR, CXMAM, 4+1e
Sanda et al. 2003 CXS

27  Quercetum frainetto-cerris QFC forests CLA, CPA, CR, 5+2e
Georgescu 1945, Rudski 1949 CXMAM, CXS

28  Quercetum petraeae-cerris So6 1963 QPCE forests CLA, CLI,CM, CR, CXS 5+le

29 Carpino-Quercetum cerris Kilka 1938 Querco-Fagetea CQCE forests CLI, CR, CXMAH, CXS 4+le

30  Fraxino danubialis-Ulmetum Br.-Bl. et Vlieger FDU forests CLA, CM, CR, CXME,  4+le
Sanda et Popescu 1999 in Vlieger 1937 CXS

31 Lathyro hallersteinii-Carpinetum em. Borhidi 1996 LHC forests CLI CR 2
Coldea 1975

32 Querco petraeae-Carpinetum QPCA forests CLA, CLI, CM, CR, T+le
So6 et Pocs 1957 CXMAH, CXMAM,

CXME, CXS

33 Pruno spinosae-Crataegetum Rhamno-Prunetea PSC open habitat CM, CXS 2+2e

(So06 1927) Hueck 1931 Rivas Goday et (scrubland)
Borja Carbonell 1961

34 Trifolio-Agrimonietum eupatoriae Trifolio-Geranietea TAE open habitat - 3e

Th. Miiller (1961) 1962 sanguinei (grassland)

Th. Miiller 1961

Crataegus monogyna was spread comparatively evenly throughout the six grassland-
ecosystem clusters, and sporadically present also in the forest ecosystem clusters, but
only in ecotonal plots (Fig. 6, Supplementary Table S3). Crataegus rhipidophylla was
common in each forest cluster, but occurred sporadically in four grassland clusters (Fig. 6,
Supplementary Table S3). The hybrid C. xsubsphaerica had the highest cluster diversity
of all taxa, being present in all clusters, but with a higher frequency in grassland clusters
(Fig. 6, Supplementary Table S3). Crataegus laevigata was sporadically present only in
three forest clusters, with one occurrence in a fourth forest cluster in an isolated plot in
the suboceanic forested region included between plots from the continental fragmented
region. It was also present in a single plot in the last grassland cluster grouping the
suboceanic fragmented region (Fig. 6, Supplementary Table S3). Despite its comparative
rarity, C. xmedia was spread throughout the grassland clusters, with only one occurrence
in a forest cluster, in an ecotonal plot (Fig. 6, Supplementary Table S3). Crataegus
xmacrocarpa was present in isolated plots in all four forest clusters, while occurring in
two grassland clusters (Fig. 6, Supplementary Tab. S3). Crataegus lindmanii was sporad-
ically present only in two forest clusters, and two grassland clusters, however, with only
an isolated occurrence in one of these two clusters (Fig. 6, Supplementary Table S3).
Crataegus xhadensis was present in isolated plots only within two forest clusters and two
grassland clusters (Fig. 6, Supplementary Table S3).

In total, 34 different plant associations were identified in which Crataegus taxa
occurred, of which nine could be classified as forest associations in the class Querco-
Fagetea and Quercetea pubescenti-petraeae and 25 were classified into various grassland,
ruderal and scrubland associations included in the classes Festuco-Brometea, Molinio-
Arrhenatheretea, Rhamno-Prunetea, Trifolio-Geranietea sanguinei, Plantaginetea majoris
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and Artemisietea vulgaris (Table 2, Fig. 6, Supplementary Tab. S3). Crataegus mono-
gyna was present in 17 associations, which were mostly semi dry and mesic grasslands.
In contrast, C. rhipidophylla was present only in 11 associations, mostly forests, but also
some grassland associations. Their hybrid, C. xsubsphaerica occurred similarly in 23
grassland and forest associations. Furthermore, C. laevigata occurred in six mostly forest
associations, while its hybrid with C. monogyna, C. xmedia, was present in 11 grassland
associations. Crataegus xmacrocarpa occurred only in three associations of which one
was a type of grassland. Crataegus lindmanii occurred similarly in seven forest and
grassland associations. Furthermore, C. xhadensis was present in two grassland and two
forest associations, while C. xkyrtostyla was present in only two grassland associations.
All taxa occurred frequently also in the ecotone between various forest and grassland
associations.

Discussion
Distribution patterns of Crataegus species and their hybrids

The results revealed a clear geographic pattern in the distribution of some of the
Crataegus taxa in the western part of Romania, with C. laevigata being common in forest
and woodland ecosystems, and C. lindmanii restricted to forested landscapes in the hilly
regions. However, it should be noted that while the samples did not include C. laevigata
in the eastern sites, later investigations revealed that C. laevigata and C. palmstruchii
were present in the western part of the Transylvanian Basin. However, their populations
are highly scattered, and usually consist of a few isolated individuals. Literature on the
distribution of C. laevigata indicate it reaches its eastern limit around the 24th longitude
that crosses Romania (Christensen 1992, Thomas et al. 2021). Crataegus monogyna and
C. rhipidophylla were more widespread species without any particular geographic pat-
tern in their distribution in the area studied. In fact, both C. monogyna and C. rhipido-
phylla have a much wider geographical range than the other taxa identified in the area
studied, with isolated populations reaching as far east as the Crimea and Caspian Sea
(Christensen 1992, Fichtner & Wissemann 2021). Another important finding of the field
study was that in the two regions studied with higher forest fragmentation (suboceanic
fragmented and continental fragmented region), the more shade-tolerant species C. laevi-
gata, C. rhipidophylla and C. lindmanii occurred in open habitats, thus the intermixing of
C. monogyna and the shade-tolerant Crataegus populations extended beyond the forest-
grassland ecotone, unlike in the case of the subsoceanic forested region with more
extended and less fragmented forests. This confirms the importance of forest-grassland
mosaics as a hybrid zone and a hotspot for hybrid formation. However, hybrids of C. mono-
gyna and shade tolerant species were not restricted to these regions. Among the hybrids,
only C. xsubsphaerica (hybrid between C. monogyna and C. rhipidophylla) was found to
be widespread and common in each region studied, occurring in both grasslands, and at
forest edges and in forests. In contrast, the other hybrid taxa C. xmedia, C. xmacrocarpa
and C. xhadensis, were sporadic and C. xkyrtostyla quite rare. Crataegus xsubsphaerica
occurred even in the interior of forests, where one of the parental species, C. monogyna,
was absent, or in extended grassland ecosystems with no forests in the surroundings, where
the presence of the other parental species, C. rhipidophylla, could not be confirmed.



Kuhn & Ruprecht: Niche breadth and overlap in Crataegus hybrids 467

However, it should be noted that in the area studied, most specimens of C. xsubsphaerica
and C. xmedia were introgressive hybrids and are backcrosses with the C. monogyna par-
ent, as confirmed in a previous study (Kuhn et al. 2021). Introgression in the case of these
two hybrids is confirmed in other European studies as well as morphologically
(Christensen 1992, Kerényi-Nagy 2015) and genetically (Fineschi et al. 2005). In con-
trast, C. xmacrocarpa, C. xhadensis and C. xkyrtostyla have a more intermediate com-
bination of parental characters (Kuhn et al. 2021). Studies examining population struc-
ture and hybridization patterns in Crataegus taxa in western Europe, where C. laevigata
is more abundant, indicate that hybrids of C. laevigata with other Crataegus species are also
more abundant in western Europe than in Romania (Byatt 1975, 1976, Christensen
1982). However, the same studies also confirm that these hybrids are common outside the
hybrid zone, where the C. laevigata and C. rhipidophylla parents are absent and intro-
gressive forms backcrossed with C. monogyna predominate in open habitats (Byatt 1975,
1976, Christensen 1982, 1992). The study of Oklejewicz et al. (2013) in Poland con-
firmed a similar frequency pattern for Crataegus species as in Romania, with C. laevigata
and C. lindmanii being rare, and C. monogyna and C. rhipidophylla more frequent. How-
ever, in contrast to the results presented here, in the south-eastern part of Poland,
C. xmacrocarpa and C. xmedia are much more common than their C. laevigata parent.
This difference in the frequency of the two hybrids can be explained by the more frag-
mented landscape structure in Poland (Oklejewicz et al. 2013), compared e.g. to the
Ziarandului Mts study region in Romania, where C. laevigata was the most common.

Niche breadth

Based on the results presented, of the four Crataegus species included in the niche esti-
mation, C. laevigata had the narrowest, while C. monogyna had the widest climatic niche,
closely followed by C. rhipidophylla. This pattern can be explained by the predominantly
western distribution of C. laevigata in the region studied, due to its suboceanic climatic
requirements (Christensen 1992, Thomas et al. 2021). However, in the case of landscape
configuration, C. lindmanii had the narrowest and C. monogyna the widest niche, sug-
gesting that the distribution of C. lindmanii is determined by a more specific landscape
configuration, and that considering the macroenvironment, C. monogyna is the species
with the widest realized niche. Indeed, C. monogyna is considered to be the most com-
mon and widespread Crataegus species in Europe (Christensen 1992, Kerényi-Nagy
2015, Fichtner & Wissemann 2021). In contrast, while C. lindmanii is poorly studied,
occurrence records suggest a narrower European distribution range and a more sporadic
population distribution, compared to the other species of Crataegus studied (Christensen
1992, Kerényi-Nagy 2015). Similar to the findings presented, Oklejewicz et al. (2013)
reveal that C. rhipidophylla and C. monogyna had the widest niches of the species stud-
ied. Furthermore, the results presented indicate that in general, hybrid Crataegus taxa do
not have wider niches than their progenitors, with niche breadth estimates being interme-
diate or similar to that of the parental species. Crataegus xsubsphaerica was the only
hybrid with a slightly wider niche breadth relative to both parental species in the case of
landscape configuration and microenvironmental niches, probably due to the relatively
small overlap in their niches compared to the other progenitor species. However, these
values were only slightly higher than that of its C. monogyna parent. The fact that the taxa
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studied differed more in niche breadth defined based on macroenvironmental variables
suggests a more similar degree of specialization in the case of the taxa of Crataegus stud-
ied in terms of the microenvironment compared to the macroenvironment. Furthermore,
rarer Crataegus hybrids, such as C. xmedia, C. xmacrocarpa and C. xhadensis had
a similarly wide niche in terms of microenvironmental constraints as the more frequent
and widespread species or hybrids, C. monogyna, C. rhipidophylla, C. laevigata and
C. xsubsphaerica. This indicates, that the smaller frequency of hybrids in the landscape
is not the result of a lower tolerance of the hybrids of environmental stress. Furthermore,
parental species are also relatively common, at least regionally, and the lack of encounter
between populations should not limit interspecific gene transfer. Thus, it seems that fre-
quency and geographic distribution of hybrids in the region studied is more likely to be
a result of the likelihood of hybrid formation influenced by prezygotic barriers, rather
than of environmental selection against hybrids, or the lack of parental population inter-
mixing. Furthermore, there is no evidence that Crataegus hybrids in this study performed
worse under certain environmental circumstances, or of a lower fitness than the parental
species. Kuhn et al. (2022) indicate that seedlings of C. xsubsphaerica hybrids perfor-
mance similarly under the same experimental light and moisture conditions as their
parental species C. monogyna and C. rhipidophylla. Field observations also indicate that
most hybrids have a similar stature to their parental species, are vigorous, have high fruit
production and perform comparatively well in stressful environments, such as dry grass-
lands with shallow rocky soils or in deep shade in forests (Byatt 1975, Christensen 1992,
Oklejewicz et al. 2013, Kuhn et al. 2021). While C. xkyrtostyla and C. palmstruchii were
not included in the analysis due to very low occurrence recorded in this study, occurrence
data reported in other studies confirms their rarity in Europe and indicates a narrow distri-
bution, thus a narrow climatic niche for both taxa (Christensen 1992, Kerényi-Nagy
2015). However, regarding landscape configuration and the microenvironment, further
studies are needed to clarify ecological requirements of these taxa.

Niche overlap

Forest species overlapped more in terms of their niches than forest and grassland species
in all the niche categories defined based on both macro- and microenvironmental vari-
ables. Furthermore, the niche overlap between the hybrid taxa and their parental species
was in general greater than the overlap between the two parental species. However,
hybrids usually overlapped with one of their parental species to a greater degree. Hybrids
of C. monogyna overlapped more with C. monogyna than with the other parental species;
in contrast, the hybrids of C. laevigata overlapped more with C. rhipidophylla or C. lind-
manii than C. laevigata in the case of most of the niche categories. These results suggest
that while hybrids are intermediate in environmental requirements relative to their
parents, they tend to overlap more the niche of only one of their parents. This can be
explained by asymmetric rehybridization and introgression towards one of the parental
species. During the short period of overlap during flowering, in the case of protogynous
species, such as Crataegus, the later flowering species has a greater chance of receiving
pollen from the earlier flowering species, as the anthers do not release pollen when the
stigma is receptive (Ruhsam et al. 2011, Pollegioni et al. 2013). Indeed, there is empirical
evidence that in the case of the hybrid C. xsubsphaerica, the parent C. monogyna flowers
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later than C. rhipidophylla, for C. xmedia, the parent C. monogyna flowers later than
C. laevigata, while in the case of C. xmacrocarpa, the parent C. rhipidophylla flowers
later than the parent C. laevigata (Fichtner & Wissemann 2021, Thomas et al. 2021,
Kuhn & Ruprecht 2022).

Influence of single environmental factors on niche differentiation between Crataegus taxa

The results presented indicate that both micro- and macroenvironmental variables had
amarked influence on the frequency and abundance of Crataegus taxa in the area studied.
The optimal environmental conditions for C. laevigata were the highest values for clima-
tic water balance in April, landscapes dominated by forests with little fragmentation and
low light conditions due to high canopy cover. These results indicate that C. laevigata
requires climatic conditions with oceanic influence. Distribution data published by
Christensen (1992) and Thomas et al. (2021) confirm that C. laevigata is more wide-
spread where oceanic and suboceanic climates prevail in central and western Europe.
These studies also confirm that C. laevigata inhabits mostly old-growth, intact forests
and woodlands. In contrast, C. monogyna seems to prefer a continental climate and toler-
ates landscape fragmentation, being equally common in open habitats and at forest edges,
regardless of landscape structure (Christensen 1992, Fichtner & Wissemann 2021). Fur-
thermore, C. monogyna almost never occurs under closed canopies, probably due to its
sterility under low light conditions (Fichtner & Wissemann 2021). Crataegus rhipido-
phylla is more tolerant of the extremes of a continental climate than C. laevigata. Further-
more, C. rhipidophylla like C. monogyna occurs in a wide range of landscape configura-
tions; however, contrary to C. monogyna, it tolerates higher canopy covers, thus deeper
shade. Crataegus lindmanii seems to tolerate both oceanic and continental climates,
whereas in terms of landscape configuration and light intensity, it is more associated with
open habitats and woodlands than C. rhipidophylla. However, C. lindmanii still occurs
predominantly in forest and woodlands like C. rhipidophylla. Indeed, occurrence data
indicate, that C. monogyna is the most generalist in terms of its climatic requirements of
the taxa of Crataegus studied, being a frequent species throughout Europe (Christensen
1992, Fichtner & Wissemann 2021). While hybrids were usually positioned between
their two progenitors in terms of the environmental gradients investigated, their environ-
mental optimum was shifted towards one of the progenitors. This was especially the case
for hybrids between grassland and forest species (C. xsubsphaerica and C. xmedia),
which shifted towards the grassland species (C. monogyna). However, in the case of hybrids
between two forest species, more complex patterns in hybrid environmental optimum rel-
ative to progenitors were observed. Crataegus xmacrocarpa inhabited climatically more
similar areas to C. laevigata, and mosaic landscapes between the optimum for C. laevigata,
C. rhipidophylla and C. xmacrocarpa had also intermediate light preferences relative to
its parents. Crataegus xhadensis was associated with environmental conditions more
similar to its C. lindmanii parent. However, in the case of climatic water balance in
August, C. xhadensis could be positioned between the optimum of both parents. The
habitat requirements of the hybrids investigated are mostly in accordance with the find-
ings of other studies, which positioned hybrids in intermediate environments relative to
parental species, while the penetration of hybrids into parent-like environments is also
reported (Byatt 1975, 1976, Christensen 1982, 1992, Gosler 1990, Oklejewicz et al. 2013).
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Phytosociological affiliation of Crataegus taxa

Our findings suggest a relatively weak phytosociological affiliation of the taxa of
Crataegus studied. Thus, it appears that climate and local light availability are the pri-
mary determinants of the distribution of Crataegus taxa. The taxa studied seem to be less
specialized in their affiliation to a certain plant association, and follow mostly major hab-
itat categories, such as broad-leaved forests and dry or semi-dry grasslands. The diversity
of plant associations in which a particular taxon has been found was also correlated with
the frequency of particular taxa in the region studied, further confirming the low habitat
specificity of Crataegus taxa within a major habitat category. These findings are partially
confirmed by other, European-scale studies in the case of two well-known species,
C. monogyna and C. laevigata (Fichtner & Wissemann 2021, Thomas et al. 2021). How-
ever, European-wide phytosociological affiliation of other species or hybrids of Crataegus
is less clear due to the limited data. Nevertheless, Thomas et al. (2021) describe C. laevigata
as an ancient woodland species and mention its occurrence in multiple high ranking syn-
taxonomical units, such as the class Querco-Fagetea, and the order Quercetalia pubescentis.
Furthermore, Fichtner & Wissemann (2021) report C. monogyna as an open habitat gener-
alist and associate this species also with woodlands. However, in case of woodlands, the
phytosociological data on which their study is based, possibly contains misidentified
C. laevigata or hybrids, or sterile individuals of C. monogyna that are difficult to identify.

Conclusions

Most hybrids of Crataegus were rare compared to their progenitors, however C. xsub-
sphaerica (the hybrid between C. monogyna and C. rhipidophylla) was more common
than either of its progenitors. Crataegus xsubsphaerica was present even outside of the
hybrid zone in geographic regions where C. rhipidophylla was absent, and was the most
common Crataegus taxa throughout north-western Romania. In addition, it seems that
the distribution of Crataegus taxa is determined primarily by climatic factors and light
availability, and they are affiliated only to major habitat categories, such as broad-leaved
forests and/or grasslands. Furthermore, most hybrids of Crataegus have narrower or sim-
ilar niche breadths as their progenitors, while the frequency and range size of hybrid taxa
do not correlate with their niche breadth, with rare hybrids like C. xhadensis, C. xmacro-
carpa and C. xmedia having relatively wide niches. The lack of a linear relationship
between relative niche breadth and hybrid frequency suggests that environmental selec-
tion is not important in preventing the spread of hybrids, while prezygotic hybridization
barriers like phenological divergence of parental species and the probability of intermixing
of parental populations is more decisive in restricting hybridization. Indeed, the most com-
mon hybrid recorded is between the two species with the greatest overlap in flowering
time. There was a larger niche overlap between hybrid taxa and their progenitors than
between the progenitors. However, the niche overlap with one of the progenitors was
often greater. This can be explained by introgression directed towards one of the progeni-
tor species, usually the later flowering one, as is the case for C. monogyna hybrids. In this
case, there is an increased probability of pollen transfer towards the later flowering
C. monogyna progenitor. Thus, the presumed intermediate ecological characters of
the hybrids of Crataegus studied relative to their progenitors is not as evident as we
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hypothesized, probably due to introgression shift towards one of the progenitors. Further-
more, while significantly wider niches of hybrid taxa relative to their parents were not
confirmed by the results presented, range expansion of C. xsubsphaerica and C. xmedia
hybrids was reflected in their distribution that confirmed the presence of these two
hybrids in geographical regions, where at least one progenitor species is absent or very
rare. Thus, considering the four hybrid zone models proposed by Arnold (1997), no sin-
gle model describes the structure of the hybrid zone, hybrid fitness and distributions of
progenitors and hybrids. However, depending on the hybridizing species, a combination
of the ‘mosaic model’ and the ‘evolutionary novelty model” provides a more reasonable
explanation. The ‘mosaic model’ is supported by the reported mosaic-intermixing pattern
of progenitor populations in the case of hybridizing forest and grassland species, where
hybridization takes place in the ecotonal regions of the habitat mosaic, while the main
evidence supporting the ‘evolutionary novelty model’ is the appearance of each of the
five hybrids studied in novel habitats, outside of their hybrid zone (Arnold 1997). This
expansion outside the hybrid zone is probably the result of the apomictic reproduction of
these hybrids. Furthermore, the successful large-scale dispersal of hybrid diaspores by
birds and mammals may also contributes to spatial expansion and an extensive distribu-
tion (Carlo et al. 2013, Fichtner & Wissemann 2021, Thomas et al. 2021).
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Site nik a jejich piekryv u psendogamnich apomiktickych hybrida rodu Crataegus
a jejich rodic¢a v severozapadnim Rumunsku

Hybridizace s naslednou introgresi je u hloht (rod Crataegus) dobie zdokumentovana a pfestoZe je znamo
mnoho Siroce rozsifenych hybridu, faktory ovliviiujici genovy tok jsou stile nedostate¢né prozkoumany. Po-
rovnali jsme §ifi a pfekryv nik u hybridt a jejich rodi¢l, abychom otestovali pfedpoklad, Ze relativné Siroka
ekologicka nika je vyhodna pro §ifeni hybridG mimo hybridni zénu. Dale jsme zkoumali ekologické faktory,
které potencidlné ovliviuji distribuci a frekvenci hybridt a jejich rodi¢i. Hlohy jsme studovali ve étyfech ob-
lastech severozdpadniho Rumunska, které se liSily v nadmotské vySce, hustoté zalesnéni, fragmentaci stano-
vi§f a mife antropogenniho vlivu na krajinu. Pomoci ordina¢nich metod (CCA) jsme zkoumali vliv environ-

mentalnich faktori na rozsifeni taxont rodu Crataegus. Fytocenologicka piislusnosti studovanych taxont byla
hodnocena pomoci klastrové analyzy. Zjistili jsme deset taxoni rodu Crataegus, pét druhti a pét kiiZenct. Vét-
Sina kiiZenct byla ve srovnani s jejich rodi¢i pomérné vzacnd; vyjimkou byl Crataegus xsubsphaerica (C. mo-
nogyna x C. rhipidophylla), nej¢astéjsi taxon ve zkoumané oblasti, pfitomny i mimo hybridni zénu. RozSifeni
studovanych taxont primarné urcuji klimatické faktory, dostupnost svétla a typ vegetace (listnaté lesy v niz-
kych nadmorskych vyskach, louky a kfoviny). Vysledky také odhalily, Ze ekologicka nika vétSina kiiZenct se
podoba nikam rodi¢tim a vzacni kiiZenci méli niky prekvapivé Siroké. To naznacuje, Ze frekvence hybridi je
ovlivnéna spiSe fenologickym prekryvem mezi rodi¢i a G¢innym dalkovym Sifenim apomiktickych semen nez
environmentalni selekci proti hybridiim. Predpokladdana intermediarni pozice hybridnich taxont mezi rodici
z hlediska ekologickych preferenci nebyla tak ziejma, jak by se dalo o¢ekavat, pravdépodobné kviili introgresi
smérem k jednomu z rodicu. S ohledem na ¢asty vyskyt hybridi mimo hybridni zénu a mozaikovity vyyskyt
habitati sympatrickych druhti popisuje hybridni zénu zkoumanych druhti nejlépe kombinace mozaikového

modelu a modelu evolu¢ni novinky.

How to cite: Kuhn T. & Ruprecht E. (2023) Niche breadth and overlap of pseudogamous apomictic Crataegus
hybrids and their progenitors in north-western Romania. — Preslia 95: 447-474.

Preslia, a journal of the Czech Botanical Society
© Ceska botanickd spolecnost / Czech Botanical Society, Praha 2023
www.preslia.cz

This is an open access article published under a CC BY license, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited (Creative Commons Attribution 4.0 International
License, http://creativecommons.org/licenses/by/4.0).



