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Intraspecific morphological variability in the genus Ophrys
(Orchidaceae) is driven by changing environments

Igor Pausi¢, Danijel Ivajnsi¢, Natasa Pipenbaher & Marcela Bester

Summary: Species are not static; they are subject to dynamic processes that continue to operate. Floral
morphology of the nominate form, Ophrys sphegodes Mill. s.str. (Orchidaceae) was evaluated and
described using classical morphology and related to site-specific microclimatic conditions. Specimens
from each locality in this study are represented in a set of 21 measured macromorphological character
values, obtained from a single flower. In total, 253 specimens, belonging to 12 populations, all
of them from Slovenia, were morphologically evaluated. Climatic, submediterranean—continental
gradient was followed and related to floral macromorphological character values. Correlation tests were
performed based on 21 bioclimatic variables and a full set of measured macromorphological character
values. Six floral characters express statistically significant relation to site-specific bioclimatic variable
values. Consequently, active components (characters) of the flower, such as labellum length, macula
proportions, connective (gynostemium) length and lateral swellings of the labellum, are all important
characters for the correct alignment between the body of the pollinator and the reproductive parts
of the plant are clearly affected by the local climatic conditions. An integrative ecological, but also
taxonomical approach to the genus Ophrys should take into account site-specific ecological conditions
to understand drivers causing enormous variability among Ophrys flowers, since pollinator-mediated
selection alone does not prove to be the only cause.

Keywords: Ophrys, intraspecific variability, traditional morphometrics, bioclimatic variables

Plants belonging to different genera exhibit substantial intraspecific variation in floral traits
(KNUDSEN et al. 2006). One of the most striking features of angiosperms — orchids in particular —
is the enormous diversity of their floral traits. Pollinator-mediated selection is considered the main
factor that is shaping changes in phenotypic floral trait distributions (FENSTER et al. 2004). The
colour, size and shape of flowers are important visual signals that attract pollinators searching for
rewards (DORMONT et al. 2019; VALENTA et al. 2017). Early studies dealing with intraspecific
variation in floral traits have focused on floral colour polymorphism sensu stricto (Brown &
CLEGG 1984; JonEes & RerrHer 2001). However, intraspecific variation in colour and other
floral traits may also reflect multiple and often conflicting selection pressures, also involving
antagonistic agents such as abiotic conditions (STRauss & WHITTALL 2006). Species growing
in different types of habitats exhibit variation in morphological characters that is accounted
for with differences in ecological conditions (Mamakev et al. 2004). However, there is neither a
unified methodology nor a universal list of characters for revealing intraspecific variation, and
the characters to be studied are selected depending on the purposes of each research.

The genus Ophrys comprises c. 250 species and has its centre of distribution in the Mediterranean
region. Male hymenopterans pollinate members of the genus Ophrys by sexual deception; this
represents a rare and remarkable strategy in angiosperms as it constitutes an example of extreme
floral specialization (VEREECKEN et al. 2012). The flowers imitate olfactory, visual and tactile
signals of receptive females to attract males and provoke them to land on the labellum (STEjskaL
etal. 2015). In the mating behaviour of hymenopterans, the most frequent pollinators in the
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genus Ophrys olfaction is the key sensory modality involved in male-female communication
(STETSKAL et al. 2015). It was shown, however, that some Ophrys species enhance pollinator
attraction by means of colour signals (SPAETHE et al. 2007) but also labellum-macula patterns
(STEJSKAL et al. 2015).

Opbrys floral morphology varies substantially within species, the mechanisms maintaining this
diversity are diverse, but inadequately studied. One possibility, partly documented within the
genus, is that spatial variation in the pollinator fauna drives the evolution of spatially divergent
floral ecotypes adapted to the local suite of pollinators. Another — until now neglected possibility —
driver is that geographic variation in the abiotic environment and local climatic conditions
favours different floral morphologies in different regions. As shown by WEBER et al. (2020),
both biotic and abiotic variables can explain a substantial amount of intraspecific variation in
floral morphology even in very specialized interactions. Climatic conditions at the local scale, as
an important driver of general floral variability, has so far been completely neglected in studies
dealing with the floral variability of the genus Ophrys (PAuSIC et al. 2019), thus representing an
important driver, causing local morphotypes that create confusion in the field within orchid-
fanciers, especially splitters.

The present study was undertaken:
to study site-specific bioclimatic variable values in relation to floral morphological character
values in order to evaluate, if the floral morphology and intraspecific character variability are
in fact ecologically driven;
to define which floral characters of the Ophrys flower are subject to variability due to changes
in the values of site-specific, individual environmental bioclimatic variables.

Materials and methods

Studied species

Early spider orchid, Ophrys sphegodes Mill. s. str., is a short-lived tuberous orchid of chalk,
limestone and sandstone grassland (Hurcraings 2010). It is a species of southern and central
Europe, reaching its northern range limit in southern England. This species reaches southern range
limits in south-eastern Europe (Croatia, Slovenia, Italy), often growing with other conspecific
taxa, putative subspecies, making clear determination in the field quite challenging. It produces
a rosette of leaves in September—October and flowers in the following year from mid-March till
the end of May. Flower spikes are rarely more than 30 cm tall; a single inflorescence is produced
per stem. Most plants bear two to five flowers that open successively. As reported, O. sphegodes
is pollinated by males of the solitary bee Andrena nigroaenea (SchiestL et al. 1997). Early spider
orchid is still widespread and abundant in some agriculturally extensive parts of Slovenia, despite
the rapid decline of species rich, nutrient-poor grassland areas.

Sampled populations

We selected 12 O. sphegodes s. str. populations (Fig. 1), covering almost the entire distribution
range in Slovenia (Fig. 1, Table 1). Only populations from central Slovenia are missing in the
present study due to lack of data. The territory of Slovenia is climatically transitional, expressing
clear precipitation and temperature gradients from east to west, making this area particularly
suitable to study intraspecific floral variability in response to the local climatic conditions. In
total, 253 flowers were morphologically evaluated in the present study.
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Table 1. Sampled populations and number (N) of Ophrys sphegodes s. str. specimens used in this study. For distribution
of the populations see Fig. 1.

Population | Location Region Latitude (°) | Longitude (°) N
1 Kamnica NE Slovenia 46.578 15.605 30
2 Krsko SE Slovenia 45.929 15.494 30
3 Trdobojci NE Slovenia 46.304 15.926 11
4 Donacka gora NE Slovenia 46.258 15.733 16
5 Mala Varnica NE Slovenia 46.320 15.931 5

6 Podpec SW Slovenia 45.520 13.906 30
7 Kolomban SW Slovenia 45.595 13.747 30
8 Dragonja SW Slovenia 45.447 13.673 30
9 Hrastovje SW Slovenia 45.513 13.905 40
10 Kubed SW Slovenia 45.525 13.851 9

11 Gracisée SW Slovenia 45.498 13.874 14
12 Podpec 2 SW Slovenia 45.535 13.900 8

Analysed floral morphological characters

Specimens from each location are represented in a set of 26 measured macromorphological
character (continuous variables only) values obtained from a single flower. 21 macromorphological
character values were used for all the analyses, quantified with traditional morphometric methods.
As suggested by BaTEMaN & RupaLL (2006) and Bateman & DexHOLM (1989), the representative
flower was excised from one-third of the distance from the base to the apex of the spike, collected

Figure 1. Distribution of sampling populations of Ophrys sphegodes s. str. in Slovenia. See Table 1 for population
identities.
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Figure 2. Measured floral characters.

DSw: dorsal sepal max. width, DSI: dorsal
sepal length, SwR: right sepal max. width,
SIR: right sepal length, SwL: left sepal max.
width, SIL: left sepal length, PwR: right petal
width at the base, PIR: right petal length,
PwL: left petal width at the base, PIL: left
petal length, Pad: pseudo-eyes distance,
Gdi: distance between the lateral swellings,
Lal: labellum length, Law: labellum width,
Apl: appendage length, Mal: macula height,
Maw: macula width, LCw: constriction of the
labellum at the base, BFh: basal field height,
BFw: basal field width, SCh: stigmatic cavity
height, SCw: stigmatic cavity width, Pol:
bursicle distance, GIR: right lateral swelling
length, GIL: left lateral swelling length, CoD:

connective length.

flowers were in the same phenophase. Only undamaged flowers were collected, all the collected

flowers still contained pollinia. The 21 selected characters that were scored morphometrically

describe the proportions of the floral elements: sepals and petals, labellum, stigmatic cavity and

gynostemium.

Floral characters were measured under the binocular stereoscopic microscope Nikon SMZ 1000

(8—80x%). NIS Elements D 4.2 software was used for the measurements. The floral character

abbreviations are given in Fig. 2.
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Table 2. A list of analysed bioclimatic variables. P: precipitation, T: temperature, CV: coefficient of variation.

Climatic variable

BIO1 Annual mean T

BIO2 Mean diurnal T range
BIO3 Isothermality

BIO4 T seasonality (CV)

BIO5 Max. T of warmest month
BIOG6 Min. T of coldest month
BIO7 T annual range

BIOS Mean T of wettest quarter
BIO9 Mean T of driest quarter
BIO10 Mean T of warmest quarter
BIO11 Mean T of coldest quarter
BIOI12 Annual P

BIO13 P of wettest month
BIO14 P of driest month

BIO15 P seasonality (CV)

BIO16 P of wettest quarter
BIO17 P of driest quarter

BIO18 P of warmest quarter
BIO19 P of coldest quarter
Sol_Rad Annual solar radiation
Wind Above ground wind speed

Morphometric analysis

Morphometric data for individual flowers were summarised on an Excel v14.3 spreadsheet.
Shapiro-Wilk’s test of normality was performed to test and ensure the normal distribution of
data. Five floral characters were excluded from further analyses in order to prevent inbuilt positive
correlation between the metric parameters. These are left-side oriented floral elements: left petal
width at the base, left petal length, left sepal length, left sepal width and left lateral swelling
length. These left-side floral elements express a higher degree of variance and standard deviation
compared to the right-side ones and thus being less stable in their values among flowers of the
same population (data not shown). For statistical analysis, SPSS was used (SPSS Inc. 20006).

Correlation of ecological variables with morphological variation

For each population (location centroid), we obtained latitudinal and longitudinal coordinates,
including elevation data using ArcGIS 9.3 (ESRI 2010) base maps (coordinate system WGS84).
Bioclimatic variables (for the 1950-2000 period; WorldClim database available at htep://
www.worldclim.org/) represented annual trends (e.g. mean annual temperature and annual
precipitation), seasonality (e.g. annual range in temperature and precipitation) and extreme
or limiting environmental factors (e.g. temperature of the coldest and warmest month and
precipitation of the wet and dry quarters) (Table 2). Additionally, a geospatial bioclimatic database
was developed using ArcGIS Spatial Analyst tools (ESRI 2010) by attributing all variables to the
location points representing each population (Table 2).
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Intraspecific morphological variability in the genus Ophrys (Orchidaceae)

To reveal which site-specific bioclimatic variable values are statistically related to separate floral
morphological character values, a Pearson product-moment correlation was performed between
each of the 21 bioclimatic variables (for each population) and values of all the measured floral
characters (population mean values).

In order to identify the predominant morphological characters in specific area for O. sphegodes s.
str., the matrix of 21 morphological characters x 12 localities and 9 environmental data x 12
localities was used. Some bioclimatic parameters were dismissed in this part of analysis due to
their inbuilt correlation. The ordination methods (RDA) and visualization of their results were
carried out using the Canoco and CanoDraw programs (TER Braak & SMILAUER 2002).

Results

The sampled populations presented in this study exhibit clear variation in both mechanically
inactive and active floral components, measured morphological character values (Table 3). Site-
specific bioclimatic variable values are shown in Table 4.

Sampled populations are subject to changing gradients of the analysed bioclimatic parameter
values (Table 4). According to local climatic conditions, sites of sampled population belong
to three different climatic types. Five populations are located in the continental, NE part of
Slovenia that is subject of humid, continental Euro-Siberian climate. These are Kamnica, Krsko,
Trdobojci, Donacka Gora and Mala Varnica (Fig. 1). Four populations are prone to transitional
biogeographic, temperate, Euro-Siberian —submediterranean climate of the Karst Edge (SW
Slovenia). These are Podpe¢, Podpec 2, Gracis¢e and Kubed. Three populations from SW
Slovenia; Kolomban, Hrastovlje and Dragonja are located within humid, submediterranean
climate type (Fig. 1).

In general, floral character values decrease with the increasing influence of the continental climate
(Fig. 3), but it is not always the case. On average, five floral character values increase with the
increasing influence of the continental climate, these being right sepal length, right petal length,
right lateral swelling of the labellum, appendage length and the constriction of the labellum at
the base. Six floral morphological characters exhibit statistically significant, strong relation with
climatic conditions (analysed bioclimatic variable values) at the local scale. These are labellum
length, proportions of the macula (height and width), constriction of the labellum at the base,
connective (gynostemium) length and length of the lateral swellings of the labellum (Table 5).

RDA ordination plot in Fig. 3 shows clear division of the 12 analysed O. sphegodes s. str.
populations, according to the measured morphological character values. These three categories
correspondent clearly with the climatic conditions at the local scale representing morphotypes
of the nominate form O. sphegodes s. str. (Fig. 3).

Looking at the analysed bioclimatic parameters, three distinct categories could again be interpreted
(Fig. 4). Sampled populations should be grouped according to their morphological similarity (size
and shape) which corresponds clearly to the climatic conditions at the local scale (Fig. 4).

Discussion

The striking morphological diversity of flowering plants has been long fascinating ecologists and
evolutionary biologists (e.g. DArRwIN 1859). Most of the angiosperm flowers require assistance
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Intraspecific morphological variability in the genus Ophrys (Orchidaceae)

Table 5. Statistically significant relations between measured floral characters and climatic variables. **Correlation is
significant at the 0.01 level, *correlation is significant at the 0.05 level. P: precipitation, T: temperature., CV: coeflicient
of variation. Measured floral character abbreviations are given in Fig. 2.

Floral character r Sig. Variable BIO description

Lal -.576* 0.0497 BIO7 T annual range

Mal -.578* 0.0490 BIO4 T seasonality (CV)

Maw -.740% 0.0060 BIO2 Mean diurnal T range
Maw -.728%* 0.0073 BIO3 Isothermality

Maw -.766** 0.0036 BIO4 T seasonality (CV)

Maw .673* 0.0163 BIOG6 Min. T of coldest month
Maw - 749 0.0050 BIO7 T annual range

Maw 627 0.0291 BIO9 Mean T of driest quarter
Maw .645* 0.0235 BIOI1 Mean T of coldest quarter
Maw 591 0.0430 BIO14 P of driest month

Maw -751%* 0.0048 BIO15 P seasonality (CV)

Maw .621* 0.0310 BIO17 P of driest quarter

Maw .637* 0.0260 BIO19 P of coldest quarter

Maw .623* 0.0304 Sol_Rad Annual solar radiation
LCw .848** 0.0004 BIO2 Mean diurnal T range
LCw 827 0.0009 BIO3 Isothermality

LCw 895 0.0000 BIO4 T seasonality (CV)

LCw -.708* 0.0100 BIO6 Min. T of coldest month
LCw .868** 0.0002 BIO7 T annual range

LCw -.641* 0.0245 BIO9 Mean T of driest quarter
LCw -.676* 0.0159 BIOI11 Mean T of coldest quarter
LCw - 785 0.0025 BIO14 P of driest month

LCw .800** 0.0017 BIO15 P seasonality (CV)

LCw -.814** 0.0012 BIO17 P of driest quarter

LCw -.821* 0.0010 BIO19 P of coldest quarter

LCw -725%* 0.0076 Sol_Rad Annual solar radiation
LCw -718% 0.0085 Wind Wind speed

CoD 707 0.0101 BIO1 Annual mean T

CoD -.746** 0.0052 BIO2 Mean diurnal T range
CoD - 746" 0.0053 BIO3 Isothermality

CoD -748%* 0.0051 BIO4 T seasonality (CV)

CoD 758" 0.0042 BIOG6 Min. T of coldest month
CoD -743* 0.0056 BIO7 T annual range

CoD 748" 0.0051 BIO9 Mean T of driest quarter
CoD .687* 0.0135 BIO10 Mean T of warmest quarter
CoD 759 0.0042 BIO11 Mean T of coldest quarter
CoD S712%* 0.0093 BIO15 P seasonality (CV)

CoD -.681* 0.0147 BIO18 P of warmest quarter

GIR -.662* 0.0189 BIO1 Annual mean T

GIR -.665* 0.0183 BIOS Max. T of warmest month
GIR -.586" 0.0454 BIOG Min. T of coldest month
GIR -.624* 0.0299 BIOY Mean T of driest quarter
GIR -.677* 0.0156 BIO10 Mean T of warmest quarter
GIR -.607* 0.0364 BIO11 Mean T of coldest quarter
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Figure 3. Redundancy analysis (RDA) of the 21 morphological character composition in 12 localities. Eigenvalues:
Axis 1 = 0.366; Axis 2 = 0.313. Legend: Green — humid continental climate, Orange — transitional submediterranean —
continental climate, Grey — submediterranean climate. Measured morphological character abbreviations are given in
Fig. 2.

in transporting their pollen to the stigma of another flower of the same species. Pollination by
insects (entomogamy) is the key strategy in the genus Ophrys. In fact, effective pollinators are very
selective regarding the flowers visited (PaurLus 2019). There is a strong intra-specific competition
among Ophrys individuals for the attraction of their pollinators, which is due to the high learning
and memorization abilities of naive male hymenopterans that record the pheromone signatures
of kin or of previously courted partner to avoid (further) copulation attempts (BAGUETTE et al.
2020). Pollinators (also) act as selection factors attracted by signals emitted by the flower to
increase its reproductive success above that of other individuals of the same species (Paurus 2019).

The labellum in the genus Ophrys, the largest of the three corolla elements is a very complex,
three-dimensional structure, comprising several shape and size components. Only some of the
lip structures, the so-called mechanically active components (Rakosy et al. 2017), are involved
in effectively guiding pollinators towards the reproductive structures of the flowers (GASKETT
2012). Rakosy et al. (2017) hypothesize that these components (morphological characters), used
by pollinators to functionally interact, will be under strong pollinator-mediated selection, whereas
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Figure 4. Redundancy analysis (RDA) of the 9 environmental data in 12 localities. Eigenvalues: Axis 1 = 0.366; Axis 2 =
0.313. Legend: Green — humid continental climate, Orange — transitional submediterranean—continental climate,
Grey — submediterranean climate. Abbreviation of environmental data are explained in Table 2.

those, pollinators do not use for effective interaction, are more likely to be shaped by relaxed
selection and other stochastic factors. In addition, Rakosy et al. (2017) define mechanically active
components as those areas or points of the lip which pollinators use as fixed gripping or contact
points during pollination, whereas mechanically inactive components relate to areas or points
on which the pollinators move around freely or with which they do not come into use as fixed
gripping or contact points during pollination, whereas mechanically inactive components relate
to areas or points on which the pollinators move around freely or with which they do not come
into contact during pollination.

The present study provides clear evidence that at least six floral morphological characters (traits)
exhibit statistically significant, strong relation with climatic conditions at the local scale. These
are labellum length, proportions of the macula (height and width), constriction of the labellum
at the base, connective (gynostemium) length and length of the lateral swellings of the labellum.

Travelling away from coastal areas in NE direction, following the submediterranean—continental
climate gradient, labellum length decreases. On average, specimens from coastal areas tend to

57



I. Pausic, D. Ivaynsi¢, N. PipENBAHER & M. BESTER

express larger labellum compared to specimens belonging to Central European populations. The
same is true for macula proportions. With the increasing influence of the continental climate,
both proportions of the macula, width and height, decrease. Interestingly, the constriction of
the labellum, narrowest part of the labellum just below the stigmatic cavity, becomes wider
with the increasing influence of the continental climate. Constriction of the labellum presents
an important morphological feature of the labellum since it offers a sturdy gripping point for
the first pair of pollinator extremities. Karst Edge populations in particular express narrow
constrictions of the labellum. These populations are exposed to constant bora and other above
ground wind patterns. Narrow constriction of the labellum does ensure a stable position of the
pollinator ensuring pollination success. The dominant wind patterns and their intensity, as already
mentioned by DEVEY et al. (2009), do have an important role in affecting the dimensions of the
active characters of the labellum. The present study shows for the first time that above ground
wind speed in fact has a strong, statistically significant, negative relation with the constriction of
the labellum. Connective length (gynostemium length) decreases with the increasing influence
of the continental climate. Contrary to expectations, lateral swellings of the labellum increase
with the increasing influence of the continental climate in this study. Surprisingly, no wind-
related relation was determined between the lateral labellum swelling-length, although being an
important feature, providing tight space on the central part of the labellum, keeping pollinator
in the ‘right’ position during the pseudocopulation process.

It is clear that temperature and precipitation regime at the local scale significantly affects the
dimensions, proportions of mechanically active components of the flower of the nominate
form O. sphegodes s. str. These are morphological characters with which pollinators functionally
interact during the pseudocopulation process. Contrary to expectations, mechanically inactive
components of the flowers, such as proportions of calyx and lateral petals, do not show any
correlation to precipitation and temperature regime at the local scale. Local climate affects
floral morphology (and pollination success) in multiple ways. Still, the question of the relative
contributions of climate and pollinators to affecting floral morphology is not currently well
understood (WEBER et al. 2020), but it is clear that climate directly explains variation in floral
morphology at the intraspecific level.

Orchid - pollinator interactions are far more opportunistic than previously thought (Jorrarp
etal. 2018). The question of the specialization of Ophrys—pollinator interactions is important,
because it may affect the vulnerability of Ophrys populations to climate changes (HutcHINGS
et al. 2018) and because it has major evolutionary consequences. The intraspecific variability of
Opbhrys sphegodes s. str. across the distribution range may attract different, closely related pollinators
adopted to different climates and ensure successful pollination in regions with different native
hymenopterans. This finding supports the idea on the importance of the ecological context, in
which Ophrys pollination takes place, suggesting if their main pollinator species is locally absent,
Opbrys plants may still be able to colonize or persist in the environment by co-opting alternative
pollinator species (BAGUETTE et al. 2020).

On the other hand, clear climatically-related intraspecific variability of the nominate form
O. sphegodes has clear implication in Ophrys taxonomy. Especially in the North Adriatic region of
Croatia and Italy, putative, morphologically poorly defined, conspecific taxa such as: O. araneola,
O. classica, O. incantata, O. liburnica and other were described in the past. Subtle morphological
differences should not be viewed as marking species boundaries without independent genetic and
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phenological and ecological evidence that they have become reproductively isolated (BATEMAN
etal. 2010). Local climate related to geographical location, altitude, together with phenology,
should be considered in an attempt to morphologically evaluate and delimitate any closely
related Ophrys taxa, but also to understand the degree of morphological variability in the case of
nominate, well known species such as O. sphegodes s. str. and also drivers causing it.
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