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Abstract
Premise: Climate warming has altered the start and end of growing seasons in
temperate regions. Ultimately, these changes occur at the individual level, but little is
known about how previous seasonal life‐history events, temperature, and plant‐
resource state simultaneously influence the spring and autumn phenology of plant
individuals.
Methods: We studied the relationships between the timing of leaf‐out and shoot
senescence over 3 years in a natural population of the long‐lived understory herb
Lathyrus vernus and investigated the effects of spring temperature, plant size,
reproductive status, and grazing on spring and autumn phenology.
Results: The timing of leaf‐out and senescence were consistent within individuals
among years. Leaf‐out and senescence were not correlated with each other within
years. Larger plants leafed out and senesced later, and size had no effect on growing
season length. Reproductive plants leafed out earlier and had longer growing seasons
than nonreproductive plants. Grazing had no detectable effects on phenology. Colder
spring temperatures delayed senescence in two of three study years.
Conclusions: The timing of seasonal events, such as leaf‐out and senescence in plants
can be expressed largely independently within and among seasons and are influenced
by different factors. Growing season start and length can often be dependent on plant
condition and reproductive status. Knowledge about the drivers of growing season
length of individuals is essential to more accurately predict species and community
responses to environmental variation.
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The length of the growing season is of great importance for
organisms in seasonal environments. At the community
level, growing season length affects ecosystem functions,
such as water and carbon cycling (Piao et al., 2019). For
individual plants, the length of the growing season is a key
life‐history component that represents the time available for
resource acquisition and growth, which in turn affects the
time window for reproduction. Vegetative spring phenology
affects interactions with the abiotic environment. For ex-
ample, light availability for forest understory herbs might

decrease rapidly during spring in temperate environments,
favoring early‐developing individuals. At the same time,
early development in spring can increase the risk of being
negatively affected by late frosts (Inouye, 2008; Augspurger,
2013). The timing of senescence in autumn might influence
the risk of frost damage late in the growing season, which
could in turn affect nutrient resorption (Norby et al., 2000;
Fracheboud et al., 2009). The timing of development can also
affect the incidence and severity of pathogen and herbivore
attacks on plants (Pearse et al., 2015; McClory et al., 2020
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[Preprint]), as well as competition for resources among in-
dividuals (Vitasse et al., 2014; Alexander and Levine, 2019).
Changes in the start and end of the growing season due to
climate change might thus have large effects on plant per-
formance and community dynamics by altering interactions
with both the abiotic environment and with other species
(e.g., Yang and Rudolf, 2010; Gienapp et al., 2014; Nordt
et al., 2021).

In temperate and boreal environments, temperature is
an important predictor of growing‐season length (Piao
et al., 2019). Temporal and large‐scale spatial differences in
temperatures influence variation in phenology among years
and geographical regions, while differences at very small
spatial scales might be important for differences in phe-
nology among individuals within populations. Increased
temperatures in recent years have been linked to shifts in
the start, end, and duration of the growing seasons of
temperate forest communities (e.g., Menzel et al., 2006;
Ibáñez et al., 2010; Augspurger and Zaya, 2020). In addition,
time of emergence, leaf‐out, and senescence of plants in the
forest understory have often been found to respond to ex-
perimental warming (e.g., Jacques et al., 2015; Zohner and
Renner, 2019; Zani et al., 2020). Although individuals of
many plant species respond to warming by extending their
growing season or by advancing both leaf‐out and senes-
cence, other species delay the start of the growing season in
response to warming or do not respond to warming at all
(e.g., Ishioka et al., 2013; Fu et al., 2014; Marchin
et al., 2015; Zohner and Renner, 2019; Zani et al., 2020).
These diverse responses are likely the result of differences in
plant traits, differences in the importance of factors such as
temperature and plant resource state for the timing of dif-
ferent phenological events and differences in vernalization
requirements (Fu et al., 2019; Zohner and Renner, 2019;
Augspurger and Zaya, 2020; Zani et al., 2020). Still, little is
known about the relative importance of factors such as
temperature, plant traits, resource state, and the timing of
previous phenological events for differences spring and
autumn phenology of plant individuals within populations.

Plant condition, in terms of resource state or vigor, is
likely to affect the timing of the start and end of the in-
dividual growing season, although it is less clear exactly
what relationships to expect. On the one hand, one might
expect that individuals in poorer condition (e.g., in terms of
less stored resources) need a longer period of resource ac-
quisition than individuals that are already in good condi-
tion. Yet, experimentally increased nutrient availability has
been shown to result in delayed senescence and longer in-
dividual growing seasons in trees (Sigurdsson, 2001;
Weih, 2009; Fu et al., 2019). On the other hand, plants with
more resources might be more frost tolerant than in-
dividuals with less resources (Sakai and Larcher, 1987), al-
lowing them to extend the growing season to a greater
extent. Additionally, processes that are tightly linked to
plant condition, such as herbivory and reproduction, may
indirectly affect plant phenology via effects on the plant's
resource state. Herbivore damage can deplete the

individual's resources and might require individuals to ex-
tend their growing season to compensate for the loss of
resources (cf. Zohner et al., 2019). Moreover, if considerable
resources are allocated to reproduction, reproductive in-
dividuals might need a longer development time to com-
pensate for the costs of reproduction. Indeed, differences in
the start of spring development between reproductive and
nonreproductive plants have been found for at least one
perennial herb (Sola and Ehrlén, 2007).

Phenological events are often temporally and devel-
opmentally correlated, and the timing of one event can
constrain or otherwise affect the timing of subsequent
events (e.g., Diggle, 1999; Mentzel et al. 2006; Donohue,
2014; Galloway et al., 2018; Zacchello et al., 2020; Bucher
and Römermann, 2021). Within seasons, spring and au-
tumn phenology have been found to be positively correlated
among individuals in many woody species (e.g., Crawley
and Akhteruzzaman, 1988; Keenan and Richardson, 2015),
with individuals both advancing their growing season and
senescing earlier when exposed to experimental warming in
early spring (Fu et al., 2014; Zohner and Renner, 2019). This
pattern might be caused by the fact that carbon fixation is
sink‐limited (Zani et al., 2020) or that the life‐span of leaves
is limited. However, positive correlations between spring
and autumn phenology can in some cases be weakened by
an increased availability of nutrients involved in primary
productivity (Fu et al., 2019). Spring and autumn phenology
might also be uncorrelated if they are regulated in-
dependently and respond to different factors, as found for
woody and for herbaceous species (Panchen et al., 2015;
Augspurger and Zaya, 2020).

The timing of events in a given individual could be more
or less consistent among years. High consistency in the
timing of an event, in terms of a strong phenotypic correla-
tion between the timing of the event in different years, would
indicate that the timing of the event is largely genetically
determined, that the timing varies in response to aspects of
the environment that are relatively constant among years, or
that the timing varies with plant condition and that the
condition is relatively constant among years. Low consistency
in the timing of an event, in terms of a weak phenotypic
correlation between the timing of a given event in different
years, would indicate that phenology is largely plastic and
that environmental variables or plant condition vary among
years. To date, most of the knowledge about the consistency
of the timing of vegetative life‐cycle events, about the re-
lationships between the start and end of the growing season,
and about the relative importance of different drivers of these
events comes from studies of woody plants in deciduous‐
forest communities (e.g., Crawley and Akhteruzzaman, 1988;
Menzel et al., 2006; Fu et al., 2014; Keenan and
Richardson, 2015; Panchen et al., 2015; Zohner and
Renner, 2019). In these communities, light availability for
understory herbs is a function of canopy cover and many
species leaf out before, and senesce after, the canopy trees.
Still, little is known about the different drivers of the timing
of leaf‐out and senescence in understory herbs and about the
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relative importance of different drivers of phenology (but see
Augspurger and Zaya, 2020).

In this study, we explored the relationship between the
timing of leaf‐out in spring and shoot senescence in autumn
over 3 years in the long‐lived understory herb Lathyrus ver-
nus (L.) Bernh. (Fabaceae) and examined how these pheno-
logical events are influenced by plant size, reproductive
status, grazing and spring temperature. Specifically, we asked:
(1) Is the timing of phenological events in spring and autumn
consistent within individuals across years? That is, do the
same individuals consistently leaf‐out and senesce early or
late? (2) Are spring and autumn phenology of individual
plants correlated within years? (3) Do size, reproductive
status, and grazing influence spring and autumn phenology
and growing season length of individuals? (4) Does spring
temperature influence spring and autumn phenology and
growing season length of individuals?

MATERIALS AND METHODS

Study system

Lathyrus vernus (Fabaceae) is a perennial herb native to
Europe and northern Asia (Hultén and Fries, 1986). In
southern Sweden, L. vernus grows in the understory of
temperate deciduous and mixed deciduous forests. Plants
generally start growth in March (although they may some-
times remain dormant for one season), and each plant pro-
duces one to several shoots that grow up to 40 cm tall
(Ehrlén, 1992). Growth is determinate, and plants usually
reach their final size within a month after leaf‐out. In in-
dividuals with multiple shoots, the shoots are in most cases of
similar height. Vegetative individuals have been found on
average to emerge later than reproductive individuals (Sola
and Ehrlén, 2007). The leaves are pinnate, consisting of 2–4
leaflet pairs (Ehrlén, 1992). Leaf‐out starts in late March or
early April and is sequential among leaflets within leaves and
among leaves within plants, starting with the basalmost leaf
on the shoot and with the basalmost pair of leaflets within
each leaf (Ehrlén, 2002). Flowering in the population is in-
itiated in late April or early May and usually ends in early
June (Ehrlén, 2002). Timing of flowering is correlated with
the start of shoot growth, leaf‐out, and the position of the
lowest inflorescence on the shoot (Sola and Ehrlén, 2007).
Lathyrus vernus individuals, particularly those that re-
produce, are often grazed by roe deer (Capreolus capreolus)
early in the season, and grazing usually results in the loss of
all flowers and a large part of the shoot (Ehrlén, 1995).
Aboveground structures normally die back during October
(Ehrlén, 1992).

Data collection

We studied among‐individual variation in spring and au-
tumn phenology in a natural population of L. vernus in

Kålsö nature reserve in Stockholm County, southern
Sweden (58°57′N, 17°59′E) from 2013 to 2015. The study
population is in a deciduous forest where light availability is
high during early spring when shoot development is in-
itiated, but the availability decreases rapidly as the canopy
cover develops. The average density of individuals in the
study population was about 1 individual per square meter.

To estimate leaf‐out in spring, we repeatedly recorded
the number of unfolded leaflets for each plant at regular
intervals throughout the spring in each year, starting when
the shoots emerged. Seedlings were not included in the
study. The rate of shoot development increased with in-
creasing temperatures in spring. To capture differences in
the timing of leaf‐development among individuals, we
therefore increased the frequency of recordings a few weeks
into the growing season in each year when temperatures
increased. The frequency of recordings differed among the
three study years due to variations in spring temperatures
and the mean developmental rate of individuals. In 2013,
shoot emergence was later and development faster than in
2014 and 2015. To accurately capture leaf‐out in the po-
pulation, we therefore had to record the population at a
higher frequency in 2013 than in the two following years.
We thus recorded individuals every week starting from mid‐
April 2013, and twice a week starting in late April in that
same year. In 2014, we recorded spring phenology every
other week starting in mid‐March and weekly from late
March. In 2015, we recorded phenology every other week
starting in mid‐March, and weekly from mid‐April.

For our analyses, we used the estimated day of the year
when the first leaflet unfolded as a measure of individual
spring phenology. We used the day of the first recording with
unfolded leaflets to assign individuals to different recording
intervals, and the proportion of open leaflets at the first re-
cording to estimate the most probable first day with any open
leaflets within that interval. All individuals that were un-
damaged at leaf‐out and that had been recorded on at least
one occasion before leaf‐out were assigned a leaf‐out day.
Leaves and leaflets open sequentially in L. vernus. We
therefore used variation in the number of open leaflets at the
first recording with any open leaflets to assign individuals an
estimated first day of leaf‐out. We assumed that individuals
with a larger proportion of open leaflets had started to leaf
out earlier than individuals with a smaller proportion of open
leaflets. The proportion of open leaflets at the first recording
depend not only on the time since the first leaflet opened but
also on the total number of leaflets. We therefore used a
linear model including the total number of leaflets and its
squared term to predict the number of unfolded leaflets at the
first recording (Appendix S1). We then used the deviation of
the observed proportion from this predicted proportion of
unfolded leaflets to assign individuals to a most likely leaf‐out
day between two recordings, so that plants with higher values
for deviations from the predicted proportion of unfolded
leaflets were assigned earlier leaf‐out dates than individuals
with lower values. Our objective with these calculations was
to assess the order in which individuals unfolded their first
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leaflet during a given recording interval. We had no reason to
assume that the days when the first leaflet opened were as-
sociated with our recording days, but that it was as likely to
open on any day in between the recording dates as on the
recording dates. The leaf‐out days were therefore distributed
so that an equal number of individuals were assigned a leaf‐
out day on each day of the interval (Appendix S1).

At each visit, we also recorded all shoot‐grazing incidents
by roe deer. In most cases of grazing, all flowers were re-
moved. We therefore categorized plants as being either intact
or grazed.

Shoot number and the height and diameter of a focal
(tallest) shoot were measured in July when all shoots were
fully developed. We estimated plant size in terms of the
aboveground volume of each plant as the product of the
volume of the focal shoot and the total number of shoots.
The volume of the focal shoot was calculated using the
formula for the volume of a cylinder: π × (Shoot diameter/
2)2 × Shoot height. Because the largest shoot was used for
this estimate, absolute size potentially could be over-
estimated; however, this is unlikely to constitute a major
problem as the shoots of individuals with multiple shoots
usually are of similar height. Individuals grazed between the
last spring recording in June and the final size recording in
July were assigned their maximum observed height from the
spring recordings. The shoot height of individuals grazed
before the last spring recording in June was estimated using
the coefficients from a linear model with shoot height as a
response variable and shoot diameter and its quadratic term
as predictor variables (Appendix S2).

At the recording in July, we also recorded whether the
plant had produced fruits and seeds. All individuals were
categorized as either “reproductive” (individuals that pro-
duced one or more seeds) or “nonreproductive” (plants that
did not produce seeds).

To describe autumn phenology, we recorded shoot
coloration after the summer, using a scale from 1 (com-
pletely brown) to 7 (completely green, no evidence of se-
nescence) for all individuals that had aboveground parts in
2013 and 2014. In 2015, autumn phenology was recorded
for only about half the population due to time constraints.
The recordings were carried out at approximately 1‐month
intervals on three (2014) or four (2013, 2015) occasions
during autumn in each year (Appendix S3). Annual se-
nescence of individuals in autumn (“senescence”) was
defined as the day of year of mid‐senescence, i.e., when the
shoot color reached level 4 on the shoot‐color scale. Day of
year of senescence was estimated for all individuals that
displayed aboveground parts throughout the senescence
period in autumn. If senescence occurred between re-
cordings, we estimated the day of year of senescence using
the coefficients from a linear model of leaf color (1–7) on
day of year at the recordings before and after shoot se-
nescence. We fitted one model for each individual. Lastly,
we calculated individual growing season length as the
difference in days between leaf‐out and senescence for each
individual.

While differences in air temperatures might be im-
portant to explain differences in phenology among years or
at larger spatial scales, the main aim of this study was to
examine potential effects of temperature differences over
very small spatial scales corresponding to differences among
individuals within the study population. Such differences
might largely be the results of differences in slope, aspect,
humidity, and soil texture. To obtain an estimate of such
among‐plant differences in temperature in spring, we re-
corded soil temperature 3 cm below the surface, next to the
base of the focal plant shoot for all individuals, using a
handheld thermometer on 9 May 2013, 29–30 April 2014,
and 27–29 April 2015. By this time, the plants had already
started leafing out. We had two main reasons for measuring
temperatures just below the soil surface. First, we expected
this level to represent the position of the overwintering parts
of the plants reasonably well and thus to describe conditions
during the initiation of shoot elongation and development.
Second, even though soil temperatures change during
spring, our instant measure should provide an estimate of
relative temperature differences during spring experienced
by plant individuals within the population growing in dif-
ferent microsites.

To account for the fact that soil temperatures were
measured over more than 1 day and at different times of the
day, we constructed statistical models to assess how the
mean of temperature measurements changed during the day
and differed between days. For each individual, we then
used these derived trends and differences to calculate new
adjusted temperature values that were based on both the
observed value and expected mean value at the time of
measurement. We thus first constructed linear models of
soil temperature over date and the order in which the
temperatures of individual plants were measured during
each day for each year (Appendix S4). We included the
quadratic measuring order term in these models if statisti-
cally significant (P < 0.05), as temperatures might change
nonlinearly over the day. The interaction terms date ×
measuring order and date × (measuring order)2 were also
included if statistically significant (P < 0.05). We then cal-
culated adjusted temperature values for each individual by
multiplying each temperature measure by the quotient of
the overall average temperature measured in the field in that
year and the value predicted by the regression model based
on measuring order within days and measuring day.

Statistical analyses

All analyses were done using R version 4.0.5 (R Core
Team, 2021). All individuals with known spring tempera-
ture, size, reproductive status, grazing status, and leaf‐out
for at least one of the three study years were considered for
the analyses (n2013 = 369, n2014 = 497, n2015 = 513). In the
models described below, all variance inflation factors were
less than 2, indicating that correlations among predictor
variables were not a major concern.
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To investigate whether the timing of leaf‐out and se-
nescence, and the length of the growing season were con-
sistent in individuals between years, we calculated
Pearson's r for each trait in the current (t) and previous (t − 1)
year (nleaf‐out = 589, nsenescence = 373, ngrowing season length = 373,
Appendix S5).

To examine whether leaf‐out and senescence were
correlated within years and whether leaf‐out, senescence,
and growing season length were affected by spring tem-
perature, size, reproductive status, and grazing, we con-
structed three linear mixed models: one model each for
leaf‐out, senescence, and growing season length (lmer
function in the package lme4 version 1.1‐26, Bates
et al., 2014). Plant individual was included as the random
intercept, and spring temperature, plant size, and re-
productive status (reproductive vs. non‐reproductive)
were included as predictor variables in all models. Graz-
ing (grazed vs. nongrazed) was included as a predictor
variable in the models of senescence and growing season
length, but not in the model of leaf‐out because most
grazing occurred after leaf‐out had been initiated in the
population. In the model of senescence, we also included
leaf‐out to account for the possibility that spring and
autumn phenology might be correlated within years. Year
was included in all models to investigate whether the
timing of leaf‐out and senescence and the length of the
growing season differed among years. To account for
possible among‐year variation in the relationships be-
tween the response and predictor variables, we initially
included all trait × year interactions in the models but
removed them when not significant. All continuous pre-
dictor variables (leaf‐out, spring temperature, and plant
size) were standardized to zero mean and unit variance
before analysis. Spring temperature and plant size were
standardized across years. Leaf‐out and senescence were
standardized within years because we wanted these pre-
dictors to represent relative differences in phenology
among individuals and not variation in phenology caused
by among‐year variation in climate or individual condi-
tion. Plant size was ln‐transformed before standardization
for the model residuals to meet the assumption normality
and because we were interested in effects of relative size
differences. Year, reproductive status (reproductive vs.
nonreproductive), and incidence of grazing (grazed vs. not
grazed) were treated as factors, and because they were
unbalanced, we specified zero‐sum contrasts for all factors
in each model and evaluated significance for the model
terms using type III ANOVAs when interactions terms
were present in the model, and using type II ANOVAs for
models without interaction terms (Anova function in the
package car version 3.0‐10, Fox and Weisberg, 2019). The
proportion of variance explained by the random effect and
pseudo‐R2 values for the models were estimated using the
functions icc and r2_nakagawa, respectively (R perfor-
mance package; Lüdecke et al., 2021). Partial marginal and
conditional R2 values for the significant model terms were
obtained using the partR2 function with 500 replications

in the partR2 package (Stoffel et al., 2021). Summary
statistics for the variables used in the models are presented
in Appendix S5.

RESULTS

The first individuals in the population leafed out in late
April in 2013 and in late March in 2014 and 2015
(Appendix S5). The last individuals leafed out in late May in
all years. Shoot senescence of individuals started in late
August in 2013 and 2015 and in late September 2014. The
last individuals in the population to senesce in each year did
so in early November 2013, late November 2014, and late
October 2015. The average growing season length for the
individuals was 162 in 2013, 180 in 2014, and 175 days in
2015 (Appendix S5). Plant individual identity explained
25% of the total observed variation in leaf‐out, 35% of the
variance in timing of senescence, and 39% of the variance
growing season length.

Early leaf‐out in one year was associated with early
leaf‐out in the next year (r = 0.34, t587 = 8.6, P < 0.001,
Figure 1A), and early senescence in one year was associated
with early senescence in the next year (r = 0.37, t371 = 7.7,
P < 0.001, Figure 1B). Growing season length was also po-
sitively correlated between years (r = 0.33, t371 = 6.8,
P < 0.001, Figure 1C). However, leaf‐out and senescence
were not associated with each other within years (Table 1).

Larger plants leafed out and senesced later than smaller
plants (Table 1, Figure 3). Growing season length was not
significantly affected by plant size (Table 1). Reproductive
plants leafed out earlier and had longer growing seasons
than nonreproductive plants (Table 1; Figure 4), whereas
the timing of senescence did not differ between re-
productive and nonreproductive plants. Grazing did not
affect leaf‐out, senescence, or growing season length
(Table 1).

Spring soil temperatures varied by up to 8.7°C among
individuals during the study period (Appendix S5). Spring
temperature affected the timing of senescence, and this re-
lationship varied among years, as indicated by the sig-
nificant soil temperature × senescence interaction term
(Table 1). Individuals exposed to relatively cold spring
temperatures senesced later than individuals exposed to
warmer temperatures in 2013 and 2015 (Figure 2). In 2014,
the relationship between spring temperature and senescence
was much weaker and in the opposite direction. Leaf‐out
and growing season length were not affected by spring
temperature (Table 1).

DISCUSSION

Our results indicate that the timing of both leaf‐out and
senescence were consistent across years to some extent, but
that these two events were not interdependent. Larger plant
individuals both leafed out and senesced later than smaller
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plants. Plants that invested resources in seed production
leafed out earlier and had longer growing seasons than
nonreproductive individuals. Lower spring temperatures
had no effect on leaf‐out but were associated with later se-
nescence in two of the study years. Taken together, our
results suggest that variation in the timing of leaf‐out
among L. vernus individuals is relatively independent of
variation in shoot senescence, and these two life cycle events
are influenced by partly different factors.

Our results show that the timing of leaf‐out and se-
nescence of individuals were each positively correlated
among years. Positive correlations between leaf‐out of in-
dividuals in adjacent years have been found in some woody
plant systems (Crawley and Akhteruzzaman, 1988; Fu
et al., 2014) but not in others (Zohner and Renner, 2019),
suggesting that the consistency of timing of events among
years might be variable among species and environments.
The fact that the correlations were relatively weak suggests

F IGURE 1 Correlations of (A) leaf‐out, (B) senescence, and (C) growing season length of Lathyrus vernus individuals between years (t = 2014 and 2015;
n = 589) with Pearson's r and associated P‐values

TABLE 1 Effects of spring temperature, plant size, reproductive status, and grazing on leaf‐out, senescence, or growing season length of Lathyrus
vernus individuals in the years 2013–2015 (leaf‐out: n = 720, n2013 = 369, n2014 = 497, n2015 = 513; senescence and growing season length: n = 633, n2013 = 365,
n2014 = 429, n2015 = 245). In the model for senescence, also the effects of leaf‐out in the same year were included. The presented results are the model
estimates and type II (leaf‐out and growing season length) or type III (senescence) ANOVA tables for linear mixed models with plant individual as random
intercept. All continuous predictor variables were scaled to zero mean and unit variance. Plant size was ln‐transformed before scaling. We specified
zero‐sum contrasts for the factors (year, reproductive status and grazing) and the coefficients from the model thus represent the deviations of the factor
levels from the model intercepts, which were leaf‐out: 116.22, senescence: 291.46, and growing season length: 175.00. Coefficients in bold are significant
at α = 0.05. Marginal (m, fixed effects only) and conditional (c, fixed and random effects) R2 values for the models were leaf‐out: Rm

2 = 0.46, Rc
2 = 0.60,

senescence: Rm
2 = 0.05, Rc

2 = 0.38, and growing season length: Rm
2 = 0.17, Rc

2 = 0.49

Leaf‐out Senescence Growing season length
Variable Estimate χ2 df P Estimate χ2 df P Estimate χ2 df P

Leaf‐out −0.02 0.00 1 0.967

Spring temperature –0.23 0.86 1 0.355 –1.49 1.32 1 0.251 –0.48 0.58 1 0.448

Plant size 0.55 4.16 1 0.041 2.37 11.50 1 0.001 1.50 3.79 1 0.052

Reproductive status: 48.86 1 <0.001 0.45 0.39 1 0.530 17.15 1 <0.001

Reproductive –2.06 3.09

Nonreproductive 2.06 –3.09

Grazing: 0.36 1 0.551 0.91 1 0.340

Grazed 0.46 0.81

Not grazed –0.46 –0.81

Year: 1186.28 2 <0.001 27.96 2 <0.001 183.73 2 <0.001

2013 11.36 1.74 –9.98

2014 –3.53 2.65 6.49

2015 –7.83 – 4.39 3.49

Spring temperature × year –1.80 6.84 2 0.033
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that the timing of these phenological events is mainly plastic
and that there is among‐year variation in the factors de-
termining the plastic response. Indeed, there was con-
siderable among‐year variation in individual plant size, and

the spring temperatures experienced by individuals were
only weakly correlated between years (Appendix S6).

Our findings that leaf‐out and senescence were not cor-
related within seasons and that the timing of the two events

F IGURE 3 Effects of plant size on leaf‐out (A) and growing season length (B) in a natural Lathyrus vernus population in the years 2013–2015
(A: n2013 = 369, n2014 = 497, n2015 = 513; B: n2013 = 365, n2014 = 429, n2015 = 245). Points are observed values of individuals. Lines are predicted relationships with
95% confidence intervals (ribbons) from linear mixed models with plant individual as random intercept. Predictions were made for reproductive (dashed lines)
and nonreproductive (solid lines) plants at mean temperatures in models without the nonsignificant factor grazing. Plant size was ln‐transformed and then
standardized to zero mean and unit variance. Partial marginal and conditional R2‐values for plants size in the full model of leaf‐out (Table 1) were 0.005 and
0.140, respectively. Partial marginal and conditional R2‐values for plants size in the full model of senescence were 0.014 and 0.339, respectively

F IGURE 2 Effects of spring temperature on senescence in a natural Lathyrus vernus population in the years 2013–2015 (n2013 = 365, n2014 = 429,
n2015 = 245). Points are observed values for individuals. Lines are predicted relationships with 95% confidence intervals (ribbons) from a linear mixed model
with plant individual as random intercept. Predictions were made in models with the predictor variable describing size set at its mean and without the
nonsignificant categorical variables reproductive status and grazing. Spring temperature was standardized to zero mean and unit variance. Partial marginal
and conditional R2‐values for spring temperature in the full model of senescence (Table 1) were 0.0 and 0.325, respectively
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were determined by partly different factors, suggests that the
timing of leaf‐out and senescence to a large extent are de-
termined independently. This is in line with a previous study
with 43 herbaceous plant species that found that the timing
of the start of the growing season in terms of shoot emer-
gence was not among the most important predictors of the
start of senescence in early‐emerging species (Augspurger
and Zaya, 2020). It is also in line with studies suggesting that
different aspects of the abiotic environment are important for
spring and autumn phenology in temperate woody species,
with temperature being the most important driver of leaf‐out,
while both temperature and photoperiod affect autumn
phenology (reviewed by Piao et al., 2019). Photoperiod can-
not, however, explain among‐individual variation in phe-
nology in our study population as all individuals experience
identical sequences of day lengths. In addition to the factors
explored in this study, factors such as light availability that
varies over small spatial scales might weaken correlations
between spring and autumn phenology if they affect spring
and autumn phenology in different ways. Taken together, our
results suggest that growing season length might often be best

understood as the net effect of the independent timing of the
start and end of the growing season. The aboveground size
of L. vernus individuals influenced both spring and autumn
phenology, but had no effect on growing season length.
Larger individuals leafed out and senesced later than small
individuals. A possible explanation for the relationship be-
tween size and spring phenology is that smaller plants with
less resources benefit more from a longer period of resource
acquisition before canopy closure and that they thus balance
the trade‐off between a longer period of resource acquisition
and the risk of frost damage differently from larger in-
dividuals. On the other hand, the later senescence of larger
plants in autumn suggests that the cost of extending the
growing season in terms of frost risk relative to the benefits of
a longer growing season in terms of a longer period of re-
source acquisition is lower for large individuals in a good
resource state than for smaller individuals. Evidence of
condition‐dependent optima for timing of life‐cycle events
has been found for the timing of reproduction also in other
types of organisms, such as migratory birds (Bêty et al., 2003;
Descamps et al., 2011). A possible interpretation is thus that

F IGURE 4 Leaf‐out (A), and growing season length (B) in nonreproductive and reproductive Lathyrus vernus individuals in the years 2013–2015
(A: n2013 = 369, n2014 = 497, n2015 = 513; B: n2013 = 365, n2014 = 429, n2015 = 245). Color‐shaded points are observed values for each individual. Solid black
points represent the predicted mean leaf‐out (A) and growing season length (B) for nonreproductive vs. reproductive plants. Arrows show 95% confidence
intervals for the means. Predictions were made at the mean of predictor variables describing temperature and size, and in models without the nonsignificant
factor grazing. Continuous predictor variables were standardized to zero mean and unit variance. Plant size was ln‐transformed before standardization.
Partial marginal and conditional R2‐values for reproductive status in the full model of leaf‐out (Table 1) were 0.019 and 0.154, respectively. Partial marginal
and conditional R2‐values for reproductive status in the full model of growing season length were 0.013 and 0.269, respectively
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the differences in growing season length between smaller
and larger individuals in our study reflect condition‐
dependent differences in the costs and benefits associated
with an extension of the season and associated differences in
growth and reproduction strategies of individuals differing in
condition.

Similar to the results of a previous study with this spe-
cies (Sola and Ehrlén, 2007), we found that reproductive
plants leafed out earlier than nonreproductive plants. The
reason why reproductive plants leafed out earlier than
nonreproductive plants might be that early leaf‐out is more
advantageous in reproductive L. vernus individuals because
their resource requirements early in the season are higher.
Another possible explanation as to why it might be more
beneficial for reproductive than for nonreproductive in-
dividuals to leaf out early, is that vegetative development
restricts the timing of flowering, and reproductive in-
dividuals need to leaf out earlier than the optimum timing
of leaf‐out in order to flower closer to an optimal flower-
ing time.

Grazing by roe deer led to a loss of a large fraction of
the aboveground biomass in L. vernus individuals that
were eaten and is thus likely to have important effects on
plant resource state. Yet, we found no evidence that
grazing directly affected spring or autumn phenology.
Grazing has previously been shown to have a negative
effect on size in the following year for L. vernus (Ehr-
lén, 1995), but we could not detect a similar effect in our
study population (Appendix S7). Because L. vernus in-
dividuals store resources belowground, resource depletion
due to grazing might have measurable effects on above-
ground size and phenology of plants only after more than
1 year after damage. While direct effects of grazing were
not detected in our study, grazing might thus still influ-
ence phenology indirectly through effects on plant re-
source state.

We found no evidence of spring temperature affecting
the timing of leaf‐out in L. vernus. This lack of effect
might seem surprising given that temperature is known to
be an important predictor of spring phenology in tem-
perate and boreal forest communities (Piao et al., 2019;
Willems et al., 2021). Both vegetative and reproductive
spring phenology of several understory herb species have
been shown to depend on temperature in terms of
monthly means and cold or heat sums (e.g.,
Diekmann, 1996; Augspurger and Zaya, 2020). Moreover,
experimental warming has been shown to affect emer-
gence and leaf‐out in many understory species (De Frenne
et al., 2011; Jacques et al., 2015; Marchin et al., 2015;
Zohner and Renner, 2019), although there are exceptions
(Ishioka et al., 2013). However, bear in mind that many of
these studies have investigated effects of the differences in
temperatures among years or geographical regions on
phenology. In this study, we investigated whether differ-
ences in soil temperatures at very small spatial scales,
representing differences not only in temperatures, but also
in factors such as slope, aspect, humidity, and soil texture,

were important for differences in phenology among in-
dividuals within populations. Our temperature measure
was based on recordings made at one point in both time
and space, and because plant development depends on the
integrated conditions during several weeks and because
their root systems extend over quite large areas, it is
possible that our measure failed to capture some of the
relevant temperature conditions. Still, our temperature
measure is likely to capture some important aspects of
small‐scale variation in the conditions experienced by
plant individuals, and spring soil temperature did indeed
affect autumn senescence in two of the study years. In
those years, individuals exposed to warmer spring tem-
peratures senesced earlier than individuals exposed to
colder temperatures. Such negative associations between
early‐season temperatures and senescence have previously
been found for some tree species subjected to experi-
mental spring and winter warming, whereas senescence in
other species was unaffected by early‐season temperatures
(Fu et al., 2014; Zohner and Renner, 2019). The year in
which we found the strongest effect of temperature on
senescence was the coldest of the three study years
(Swedish Meteorological and Hydrological Institute,
SMHI; https://www.smhi.se/data/meteorologi/kartor). It
is thus possible that in cold springs, the rate of resource
acquisition and development is considerably reduced in
individuals growing in the coldest microsites, forcing
these plants to extend their growing season in autumn to
compensate for the slow resource acquisition in spring.

CONCLUSIONS

With rising global temperatures, growing season length of
temperate plant communities has been altered, potentially
altering ecosystem functioning and species interactions.
Because these changes ultimately occur at the individual
level, it is essential to identify the drivers of individual
growing season lengths to accurately predict plant responses
to these changes. The results of this study show that var-
iation among individuals in the timing of the start and end
of growing seasons is influenced by multiple factors, in-
cluding environmental conditions, individual resource state
and reproductive status. Our results also indicate that the
timing of life cycle events, such as leaf‐out and senescence,
can be weakly correlated and that the relative importance of
different drivers might differ between events. Thus, adap-
tation to one seasonal event of environmental change might
occur relatively independently of other seasonal events. In
that case, to better understand how different factors influ-
ence growing season lengths of plants, we need to si-
multaneously investigate the effects of multiple drivers on
multiple seasonal events.
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