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Abstract

Patterns of flowering phenology, i.e. first and last flowering day (FFD and LFD) and flowering duration (FD) govern plant
pollination and reproduction. Most research has focused on FFD whereas LFD, FD and second flowering events were
neglected although they are crucial events. To assess whether flowering patterns change species-specifically with changing
abiotic conditions and whether these are related to leaf persistence, reproduction and pollination syndrome, we monitored
flowering phenology (including also second flowering events) of 29 herbaceous species along two elevational gradients
ranging from 700 to 1800 m a.s.l. in two consecutive years. FFD was delayed with increasing elevation. LFD followed two
alternative strategies: species which ceased flowering early in the season delayed LFD with increasing elevation, species
which ceased flowering late did not change LFD. FD decreased with increasing elevation in most species. The timing of
flowering phenology had strong influences on the intensity of change along the elevational gradient and other stages of
flowering phenology. Many species showed a second flowering event which occurred irrespective of elevation, suggesting a
link to unsuccessful pollination rather than temperature. Life history strategies helped explain patterns of flowering phenol-
ogy and a species’ ability to track changes in abiotic conditions, e.g. evergreen species started to flower earlier than summer
green species and insect-pollinated species were able to expand FD most. These findings give insight into species-specific
changes in phenological patterns and thus plant performance with changing environment. They should be considered when
assessing the consequences of environmental change at both the community and ecosystem level.
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Abbreviations Introduction

FD  Flowering duration

FFD First flowering day Changes in patterns of flowering phenology, i.e. first and
LFD Last flowering day last flowering day as well as flowering duration (timespan

between first and last flowering) have ecological and eco-
nomic impacts on natural and agricultural landscapes (Waser
and Real 1979; Rathcke and Lacey 1985; Ollerton and Lack
1998; Memmott et al. 2007; Hovenden et al. 2008). Shifts
in the timing of reproduction typically influence biotic inter-
actions such as pollination and competition (Rathcke and
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end of flowering (last flowering day, LFD) and flowering
duration (FD) are not well studied (but see Rathcke and
Lacey 1985; Bock et al. 2014; Trunschke and Stdcklin
2017). However, the latter two phenological stages strongly
affect pollination and reproductive success and are, there-
fore, crucial stages in the life-history of plant species. Pro-
longed flowering duration increases a plant’s chance of polli-
nation and thus likely increases plant performance (Rathcke
and Lacey 1985; Menzel et al. 2006b; Bock et al. 2014;
Trunschke and Stocklin 2017). Early-flowering species are
reported to be more variable in FFD than late-flowering spe-
cies (Fitter et al. 1995), yet it remains unclear whether these
patterns can also be observed in LFD or FD. Results from
previous studies are highly ambiguous concerning FD and
report reductions and prolongations with warmer climates
(Miller-Rushing et al. 2007; Sherry et al. 2007; Bock et al.
2014).

Not only abiotic factors influence flowering phenology.
For example, Trunschke and Stocklin (2017) found a close
relationship with pollinator abundances, with higher abun-
dances leading to shorter FD within individuals. In a study
in the Mediterranean region, Petanidou et al. (2014) demon-
strated that shifts towards earlier phenology reduced pollina-
tion services and bore the risk of phenological mismatches,
yet earlier flowering was associated with longer FD which
might counterbalance negative effects.

In some species, second flowering events can occur
towards the end of the growing season, leading to a further
extension of the flowering duration, which has been widely
ignored in previous research. So far, there is no evidence
whether second flowering events are species-specific or can
be observed more frequently under specific abiotic and biotic
conditions. A lack of pollination success in the first phase
might also triggers a second flowering.

There are several studies demonstrating a partial inter-
connection between different stages or phases of flowering
phenology (hereafter referred to as events). Experimental
snow removal led to an advance in FFD and an extension in
FD in early-flowering species; however, there was no change
in FD of later flowering species (Dunne et al. 2003). Accord-
ingly, finding links between flowering events is important
for forecasting species’ behaviour under changing climatic
conditions.

Few studies are available focussing on the effect of life-
history strategies on first flowering day (Fitter and Fitter
2002; Bucher et al. 2018; Konig et al. 2018). Not many ana-
lysed the relation between fundamental life-history strate-
gies such as leaf persistence (evergreen vs. summer green),
pollination syndrome (insect- vs. self- or wind-pollination)
or reproduction type (sexual vs. vegetative). Further, it is not
known which life history strategies relate to the occurrence
of a second flowering event. When comparing evergreen
with summer green species, we expect evergreen species
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to be able to flower earlier as they are also able to photo-
synthesise earlier in the season. Accordingly, the develop-
ment of a second flowering event may also be more likely,
especially if the duration of the first flowering event is short.
With regard to the pollination syndrome, we expect that the
flowering phenology of insect-pollinated species shows co-
dependencies with animals. Wind-pollinated species depend
on favourable weather conditions; thus they are more suscep-
tible to temperature than self-pollinated species. As insect-
pollinated species are dependent on pollinator abundance,
they might show a second flowering event more often. The
reproduction strategy is also likely to be correlated with
changes in flowering phenology along elevational gradients.
We can assume that species which mainly spread genera-
tively are more likely to respond to changes in abiotic condi-
tions than species, where vegetative reproduction dominates,
which is more beneficial under stable conditions.

Explaining differences in species-specific patterns of
flowering phenology is key to understanding and predicting
changes in ecosystem functioning in response to environ-
mental change. As data on FFD, LFD and FD measured on
the same population are scarce, this study was conducted on
29 species, located along two elevational gradients, which
offers the possibility to observe changes caused by differing
environmental conditions (Korner 2007; Vitasse et al. 2009;
Schuster et al. 2014; Bucher et al. 2018). On all populations,
we monitored FFD, LFD and FD including also second flow-
ering events in the northern limestone Alps in two consecu-
tive years and addressed the following questions:

1. Do flowering patterns (FFD, LFD and FD) and the
occurrence of a second flowering event of herbaceous
species change along elevational gradients and between
years or gradients? Is there a difference between spe-
cies?

2. Do these changes along the elevational gradient differ
between early-flowering and late-flowering species?

3. Are different events of flowering phenology intercon-
nected, is FFD or LFD more important for observed
changes in FD, and how are first and second flowering
event connected?

4. Do flowering patterns differ between life-history strate-
gies related to leaf persistence, pollination and reproduc-
tion and do they also affect the intensity of change along
elevational gradients?

Materials and methods
Study area and selected species

The study was located in the vicinity of Garmisch-Parten-
kirchen, southern Germany. Two south-facing elevational
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gradients (hereafter referred to as “Kramer” and “Kreuzeck™)
were established ranging from 700 to 1800 m a.s.l. and 800
to 1700 m a.s.l., respectively. The 29 herbaceous species
given in Table 1 were selected due to their occurrence along
a wide elevational gradient and follow different life-history
strategies in terms of leaf persistence, pollination and repro-
duction. The minimum and maximum temperatures of the
study sites are given in Online resource 1.

Flowering phenology

Flowering phenology was monitored in 2012 and 2013 on a
weekly basis. Populations of at least 20 individuals of the 29
selected species were monitored at every 100 m increase in
elevation during the growth phase (beginning of April until
beginning of November). Some elevational bands consisted
of several distinct subpopulations, i.e. plants growing on up
to three different meadows within the same elevational band.
Altogether, we made 1496 observations in both years, which
totals 965 records of plant phenology per elevational band
in both years together (see Table 1). The date of FFD was
recorded as the first day when an individual from a certain
species and population was found to display fully devel-
oped flowers as reported in Bucher et al. (2018). LFD was
determined as the day when flowers were observed for the
last time in the population. The difference between these
two dates was then calculated and denoted as FD. A second
flowering events was also monitored which was defined as a
flowering event occurring after a period of no flowers which
lasted for more than 3 weeks (Online resource 2).

Life history strategies

Information on life-history strategies was taken from the
BiolFlor database (Kiihn et al. 2004). For each species, we
extracted information on leaf persistence (evergreen or sum-
mer green), pollination syndrome (insect-, self- or wind-pol-
linated) and reproduction (generative or vegetative reproduc-
tion). When several entries per species and trait were given,
we always selected the one which was more independent
from outside conditions than the other (i.e. for pollination
self > wind > insects, for reproduction vegetative > genera-
tive). In the case of Fragaria vesca, Oxalis acetosella and
Potentilla erecta we categorised the leaf persistence to be
summer green based on our own observations, as the spe-
cies displayed autumn senescence and completely shed their
leaves during winter in the research area.

Data analyses
We used an analysis of covariance (ANCOVA) to test

whether flowering phenology (FFD, LFD and FD) changed
along elevational gradients and between years and whether

these changes were species-specific. For these analyses we
used mean FFD, LFD and FD calculated for each species
within each year, gradient and elevational band as depend-
ent variables. Elevation, the year of observation (2012 and
2013), the two elevational gradients (Kramer and Kreuzeck)
and species identity, as well as the twofold interactions
thereof, were used as independent variables in each model.
The full models were simplified using stepwise backward
selection until the minimum adequate model was found
(Crawley 2012). We checked that model assumptions, i.e.
homogeneity of the variances and normality of the residu-
als were met in all models. To see whether FFD, LFD or
FD influenced the occurrence of a second flowering event,
we transformed the second flowering event into presence
and absence data and fitted a logistic regression with FFD,
LFD and FD, respectively, as the explanatory variable. We
then did the same analysis as described above for the sec-
ond flowering period to see whether the second flowering
event, its end and duration depend on elevation, year or gra-
dient. In a next step, we combined both flowering events:
in case of populations without a second flowering event,
LFD remained consistent; for the others, we summed up the
flowering duration of both flowering events.

Any reference to slope refers to the slope extracted from
lines predicted by our stepwise model selection as described
above, taking the flowering event, i.e. FFD, LFD and FD into
consideration. To study whether the extent to which species
change their flowering phenology along elevational gradi-
ents can be explained by the time of flowering (i.e. whether
shifts in flowering pattern depend upon time of flowering),
we first calculated the time of flowering as the mean date
of the phenological event (FFD, LFD, FD) for each species
on each of the two elevational gradients in each year as the
independent variable. Second, we assessed the extent of phe-
nological change by taking the slopes of the predicted lines
for each species resulting from our stepwise model selection
described above as a dependent variable. To take the second
flowering event into account, we performed the same analy-
sis as described above but used the last flowering day of
the populations as well as the combination of the flowering
duration within each population as a dependent variable and
the slopes of those along the elevational gradient.

To investigate relationships between the three different
phenological events, we regressed (a) FFD against LFD; (b)
FFD against FD; and (c) LFD against FD. For these analy-
ses, we included all values obtained from all the populations
in our models. Again, this was done by also including a
second flowering event as described above in a second step.
We used ANCOVAs and included FFD, FD and LFD as well
as species, gradient and year as independent variables. To
see whether FFD or LFD was more important for FD, we
constructed a linear regression using FD as the dependent
variable and FFD as well as LFD as independent variables.
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FFD and LFD were scaled to zero mean and unit variance
prior to analysis to extract the relative impact of both param-
eters from the models’ estimates. As before, models were
simplified via backwards selection and model requirements
were checked.

To investigate the effects of life-history strategies, i.e. leaf
persistence, pollination syndrome and reproduction strategy
on flowering phenology, we tested whether FFD, LFD and
FD (calculated for each species, year and gradient) differed
between evergreen and summer green species, between
insect-, self- and wind-pollinated species and between
species with generative and vegetative reproduction using
ANOVAs, after checking that model requirements were met.
For FFD we ran the analysis twice, once for the first flower-
ing event and once for the second. In the case of LFD and
FD we included both the values based on the first flower-
ing event and the values which included a second flowering
event as described above to see which impact these second
flowering events had on the overall flower availability. To
test for significant differences between the categories of the
investigated life-history strategies, we used Tukey’s HSD
post hoc tests. Accordingly, we performed the same analy-
ses using the slopes along the elevational gradient as the
dependent variable to test the influence of life-history strate-
gies on the response of flowering phenology. Again, this was
done including the second flowering event as well.

All statistical analyses were computed in R 3.4.2 (R Core
Team 2017). The results were graphically displayed using
the package ‘ggplot2’ (Wickham 2009).

Results

Changes in flowering patterns along the elevational
gradient

First flowering day changed with elevation and the inten-
sity of this change was highly species-specific, differing
between both years but in general FFD occurred earlier in
lower elevations (Fig. 1a, Online resource 3, see Table 1 for
mean values and Table 2 for statistical results). FFD was
generally earlier in 2013 compared with 2012, and later on
Kreuzeck than on Kramer. Hepatica nobilis was the first spe-
cies to start flowering on day 95 in 2013, i.e. 5th of April at
800 m a.s.l. on Kramer, and Leucanthemum vulgare started
to flower last, namely on day 279 in 2012, i.e. 6th of October
on Kramer at 1500 m a.s.1.

LFD (Fig. 1b, Online resource 4, Table 1) showed a
highly species-specific change along the elevational gradi-
ent (Table 2). Twelve species delayed LFD whereas oth-
ers advanced LFD with increasing elevation. H. nobilis
stopped flowering the earliest, namely on day 102 in 2013,
i.e. 12th of April at 800 and at 950 m a.s.l. on Kramer

@ Springer

whereas Carduus defloratus stopped flowering last, namely
on day 311 in 2012 at 800 m a.s.l. on Kreuzeck, i.e. 7th of
November.

Two-thirds of the species showed shorter FD with
increasing elevation (Fig. 1c, Online resource 5, see Table 1
for mean values and Table 2 for statistical results). Overall,
Trifolium pratense and P. erecta displayed the longest flow-
ering duration with 140 days at 900 m a.s.l. on Kreuzeck and
at 750 m a.s.l. on Kramer, both in 2013. O. acetosella only
flowered for 8.2 days on average and in most cases less than
a week, which is the shortest FD.

In total 13 species in 51 subpopulations displayed a sec-
ond flowering event (see Online resource 2). Only in 11
subpopulations did second flowering last for longer than a
week. We found that neither the timing of FFD, nor LFD,
nor FD had any significant effect on the occurrence of a sec-
ond flowering event. The beginning of the second flowering
did not change with elevation (Table 2). The end of the sec-
ond flowering event did not change with elevation and only
depended on species and gradient, with Kreuzeck showing
an earlier end of the second flowering phase than Kramer
(R*=0.74,F, 3,37=38.2, p<0.001). However, considering the
combined flowering phenology data including the second
flowering event showed that this was strongly affected by
elevation (Table 2). On this combined dataset, the strongest
intensity of change along the elevational gradient was also
displayed by C. jacea, which showed an advance of 4.3 days
100 m~! increase in elevation, whereas A. bellidiastrum
showed a delay in LFD of 3.59 days 100 m~".

The duration of the second flowering event was not influ-
enced by gradient, elevation, year or species or the interac-
tions thereof. When looking at the combined duration of
both flowering events we found that elevation, gradient, spe-
cies and year had a significant influence on FD (Table 2).
The same species as above showed the longest flowering
duration. Again, O. acetosella showed the strongest positive
shift as it increased FD by 1.49 days 100 m™~! increase in
elevation, while T. pratense displayed the strongest negative
shift of 4.73 days 100 m~!.

Differences in phenological response between early-
and late-flowering species

The timing of FFD significantly influenced the intensity of
change of FFD along the elevational gradient: the earlier
the flowering, the stronger the intensity of change along
the elevational gradient, i.e. the more FFD was delayed
with increasing elevation (R*=0.04, F, ;,=4.7, p<0.05;
Fig. 2a).

There was a strong relationship between mean LFD and
shifts in LFD along the elevational gradient. The strongest
delays were found in species with earlier LFD (R?=0.40,
Fy 111=75.2, p<0.001; Fig. 2b). The regression line
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Table 2 Results of the linear models describing changes of flowering penology with elevation (FFD, first flowering day; LFD, last flowering day;
FD, flowering duration; all ex- and including second flowering events)

FFD FFDecona LFD LFDyecond FD FDyecond

Model results R*=0.90, R*=0.66, R*=0.90, R*=0.85, R*=0.58, R*=0.59,
Flis,816=061.7%%* Fiy 33=06.1%% Fiys, 814 =65.1%%% Fys 343 =55.9%%* Fy, 840=13.6%** Fy, 840=13.8%%%

Elevation ok - n.s. sk sk sk
Species sk Hkk LT stk Hkk o
Year n.s. - n.s. n.s. n.s. n.s.
Gradient n.s. - ok n.s. * *
Elevation:species ok - LT e Hkk e
Elevation:year ok - - — _ _
Elevation:gradient - - - - - _
Species:year sekese — sk _ * *
Species:gradient ok - wAE ook - _

Gradient:year - - - - _

Given are the explanatory variables and their significance in the minimum adequate models as well as the R statistics and the F statistics of the
overall model (***p <0.001, **p <0.01, *p <0.05, n.s. not significant, — not included in the final model)
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in elevation, b last flowering day (LFD) and changes in LFD in days
100 m~! increase in elevation and ¢ flowering duration (FD) and

transects the x-axis indicating negative shifts at day 230.
When using the overall last flowering day for each popula-
tion and looking at its relationship between that date and
the slope along the elevational gradient we found a similar
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Slope LFD (days 100 m?)

200 250

Last flowering day (doy)

150

changes in FD in days 100 m~! increase in elevation. Lines represent
regression lines as based on ANCOVAs. The colours represent spe-
cies as explained in Figures S3-S5. Second flowering events are not
included in the graph

pattern (R*=0.34, F1 111=56.0, p<0.001) with a transec-
tion of the x-axis on day 232.

There was a pronounced negative relationship between
FD and shifts in FD along the elevational gradient
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(R2=0.45, Fy =91.1, p<0.001; Fig. 2c). Thus, long-
flowering species showed a pronounced decrease in flow-
ering duration along the elevational gradient, whereas the
opposite was true for short-flowering species. The regres-
sion line transects the x-axis indicating negative shifts at
a duration of 25 days. When including the second flower-
ing event, there was still a negative relationship between
the duration of both flowering events and the slope of
the duration along the elevational gradient (R>=0.44,
Fy 11, =288.6, p<0.001). However, the regression line
already transects the x-axis at a duration of 12 days.

300 -
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100
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100 150 200 250
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Fig.3 Relationship between different events of flowering patterns.
a Relationship between first and last flowering day, b between first
flowering day and flowering duration and ¢ between last flowering

Relationships between FFD, LFD and FD
and the relative effects of changes in FFD and LFD
on FD

For most species, there was a positive relationship between
FFD and LFD, i.e. the later the start, the later the end of
flowering except in the case of Knautia dipsacifolia, Mela-
mpyrum sylvaticum, P. erecta, Lotus corniculatus, Thymus
praecox and T. pratense. LFD was significantly influenced
by FFD, gradient, species and the interactions FFD:gradient,
FFD:species and gradient:species whereas year was not
significant (R*=0.86, Fg 1343=97.6, p<0.001; Fig. 3a).
Including the second flowering event showed that LFD
was significantly influenced by FFD, gradient, species and

(c)

100 150 200 250 300
Last flowering day (doy)

day and flowering duration. Given is the regression line for each spe-
cies. The colours represent species as explained in Figures S3-S5.
Second flowering events are not included in the graph

@ Springer



Alpine Botany (2020) 130:41-58

50

c
fu
>
o
f =
Q
\l‘ | '| | ﬂ
—_—
2 =
=t o ~ - o 1.. ~ o o < o Y <
(-w 00T sAep) @44 adojs (--w 00T sAep) @41 @dojs (-.w 00T sAep) a4 adojs
© © ]
=
g
3
el
f =
Q
. © -9
—_— —_—
© ()
N '
3 8 3 8 3 8 3 R b & e
o~ ~N - - o~ o~ el
(Aop) Aep Buriamoly 3si14 (Aop) Aep Buiiamoyy ise (sAep) uoiyenp Surlamol4

pringer

A's



Alpine Botany (2020) 130:41-58

51

«Fig.4 Flowering phenology on the left and panel and changes in
flowering phenology on the right-hand panel as dependent on leaf
persistence [evergreen (e, green) vs. summer green (s, yellow)]. a
First flowering day (FFD), b shifts in FFD, c last flowering day (LFD)
ex- (el and sl, respectively) and including second flowering events
(e2 and s2), d shifts in LFD, all in day of the year (doy), e flowering
duration (FD) and f shifts in FD, again without and with second flow-
ering events and in days per 100 m™~'. Darker colours are excluding
second flowering; lighter colours are including it. Letters indicate sig-
nificant differences based on Tukey’s HSD post hoc test. Significance
is at the p <0.05 level

the interactions FFD:gradient, FFD:species (R2=0.83,
Fs9 1370=113.0, p<0.001).

In general, there was a negative relationship between FFD
and FD, i.e. populations which flowered earlier also tended
to flower longer. The only species which showed opposing
trends were M. perennis. FD was significantly influenced by
FFD, species, gradient and the interactions FFD:gradient,
FFD:species and gradient:species (R*=0.64, F, 86, 1343 =28.2,
p<0.001; Fig. 3b). Again, there were no significant differ-
ences between the 2 years. When the overall flowering dura-
tion was analysed, we found that FD was significantly influ-
enced by FFD, species, gradient, year and the interactions
FFD:gradient, FFD:species, gradient:species, FFD:year and
species:year were significant (R?=0.66, Fii6 1313=21.5,
p<0.001).

There was a positive relationship between LFD and FD,
i.e. the longer the FD, the later a population stopped flow-
ering. This was not only dependent on LFD but also on
gradient, species, year and the interactions LFD:gradient
and LFD:species as well as species:year (R>=0.80,
Fgg 1341 =59.5, p<0.001; Fig. 3¢). When adding the second
flowering event, we found that FD was influenced by LFD,
gradient, species, year and the interactions LFD:species as
well as species:year (R*=0.76, Fy; 134, =48.0, p<0.001).

The linear regression testing the influence of FFD
and LFD on FD demonstrated that LFD had a slightly
higher influence (estimate =43.2%**) than FFD (esti-
mate = — 32.5%*%) on FD (R*=1.0, F, j4;=7.0¢"",
p <0.001). When including the second flowering event
we could confirm this (estimate = —28.3*** for FFD vs.
38.8%#* for LFD, R?=0.87, Fy 1427=4806, p<0.001).

Influence of life-history strategies on patterns
and shifts of flowering phenology

The results showed that summer green species had later FFD
and LFD than evergreen species, whereas FD did not differ
between these strategies (Fig. 4; Table 3). The timing of the
second flowering event was independent of leaf persistence.
Including the second flowering event in the analysis did not
change the overall patterns. There was a significant influ-
ence of leaf persistence on the shifts of FFD with evergreen

species showing stronger positive shifts (Fig. 4b; Table 3),
whereas evergreen and summer green species did not dif-
fer in their intensities of change of LFD and FD along the
elevation gradient. When including the second flowering
event, we found that there was again no significant difference
between evergreen and summer green species concerning
LFD and FD (Table 3).

FFD did not differ significantly between the three types
of pollination. Insect-pollinated species had the latest LFD
and differed significantly from self-pollinated species, with
wind-pollinated species being in between (Table 3). FD was
longer in insect-pollinated species than in wind- and self-
pollinated species (Fig. Se; Table 3). Again, including the
second flowering event did not change the results. Changes
in FFD along the elevational gradient were strongest in self-
pollinated species and lowest in wind-pollinated species,
where also negative values occurred. Insect-pollinated spe-
cies showed an intermediate slope (Table 3). The intensity
of change of LFD along the elevational gradient was high-
est in self-pollinated species, whereas there was no signifi-
cant difference between insect- and wind-pollinated species
(Table 3). The intensity of change of FD was significantly
lower in insect-pollinated species than in self- and wind-pol-
linated species (Fig. 5f; Table 3). Second flowering events
did not occur in wind-pollinated species.

The type of reproduction influenced flowering phenology.
Species which mainly reproduce sexually via seeds showed
no significant difference in FFD, LFD and FD from spe-
cies which are able to spread vegetatively (Fig. 6; Table 3)
and second flowering events did not change this pattern.
However, the intensity of change of FFD differed between
the different types of reproduction with species dispersing
via seeds having larger changes than species which repro-
duce vegetatively (Fig. 6a; Table 3). The slope of LFD also
changes significantly between different types of reproduc-
tion, with species with vegetative reproduction having a
higher slope (Table 3). Here, including the second flowering
event mattered, as the slope was slightly decreased compared
with the first event only (Fig. 6d). The slope of FD was
significantly higher in species able to disperse vegetatively
than in species which propagate via seeds; second flowering
events did not change the pattern (Fig. 6f; Table 3).

Discussion

This study clearly demonstrated that flowering patterns, i.e.
FFD, LFD and FD changed significantly along elevational
gradients with species-specific intensities. This was related
to the life history strategies of the species, and there was a
strong link between the different stages of flowering phenol-
ogy. There was a delay in FFD and a decrease in flowering
duration with increasing elevation for most of the 29 species
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Table 3 Results of the ANOVAs comparing first flowering day
(FFD), last flowering day (LFD) and flowering duration (FD) as well
as theirs slopes between different life history strategies namely leaf

persistence, i.e. evergreen or summer green, pollination syndrome
(insect- vs. self- or wind-pollination) or reproduction type (sexual vs.
vegetative)

FFD Slope FFD LFD Slope LFD FD Slope FD
Leaf persistence Fyq=4.2% F| 114=6.5% F3 00 =2.9% n.s. n.s. n.s.
Pollination n.s. F, 13=25.0%%% Fs ppp=4.1%% Fs 006=06.6%%% Fs 5p0=9.0%%% Fs 5p6=06.1%%%
Reproduction n.s. Fy 14=14.6%%* n.s. F3 gpg=T7.2%%% n.s. F3 ypg=24.3%%%

studied, whereas LFD differed depending on the general tim-
ing of the phenological events of the species. Species which
finished their flowering phenology early in the year delayed
LFD along the elevational gradient, yet species which con-
tinued to flower longer showed hardly any changes along the
elevational gradient. We found that the intensity of change
of FFD, LFD and FD along the elevational gradient declined
during the growth period and also changed from being posi-
tive to negative in the course of the year. Life history strate-
gies related to leaf persistence, pollination and reproduction
had significant effects on phenology and changes in phenol-
ogy along the elevational gradient. In contrast to other stud-
ies, we also included the observations of second flowering
events in our study and not only showed that these were
rare and independent of elevation, but also that the overall
results of our analysis hardly changed when second flower-
ing events were included in the analyses.

The uniform trend of delaying FFD with increasing
elevation and the stronger advance of FFD with increas-
ing temperature in early-flowering compared with late-
flowering species confirms the results of previous studies
(Fitter and Fitter 2002; Menzel et al. 2006a; Miller-Rushing
and Primack 2008). However, we could also show that the
shift of LFD was highly dependent on the timing of LFD,
as species which stop flowering late in the year showed an
advance or no reaction along the elevational gradient. Spe-
cies which displayed early LFD showed a shift to later days
with increasing elevation while this pattern was reversed
for species with late LFD (i.e. around day 230; Fig. 1b).
This could be due to the fact that species which complete
their reproduction early in the year respond more strongly to
changes in temperature than species which reproduce later in
the year. For species which extend their flowering phenology
to later dates, cues such as photoperiod could be a stronger
cue to stop flowering than for species which follow an early
flowering strategy, which has been shown previously (Heide
1993; Hékkinen et al. 1998; Migliavacca et al. 2008; Migli-
avacca et al. 2011; Bucher et al. 2018). As it gets warmer,
long-flowering species exhibit the strongest increase in FD
and thus provide food for pollinator species for a longer
period of time. The decrease in FD along the elevational
gradient is also evidence for the countergradient variability
hypothesis, which states that higher elevational species are

@ Springer

Fig.5 Flowering phenology on the left and panel and changes in )

flowering phenology on the right-hand panel as dependent on pol-
lination syndrome. a First flowering day (FFD), b shifts in FFD, ¢
last flowering day (LFD) ex- (el and sl, respectively) and including
second flowering events (e2 and s2), d shifts in LFD, all in day of
the year (doy), e flowering duration (FD) and f shifts in FD, again
without and with second flowering events and in days per 100 m™".
Colours represent the type of pollination: on type of pollination, i.e.
insect- (in, pink), self- (se, green) and wind-pollinated (wi, blue).
Darker colours are excluding second flowering; lighter colours are
including it. Letters indicate significant differences based on Tukey’s
HSD post hoc test. Significance is at the p <0.05 level

able to complete their life-cycle in a shorter period of time
than species from a lower elevation (Conover and Schultz
1995; Korner 2003). However, Petanidou et al. (1995) dem-
onstrated for Gentiana pneumonanthe L. that female fecun-
dity is reduced later in the season, probably due to nutrient
limitations, thus extending the flowering duration might not
be enough to counterbalance the loss of pollination service
early in the season. In contrast to our findings, Trunschke
and Stocklin (2017) demonstrated an increase in FD. How-
ever, this was within individuals and not populations with
increasing elevation in the Central Swiss Alps and linked
this to limited pollination success; they also demonstrated
a higher plasticity of FD of plants originating from high
elevations (2600 m a.s.l.) compared with plants from low
elevations (1600 m a.s.l.). However, the uppermost limit of
our research was 1800 m a.s.1., so the differing results may
be due to the fact that the availability of pollinators might
show a non-linear distribution along elevational gradients,
i.e. showing a decrease again in alpine environments above
the treeline. The strong differences between early- and late-
flowering species concerning the link between different
flowering stages also emphasises the fact that it is impor-
tant not only to focus on FFD but also to take LFD, and thus
FD into consideration when looking at flowering phenology
from an ecological point of view as the time available for
possible pollination and fertilisation.

There were differences in the response of flowering phe-
nology along the elevational gradient between the 2 years
in FFD and between the two gradients in LFD whereas the
shifts were constant in FD. FFD was earlier in 2013 than in
2012 which can be explained by the less severe winter condi-
tions (Online resource 1). However, the rate of change with
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«Fig.6 Flowering phenology on the left and panel and changes in
flowering phenology on the right-hand panel as dependent on repro-
duction. This was done for a first flowering day (FFD), b shifts in
FFD, c last flowering day (LFD) ex- (sl and vl, respectively) and
including second flowering events (s2 and v2), d shifts in LFD,
all in day of the year (doy), e flowering duration (FD) and f shifts
in FD, again without and with second flowering events and in days
per 100 m~!. Species which reproduce via seeds (s) are displayed
in brown, species which are able to spread vegetatively (v) in cyan.
Darker colours are excluding second flowering; lighter colours are
including it. Letters indicate significant differences based on Tukey’s
HSD post hoc test. Significance is at the p <0.05 level

elevation was in general higher in all species in 2013, which
might be due to the fact that the winter and thus frost events
persisted for much longer and spring began later in 2013.
Daily maximum temperatures did not differ that strongly
between the two gradients, but the minimum temperatures
differed greatly, especially on the Kramer gradient which
could have had a big impact for the plants in determining
LFD. Other studies detected regional differences in FFD
between different sites, which might be due to adaptation
by local species (Ziello et al. 2009; Cornelius et al. 2013).
Common garden experiments demonstrated that phenologi-
cal phases were advanced but shortened at lower elevational
sites (Gugger et al. 2015). Within congeneric species pairs,
plants from lower elevations were in general more plastic
in their response which might be due to the strong effect of
late frost which imposed a strong abiotic filter especially at
higher elevations (Gugger et al. 2015; Schmid et al. 2017).
Nevertheless, it is interesting to see that FD, being the phase
which is most influential for pollination success and the
provision of food for pollinating insects, is the most con-
servative of the three phenological events and only changed
with elevation, i.e. with temperature. It was not influenced
by the temperature difference between the two gradients as
Kreuzeck tended to be colder than Kramer and the tempera-
ture differed between the 2 years (Bucher et al. 2018; Online
resource 1).

The initiation of a second flowering event was rare; in
total, only 13 species displayed such a second flowering
event, and for five of them it only occurred once. Moreover,
not a single subpopulation flowered twice in 2012 and in
2013, which suggests that this is not a genetic predisposi-
tion and does not serve as a general strategy to prolong FD
after the end of the first flowering phase. In addition, these
second flowering events were very short in most subpopula-
tions, much shorter than the first flowering phase. Thus, they
are a minimal investment by the plant and not the same as a
full flowering period. Interestingly, even though the timing
of FFD, LFD and FD of the second flowering event was not
influenced by elevation, it affected the overall flowering pat-
terns when including them in the analyses and made slopes
along the elevational gradient steeper. The second flower-
ing event ended earlier on Kreuzeck gradient which is the

colder of the two mountains, a pattern which could also be
observed in the first flowering event. However, the lack of
the relationship between second flowering event and eleva-
tion can also be inferred by the very low number of instances
when a distinct second flowering event was observed. The
trigger of a second flowering event seems thus not to be
solely temperature but might rather also be induced by an
unsuccessful pollination during the first phase. On the other
hand, it could be induced by a surplus in available resources
or a saving of resources over several years, which enable
the plant to invest in a second flowering event in 1 year and
thereby increase the number of viable seeds. Including sec-
ond flowering events and thus lengthening the observation
period by several weeks even after LFD seems to be very
important if not only flowering phenology is studied but
also reproduction success which would probably explain the
occurrence of second flowering events.

We found that the different events of flowering phenol-
ogy, i.e. FFD, LFD and FD are interconnected: for most spe-
cies, we found that when FFD was delayed, there was also
a delay in LFD especially in species which flowered early
in the year; and when LFD was delayed, FD was prolonged
mainly in later flowering species. However, when looking at
the species-specific results we found a negative relationship
between FFD and FD, meaning that if FFD was delayed, FD
became shorter, thus a delay in FFD due to unfavourable cli-
mate conditions leads to a shorter flowering which was more
pronounced in late-flowering species. Thus early-flowering
species shifted their phenology, which bears the mismatch
with pollinators (Rathcke and Lacey 1985), whereas later
flowering species extended the flowering phenology with
warmer climate and thus might be able to benefit more from
changing climate conditions. This might also be due to the
fact that predictable frost events which occur early in the
season might have a limiting effect on the plasticity of FFD
(Schmid et al. 2017). In general, species advance FFD with
warmer temperature as a result of climate change (Menzel
et al. 2006a; Bock et al. 2014; Bucher et al. 2018; Konig
et al. 2018) and a prolonged FD increases a plant species’
opportunity for pollination, thereby increasing plant perfor-
mance (Rathcke and Lacey 1985; Menzel et al. 2006b; Bock
et al. 2014). Interestingly, it is neither the first nor the last
flowering species which display the longest FD, but the spe-
cies which flower during mid-season. In sub-Mediterranean
mountain grasslands, the dominant species flower in the
middle of the growing season when there is minimal stress
and a long time for seed maturation (Catorci et al. 2012)
which can also be seen in our data (analysis not shown), thus
this niche seems to be the most favourable. There was no
relationship between the timing of the first flowering event
and the second, so starting and finishing the first flowering
early in the year does not necessarily allow for more time
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to induce a second flowering event and thus, increase the
chance of pollination.

Life history strategies explained both patterns and shifts
in flowering phenology along the elevational gradient. Leaf
persistence influenced the timing of phenology as evergreen
species tended to have earlier FFD and LFD compared with
summer green species, yet the shifts along the elevational
gradient did not differ between the two types, only in FFD.
In a temperate environment with cold winters, plants with
evergreen leaves which are able to photosynthesise immedi-
ately after snowmelt without the necessity of using energy
reserves for the construction of new leaves should have a
developmental head start in flowering phenology. Evergreen
species are also more frost resistant than summer green spe-
cies, which makes them less endangered by late frost events.
There seems to be the tendency that evergreen species
extend FD more than summer green species, yet this is not
significant and should be studied using a bigger dataset. LFD
and FD were mainly influenced by the type of pollination as
insect-pollinated species start to flower later in the season
yet display longer FD. This confirms studies from Rathcke
and Lacey (1985), who found that outcrossing species flower
longer than self-pollinated species, yet it is not in line with
Molau (1993) who documented higher outbreeding rates in
early flowering species in tundra ecosystems. This is most
probably due to temperature-dependent insect activity and
also neatly matches the co-evolution and symbiosis between
flowering plants and pollinators which depend on the plants
as their main source of nutrition or might be linked to pol-
linator availability as suggested by Trunschke and Stocklin
(2017). Nevertheless, self-pollinated species showed the
highest intensity of change of FFD and LFD along the eleva-
tional gradient, whereas insect-pollinated species showed a
more negative slope of FD, thus being the most efficient in
expanding FD with warmer temperatures. Wind-pollinated
species did not shift their flowering phenology along the
elevational gradient much at all, which might indicate that
they are unaffected by temperature and instead respond to
other triggers such as precipitation or wind to trigger the
opening of the flowers or simply respond to photoperiod
or also to any kind of disturbance. Species which propa-
gate via seeds showed no difference in FFD, LFD and FD
compared with species, which may propagate vegetatively.
Still, species which propagate via seeds displayed steepest
slopes in FFD along the elevational gradient, but almost
none in LFD which lead to a higher increase in FD. Species
which reproduce vegetatively rather shifted the flowering
phenology towards earlier dates with warmer temperature
than extending FD. This might be either due to the fact that
sexual reproduction is favourable during changing abiotic
conditions or due to the temperature dependence of seed
formation. There were no differences between the timing of
a second flowering event and leaf persistence, pollination
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syndrome or reproduction. However, it was interesting to
note that no wind-pollinated species showed a second flow-
ering event, which might be due to higher fertilisation suc-
cess rates of wind-pollination.

Conclusion

Our study demonstrates that flowering phenology varies
with changing abiotic conditions but that these changes are
species-specific as well as dependent on life-history strate-
gies and the overall timing of flowering phenology. A second
flowering event seems not to be related to abiotic conditions
but most likely to the pollination success of the first flow-
ering event. Species-specific shifts in flowering phenology
can alter co-flowering patterns (species which are flowering
at the same time) within a community, and redistribute flo-
ral abundances across seasons (CaraDonna et al. 2014). We
found differences of flowering phenology between different
life-history strategies. Understanding species-specific flow-
ering patterns in relation to changing abiotic conditions is,
therefore, crucial to predicting species performance and pat-
terns of coexistence with a changing climate. The ability to
predict these will improve our understanding and forecasting
of future biodiversity, ecosystem functions and ecosystems
services.
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