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Abstract
Ongoing global warming is causing phenological shifts that affect photosynthesis and growth rates in temperate woody
species. However, the effects of seasonally uneven climate warming—as is occurring in much of Europe, where the winter/
spring months are warming twice as fast than the summer/autumn months—on autumn growth cessation (completion of
overwintering buds) and leaf senescence, and possible carry-over effects between phenophases, remain under-investigated.
We conducted experiments in which we exposed saplings of canopy and understory species to 4 °C warming in winter/
spring, summer/autumn, or all year to disentangle how the timing of bud break, bud set completion, and leaf senescence is
affected by seasonally uneven warming. All-year warming led to significantly delayed leaf senescence, but advanced bud
set completion; summer/autumn warming only delayed leaf senescence; and winter/spring warming advanced both bud set
and senescence. The non-parallel effects of warming on bud completion and leaf senescence show that leaf senescence alone
is an inadequate proxy for autumn growth cessation in trees and counterintuitively suggest that continued uneven seasonal
warming will advance cessation of primary growth in autumn, even when leaf senescence is delayed. Phenological responses
to warming treatments (earlier spring onset, later autumn senescence) were more than twice as high in understory species
than in canopy species, which can partly be explained by the absence of carry-over effects among phenophases in the former
group. This underscores the need to consider differences among plant functional types when forecasting the future behaviour
of ecosystems.
Keywords Global Change Ecology · Plant–climate interactions · Phenology · Climate change · Vegetation period · Leafout · Bud set · Senescence · Chlorophyll · Climate warming experiment

Introduction
The seasonal rhythm of temperate deciduous species is characterized by a photosynthetically active period and a dormancy period during the unfavourable time of the year. The
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length of the vegetation period influences biogeochemical
cycles (Richardson et al. 2013), competitive and mutualistic
interactions (Thackeray et al. 2016), and species geographic
ranges (Chuine 2010). Climate warming may allow species
to extend their photosynthetically active period, leading to
increased productivity and altered carbon balances (Penuelas
and Filella 2001). However, because the environmental cues
and genetic mechanisms determining the onset and end of
dormancy in woody species (with long generation times)
are still poorly understood, it remains unclear to what extent
additional warmth at the start and end of a season translates
into increased tree growth. Dormancy can broadly be classified into three phases: During paradormancy (summer to
autumn), bud set is completed and leaf senescence occurs;
during endodormancy (autumn to winter), bud cell growth
is internally inhibited by blocked cell–cell communication
(Tylewicz et al. 2018); and during ecodormancy (mid-winter
to spring), bud cell growth is externally inhibited by low
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temperatures (Lang et al. 1987; Delpierre et al. 2016). In
many species, shortening day length is required to initiate
paradormancy (Heide 1974; Rohde et al. 2011; Cooke et al.
2012), while endodormancy release is triggered by chilling
accumulation and/or increasing day length (Heide 1993a, b;
Laube et al. 2014; Zohner et al. 2016).
To forecast forest productivity under extended vegetation
periods, studies have either used community-scale phenological observations (derived from remote sensing data) or
species-level observations (derived from in situ monitoring) and have then correlated leaf-out and leaf senescence
with relevant environmental parameters (Menzel et al. 2006;
Jeong et al. 2011; Keenan et al. 2014). Uncertainty in the
prediction of photosynthetically active periods under climate
warming arises from species-specific phenological strategies (differences in day-length, chilling, and forcing requirements), which are the result of long-term evolutionary adaptation to environmental (climatic) conditions (Zohner and
Renner 2014; Körner et al. 2016; Zohner et al. 2016, 2017,
Zohner and Renner 2017). These adaptive strategies involve
correlated traits, such as plant architecture (branching mode;
polycyclic or monocyclic growth), height, successional status, and wood anatomy (Lechowicz 1984; Panchen et al.
2014; Laube et al. 2014). Internal constraints may connect
phenophases, for example, spring leaf-out and autumn senescence in the same or successive years, additionally complicating predictions of tree seasonality under warmer climates
(Heide 2003; Hänninen and Tanino 2011; Liu et al. 2016;
Fu et al. 2014; Keenan and Richardson 2015). Six canopy
species, three from North America monitored over 20 years
and three from Europe exposed to experimental warming,
have been investigated in this regard (Fu et al. 2014; Keenan
and Richardson 2015). Both studies found that autumn leaf
senescence (defined as the date when 50% or 95% of leaves
had changed colour) advances with the advance of the preceding spring leaf unfolding. Such internal developmental
constraints seem to be especially pronounced in species
with determinate shoot growth that put out a single flush of
leaves per year, such as Fagus sylvatica and Quercus robur,
but not in species that form new leaves throughout the year
(e.g., Betula pendula) (Fu et al. 2014). These studies lacked
direct data on autumn growth cessation, but the importance
of bud set as an indicator of primary growth cessation and
a landmark in the dormancy cycle has long been clear. Nevertheless, a direct link between bud set and leaf senescence
has never been shown (Tanino et al. 2010; Rohde et al. 2011;
Cooke et al. 2012; Strømme et al. 2015; Signarbieux et al.
2017).
That visual proxies, such as leaf colour turning, which
is often used to measure leaf senescence, can be decoupled
from internal (invisible) developmental processes was shown
by Bauerle et al. 2012 who demonstrated that cessation of
photosynthetic activity is determined largely by day-length,
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whereas leaf senescence may be determined more by temperature. A remote sensing study that compared the widely
used NDVI (describing the presence/absence of chlorophyll)
with solar-induced chlorophyll fluorescence (SIF; theoretically describing photosynthetic activity) found that there is
“a large-scale seasonal decoupling of physiological activity
and changes in greenness in the fall” (Jeong et al. 2017,
p. 178). Thus, while the NDVI linearly responded to temperature, SIF did not, pinpointing the importance of focusing
on an alternative phenophases, such as bud set, to infer the
end of aboveground primary growth and productivity.
Finding out the extent to which leaf-out, bud set, and leaf
senescence are coupled is relevant because climate warming in the Northern Hemisphere is not happening uniformly
throughout the year—at least in Central Europe, the winter and spring months are warming faster than the summer
and autumn months (Fig. 1 in Renner and Zohner 2018;

Fig. 1  a Experimental design. T is the temperature difference compared to field conditions. Warming period indicates the times during
which warming treatments were applied. N indicates the number of
replicates used per species and treatment. b Contrasting responses of
autumn bud set and leaf senescence in eight (senescence) or four (bud
set) woody species to experimental warming treatments. Bars show
the mean difference in days between treatment and control (± standard error). Asterisks within bars indicate whether treatments differed
from the control according to a mixed effects model including species
as a random effect (*P < 0.05, ***P < 0.001). P values for leaf senescence were the same when including only the four species with data
on bud set (Fig. S3). The figure is available in colour in the online
version of the journal
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The experiment was conducted in the Munich Botanical
Garden (48°09′N, 11°30′ E; 501 m a.s.l.) between December 2014 and December 2016. Three-year-old plants were
obtained from a local nursery in October 2014, transferred
to plastic pots (30 × 30 cm) with sandy soil, and kept outdoors under uniform conditions until the start of the experiment (21 December 2014). Seven individuals per species
and treatment were exposed to warming treatments and
the effects on phenology then followed until autumn 2016.
Throughout the experiment, pots were watered once or twice
a week to keep soil moisture constant. Three treatments were

Life form

Experiment

Species

We selected eight deciduous woody species covering different life forms (understory and canopy growth), growth
strategies (polycyclic and monocyclic growth) and a range
of phenological strategies relating to winter chilling and day
length sensitivity (Zohner et al. 2016, 2017). See Table 1 for
species selection and relevant traits.

Table 1  Species selection, phenological characterization, and growth parameters

Materials and methods
Species selection

Bud length

SA

Fig. 2 in Vitasse et al. 2018; our Supplementary Fig. 1 for
Munich: average winter/spring warming = 0.37 °C/decade;
average summer/autumn warming = 0.19 °C/decade). Thus,
to predict the future phenology and productivity (growth)
of temperate plants, experiments are needed to detect the
effects of warming in different seasons on leaf-out, bud set,
and leaf senescence. And since understory shrubs or trees
have different phenological strategies than canopy trees
(Augspurger et al. 2005; Panchen et al. 2014), such experiments should include these two functional types of deciduous woody species.
We, therefore, carried out a biannual warming experiment on saplings of eight species, four of them canopy trees,
the other four understory shrubs or small trees. Specifically,
we tested (i) if leaf unfolding, bud set, and leaf senescence
(chlorophyll breakdown) are affected differently by raised
temperatures, (ii) if leaf-out phenology in spring affects the
timing of bud set and leaf senescence, (iii) whether phenological responses to raised temperatures are more pronounced in understory than canopy species, and (iv) the
extent to which experimental spring, autumn, or all-year
warming translates into overall growth. Our study presents
the first experimental approach to test for the separate effects
of seasonal warming on the timing of bud set and leaf senescence and to our knowledge provides the first direct links
between phenology and growth parameters such as plant
height and bud length.
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23.5
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Fig. 2  Relative leaf-spectral
index (LSI) [mean ± standard
error of the mean (SEM)] in
2015 for four understory woody
species, a Deutzia gracilis, b
Spiraea japonica, c Sambucus
nigra, and d) Carpinus betulus,
under ambient temperature
(open blue circles and dashed
blue lines), 4 °C warming in
summer/autumn 2015 (filled
blue circles and solid blue
lines), 4 °C warming in winter/
spring 2014/2015 (open red
circles and dashed red lines),
and 4 °C warming in all year
(winter 2014/2015 to autumn
2015; filled red circles and solid
red lines). Bars below graphs
show the length of the vegetation period, based on means
(± SEM) for the date of spring
leaf-out and autumn senescence
(50% decrease in LSI relative to
peak LSI) for the four treatments. Pie charts above graphs
show the percentage of variation (derived from the sums of
squares) for each phenological
parameter (leaf-out (LO); length
of vegetation period (VP);
leaf senescence (SE)] that can
be attributed to winter/spring
treatment (light blue), summer/
autumn treatment (orange), or
the remaining residuals, i.e.,
within-treatment variation
(white). For Carpinus betulus
we also show a pie chart for bud
set (BS). The figure is available
in colour in the online version
of the journal (color figure
online)
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applied: 4 °C warming conditions in winter/spring, summer/
autumn, or during the whole year in a climate-controlled
glasshouse with an openable top (actual warming was
within ± 20% of the prescribed value). The control consisted
of individuals kept at ambient conditions (± 0 °C) outdoors.
Winter/spring warming was applied from 21 December 2014
(winter solstice) until all individuals had leafed out (5 May
2015). Summer/autumn warming was applied from 5 May
2015 until the leaves of all individuals had senesced 100%
(1 December 2015). Whole-year warming was applied from
21 December 2014 until 1 December 2015 (see Fig. 1a for
details on treatment conditions). Because we did not want
to test the effect of extreme heat on plants, we did not allow
temperatures in the glasshouse to exceed 35 °C (maximum
temperature measured in the field). Thus, during summer,
the average temperature difference between the warming and
the ambient treatment was < 4 °C (July: 3.4 °C difference,
August: 3.2 °C). Day length, light intensity and wavelength
spectra in the glasshouse did not differ from outdoor conditions (see Fig. S2). After the end of all experimental warming (1 December 2015), individuals were kept outdoors,
arranged randomly in rows with 50 cm between rows.

Phenological observations and measurements
of growth traits
Observations and trait measurements involved all 28 individuals for each of the eight species. Leaf-out observations were
conducted twice a week in winter/spring 2015 and 2016.
A bud was considered as leafed out when its leaves had
unfolded and pushed out all the way to the petiole (BBCH
11). The day when three branches on a plant had leafed
out was considered that individuals’ leaf-out date (Denny
et al. 2014; Zohner and Renner 2014; IPG 2016). We also
recorded the percentage of leaf-out, defined as the number
of leafed-out buds divided by the number of total buds of
an individual.
In 2015 and 2016, we measured the leaf spectral index
(LSI, a proxy for chlorophyll concentration and nitrogen
content) at, on average, 1-week intervals during spring and
autumn and 2-week intervals during summer (see Figs. 2
and 3) with an SPAD-502 Plus (Soil Plant Analysis Development, Minolta Camera Co., Ltd, Tokyo, Japan). Per individual, LSI readings from 10 leaves selected at random were
averaged. To infer seasonal changes in LSI, we relativized
individual means by their maximum LSI reading for the
respective season (values between 0% and 100%). To calculate relative LSIs per individual, we additionally included
the percentage of opened buds in spring and leaf abscission in autumn for each individual, allowing us to calculate
whole-individual LSIs (rather than leaf-level LSIs) relative
to maximum LSI (when individuals are fully leaved); e.g.,
an individual with 50% of buds still closed in spring and a
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relative LSI of 50% for the already flushed leaves has a total
relative LSI of only 25% because the still closed buds are
assigned a relative LSI of 0%. Similarly, an individual that
has already lost 50% of its leaves in autumn, with a relative LSI of 50% for the remaining leaves has a total relative
LSI of only 25% because the already dropped leaves have a
relative LSI of 0%. We defined leaf senescence as the date
when relative LSI had decreased by 50%, and the length of
the vegetation period as the period between leaf-out and leaf
senescence (BBCH 95).
The length of overwintering leaf buds was recorded from
15 July 2015 until 4 November 2015 in three canopy and one
understory species (bud length was not measured in Deutzia gracilis, Sambucus nigra, Spiraea japonica, and Sorbus
aucuparia where minute buds were set late in the season).
Ten terminal buds per individual were recorded. Completion
of bud set (hereafter referred to as bud set) was defined as
the date when the buds of an individual had reached > 90%
of their final length. At this stage, elongation growth has
already ceased and bud maturation (which is often used as
an indicator of bud set, e.g., transition from small green to
large brown buds in F. sylvatica; see Signarbieux et al. 2017)
is completed. Hence, bud set can reasonably be considered
an indicator of aboveground primary growth cessation. Total
bud numbers were counted in February 2015 and 2016 in
five species, viz. A. campestre, C. betulus, F. sylvatica, Q.
robur, and S. aucuparia. For Deutzia gracilis, Sambucus
nigra, and Spiraea japonica the bud number was too large
to be counted.
Height (in cm) was measured in December 2015 as the
length from the ground (soil) until the uppermost twig of
an individual. For Sa. nigra, we did not measure height nor
chlorophyll content in 2016 because plants outgrew their
pots; for Sp. japonica, we did not measure height because
plants were spreading sideways.

Data analysis
We applied two-way ANOVAs to test for an effect of winter/
spring and summer–autumn temperature treatment on phenology and growth parameters. Based on the ANOVA sums
of squares for each phenological stage (leaf-out, LO; bud set,
BS; senescence, SE; length of vegetative period, VP), we
calculated the percentage of variation that could be attributed to winter/spring treatment (light blue in the pie charts,
see Figs. 2 and 3) and summer/autumn treatment (orange)
[the remaining residuals, i.e., between-individual variation
within treatment, are shown in white in the pie charts]. A
post hoc Tukey–Kramer test was conducted to detect which
treatments (ambient temperature, 4 °C winter/spring warming, 4 °C summer/autumn warming, 4 °C whole-year warming) separately affected phenology and growth parameters
(Table S1). To test for effects of the warming treatments on
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the timing of leaf-out, bud set, and leaf senescence, while
controlling for between-species variation, we applied mixed
effects models including species as a random effect.
To test for correlations among the phenological stages
in 2015 and for their possible effects on leaf-out phenology in 2016 and growth (bud length and plant height), we
applied partial correlation analyses to remove the covariate
effects of winter/spring or summer/autumn treatment. Thus,
when testing for an effect of 2015 leaf-out on the remaining
parameters, we controlled for 2015 summer/autumn treatment; when testing for an effect of 2015 senescence on the
remaining parameters, we controlled for 2014/2015 winter/
spring treatment.
All statistical analyses were conducted in R (R core Team
2019).

Results
Independent timing of bud set and leaf senescence
On average, across all four species for which there were data
on both the timing of bud set completion and leaf senescence, winter/spring warming significantly advanced both
the timing of bud set (by 8.5 days or 2.1 days/ °C) and senescence (by 3.3 days or 0.8 days/ °C); all-year warming significantly advanced bud set by 6.4 days (or 1.6 days/ °C) but
delayed senescence by 8 days (or 2.0 days/ °C); and summer/
autumn warming had no effect on bud set and delayed leaf
senescence by 10.5 days (2.6 days/ °C) [Figs. 1b and S3].
Note that the calculations for leaf senescence in Fig. 1 are
based on data for all eight study species, whereas Supplementary Fig. S3 includes only those four species for which
there were data on bud set. Whether four or eight species
were included, however, did not affect the average responses
of leaf senescence to experimental warming treatments
(compare Figs. 1b and S3).
When focusing on individual species, in C. betulus, F.
sylvatica, and Q. robur, there was no significant correlation
between the timing of bud set and leaf senescence (Fig. 4,
P > 0.05), and summer/autumn warming had idiosyncratic
and partly opposite effects on bud set and senescence: It
delayed senescence by 13, 9, or 10 days, respectively,
while it did not affect bud set in C. betulus and Q. robur
and advanced bud set by 5 days in F. sylvatica (Figs. 2 and
3; Table S1). In A. campestre, summer/autumn warming
delayed bud set and senescence by 16 and 11 days, respectively (Fig. 3). In all three canopy species, winter/spring
warming advanced bud set (by 18, 8, and 9 days, respectively) and senescence (by 5, 4, and 7 days; Fig. 3). In C.
betulus, winter/spring warming had no effect on bud set and
senescence.
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The effect of leaf‑out phenology on the timing
of bud set and leaf senescence
Bud set and/or leaf senescence in 2015 were affected by
the preceding winter/spring temperatures (Figs. 1b, 2, and
3, Tables 1 and S1). All other conditions being equal, an
advance of 1 day in spring leaf-out resulted in 0.4-, 0.3-, and
0.3-day earlier leaf senescence (F. sylvatica, S. aucuparia,
Q. robur, respectively) and in 0.8-, 0.7-, and 0.3-day earlier
bud set (A. campestre, F. sylvatica, Q. robur; P <0.05; see
positive correlations in Fig. 4 and Table 1). In F. sylvatica
and S. aucuparia, we also detected an effect of autumn
senescence on next year’s leaf-out times, with each day later
senescence in 2015 resulting in 0.2 and 0.5 days later leafout in 2016 (P <0.05; Fig. 4). Such phenological carry-over
effects were absent in the understory species (Fig. 4 and
Table 1), in which the timing of autumn senescence was
determined only by summer/autumn temperature (Fig. 2).

Temperature sensitivity of spring leaf‑out
(ST), autumn senescence (AT), and the length
of the vegetation period differs between understory
and canopy species
Comparison of the winter/spring warming treatment to the
ambient control showed that a one-degree increase in air
temperature advanced leaf-out by, on average (± SEM),
7.1 ± 1.4 days (Fig. 5a). Understory species were more than
twice as sensitive to spring temperature than canopy trees
[ST (days advance of leaf unfolding per one °C warming) of
9.8 ± 2.0 days/ °C vs. 4.5 ± 0.4 days/ °C].
A one-degree increase in summer/autumn delayed senescence by an average of 3.5 ± 0.6 days (Fig. 5a, all eight species). Understory species again were more sensitive than
canopy trees [AT (days delay of leaf senescence per one °C
warming) of 4.2 ± 1.1 days/ °C vs. 2.8 ± 0.5 days/ °C].
When individuals were exposed to experimental warming
throughout the year (winter to autumn), A
 T in canopy trees
decreased to 1.3 ± 0.2 days/ °C, whereas in understory species it remained unchanged (AT of 4.2 ± 1.5 days/ °C); average across all species = 2.8 ± 0.8 days/ °C.
Whole-year warming had a 2.4 times greater effect on the
length of the vegetation period in understory species than
in canopy trees (lengthening of, on average, 14.1 days/ °C
vs. 5.8 days/ °C; Fig. 5b). In the understory species, winter/spring warming had a 2.3 times greater effect than did
summer/autumn warming: Winter/spring warming led
to a lengthening of the vegetation period by 38 days (or
9.5 days/ °C), while summer/autumn warming lengthened
it by only 17 days (4.3 days/ °C). In canopy trees, the vegetation period was equally affected by winter/spring and
summer/autumn warming: Winter/spring warming led to a
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Fig. 4  Effects of 2015 phenology (leaf-out, bud set, and leaf senescence dates and length of vegetation period) on subsequent phenological stages in 2015 and 2016, and growth parameters in eight species,
a Deutzia gracilis, b Spiraea japonica, c Sambucus nigra, d Carpinus
betulus, e Acer campestre, f Fagus sylvatica, g Sorbus aucuparia, and
h Quercus robur. Colours indicate (partial) correlation coefficients
(N = 28 individuals per species; white boxes if P > 0.05). Numbers
show the slopes (regression coefficients) of 2015 phenology against
the respective vertical (left) parameter modelled with (partial) regres-

sion (slope units: days/day, correlations among phenological parameters; cm/day, effect of phenological parameters on height; mm/day,
effect of phenological parameters on bud length), e.g., − 1.0 in panel
a (Deutzia gracilis) indicates that, on average, vegetation period in
2015 was extended by 1.0 days for each day advance in 2015 leaf-out.
Growth parameters were measured at the end of the experiments, in
autumn 2015. The figure is available in colour in the online version
of the journal

lengthening of 12 days (3.0 days/ °C) and summer/autumn
warming to a lengthening of 11 days (2.8 days/ °C).

We additionally measured the weight of the primordial leaf tissue, and the number of primordial leaves in
30 buds from 4 individuals of F. sylvatica and found a
strong positive relationship between bud length and leaf
primordial weight (R2 = 0.95, P < 0.001) and bud length
and the number of primordial leaves (R2 = 0.81, P < 0.001,
inset Fig. 6c). This relationship predicts that buds of F. sylvatica, on average, contain 0.11 more leaves per additional
day of vegetation period (R2 = 0.27, P < 0.01) or translated
into degree Celsius: per each degree increase in air temperature, buds contain 0.54 more leaves.
In most species, summer/autumn warming had a significantly positive effect on individual plant height (Table 1
and Fig. S4). In C. betulus, winter/spring warming also
significantly affected height, with a one-day advance in
spring leaf-out leading to an increase in height of 0.4 cm
(Fig. 4).

The effect of warming on bud length and plant
height
The lengths of mature buds were significantly positively correlated with summer/autumn temperature: under 4 °C warming conditions, buds (at the end of the season) were 1.9 mm
and 1.8 mm longer than the controls in C. betulus and F.
sylvatica (Figs. 6a, c, and S3; Table 1). In F. sylvatica, bud
length was also affected by winter/spring treatment, with
individuals exposed to this treatment having 1.2 mm longer
buds at the end of the season (Fig. 6c, and S3; Table 1).
In F. sylvatica, a one-day increase in length of the vegetation period led to 0.15 mm longer buds (R2 = 0.29, P < 0.01,
Fig. 4).
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Fig. 5  a Temperature sensitivity (days per degree °C) of spring leafout (ST) and autumn leaf senescence (AT) for eight temperate woody
species as inferred from the warming treatments. Red dots (and red
boxplot) show AT when the warming treatment was applied all year
(ambient vs. 4 °C warming from 21 Dec 2014 to 1 Dec 2015); blue
dots (and blue boxplot) show A
 T when the warming treatment was
only applied during summer and autumn (ambient vs. 4 °C warming from 5 May 2015 to 1 Dec 2015). The orange boxplot shows the
ST of the eight species. The x = y line (black) indicates where points

would be located if species showed similar temperature sensitivities
in spring and autumn. Values of canopy trees (black names) included
in grey convex envelope; values of understory species (green names)
included in light-green convex envelope. b Maximum plant height
and 2015 length of vegetation period (mean ± SEM in days) in the
studied species under ambient temperature, 4 °C summer/autumn
warming, 4 °C winter/spring warming, and 4 °C all-year warming.
The figure is available in colour in the online version of the journal
(color figure online)

Discussion

spring warming are especially relevant given that that climate
warming is not happening uniformly throughout the year.
Instead, the months January to May, on average, are warming twice as much as the summer and autumn months (see
our Fig. S1 for Munich 1960–2014; also Renner and Zohner
2018, Fig. 1 for all of Germany). Based on our experimental
results for the species for which we have data for both traits
(Table 1), this uneven seasonal warming predicts an advance
in at least some European tree species in bud set dates of
~ 1.9 days and a delay in leaf senescence of ~ 0.5 days per
each degree increase in mean annual temperature (assuming
that temperature responses will lie somewhere in the middle of
the responses inferred from the whole-year warming and the
winter/spring-only warming treatments). For Central Europe,
current climate warming thus should lead to earlier growth
cessation, but later leaf senescence, and therefore lengthen the
period between both events. Such increased time-lag between
growth cessation and cessation of carbon fixation might allow
plants to accumulate more non-structural carbohydrates in
autumn. Future studies, however, will have to test if photosynthetic activity also ceases earlier today than in the past, leading to increased transpiration/photosynthesis ratios in autumn
(Piao et al. 2008).

Do bud set and leaf senescence show similar
responses to climate warming?
Few studies have focused on bud set (but see Strømme et al.
2015; Signarbieux et al. 2017) although bud set completion
may be the best visual proxy for cessation of aboveground
primary growth (Signarbieux et al. 2017) and may scale to
growth and carbon gain (McKown et al. 2016). The present
study for the first time quantifies the extent to which individual bud set and leaf senescence in a year are uncoupled from
each other (Figs. 1, 4, and S3): Leaf senescence and bud set
showed opposite reactions to the experimental whole-year
warming treatment, with an average advance in bud set of
1.6 days/ °C, and a delay in leaf senescence of 2.0 days/ °C
(Figs. 1b and S3). The timing of bud set and leaf senescence, therefore, appears driven by different physiological
mechanisms and environmental cues. That all-year warming caused earlier bud set indicates that temperature-driven
development predicts autumn growth cessation, supporting
the idea that primary growth ceases once plants have stored
a maximum of carbohydrates (Fatichi et al. 2013; Keenan
and Richardson 2015). By contrast, that leaf senescence was
delayed by warmer summer/autumn conditions (Fig. 1b)
indicates that low temperatures modulate leaf senescence.
In A. campestre, F. sylvatica, and Q. robur bud set advanced
by 18, 8, and 9 days, respectively (Figs. 1b, 2, and 3). These
strong advances of primary growth cessation under winter/

Temperature sensitivity of understory vs. canopy
trees and its ecological implications
Previous studies showed that understory plants have lower
winter-chilling requirements and leaf out earlier than canopy
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Fig. 6  Average bud length (in mm) ± SEM between July and November 2015 for Carpinus betulus (a), Acer campestre (b), Fagus sylvatica (c), and Quercus robur (d) under the temperature treatments
shown in the inset. For F. sylvatica, the additional graph shows the
relationship between bud length (in winter) and the number of pri-

mordial leaves inside the respective bud (N =30 buds). The photograph shows the primordial leaves of a dormant F. sylvatica bud in
winter after removing the bud scales. The figure is available in colour
in the online version of the journal

trees (Augspurger and Bartlett 2003; Vitasse 2013; Laube
et al. 2014; Panchen et al. 2014; Polgar et al. 2014), suggesting that understory species generally exhibit more opportunistic phenological behaviour. We, therefore, expected
stronger phenological responses to elevated temperatures in
the understory species. Despite our small sample of four
understory and four canopy species, this expectation was
met: Under year-long warming, the temperature sensitivity of the understory species was two to three times higher
than that of the canopy tree species ( ST = 9.8 days/ °C vs.
4.5 days/ °C; AT = 4.2 days/ °C vs. 1.3 days/ °C; Fig. 5a).
In addition, winter/spring warming had a 2.3 times greater
effect on overall vegetation period than summer/autumn
warming (lengthening of 9.5 days/ °C vs. 4.3 days/ °C,
respectively). In the canopy tree species, by contrast,
the effect of winter/spring warming on the length of the
vegetation period was comparably small and of similar
magnitude as that of summer/autumn warming (lengthening of ~ 3 days/ °C). This can be partly explained by

spring-to-autumn carry-over effects, which exist in longlived canopy trees, but not understory species: In the canopy
trees F. sylvatica, S. aucuparia, and Q. robur, the relationship between the timing of spring leaf-out and autumn leaf
senescence was about 3:1, i.e., 1 day earlier leaf unfolding
caused 0.3–0.4 day earlier leaf senescence (see numbers in
Fig. 4 which show the regression coefficients between leafout and leaf senescence; P < 0.05). Thus, any extension of
the vegetation period resulting from advances in leaf unfolding was offset (by up to 40%) by earlier leaf senescence, i.e.,
a 1 day advance in spring leaf unfolding caused a lengthening of only 0.6–0.7 days (Fig. 4). The timing of primary
growth cessation (bud set) was even more strongly affected
by leaf-out date, and thus in the canopy species A. campestre, F. sylvatica, and Q. robur, each day earlier leaf unfolding caused an advance in bud set of 0.3–0.8 days (Fig. 4,
P < 0.05). Similarly, in a 20-year (1992–2012) long-term
study on the North American Fagus grandifolia, Acer saccharum, and Betula alleghaniensis, Keenan and Richardson
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(2015) found that 1 day earlier leaf-out leads to 0.66 days
earlier leaf senescence.
In combination, these findings predict that continued
climate warming will have stronger effects on the growth
phenology of understory than canopy species, such that the
growth period before canopy closure (or after canopy leaf
fall) in understory plants will be extended. This likely will
have consequences for the performance of understory species and may alter productivity, nutrient composition and
trophic-level interactions at the forest floor (Fridley 2012).
That the period before canopy closure is critical for growth
and survival of understory species has been shown in a forest in Illinois, USA (Augspurger et al. 2005, Augspurger
2008): earlier leaf unfolding of the understory shrubs led
to an estimated annual irradiance gain of 36–98%, whereas
experimental shading before canopy closure in spring led to
significantly decreased growth and survival rates.
The proximate reasons for the carry-over effects in trees,
but not understory shrubs may have to do with their different growth strategies [monocyclic (a single shoot flush
in spring) vs. polycyclic shoot growth (multiple successive flushes per season); Table 1]. In this study, only for the
three species with monocyclic shoot growth, did we find
a significant effect of leaf-out date on autumn leaf senescence (Table 1 and Fig. 4), which might be the result of
constraints on leaf longevity (Reich et al. 1992; Lam 2004).
By contrast, in species with several successive leaf flushes
(within the same vegetation period), young leaves might
still be functioning optimally late in the season. However,
that leaf-out date had an even stronger effect on the timing
of primary growth cessation (bud set) than on the timing
of leaf senescence (Fig. 4) demonstrates that constraints on
leaf longevity are not sufficient to fully explain spring-toautumn carry-over effects. Fu et al. (2014) observed a larger
starch content in autumn in individuals exhibiting earlier
leaf unfolding in spring, which might indicate that autumn
phenology is linked to plants’ carbohydrate storage capacity
(Herold 1980; Fatichi et al. 2013).

How phenology shifts translate into growth
This study quantifies how earlier leaf unfolding and longer
vegetation periods due to increased temperatures translate
into increased growth. In the polycyclic species C. betulus,
an advance of 1 day in spring leaf-out led to an increase in
height of 0.4 cm (Fig. 4). In F. sylvatica, we did not detect
an effect of warming treatments on height because seasonal
shoot length is determined by the amount of leaf primordial
tissue formed in the preceding year’s buds. Thus, in this species, bud development has to be monitored to quantify the
effects of climate on seasonal aboveground primary growth .
This is underscored by the strong positive relationship
between bud length and the number of primordial leaves
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within the respective bud (inset Fig. 6c). Four degree warming in summer and autumn led to buds that were 1.8 mm
longer than controls, and the same amount of warming
in winter and spring led to buds that were 1.2 mm longer
(Figs. 6c and S3; Table 1). This predicts increased biomass
accumulation in F. sylvatica, with a one °C increase in air
temperature resulting in buds containing 0.54 more primordial leaves due to advanced leaf-out and accelerated bud
growth. This for the first time provides experimental data on
how earlier leaf presentation contributes to primary growth.
Summer and autumn warming led to significantly
increased growth height in four (namely Deutzia gracilis,
Carpinus betulus, Sorbus aucuparia, and Quercus robur)
of the six species studied in this regard (Table 1 and Supplementary Fig. 4). However, since the warming treatments
led to earlier not later cessation of primary growth (Fig. 1)
this effect can be attributed to increased growth throughout
the season, not prolonged autumn growth.

Conclusions
The present experimental results from four canopy and
four understory species reveal partly opposing effects of
experimental temperature warming in different seasons and
carry-over effects between a year’s spring and autumn phenophases in the canopy, but not in the understory species.
Shortcomings of our study are its duration of only 2 years
and the use of saplings, which may show a more opportunistic phenology than adult trees (Vitasse et al. 2013).
Nevertheless, the data demonstrate that the timing of leaf
senescence and growth cessation is uncoupled. This cautions against overreliance on leaf senescence (usually measured through remote spectral reflectance) for predicting the
autumn productivity of woody species. That the effects of
elevated temperature on phenology and growth strongly
differed among seasons, with winter/spring warming leading to earlier leaf senescence, but summer/autumn warming leading to delayed senescence, underscores the need to
consider seasonal climate projections rather than trends in
annual mean temperatures when we are to model the future
behaviour of temperate woody plants. Our results further
imply that the time lags in spring and autumn phenology
between understory and canopy plants are currently increasing, likely benefitting the performance of understory species
and altering productivity, nutrient composition and trophiclevel interactions at the forest floor.
Acknowledgements We thank V. Sebald, H. Schmitt, and M. Wenn for
help with the experiments, two reviewers for their constructive comments, and the Elfriede and Franz Jakob Foundation for supporting
research in the Botanical Garden Munich. This work benefitted from
the sharing of expertise within the DFG priority program SPP 1991
on Taxon-Omics.

13

Author's personal copy
560
Author contribution statement CMZ designed the study and conducted
the experiments and analyses. CMZ and SSR wrote the manuscript.

References
Augspurger CK (2008) Early spring leaf out enhances growth and
survival of saplings in a temperate deciduous forest. Oecologia
156:281–286
Augspurger CK, Bartlett EA (2003) Differences in leaf phenology
between juvenile and adult trees in a temperate deciduous forest.
Tree Physiol 23:517–525
Augspurger CK, Cheeseman JM, Salk CF (2005) Light gains and physiological capacity of understory woody plants during phenological
avoidance of canopy shade. Funct Ecol 19:537–546
Bauerle WL, Oen R, Way DA, Qian SS, Stoy PC et al (2012) Photoperiodic regulation of the seasonal pattern of photosynthetic
capacity and the implications for carbon cycling. Proc Natl Acad
Sci USA 109:8612–8617
Chuine I (2010) Why does phenology drive species distribution? Philos
Trans RSoc B 365:3149–3160
Cooke JEK, Eriksson ME, Junttila O (2012) The dynamic nature of bud
dormancy in trees: environmental control and molecular mechanisms. Plant, Cell Environ 35:1707–1728
Delpierre N, Vitasse Y, Chuine I, Guillemot J, Bazot S, Rutishauser T,
Rathgeber CBK (2016) Temperate and boreal forest tree phenology: from organ-scale processes to terrestrial ecosystem models.
Ann For Sci 73:5–25
Denny EG, Gerst KL, Miller-Rushing AJ, Tierney GL, Crimmins TM
et al (2014) Standardized phenology monitoring methods to track
plant and animal activity for science and resource management
applications. Int J Biometeorol 58:591–601
Fatichi S, Leuzinger S, Körner C (2013) Moving beyond photosynthesis: from carbon source to sink-driven vegetation modeling. New
Phytol 201:1086–1095
Fridley JD (2012) Extended leaf phenology and the autumn niche in
deciduous forest invasions. Nature 485:359–362
Fu YH, Campioli M, Vitasse Y, De Boeck HJ, Van den Berge J (2014)
Variation in leaf flushing date influences autumnal senescence and
next year’s flushing date in two temperate tree species. Proc Natl
Acad Sci USA 111:7355–7360
Hänninen H, Tanino K (2011) Tree seasonality in a warming climate.
Trends Plant Sci 16:412–416
Heide OM (1974) Growth and dormancy in Norway spruce ecotypes. I.
Interaction of photoperiod and temperature. Physiol Plant 30:1–12
Heide OM (1993a) Daylength and thermal time responses of budburst
during dormancy release in some northern deciduous trees. Physiol Plant 88:531–540
Heide OM (1993b) Dormancy release in beech buds (Fagus sylvatica)
requires both chilling and long days. Physiol Plant 89:187–191
Heide OM (2003) High autumn temperature delays spring bud burst
in boreal trees, counterbalancing the effect of climatic warming.
Tree Physiol 23:109–114
Herold A (1980) Regulation of photosynthesis by sink activity: the
missing link. New Phytol 86:131–144
IPG (2016) Phenological observation guide of the International Phenological Gardens. International Phenological Gardens of Europe,
Berlin, Germany. https://www.agrar.hu-berlin.de/en/institut-en/
departments/dntw-en/agrarmet-en/phaenologie/ipg/IPG_ObsGu
ide.pdf Accessed 1 Aug 2016 (WWW document)
Jeong S-J, Ho C-H, Gim H-J, Brown ME (2011) Phenology shifts at
start vs. end of growing season in temperate vegetation over the

13

Oecologia (2019) 189:549–561
Northern Hemisphere for the period 1982–2008. Glob Change
Biol 17:2385–2399
Jeong SJ, Schimel D, Frankenberg C, Drewry DT, Fisher JB (2017)
Application of satellite solar-induced chlorophyll fluorescence
to understanding large-scale variations in vegetation phenology
and function over northern high latitude forests. Remote Sens
Environ 190:178–187
Keenan TF, Richardson AD (2015) The timing of autumn senescence
is affected by the timing of spring phenology: implications for
predictive models. Glob Change Biol 21:2634–2641
Keenan TF, Gray J, Friedl MA, Toomey M, Bohrer G et al (2014) Net
carbon uptake has increased through warming-induced changes
in temperate forest phenology. Nat Clim Change 4:598–604
Körner C, Basler D, Hoch G, Kollas C, Lenz A, Randin CF, Vitasse
Y, Zimmermann NE (2016) Where, why and how? Explaining
the low-temperature range limits of temperate tree species. J
Ecol 104:1076–1088
Lam E (2004) Controlled cell death, plant survival and development.
Nat Rev Mol Cell Biol 5:305–315
Lang GA, Eearly JD, Martin GC, Darnell RL (1987) Endo-, para-,
and ecodormancy: physiological terminology and classification
for dormancy research. HortSci 22:371–377
Laube J, Sparks TH, Estrella N, Höfler J, Ankerst DP, Menzel A
(2014) Chilling outweighs photoperiod in preventing precocious
spring development. Glob Change Biol 20:170–182
Lechowicz MJ (1984) Why do temperate deciduous trees leaf out at
different times? Adaptation and ecology of forest communities.
Am Nat 124:821–842
Liu Q, Fu YH, Zhu Z, Liu Y, Liu Z et al (2016) Delayed autumn phenology in the Northern Hemisphere is related to change in both
climate and spring phenology. Glob Change Biol 22:3702–3711
McKown AD, Guy RD, Quamme LK (2016) Impacts of bud set and
lammas phenology on root:shoot biomass partitioning and carbon gain physiology in poplar. Trees 30:2131–2141
Menzel A, Sparks TH, Estrella N, Koch E, Aasa A et al (2006)
European phenological response to climate change matches the
warming pattern. Glob Change Biol 12:1969–1976
Panchen ZA, Primack RB, Nordt B, Ellwood ER, Stevens A-D et al
(2014) Leaf out times of temperate woody plants are related
to phylogeny, deciduousness, growth habit and wood anatomy.
New Phytol 203:1208–1219
Penuelas J, Filella I (2001) Responses to a warming world. Science
294:793–795
Piao SL, Ciais P, Friedlingstein P, Peylin P, Reichstein M et al (2008)
Net carbon dioxide losses of northern ecosystems in response
to autumn warming. Nature 451:49–52
Polgar C, Gallinat A, Primack RB (2014) Drivers of leaf-out phenology and their implications for species invasions: insights from
Thoreau’s Concord. New Phytol 202:106–115
R Core Team (2019) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria. http://www.R-project.org. Accessed 17 Jan 2018
Reich P, Walters M, Ellsworth D (1992) Leaf life-span in relation to
leaf, plant, and stand characteristics among diverse ecosystems.
Ecol Monogr 62:365–392
Renner SS, Zohner CM (2018) Climate change and phenological
mismatch in trophic interactions among plants, insects, and vertebrates. Annu Rev Ecol Evol Syst 11:165–182
Richardson AD, Keenan TF, Migliavacca M, Ryu Y, Sonnentag O,
Toomey M (2013) Climate change, phenology, and phenological
control of vegetation feedbacks to the climate system. Agric For
Meteorol 169:156–173
Rohde A, Bastien C, Boerjan W (2011) Temperature signals contribute to the timing of photoperiodic growth cessation and bud set
in poplar. Tree Physiol 31:472–482

Author's personal copy
Oecologia (2019) 189:549–561
Signarbieux C, Toledano E, Sanginés de Carcer P, Fu YH et al (2017)
Asymmetric effects of cooler and warmer winters on beech
phenology last beyond spring. Glob Change Biol. https://doi.
org/10.1111/gcb.13740
Strømme CB, Julkunen-Tiitto R, Krishna U, Lavola A, Olsen JE, Nybakken L (2015) UV-B and temperature enhancement affect spring
and autumn phenology in Populus tremula. Plant, Cell Environ
38:867–877
Tanino KK, Kalcsits L, Silim S, Kendall E, Gray GR (2010) Temperature-driven plasticity in growth cessation and dormancy development in deciduous woody plants: a working hypothesis suggesting
how molecular and cellular function is affected by temperature
during dormancy induction. Plant Mol Biol 73:49–65
Thackeray SJ, Henrys PA, Hemming D, Bell JR, Botham MS et al
(2016) Phenological sensitivity to climate across taxa and trophic
levels. Nature 535:241–245
Tylewicz S, Petterle A, Marttila S, Miskolczi P, Azeez A, Singh RK,
Immanen J, Mähler N, Hvidsten TR, Eklund DM, Bowmann JL,
Helariutta Y, Bhalerao RP (2018) Photoperiodic control of seasonal growth is mediate by ABA acting on cell-cell communication. Science 360:212–215
Vitasse Y (2013) Ontogenic changes rather than difference in temperature cause understory trees to leaf out earlier. New Phytol
198:149–155

561
Vitasse Y, Hoch G, Randin CF, Lenz A, Kollas C, Scheepens JF,
Körner C (2013) Elevational adaptation and plasticity in seedling phenology of temperate deciduous tree species. Oecologia
171:663–678
Vitasse Y, Signarbieux C, Fu YH (2018) Global warming leads to more
uniform spring phenology across elevations. Proc Natl Acad Sci
USA. https://doi.org/10.1073/pnas.1717342115
Zohner CM, Renner SS (2014) Common garden comparison of the
leaf-out phenology of woody species from different native climates, combined with herbarium records, forecasts long-term
change. Ecol Lett 17:1016–1025
Zohner CM, Renner SS (2017) Innately shorter vegetation periods in
North American species explain native/non-native phenological asymmetries. Nat Ecol Evol. https://doi.org/10.1038/s4155
9-017-0307-3
Zohner CM, Benito BM, Svenning J-C, Renner SS (2016) Day length
unlikely to constrain climate-driven shifts in leaf-out times of
northern woody plants. Nat Clim Change 6:1120–1123
Zohner CM, Benito BM, Fridley JD, Svenning J-C, Renner SS (2017)
Spring predictability explains different leaf-out strategies in the
woody floras of North America, Europe, and East Asia. Ecol Lett
20:452–460

13

