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Summary
1. Herbarium collections contain long-term data for a wide range of taxa and provide unique opportunities to evaluate the importance of life-history components in driving species-speciﬁc responses
to climate change. In this paper, we analyse the relationships between change in ﬂowering dates and
life-history traits within a phylogenetic framework. The study is based on an extensive data set of
herbarium specimens of orchids collected in Hungary between 1837 and 2009, supplemented by
recent ﬁeld observations (1980–2011).
2. Of the 39 taxa investigated, 31 (79%) showed apparent advancement in mean ﬂowering time.
Among these, advancement was statistically signiﬁcant in nine taxa. The rest (eight taxa) showed
non-signiﬁcant delays in ﬂowering. Averaging across all taxa, ﬂowering time advanced by 3 days
(3.8% of ﬂowering period) during the last 50 years compared with the period before 1960. In taxa
showing signiﬁcant advancement, ﬂowering times advanced by 7.7 days (8.6% of the ﬂowering period). The most extreme advancement was 13.9 days.
3. Multivariate models were used to evaluate ways in which life history may affect phenological
responses to climate change. Pollination mode (i.e. deceptive vs. rewarding vs. autogamous), life
span (i.e. short-lived vs. long-lived), biogeographical distribution type (i.e. Mediterranean vs. nonMediterranean) and ﬂowering time (i.e. mean date of blooming) emerged as important factors that
inﬂuence changes in ﬂowering through time. Phylogenetic relatedness did not predict phenological
response. The strongest response was observed in orchids that ﬂower relatively early in spring, exhibit an autogamous or deceptive pollination mechanism, have a long life span and possess a Mediterranean centre of distribution.
4. Synthesis. Our investigation demonstrates that the majority of Hungarian orchids have shifted
their yearly mean ﬂowering to earlier dates during the past 50 years. Certain life-history traits, but
not phylogenetic relatedness, were found to be important in predicting climatic responsiveness in
European terrestrial orchids.
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Introduction
Global climate change is now taking place at an unprecedented rate (Parmesan & Yohe 2003; Root et al. 2003; Schröter et al. 2005; IPCC 2007). The biological effects of this
global change have already been documented by detailed
studies of a wide variety of organisms; many investigations
reported a shift in phenology as a response to climate change
(e.g. Fitter & Fitter 2002; Parmesan 2006; Post et al. 2008;
Végvári et al. 2010).
Shifting vegetation phenology is likely to be the main
mediator of climate change for animals (Bonan 2008). Consequently, understanding the responses of primary producers to
climate change is particularly important for understanding its
effects on all trophic levels. On the other hand, plants are also
affected by other organisms in interactions such as herbivory,
parasitism and pollination. In the case of herbivory and parasitism, plants may beneﬁt from shifting their phenology if the
result is an ecological mismatch that reduces damage caused
by parasites or herbivores. Conversely, any phenological mismatch between pollinators and ﬂowering plants may signiﬁcantly decrease pollination efﬁciency and thus reduce the
reproductive success of plants (Fitter & Fitter 2002; Hegland
et al. 2009; Bartomeus et al. 2011; Rafferty & Ives 2011).
Indeed, some studies partially attribute the recent pollination
crises – the serious decline of some insect-pollinated plants
and their pollinators – to climate change (Dixon 2009;
Anderson et al. 2011; Bartomeus et al. 2011). Consequently,
plant–pollinator relationships should be considered in studies
of plant responses to environmental change.
In addition to ecological interactions, at least three other
factors are likely to explain interspeciﬁc variation in the reactions of plants to climate change. First, although most ecosystems are experiencing the effects of increasing temperatures
(Walther et al. 2002), the amplitude of temperature change
varies geographically (IPCC 2007). Biological responses to
changing environmental conditions are therefore unlikely to
be uniform on geographical scales, implying that species
inhabiting different environments will show different phenological responses (Menzel et al. 2006; Askeyev et al. 2010).
For example, spring phases have been advanced in western
and central Europe but delayed in eastern Europe (Ahas et al.
2002). Hence, to get a better understanding of climate change,
we need detailed investigations of plant phenological alteration from regions of the world that are currently understudied, such as central Europe.
Second, changes in climatic conditions are not always identical at different times of the year, even at the same location
(Schwartz, Ahas & Aasa 2006; Walther 2010). Therefore,
plants whose active periods occur in different times of year
are expected to show contrasting climatic responses. Seasonal
differences in plant reactions to warming have been observed
both in historical investigations of phenology (Fitter & Fitter
2002; Sparks & Menzel 2002; Walther 2004) and in experimental warming studies (Price & Waser 1998; Dunne, Harte
& Taylor 2003; Sherry et al. 2007). One would expect that
plants ﬂowering early in spring will respond more readily to

global change (Fitter & Fitter 2002; Sherry et al. 2007),
because they are already adapted to more variable spring
weather. This effect may be strengthened by the greater
degree of warming during winter and spring compared with
other parts of the year (Schwartz, Ahas & Aasa 2006).
Third, the ability of an organism to follow shifting environmental conditions is thought to depend on its life-history
traits. A survey of British plants showed that annuals were
more likely than perennials to advance ﬂowering (Fitter &
Fitter 2002). A possible explanation for this observation is
that species with shorter life spans have shorter generation
times and hence can adapt more quickly to changing conditions (e.g. Baker 1974; Jump & Peñuelas 2005). On the other
hand, longer-lived plant species might show a greater degree
of phenotypic plasticity that could, in principle, allow them to
track environmental conditions associated with climate change
more accurately compared with shorter-lived species (e.g.
Hoffmann & Sgrò 2011). In summary, pollination mode, geographical distribution, timing of activities within the year and
life span are likely to inﬂuence phenological responsiveness
in plants.
Terrestrial European orchids are ideal for studying the
effects of pollination mode on ﬂowering phenology, because,
although they are mainly self-compatible (Neiland & Wilcock
1999), they maintain diverse pollination modes: many of them
are self-pollinating (including obligate and facultative inbreeders), others reward pollinators with nectar and approximately
one-third of the species use various forms of ﬂoral deception
(Dafni 1984; Jersáková, Johnson & Kindlmann 2006). The
ﬂowers of deceptive orchids mimic food or receptive females,
luring insects to transfer pollen without substantially rewarding
them. Pollination of deceptive plants differs from that of nectar-rewarding ones because their pollination is accomplished
only by visits from inexperienced insects that have not yet
learnt to avoid non-rewarding ﬂowers (Schiestl 2005). Learning takes time; therefore, in deceptive orchids, the reproductive success of early inﬂorescences tends to be higher
(Jacquemyn et al. 2002), and the earliest ﬂowers of the inﬂorescence have a better chance of being pollinated (Vallius
2000; Jacquemyn et al. 2002). A further reason for investigating climatic responsiveness in orchids is that many species of
this charismatic group are of key conservation importance
(Jacquemyn et al. 2005; Kull & Hutchings 2006; Swarts &
Dixon 2009). Finally, orchids have long been popular among
both professional and amateur botanists, leading to the accumulation of extensive long-term herbarium collections. Such
collections are especially important in analysing phenological
responses of plants (Miller-Rushing et al. 2006; Primack &
Miller-Rushing 2009; Robbirt et al. 2011; Panchen et al.
2012). The Herbarium Database of Hungarian Orchids has
recently been compiled from all publicly accessible Hungarian
herbaria (Molnár V. et al. 2012). The data set analysed in this
paper is based on this large data base. It contains ﬂowering
data for 41 native orchid species, which represent 66% of the
countries’ current orchid ﬂora (only very rare taxa are missing;
Molnár V. 2011). Our data set spans more than 170 years and
covers the entire present day territory of Hungary.
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In this study, we utilize this large Hungarian data set to
study the phenological responsiveness of orchids. Speciﬁcally,
we focus on the following questions. First, given the overarching importance of ecological interactions, how does pollination mode inﬂuence the response of plants to climate
change? Second, do characters related to the spatial distribution of species affect phenological response? Biogeographical
distribution type (e.g. Mediterranean vs. non-Mediterranean)
and the altitude of the preferred habitat can indicate complex
life-history adaptations to contrasting climatic conditions.
Therefore, different phenological response to global change
by plants with different distribution type and altitude is
expected. Third, do early ﬂowering orchids show a stronger
phenological response to climate change, mirroring what has
already been demonstrated for a wide taxonomic range of
ﬂowering plants (Fitter & Fitter 2002; Sherry et al. 2007)?
Fourth, how does life span predict the magnitude of phenological responses in plants? A larger potential to adapt to climate change has been postulated for short-lived plants,
reﬂecting their faster reproductive cycle (Jump & Peñuelas
2005). Are short-lived orchids more responsive phenologically? Finally, we were also interested in the way phylogeny
affects changes in ﬂowering time because other studies (e.g.
Willis et al. 2008; Davis et al. 2010) have found phylogenetic relatedness to be a crucially important predictor of
responsiveness to changing climate.

Materials and methods
METEOROLOGICAL DATA

A subsidiary analysis of meteorological data was accomplished to
characterize climatic change in Hungary during the studied period.
Mean monthly temperature data for Hungary were obtained from the
weather data base of the National Oceanic and Atmospheric Administration (NOAA; ftp://ftp.ncdc.noaa.gov/pub/data/ghcn/v2/). This data
base is compiled from climate records of ten meteorological stations
distributed throughout Hungary between 1841 and 2009. For each station, data cover almost the entire study period, although gaps between
years are substantial for all stations but Budapest. To assess the consistency of climatic predictors, Pearson’s correlation coefﬁcients were
calculated between the mean monthly temperature data from Budapest
and all other stations. As the pairwise correlations between Budapest
records and those from each comparable station were strong and
highly signiﬁcant (r > 0.99, P < 0.001 for all cases), we used only
the continuous records available for the whole study period from
Budapest. Heat accumulation, as measured via the sum of monthly
mean temperature values between January and May, was used to
characterize changes in temperature throughout the time frame of the
analyses. This meteorological variable is a biologically more relevant
predictor than temperature itself (Araújo & Luoto 2007). We also calculated average seasonal temperatures for spring (March–May), summer (June–August), autumn (September–November) and winter
(December–February) as the means of the temperature of the given
months. Climatic trend in temperature data was analysed by ﬁtting
linear regressions on average seasonal and cumulative temperatures as
a function of year.
We were not able to investigate other meteorological variables,
such as monthly precipitation, because the correlations between the

different meteorological stations were not sufﬁciently strong
(r < 0.25, P > 0.07 for all cases). Consequently, the only continuous
set of records from Budapest characterizes precipitation levels in other
parts of the country rather poorly.

PHYLOGENETIC TREE RECONSTRUCTION

We employed the widely used ribosomal internal transcribed spacer
region of the nucleus (nrITS) (Baldwin et al. 1995) to reconstruct the
phylogenetic relationships among our study species to investigate the
effect of evolutionary ancestry on phenological response to climate
change (Davis et al. 2010). Most sequences were retrieved from GenBank (Table S1 in Supporting Information). When nrITS data for a
given species were not available in the public data base, we either
obtained sequences from R. M. Bateman (Bateman et al. 2003) or
generated sequences from samples collected by us (laboratory protocol followed Gulyás et al. 2005). The new sequences were deposited
in GenBank (Table S1 in Supporting Information). Altogether, we
collected nrITS sequence data for all 41 orchid species studied (Table
S1 in Supporting Information).
The ﬁnal alignment, consisting of the 41 nrITS sequences of the
analysed taxa, was performed using the CLUSTALW algorithm, as implemented in BIOEDIT v. 7.0 (Hall 1999). There were altogether 734 positions in the alignment, including several indels. The phylogenetic
relationships were reconstructed using a heuristic search under the parsimony optimality criterion as implemented in PAUP v.4.0b10 (Swofford 2002). We used a topological constraint reﬂecting the established
phylogenetic relationships (Bateman et al. 2003, 2005) of the species
analysed (Fig. 1). This constraint was applied to avoid biased phylogenetic reconstruction due to suboptimal taxonomic representation resulting from the taxonomic gaps in the present sampling, which was
geographically limited to Hungary. In other words, the constraint was
used to reconstruct the already determined phylogenetic relationship
between the taxa, but allowed for assignment of a speciﬁc length to
each branch to more accurately represent relative degrees of molecular
divergence. The heuristic search utilized 378 parsimony-informative
positions, treated gaps as missing data, added the sequences randomly
using 100 sequence replicates and used ‘ACCTRAN’ character-state
optimization. We transformed the obtained rooted phylogram (Fig. S1
in Supporting Information) into an ultrametric tree by nonparametric
rate smoothing (NPRS) using R8S V.1.71 (Sanderson 2003). This tree
(Fig. 1) then formed the basis of all subsequent analyses. To assess
the statistical robustness of the obtained tree branches, we performed
1000 bootstrap pseudo-replicates in PAUP v.4.0b10.

PHENOLOGICAL DATA

Historical data on 41 orchid taxa were gathered from the Herbarium
Database of Hungarian Orchids (Molnár V. et al. 2012), which contains 7658 records. We used a subset of the total data available in the
data base, including only specimens bearing an exact collection date
(speciﬁed to a single day), validated speciﬁc identiﬁcation and at least
one ﬂower. Herbarium sheets containing several specimens collected
on the same day, at the same locality, belonging to the same taxa
were counted as a single record. Specimens with ﬂowers withered or
in fruit were excluded. Altogether, 5424 herbarium records were
included in the analyses, which spans the period 1837–2009. Since
plant collecting in Hungary, as in other regions (Prather et al. 2004),
is declining, there are fewer herbarium specimens available from
recent decades. This is especially true for orchid species, most of
which have been protected by law in Hungary since 1982. To balance
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Fig. 1. Maximum parsimony ultrametric phylogenetic tree used in this study, with trait values for pollination mode, life span, distribution type,
ﬂowering time and shift in ﬂowering date after 1960 shown for each taxa. The topological constraint enforcing the previously established relationship of main groups is drawn as thick branches, whereas the 1000 bootstrap support values are drawn next to the corresponding branches. Thin
branches without bootstrap value collapse in the majority rule consensus tree.
the lack of herbarium records from recent decades, we added 2071
ﬁeld observations of the 41 taxa to the data set recorded in Hungary
by A.M.V. and J.S. These ﬁeld-collected data cover all of the information that was retrievable from herbarium sheets, including phenological state, observation date and place, making the ﬁeld data fully
compatible with the herbarium records.
Assessed across all species, data on phenology were available for
an average of 66 years; however, in the case of the bee orchid (Ophrys apifera), specimens were collected only in 8 years. We therefore
removed this species from all subsequent analysis. Most species in
our data set have mean ﬂowering dates in late spring or early summer; the only exception is Autumn Lady’s-tresses (Spiranthes spiralis), which is the latest-blooming Hungarian orchid (mean ﬂowering
date: 10 September). Because this species constitutes a very strong
outlier when considering ﬂowering time and climatic events may have
different effects in autumn than in spring, we excluded Spiranthes
from the analyses. To determine whether this decision signiﬁcantly
affected our results, all analyses were repeated with S. spiralis
included (see Results). For all other taxa, samples were available from
at least 21 years, up to a maximum of 126 years spanning 101–
174 year periods (Table S2 in Supporting Information).
We chose yearly mean ﬂowering to characterize ﬂowering time
instead of ﬁrst ﬂowering dates because the former is more robust in
contrasts to population size and sampling effort (Miller-Rushing,
Inouye & Primack 2008). This approach was necessary for this data

base since there were many occasions when only single observations
were available for a species in a given year (on average, the proportion of years with more than one record per species relative to the
complete time series for that species was 51%, range, 10–75%).
These yearly records, however, covered a considerable time frame in
all species (on average 154 years; range, 101–174 years; Table S2 in
Supporting Information), and the length of the time span covered did
not correlate with temporal trends (rs = 0.20, n = 39, P = 0.223);
thus, temporal bias in sampling effort is unlikely to inﬂuence our
results. To quantify historical changes in ﬂowering times, we
employed two approaches. First, we measured temporal trends in
ﬂowering dates by calculating Spearman’s rank correlation coefﬁcients between year and yearly mean ﬂowering dates (since these
were not always normally distributed) for each species separately.
The Spearman’s rank correlation coefﬁcients (i.e. the temporal trends)
were subsequently used in phylogenetic analyses as a dependent variable. Nonetheless, to obtain a more robust measure of historical
change in ﬂowering date, we calculated the difference between mean
ﬂowering dates of the periods before and after 1960 for each orchid
taxon and used this index as the dependent variable in subsequent
analyses. The year of 1960 was chosen as the time closest to when
global climate change started to be recognized (Walther et al. 2002).
This procedure was repeated using 1950, 1970 and 1980 as alternative thresholds (Table S3 in Supporting Information). As the results
of these analyses were qualitatively similar (see Results), we here
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present only the analyses using 1960 as the cut-off point. We refer to
this variable as shift in ﬂowering time, which is mean ﬂowering date
after 1960 minus mean ﬂowering date before 1960. The two indices
of historical change in ﬂowering date (the temporal trend and the shift
in ﬂowering date after 1960) gave a strong positive correlation
(Spearman’s rank correlation, rs = 0.86, n = 39, P < 0.001).

LIFE-HISTORY TRAITS

Species were categorized into three groups according to their pollination mode – self-pollination or autogamy, nectar-rewarding
entomophily and deceptive entomophily – following Neiland &
Wilcock (1999) and Claessens & Kleynen (2011). We deﬁned selfpollination to include both obligate and facultative autogamy, since
the latter strategy is virtually as independent from pollinators as the
former. We recorded the biogeographical distribution type of species
according to the classiﬁcation of Horváth et al. (1995) as Mediterranean (including Mediterranean, Atlantic-submediterranean, Submediterranean) and non-Mediterranean (all other types). The Herbarium
Database of Hungarian Orchids (Molnár V. et al. 2012) was used to
quantify altitudinal distribution as the proportion of specimens per
taxa collected in altitudinal vegetation belts over 300 m a.s.l.. We
used several published and unpublished sources to classify the life
span of each species, largely following Kull & Hutchings (2006): species were classiﬁed as either short-lived (deﬁned as those in which
genet half-life is less than 3 years) or long-lived (genet half-life is
more than 3 years). Species-speciﬁc ﬂowering time was calculated
from the data base by taking the mean Julian date of records available
for a given species from the ﬁrst part of the sampling period (before
1960). In this way, we minimized the potential bias resulting from
interspeciﬁc differences in response to warming, as phenological
records from the last ﬁve decades (which experienced a marked
increase in temperatures; IPCC 2007) were not taken into account. A
full list of all investigated species, as well as the data used in phylogenetic analyses, is given in Table S2 in Supporting Information.

STATISTICAL ANALYSES

To analyse the effects of life-history and ecological traits on plant
phenological response, we used phylogenetically generalized least
squares (PGLS; Martins & Hansen 1997; Pagel 1997, 1999), as
implemented in the CAIC package (Orme et al. 2009) in the R
statistical environment (R Development Core Team 2010). PGLS is
an extension of generalized least squares – a multivariate method
that allows for evaluating the effect of individual predictor variables
after controlling for the effect of other explanatory variables in the
model. In addition, PGLS models incorporate the expected covariance among species based on their phylogenetic relationships,
thereby controlling for the non-independence of data points due to
the shared descent of species. The covariance matrix can be modiﬁed to allow for deviations from the standard Brownian model of
character evolution; this is achieved by multiplying its off-diagonal
elements by the parameter k, thereby modifying the covariation
among species (Pagel 1997, 1999). Values of k close to 1 retain the
original Brownian model of character evolution, whereas values
approaching 0 imply phylogenetic independence (i.e. no covariation
among species due to phylogeny). The most appropriate value of k
for a given trait or model can be found by maximum-likelihood estimation (Freckleton, Harvey & Pagel 2002). We used this procedure
to set k to the value that best ﬁts the data in all models. We also
quantiﬁed phylogenetic signal in each trait separately by estimating

the maximum-likelihood value of k using the geiger package in R
(Harmon et al. 2009); statistical signiﬁcance was estimated by likelihood ratio tests (i.e. by comparing the log-likelihood of the model in
which k is set to the most appropriate value to the log-likelihood of
a model in which k = 0).
To evaluate the relative importance of predictor variables in determining phenological responses, we constructed separate multivariate
models for the two dependent variables (temporal trend in ﬂowering
date and shift in ﬂowering date after 1960) with all possible combinations of the predictors without interactions (31 possible models for
the ﬁve predictors) and used Akaike Information Criterion corrected
for small sample sizes (AICc) to rank these models (Burnham &
Anderson 2002). For each of the models in the model set, we calculated AICc differences (Di; the difference in AICc value between the
focal model and the best model) to evaluate the level of empirical
support for a given model and Akaike weights (wi) to approximate
the strength of evidence in favour of the focal model relative to the
others (Burnham & Anderson 2002). Akaike differences in the range
between 0 and 2 indicate substantial level of empirical support of a
given model, whereas Di > 7 imply very low support. Because no
model received decisive support, but a subset of models emerged as
having substantial support, we used model averaging, and for each
predictor variable, we calculated Akaike sums (∑): the sum of Akaike
weights of all models in which that given predictor occurs. We also
 and unconditional standard
calculated model-averaged parameters (b)
errors (SEu; Burnham & Anderson 2002); these are parameter estimates that incorporate model selection uncertainty by calculating
average parameter values (and their standard errors) across all models
in the model set in which the parameter appeared, weighted by the
Akaike weights of these models. This implies that models receiving
less support (i.e. lower Akaike weights) contribute proportionally less
to the ﬁnal estimates (Burnham & Anderson 2002). Conﬁdence intervals of 95% were calculated as b ± 1.96SEu.
A potential source of bias in our estimates of phenological change
is that records were collected at different locations in a relatively
large geographical region. Since phenology can depend strongly on
altitude and latitude, a potential geographical bias in sampling can
lead to erroneous estimates of phenological change. To explore
whether the location of the records affects our estimates of phenological change and the importance of life-history variables in determining
this response, we ﬁrst evaluated the relationships between ﬂowering
date and the altitude or the latitude of the location of the records,
respectively. Since herbarium sheets give only verbal information on
the location of the samples, we had to use the coordinates of the
locality where a given orchid was collected. This necessarily involved
some uncertainty, especially in altitude, since, for example, orchids
collected on a hillside will often be assigned to the lower elevations
of an adjacent village. However, given that a substantial part of these
herbarium sheets are more than a hundred years old, it is impossible
to obtain more accurate information on their exact collection site.
Note, however, that we did not include records that could not be
accurately georeferenced, for instance, those referring to large cities
as collection locality (e.g. Budapest) or mountain ranges, unless further information was given on the exact location. Eventually, 5041 of
the 5424 herbarium records could be georeferenced in this way. There
was no such difﬁculty with recent data, as most of these were
recorded with GPS coordinates.
Linear regressions between the Julian day of individual records as
a dependent variable and elevation or latitude as explanatory variables indicated that elevation signiﬁcantly affects phenology in 24 of
39 species, whereas latitude had signiﬁcant effects in 15 of 39 spe-
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cies. When both factors were included in a single model, elevation
had a signiﬁcant effect in 20 species, whereas latitude affected only
six species. This suggests that elevation is generally more important
than latitude on our geographical scale, but both factors affect phenology in some species and neither of them in other species. Therefore, to obtain estimates of phenological change with the effects of
geographical differences removed, we ﬁrst had to evaluate which of
the two factors affects phenology and then calculate residuals from
models containing the signiﬁcant parameters only. To this end, we
ﬁtted four general linear models for each species: the ﬁrst (M1) contained elevation, latitude and their interaction (since it is conceivable
that elevation could have a different effect at lower latitudes than at
more northern sites); the second (M2) contained elevation and latitude, but not their interaction; the third (M3) contained elevation only
and the fourth (M4) was the null model (i.e. it contained only the
intercept). Since these are nested models (M1⊃M2⊃M3⊃M4), they
can be compared by means of an F-test. We sequentially compared
M1 with M2, M2 with M3 and M3 with M4 and accepted the simpler model if they did not differ signiﬁcantly. The simplest model
that did not differ statistically from the more complex models was
selected as the best for that particular species; in this way, M1 was
identiﬁed as the best model in two species, M2 in seven species, M3
in 15 species and M4 in 15 species. Residuals were extracted from
the best model, and their yearly means calculated; these were subsequently used to calculate temporal trends and shift in ﬂowering dates.
The estimates of phenological change obtained in this way correlated
very strongly with the estimates obtained from the raw data
(rS = 0.95 and 0.93, respectively; n = 39, P < 0.001) in both cases,
suggesting that our measures of phenological change based on the
raw data are not biased. Therefore, the results presented below are
based on the raw data.

Results
CLIMATIC TRENDS

We detected a signiﬁcant overall increase in January–May
cumulative temperatures between 1841 and 2009 (F = 4.763;
R2 = 0.028, b = 0.021, P = 0.031, d.f. = 1,168). This measure of temperature accumulation averaged for the years after
1960 was 1.749 °C higher than in the previous part of the
study period. Winter was the only season with signiﬁcantly
increasing temperatures (F = 7.996, R2 = 0.045, b = 0.008,
P = 0.05, d.f. = 1,168). Monthly mean temperatures increased
only in February (F = 4.527, R2 = 0.026, b = 0.009,
P = 0.035, d.f. = 1, 168) and March (F = 6.565, R2 = 0.038,
b = 0.009, P = 0.011, d.f. = 1,168).

those published for the corresponding subfamilies by Bateman
et al. (2003, 2005). Apparent differences were found in three
cases: (i) the placement of Transteinera relative to the genus
Orchis; (ii) placement of Himantoglossum relative to the
genus Anacamptis; (iii) placement of Anacamptis pyramidalis
relative to Anacamptis morio and Anacamptis coriophora. All
these placements reﬂect branches that are statistically unsupported on both our tree and the previously published trees.
HISTORICAL CHANGES IN FLOWERING TIME

Of the 39 taxa analysed (after O. apifera and S. spiralis were
excluded), ﬂowering time advanced in 31 cases; in nine of
them, the shift differed signiﬁcantly from 0 (Table S2 in Supporting Information). Although the remaining eight species
showed delay in ﬂowering date, none of these shifts was statistically signiﬁcant (Table S2 in Supporting Information). On
average, ﬂowering dates during the last 50 years occurred
3 days earlier than during the period before 1960 (assessed
across all taxa). Compared with the range of ﬂowering dates
before 1960 (i.e. the taxon-speciﬁc length of the blooming
period), this amounts to a 3.8% advancement. However, the
shift in ﬂowering dates differed strongly among species, ranging from an advancement of 13.9 days (12.7%) in O. simia to
a delay of 5.8 days (8.6%) in Platanthera chlorantha (Fig. 1
and Table S2 in Supporting Information).
Phylogenetic signal (k) was zero for both measures of historical change in ﬂowering date; signiﬁcant phylogenetic signals were, however, detected in ﬂowering time, pollination
mode and life span (Table 1).
Multivariate analysis of the factors affecting interspeciﬁc variation in the two dependent variables (the temporal trend and
the shift in ﬂowering date after 1960) and subsequent model
selection revealed that strongly supported models (i.e. those
with Di < 2; Burnham & Anderson 2002) contained two predictors in both cases: pollination mode and life span (Table 2).
Nonetheless, mean ﬂowering time and geographical distribution
were also found to be important predictors, but only in characterizing either temporal trends in ﬂowering date (the former) or
shift in ﬂowering time (the latter). After model averaging, the
most important factor explaining temporal trends in ﬂowering
date is pollination mode (Σ = 0.975; Table 3): advancement
Table 1. Lambda statistics for phylogenetic signal in the investigated
response (ﬁrst two rows) and explanatory variables

PHYLOGENETIC TREE

The maximum parsimony search with the topological constraint yielded two equally most-parsimonious trees
(length = 1466 steps, CI = 0.597, RI = 0.823) that differed
only in the relative placements of two sister species, Orchis
simia and Orchis purpurea – species that have experienced
extensive and recent gene ﬂow (Bateman, Smith & Fay
2008). Given the trivial nature of this topological difference,
only one topology was used in further analyses (Fig. 1). The
relationships of terminal taxa were broadly congruent with

Temporal trend in ﬂowering
Shift in ﬂowering date after 1960
Flowering time
Pollination mode
Geographical distribution
Life span
Altitudinal distribution

k

Likelihood ratio

P

0
0
0.56
1
0.62
1
0.65

< 0.001
< 0.001
6.85
16.35
0.28
13.65
2.27

NS
NS
0.009
< 0.001
NS
< 0.001
NS

Signiﬁcant lambda indicates that the value of the given variable is
signiﬁcantly affected by phylogenetic relatedness. For details of the
analyses, see main text.

© 2012 The Authors. Journal of Ecology © 2012 British Ecological Society, Journal of Ecology, 100, 1141–1152

Predictors of climatic response in orchids 1147
Table 2. Comparison of multivariate phylogenetically generalized least squares (PGLS) models for historical changes in ﬂowering dates based on
Akaike Information Criterion corrected for small sample sizes (AICc). AICc values, along with the number of parameters (k; including the intercept and the residual error estimate), AICc differences (Di), Akaike weights (wi) and adjusted R2 (R2adj ) are presented for each model. Models with
Di < 2 are considered to have substantial support, whereas Akaike weights provide an estimate of the probability that the given model is actually
the best in the model set. Only models with Di < 7 are shown
Predictors

k

Temporal trend in ﬂowering date
0
FT+POL+LS
1
FT+POL+DIST+LS
2
FT+POL+LS+ALT
3
FT+POL+DIST+LS+ALT
4
FT+POL
5
POL+LS

6
7
7
8
5
5

Shift in ﬂowering date after 1960
0
FT+POL+DIST+LS
1
POL+DIST+LS
2
POL+LS
3
FT+POL+LS
4
FT+POL+DIST+LS+ALT
5
POL+DIST+LS+ALT
6
POL+LS+ALT

7
6
5
6
8
7
6

Di

wi

45.837
45.638
42.033
41.390
39.552
39.431

0.000
0.199
3.804
4.447
6.285
6.406

0.422
0.382
0.063
0.046
0.018
0.017

0.479
0.525
0.468
0.512
0.355
0.340

206.585
207.104
209.255
210.431
210.774
211.285
212.372

0.000
0.519
2.670
3.846
4.189
4.700
5.787

0.400
0.308
0.105
0.058
0.049
0.038
0.022

0.535
0.491
0.422
0.446
0.523
0.475
0.417

AICc

R2adj

FT, ﬂowering time; POL, pollination mode; DIST, geographical distribution type; LS, life span; ALT, altitudinal distribution.

Table 3. Relative importance of explanatory variables in determining
phenological responses of Hungarian orchids as shown by their Akaike sums (∑)
Relative
importance

Temporal trend in
ﬂowering date

Shift in ﬂowering
date after 1960

1
2
3
4
5

POL (∑ = 0.975)
FT (∑ = 0.966)
LS (∑ = 0.958)
DIST (∑ = 0.454)
ALT (∑ = 0.122)

POL (∑ = 0.999)
LS (∑ = 0.992)
DIST (∑ = 0.797)
FT (∑ = 0.519)
ALT (∑ = 0.121)

FT, ﬂowering time; POL, pollination mode; DIST, geographical distribution type; LS, life span; ALT, altitudinal distribution.

was most pronounced in autogamous orchids; taxa with deceptive entomophily showed a similar, but somewhat weaker
response, whereas advancement was much weaker in nectarrewarding taxa (Table 4). The second most important factor
was mean ﬂowering date (Σ = 0.966); early-blooming orchids
advanced their ﬂowering dates more than late-ﬂowering species
(Table 4). Life span also had a strong impact on temporal
trends in ﬂowering dates (Σ = 0.958); short-lived species
showed a much weaker response than long-lived species
(Table 4). Finally, temporal trends in ﬂowering were more pronounced in taxa with a Mediterranean distribution type
(Σ = 0.454; Table 4). By contrast, altitudinal distribution was
far less important in explaining interspeciﬁc differences in phenological responsiveness (Σ = 0.122).
Relationships between the shift in ﬂowering dates and the
four predictors showed a somewhat different pattern (Tables 3
and 4, Fig. 2); the most important factor explaining the shift
in ﬂowering date after 1960 was pollination mode
(Σ = 0.999), followed by life span (Σ = 0.992), geographical

distribution type (Σ = 0.797) and ﬂowering time (Σ = 0.519).
Again, altitudinal distribution appeared to be far less important (Σ = 0.121).
Covariation among most life-history variables was not signiﬁcant (Table S4 in Supporting Information), suggesting that
each factor is important in and of itself and that no single hidden factor is driving the results. Only Mediterranean species
were found at lower elevations than non-Mediterranean taxa
(18% of records originating from locations higher than 300m
a.s.l in the former, 40% in the latter), and short life span
appeared to be more common in Mediterranean species (four
of nine Mediterranean species vs. ﬁve of 30 non-Mediterranean species were categorized as short-lived).
ADDITIONAL ANALYSIS

We checked whether the effects of predictor variables on the
change in ﬂowering time is consistent by calculating the shift
in ﬂowering date after 1950, 1970 and 1980, respectively. In
all three cases, model averaging identiﬁed pollination mode
as the most important factor explaining interspeciﬁc differences in the advancement of ﬂowering, whereas the effect of
the other factors was more variable between cut-off point
dates (Table S3 in Supporting Information). Inclusion of the
late-blooming outlier S. spiralis had a negligible effect on the
results, slightly increasing model selection uncertainty in the
case of the temporal trend analyses (Table S5 in Supporting
Information).
Using residuals from the linear models employed to control
for elevation and latitude to obtain estimates of phenological
change yielded qualitatively similar results to the analyses
based on the raw records (Table S6a and b in Supporting
Information), with one notable difference: pollination mode
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Table 4. Model-averaged parameter estimates for the effect of ecological and life-history variables predicting temporal trends in ﬂowering dates.
 stanThe intercept indicates long-lived, autogamous orchids with Mediterranean distribution type. Weighted averages for parameter estimates (b),
dard errors (SEu) and 95% conﬁdence intervals are shown (in italics), along with parameter estimates (±SE) for the supported models (i.e. models
with Di < 7)

Intercept

Flowering time

Change in flowering time (days)

Shift in ﬂowering date after 1960
0
18.852 (5)
1
9.232 (1.636)
2
6.696 (1.318)
3
14.539 (5.173)
4
19.054 (5.086)
5
9.202 (1.709)
6
7.432 (1.579)
b (SEu)
13.604 (6.312)
95% CI ( 25.974; 1.233)

0.004
0.004
0.003
0.004
0.003

(0.001)
(0.001)
(0.001)
(0.062)
(0.001)

0.004 (0.001)
(0.002; 0.006)
0.056 (0.028)

0.047 (0.03)
0.058 (0.028)

0.055 (0.028)
( 0.001; 0.111)

5

Pollination
(nectar
rewarding)

0.124 (0.054)
0.086 (0.061)
0.127 (0.055)
0.084 (0.063)
0.056 (0.069)
0.068 (0.058)
0.104 (0.062)
( 0.018; 0.225)

0.269 (0.062)
0.225 (0.062)
0.27 (0.062)
0.222 (0.047)
0.205 (0.071)
0.269 (0.069)
0.247 (0.067)
(0.117; 0.378)

3.4 (1.348)
2.481 (1.328)
2.1 (1.405)
2.838 (1.454)
3.396 (1.366)
2.474 (1.352)
2.239 (1.42)
2.868 (1.454)
(0.018; 5.717)

7.471 (1.509)
7.471 (1.578)
7.429 (1.682)
7.424 (1.647)
7.447 (1.529)
7.467 (1.604)
7.481 (1.69)
7.455 (1.574)
(4.371; 10.54)

Change in flowering time (days)

Temporal trend in ﬂowering date
0
0.819 (0.194)
1
1.002 (0.197)
2
0.826 (0.196)
3
1.014 (0.202)
4
0.727 (0.212)
5
0.225 (0.054)
b (SEu)
0.879 (0.248)
95% CI ( 1.365; 0.394)

Pollination
(deceptive)

(a)

0

−5

−10

140

160

180

4

−1
−2
−3
−4
−5

n = 30

Long−lived

n=9

Short−lived

0.092 (0.044)
(0.005; 0.18)

0.115 (0.049)
0.147 (0.046)
(0.056; 0.238)

0.016 (0.091)
( 0.164; 0.195)

4.961 (1.127)
4.514 (1.156)
3.76 (1.184)
4.071 (1.176)
5.053 (1.161)
4.527 (1.187)
3.734 (1.189)
4.592 (1.226)
(2.189; 6.995)

0.934 (2.15)
0.165 (2.22)
1.819 (2.128)
0.043 (2.428)
( 4.716; 4.801)

3.017 (1.115)
2.742 (1.158)

3.253 (1.254)
2.781 (1.292)
2.914 (1.161)
(0.638; 5.189)

(b)

−2
−4
−6
−8

n=6

n = 25

Autogamous Deceptive

Change in flowering time (days)

Change in flowering time (days)

(c)

0.044 (0.079)
0.032 (0.001)

(0.044)
(0.045)
(0.045)
(0.084)

0

200

0

0.1 (0.047)

0.139
0.159
0.138
0.162

0.092 (0.043)

2

Mean flowering date (Julian day)
1

Life span

Altitudinal
distribution
type

Geographical
distribution type

n=8

Nectar−
rewarding

(d)
0

−2

−4

−6
n=9

n = 30

Mediterranean Non−Mediterranean

Fig. 2. The relationship between the shift in ﬂowering date after 1960 and ﬂowering time (a), pollination mode (b), life span (c) and geographical
distribution type (d) in Hungarian orchids.

received a much lower importance (Σ = 0.27) in the temporal
trend analysis, although the difference between nectar-rewarding and autogamous taxa still differed from 0 (Table S6b in
Supporting Information).

Discussion
Our study yielded three main results. First, the majority of
orchid taxa analysed advanced their ﬂowering date over the
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studied time period. Second, pollination mode and life span
emerged as factors strongly and consistently related to the
degree of advancement in ﬂowering in all analyses, regardless
of the method of measuring phenological change (Table 3).
Flowering time was a strong predictor of phenological
response only in the analyses considering the correlation
between years and ﬂowering time (temporal trend). Additionally, biogeographical distribution type was found to be only
moderately important in predicting shifts of ﬂowering date.
Third, phylogenetic relatedness exerted little constraint in all
models ﬁtted on both trends and change of ﬂowering dates.
Interestingly, self-pollinating orchids, which are unconstrained by pollinators, have advanced their ﬂowering date
most strongly, whereas the degree of advancement in insectpollinated taxa depended on the speciﬁc nature of their entomophily. Deceptive species showed almost as much advancement as autogamous species, whereas nectar-rewarding
orchids did not respond to increasing spring temperatures. This
is consistent with the hypothesis outlined in the introduction.
Nectar-rewarding species are likely to be constrained in
responding to climate change due to their extensive interactions with pollinators (Hegland et al. 2009), if pollinators
advanced more slowly than orchids would. Unfortunately, no
data are available to support this idea. As for deceptive species, they compete intensively for naïve pollinators (Schiestl
2005); therefore, they are expected to be very sensitive to
environmental variations in order to successfully synchronize
their ﬂowering before the ﬁrst appearance of their pollinators
even in years when spring starts very early. Indeed, they
ﬂower earlier than nectar-rewarding orchids (Internicola, Bernasconi & Gigord 2008; Internicola & Harder 2012; Pellissier
et al. 2010). Accordingly, mean ﬂowering date of deceptive
orchids in our sample is 30 May, while it is 15 June for nectar-rewarding species. (note that the effect of pollination mode
on phenotypic response was detected after controlling for all
other variables.) As a result, deceptive orchids are likely to
follow climate change more easily than nectar-rewarding species. Nevertheless, more investigations are needed to clarify
the role of pollination modes in explaining phenological shifts.
Life span was found to be another important predictor of
climatic responsiveness. Contrary to our expectations, longlived species had more advanced ﬂowering dates than shortlived species. Although this result contradicts the prediction
that shorter life span might strengthen selection for the
advancement of ﬂowering (Fitter & Fitter 2002; Jump &
Peñuelas 2005), it was obtained consistently from our various
analyses, suggesting that phenotypic plasticity in long-lived
orchids is a stronger driver of climatic responsiveness than
evolutionary adaptation. Together with a similar ﬁnding by
Gienapp, Leimu & Merilä (2007), this observation indicates
the important role of phenotypic plasticity in shaping climatic
responses over relatively short time frames. In a way, this is
not surprising, as long-lived organisms are predicted to meet
more diverse environmental conditions during their life than
short-lived ones. Therefore, they may be better prepared to
ﬂexibly respond to environmental changes. Note, however,
that presently, we possess data on the life span of orchids but

none on their relative levels of phenotypic plasticity.
Researchers have just started to characterize epigenetic variation in European orchids (Paun et al. 2010, 2011). Since epigenetic change may underpin phenotypic plasticity, it may be
crucially important in adaptation to changing environments.
Throughout various analyses, we found that the strength of
phylogenetic signal did not differ markedly from zero for
both measures of the advancement of ﬂowering dates. This
result parallels the results of a previous investigation showing
that the advancement of spring migration among a large
selection of bird species did not reﬂect phylogenetic signal
(Végvári et al. 2010). The fact that we did not ﬁnd phylogenetic signals in our response variables implies that sensitivity
to climatic effects in Hungarian orchids can be treated as a
species-speciﬁc response, free of phylogenetic inertia.
Although certain life-history traits (ﬂowering time, pollination
mode, life span; see Table 1) did show a signiﬁcant phylogenetic signal individually, they were not correlated and hence
can be viewed as being independent of each other. Therefore,
the apparently strong and opposing effects of life-history variables in closely related taxa can lower the similarity of related
species and hence decrease the strength of phylogenetic signal
in phenological response. The lack of overall phylogenetic
inertia contrasts with the conclusions of Willis et al. (2008)
and Davis et al. (2010), who studied the climate change-driven species loss within given territories. The reason for this
discrepancy may lie in the contrasting taxonomic coverage of
the studies: the above-mentioned works included a wide range
of plant species sampled from several taxonomic families,
whereas the species included in this study are less taxonomically diverse. Taking this question one step further, we can
ask, might phylogenetic signals only inﬂuence ﬂowering
phenology at higher taxonomic levels (i.e. among families)?
This question clearly warrants further investigation.
Our analyses seem to suggest that ﬂowering time is not a
robust predictor of climatic response in orchids, as it proved
to be important only in shaping the temporal trend in ﬂowering date of the studied orchids, but it had no strong effect on
the shift in ﬂowering date after 1960 (Table 3). This is especially interesting because in other studies (e.g. Sparks, Jeffree
& Jeffree 2000; Cleland et al. 2007), ﬂowering time was
found to be an important factor inﬂuencing phenological
response. However, we feel that this discrepancy might be
caused by the relatively small number of taxa in our study.
Clearly, more research is needed to verify the importance of
ﬂowering time in predicting phenological response in orchids.
Biogeography was found to be moderately related to the
advancement of ﬂower production in orchids; species with a
Mediterranean distribution tended to accelerate ﬂowering
more than non-Mediterranean species. The reason for this
difference is currently unclear, but a Mediterranean type of
distribution might indicate a life-history adaptation that
beneﬁts from the recent climate change through, for example,
photoperiod, temperature cues, vernalization or precipitation
(Forrest & Miller-Rushing 2010).
Our analyses revealed no inﬂuence of altitudinal distribution on the advancement of ﬂowering, implying that this life-
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history component has a minor impact on response to climate
change in the orchids investigated here. This is interesting
because one would expect species at higher altitudes to show
stronger phenological advancements through time because
temperatures are increasing at a faster rate at higher altitudes
(Lenoir et al. 2008). Nevertheless, we do not claim that altitude may have no importance in general, given that our
records represent a geographical region where the altitudinal
range is relatively small (76–1014 m a.s.l.).
Although our study may have been adversely affected by
varying sampling frequency, the two measures of historical
phenological responses used here yielded consistent results.
As the cumulative temperature between January and May
showed a marked increase in Hungary during the study period,
our ﬁndings indicate that temperature may (e.g. through vernalization) play an important, but certainly not exclusive, role
in the advancement of ﬂowering time in orchids (cf. MillerRushing & Primack 2008; Primack & Miller-Rushing 2011;
Robbirt et al. 2011).
The differences in the relative importance of predicting factors using the two measures of phenological change could stem
from the fact that these two measures might be affected differently by variation in sampling intensity through time. Although
records for most species originate from relatively long periods
(Table S2 in Supporting Information), there were year-to-year
variations in sampling intensity and some gaps in the recording
activity. Considering these potential problems, we believe that
comparing ﬂowering times between the ﬁrst and second parts
of the sampling period is less affected by sampling bias and
hence provides a more reliable estimate of the advancement of
ﬂowering date. In addition, our measure of temporal trend is
based on the ranks of ﬂowering time, and hence, it eliminates
some of the variation. In contrast, the shift in mean ﬂowering
date uses the actual number of days of change and might be a
more sensitive measure of phenological response.
In summary, we have demonstrated in a diverse set of orchid
species that changes in ﬂowering phenology through time
(which is associated with increased temperatures in the study
area) seem to be affected most strongly by pollination mode and
life span. According to our ﬁndings, deceptive or autogamous,
long-lived, or early ﬂowering, terrestrial orchids with mainly
Mediterranean distributions (in our data set this category is
exempliﬁed by O. simia or A. pyramidalis) follow the changing
climate more closely, at least in Hungary. Meanwhile, their later
ﬂowering, nectar-rewarding or short-lived counterparts with
non-Mediterranean distribution type (as exempliﬁed by Dactylorhiza viridis) do not or less markedly respond to these changes.
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