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Abstract

In Northern Europe, poplars (Populus) can provide biomass for energy and material use, but most available clones were
developed for lower latitudes and are unlikely to be well adapted to higher latitudes, even under warmer climates. We thus need
to understand how clones respond to climatic conditions and photoperiod, and how these responses can be predicted. We answer
these questions exploiting leaf phenological data of Populus clones, grown in six sites across the Baltic region, in Northern
Europe, for 2 years with contrasting climatic conditions. Regarding the effects of climatic conditions and photoperiod, within
each site, higher temperatures advanced the timing and enhanced the speed of spring and autumn phenology, but reduced the
effective growing season length. Across sites, latitude affected the timing of spring and autumn phenology, the speed of spring
phenology, and the effective growing season length; clone affected only the timing of phenology. Regarding the predictability of
clone response to growing conditions, the growing degree day (GDD) model could not predict spring phenology, because the
growing degree day threshold for a specific phenological stage was not only clone-, but also latitude- and year-specific. Yet, this
GDD threshold allowed a robust ranking of clones across sites and years, thus providing a tool to determine the relative
differences across clones, independently of latitude and temperature. A similar, but not as strong, pattern was observed in the
timing of spring and autumn phenological stages. Hence, while prediction of spring phenology remains elusive, the ranking of
clones based on observations of their phenology in a single location can provide useful indications on the clones’ relative
performance under different latitudes and climates.
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Introduction

The commercial demand for woody biomass is expected to
grow in the future. Fast-growing Populus species (poplars and
aspens) grown in short- or medium-rotation forestry provide
an alternative to biomass from conventional forests, as they
contribute to efficient and sustainable land use and provide a
flexible final product for use in material or energy production
[1]. Nevertheless, to ensure sustained and stable productivity,
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we need to identify or breed for clones adapted to the condi-
tions under which they are grown [e.g., 2, 3].

Phenology plays a pivotal role in survival and productivity
of deciduous species, including Populus spp. While all aspects
of plant activity are affected by growing conditions, leaf phe-
nology defines the period during which carbon fixation and
growth can occur. Leaf phenology is linked to net carbon
uptake [4] and tree height increase [e.g., 5]: it is therefore
highly correlated with biomass production. The timing of leaf
phenology transitions [including bud break, bud set, leaf se-
nescence and shedding; 6] needs to balance the risks of plant
organs being exposed to harsh winter conditions, with the
opportunity to exploit optimal conditions for carbon fixation
[and hence growth and reproduction; 7, 8—12]. While conser-
vative strategies (late bud break and early autumn phenology)
can limit the exposure to damaging low temperatures [13, 14],
such a risk-averse strategy reduces the length of the effective
growing season and can curtail plant growth, competitive abil-
ity, and final biomass production. Knowledge of the response
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to photo-climatic conditions is thus key to determine the suit-
ability of plant material to a specific location.

Climate change, along with elevated air CO, concentration,
can alter growing conditions, making currently optimal strat-
egies a poor match to future conditions. Warming can advance
spring phenology, but fluctuations in temperature will still be
possible, including low temperatures that can damage the new
tissues [e.g., 15, 16]. Warming is projected to be accompanied
by more frequent unseasonal or extreme weather events.
Indeed, the risk of spring damage by low temperatures has
already paradoxically increased along with temperatures over
the last century [17]. While temperature-related cues are ex-
pected to shift under climate change, other environmental cues
such as photoperiod and additional light-dependent factors
will remain stable, potentially constraining the ability of trees
originating at lower latitudes to thrive at higher ones [18].
Photoperiod- and light-dependent factors are recognized as
important signals for autumn phenology initiation [19], but
they also moderate spring leaf out [10]. In general, the inter-
play between temperature and photoperiod cues can lead ei-
ther to a reduction of the effects of climate change, because of
photoperiod control on phenology [10, 14, 20]; or to a mis-
match between the evolutionary-determined responses based
on temperatures and local day length, which might reduce the
productivity of currently adapted tree growth strategy. In
Populus, clones of different provenances often exhibit large
phenotypic variability and local adaptation [21, 22] and
photoperiod-related cues to spring phenology are expected
to be less important than in many other species, as common
in early successional species [20, 23]. As a result, Populus
spp. are exposed to potentially risky changes in phenology,
like advancements in bud break. Projected climate change
thus requires the evaluation of existing Populus clones to de-
termine whether they are able to adapt to and benefit from the
new conditions, while reducing their negative effects.

The need to evaluate existing clones and develop new ones
is particularly acute at higher latitudes. Intensively managed
Populus plantations grown in short rotation are increasingly
important in Northern Europe, as a sustainable source of lo-
cally produced renewable biomass [24, 25]. But most Populus
plant material was developed for Central and Southern
Europe. With respect to these regions, higher latitudes are
characterized by generally cooler temperatures, shorter sum-
mer nights, and faster changes in day length around the equi-
noxes. Plants not adapted to local conditions, such as clones of
other origins, might not operate under the most productive
strategy for leaf phenology [26].

The constraints imposed by low temperatures typical of
Northern Europe are being eased by climate change faster than
elsewhere [27], thus potentially making clones developed for
warmer climates more suitable to the new local conditions.
Some assisted migration experiments showed that northward
transfers of clones have potential benefits for growth [5, 28],
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but it remains unclear whether existing clones are able to
thrive in Northern environments, or whether new clones will
be needed.

Beyond direct observations of leaf phenological stages in
clones grown in specific locations, models can assess and
compare phenological responses to growing conditions, and
even predict the response of specific clones to altered condi-
tions. A commonly used model for spring phenology is based
on the concept of growing degree days (GDD), whereby spe-
cific phenological stages occur when thresholds of tempera-
ture sums are reached. The GDD model for spring phenology
has performance similar to or better than other, more detailed,
empirical and process-based models [29], among others in
P. tremula L [30].

Here, we examine how different Populus clones react to
climatic conditions—chiefly temperature and photoperiod.
We investigate spring and autumn leaf phenology (and hence
effective growing season length) and define the extent to
which tree responses are predictable based on temperature
and photoperiod over a latitudinal and climatic gradient.
Specifically, we aim at answering the following questions:

1) Can the timing of leaf phenology of specific clones be
predicted by growing conditions, in particular tempera-
ture and photoperiod?

2) Ifnot, are the relative differences among clones conserved
across years and sites? And which variables characteriz-
ing phenology are the most suitable to robustly rank the
clones?

We answer these questions with a set of leaf phenological
observations collected in common garden experiments in six
sites in the Baltic region, in Northern Europe (Fig. 1; Table 1).
The parameters of a Weibull-type curve describing the ob-
served phenology and the threshold temperature sum of the
GDD model are used to compare and predict the response of
clones to photoperiod and climatic conditions.

Methods
Data
Site Information

Phenological data on bud break and shedding were collected
in six sites in Northern Europe, in Sweden, Latvia, and
Lithuania (Table 1), during 2017 and 2018. The sites differ
in latitude and climate (Fig. 1).

Furthermore, at such high latitudes, the differences in
photoperiod are large, despite the sites spanning just 4.4°
of latitude (Table 1). Northernmost sites have longer days
in the spring and shorter in the autumn than more southern
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Table 1 Summary of site features and data availability for the six
Populus common gardens, located in Sweden (SE), Latvia (LV), and
Lithuania (LT), along a latitudinal and climatic gradient. More

information on the climatic conditions and plant material are reported in
the SI (Section S1 and S2 respectively)

Site Latitude (°N) Longitude (°E) Establishment year

Number of autumn
observations (and year)

Number of clones Number of spring
observations (and year)

Krusenberg (SE)  59.75 17.68 2003 118 10 (2017); 6 (2017);
8 (2018) 6 (2018)
Remningstorp (SE) 58.45 13.62 2015 42 5(2017); 0 (2017);
5(2018) 6 (2018)
Vaxtorp (SE) 56.42 13.08 2014 (cut back in 2017) 60 0 (2017); 0(2017);
9 (2018) 9 (2018)
Ludza (LV) 56.72 27.68 2013 107 0 (2017); 0 (2017);
3(2018) 2 (2018)
Sasaiiai (LT) 56.02 22.34 2014 24 3 (2017); 2 (2017);
3 (2018) 6 (2018)
Anykiciai (LT) 55.38 25.07 2014 24 3(2017); 2 (2017);
3(2018) 6(2018)

sites. Differences in photoperiod become larger later in the
spring and autumn, i.e., further away from the equinoxes
(Supplementary Information, SI, Fig. S1).

For each site, daily average temperatures and daily pre-
cipitation totals were extracted from the EObs gridded
dataset with resolution of 0.25 ° x 0.25 °, starting in 1950
[31]. The accuracy of the dataset depends on the number
and spatial distribution of the underlying meteorological
stations used for the interpolations. Data relative to the
Swedish sites are based on a dense meteorological station
network; the coarsest station distribution occurred in
Lithuania. Yet, temperatures, and in particular average dai-
ly temperatures, are generally relatively homogeneous in
space even over tens of kilometers in the absence of eleva-
tion changes, which gives confidence in the temperature
data used for the analyses.

Fig. 1 a Site location and b long- a)

As expected, long-term mean temperatures are not de-
scribed by latitude alone. Climate is more continental in the
Latvian and Lithuanian sites (Ludza; and Sagaigiai and
Anyksciai, respectively), with colder winters and warmer
summers than in the Swedish sites (Krusenberg,
Remnigstorp and Véxtorp; Fig. 1b). Spring temperatures are
on average higher in Ludza and Anyk3¢iai, than in Sasaiciai
and the Swedish sites. Conversely, autumns are coldest in
Ludza and warmest in Vaxtorp, with the other sites exhibiting
similar long-term mean temperatures, despite the differences
in latitude (Fig. 1a) and hence photoperiod (SI, Fig. S1). The
weather conditions also differed between the two sampling
years. In all sites, the year 2017 was similar to the long-term
mean, while 2018 was abnormally warm and dry, particularly
during the spring and summer (SI, Fig. S2 and S3). The con-
ditions for 2018 are expected to be the new norm in the region
by mid-century [32].

term (1950-2019) weekly aver-
age temperatures of the six sites in
the Baltic region, in Northern
Europe. The shaded areas in (b)
correspond to the periods,
expressed as days of the year
(doy), on which Supplementary
Information (SI) Fig. S1 and S2

5E10E15 E20 E25 E30 E

AAKrusenberg :

focus

ARepnningstorp |
Basaiciai  wLudza

Vaxtorp L. @Y
) \7/:) ¥ K

b)
15+
10 ¢
o
L
- 5
Krusenberg
P ol Remningstorp
Ciai Vaxtorp
s INA S | Ludza
7 -~ Sagaidiai
5 AnykSciai
100 200 300
doy

@ Springer



448

Bioenerg. Res. (2021) 14:445-459

Phenological Data

Data on leaf phenology were collected in spring and autumn
for the 1 or 2 year depending on site and season (and is avail-
able upon request). The plant material sampled included about
160 Populus clones in total and is broad regarding origin and
phenological characteristics. The majority is P. trichocarpa
Torr. & Gray, with germplasm of almost the entire geograph-
ical range of this species. Nevertheless, sites differed in clones
represented, tree age, and experimental design (see SI
Section S2 for some more details). Five clones, chosen among
those with high performance in Krusenberg, were common to
all sites; five additional clones occurred in three sites of similar
latitude (Vaxtorp, Sagaiciai, and Anyksciai; see SI Section S2
for information on these 10 clones).

Spring phenology was assessed by scoring bud break on a
scale from 1 to 5, with stage 2 corresponding to initial shoot
emergence, stage 3 to leaf primordia exposed, stage 4 to leaves
half open with bud scale dropped, and stage 5 to leaves
completely open. In the autumn, leaf coloring was scored on
an 8-point scale, from completely green to completely yellow;
whereas leaf shedding was scored on 1 to 3 scale, where 1
corresponds to full foliage, 2 to half, and 3 to full defoliation.
There was some overlap between color change and leaf shed-
ding, as leaves can change color and even fall while there are
still some green leaves present. The frequency of spring and
autumn scoring of phenology varied largely from site to site
and from year-to-year, resulting in 0 to 10 scores per year and
season (Table 1), with scoring every 3 to 7 days in most cases,
but with some intervals up to 15 days.

Leaf Level Properties for Selected Clones in One Site

Beyond phenological and climatic data, in one site
(Krusenberg), we also measured leaf gas exchange and char-
acterized leaf chlorophyll content and specific leaf area for
four clones with similar origin but differing in their spring
phenology. Details on the measurement protocol are reported
in the SI, Section S4. These clones were selected to represent
the “fastest” and “slowest” among those in the site; three of
them are common to all sites (SI, Section S2). The goal of
these measurements was to check whether co-variation of
some key plant traits with leaf phenology patterns are to be
expected and could, in principle, explain differences in plant
performance.

Characterization of Spring and Autumn Phenology

We characterized the observed spring and autumn phenology
by means of different variables, and specifically the timing
and speed of changes in the phenological scores in spring
and autumn, and the thermal conditions needed to reach a
certain phenological score in the spring. These variables are
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obtained by fitting a saturating curve to the observed pheno-
logical scores (“Fitting of Leaf Phenology Scores” section)
and by means of the growing degree day (GDD) model
(“Spring Phenology Model” section) respectively. The fitted
phenological scores are also used to determine the length of
the effective growing season (“Definition of the Effective
Growing Season” section). All the fitted parameters are avail-
able as Supplementary Data.

Fitting of Leaf Phenology Scores

In some cases, in particular in the sites where screening fre-
quency was low or during periods of fast development, infor-
mation on the exact day in which specific phenological stages
were reached is missing. To allow the estimate of the timing of
each stage, a saturating Weibul-type curve was fitted to the
observed scores:

Smaxjil
: (1)

si(t) =1+ 1+ exp [—k,-(t—tso,i)]

Here, $,,4x. ; 1s the maximum score in the scale, f5¢_; is
the day of the year (doy) at which the intermediate score
is reached; £; is the slope of the curve at =150 ; and the
subscript 7 refers to the phenological event under consid-
eration (i = bb for bud break; i =/s for leaf shedding; i=
col for leaf coloring). The advantage of the time depen-
dence in Eq. (1) is that it requires the fitting of just two
parameters, /s, ; and k;. In addition, these parameters have
a clear meaning: respectively, the timing of the interme-
diate phenological score, and the speed of change around
that time and score. Importantly, the curve does not allow
a regression in time of phenological stage, which would
be unrealistic. Here, the two parameters are estimated by
least square fitting across all individuals of the same clone
in each site and year. By considering all observations for
a clone, i.e., over multiple individuals, more robust esti-
mates are obtained, at the cost of losing any measure of
within-clone variability. Examples of spring (top) and au-
tumn leaf shedding (bottom) scoring and the fitted curve
are reported in Fig. 2 for two clones markedly differing in
phenological response to growing conditions.

Due to the difficulties inherent in scoring, in particular
of larger trees, in some circumstances, scores decreased at
subsequent observations. These unrealistic observations
were removed, under the assumption that the subsequent
(lower) score was not correct, and the corresponding ob-
servation considered as missing for the purposes of the
fitting. Also, we restricted the fitting to the cases in which
realistic observations were available for at least three
dates, including at least six data points from a minimum
of two individuals of the clone. We further discarded all
the fitted curves with a coefficient of determination lower
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Fig. 2 Example of phenological

a) 44.13, bud burst

b) 722.16, bud burst

data (red symbols and whiskers) 6 6
and fitted curves (black lines) for
a, b) bud burst scores and ¢, d) 5 5
autumn leaf shedding scores for
two clones, and their evolution in 4 4
time (day of the year, doy), for 2 o
Krusenberg in 2017. a, c) refer to 3 3 § 3
a clone with generally late spring
phenology (44.13) and ¢, d) to a . 2
clone with generally early spring i [6) ®
phenology (722.16). Symbols !
correspond to averages across all 0 0
individual trees of the clone 90 100 110 120 130 140 90 100 110 120 130 140
present in the site; whiskers doy doy
+ . o
extend over the average + the c) 44.13, leaf shedding b) 722.16, leaf shedding
standard deviation across the 35 35
individual trees ' '
3 3
25 25
2 2
g 2 g 2
15 1.5}
1 1
0.5 0.5
270 280 290 300 310 320 270 280 290 300 310 320

than 0.2. These criteria led to the number of fitted curves
change from year-to-year in some sites (as apparent from
the values reported under the box plots in Figs. 3 and 4
below). Yet, the results reported below do not appreciably
change should other approaches to data cleaning be
employed.

The fitted parameters ¢5o_; and k; (i = bb, Is) were used as
indicators of clone-specific response to the environmental
conditions, relative to each site and year. Leaf shedding
was preferred to leaf coloring as indicator of autumn leaf
phenology, because Populus is often photosynthetically
active until very late in autumn and certainly after height
growth cessation and the initiation of leaf coloring [e.g.,
33]. Thus, height growth cessation in autumn initiates
frost-hardening in shoot meristems to safeguard the growth
that has already been achieved, but some green leaves are
retained until very late in autumn. These leaves are still
capable of opportunistic but substantial carbon assimila-
tion and carbohydrate translocation from leaves even after
hard frost [33], resulting in biomass increase despite no
increase in height. Furthermore, scoring relative to leaf
coloring appeared particularly prone to unrealistic obser-
vations and low coefficients of determination.
Nevertheless, the timing of the intermediate score for col-
oring and shedding were correlated (SI, Fig. S4).

doy doy

Definition of the Effective Growing Season

The effective growing season length was defined as the time
between the occurrence of the bud break score 3 (i.c., leaf
primordia exposed) and the leaf shedding score 2 (i.e., half
defoliation). The rationale for choosing the intermediate score
for both spring and autumn phenology is to match the focal
parameters of Eq. (1). Since in most cases these scores were
not directly observed, their time of occurrence was calculated
by inverting Eq. (1) after fitting.

The resulting effective growing season length relative to
each clone, site, and year is assumed to be a proxy of the clone
fitness under the corresponding growing conditions.

Spring Phenology Model

Spring phenology has been often modeled based on the con-
cept of growing degree days (GDD), determined as

GDD(t) = 3 max(0, T(1)-T}) 2)

1=ty

where ¢ is time (expressed as doy),  is the first doy on which
the GDD are accumulated, 7(7) is the average daily tempera-
ture for doy ¢, and T}, is the base temperature below which no
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Fig. 3 Summary of fitted spring
and autumn phenology
parameters and resulting duration
of the effective growing season
(for the six sites during 2017 or
2018 or both, depending on data
availability). For spring
phenology, a) tso_ 4, 1.€., doy at
which score 3 was reached; b) &y,
i.e., rate of change of score at
score 3. For autumn phenology, c)
150, I15» 1.€., doy at which leaf-
shedding score 2 was reached;

d) &, i.e., rate of change of score
at leaf-shedding score 2. The
resulting duration of the effective
growing season (from spring
score 3 to autumn score 2) is re-
ported in e). From left to right,
pairs of bars refer to the six sites,
as per the x-axis labels. Colors
denote year: 2017 in gray, 2018 in
red. Thick horizontal lines corre-
spond to the median, boxes ex-
tend from the 25th to the 75th
percentile, and whiskers cover the
Ist to 99th percentiles. Stars de-
note significant differences
(p<0.001) in the median values
between 2017 and 2018 in each
site, based on a paired ¢ test run on
the log-transformed variables.
Values in parenthesis at the bot-
tom of each bar denote the num-
ber of data points included in the
boxplot, i.e., the number of clones
for which adequate data were
available and the fitting returned
robust results (see the “Fitting of
leaf phenology scores” section for
details). As such, this value can be
lower than the number of clone
grown in the site and varying de-
pending on year and whether
spring or autumn phenology or
growing season length is
considered

Fig. 4 Summary of growing

degree days at which spring 150
phenology score 3 (GDD'3k ) was
reached for the six sites during
2017 or 2018 or both, depending
on data availability. Colors and
symbols have the same meanings
as in Fig. 3
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GDD are accumulated. A specific phenological stage occurs
when the accumulated GDD reach a threshold, i.e., GDD(f) =
GDD*. Here, the focus was on bud break score equal to 3,
ie., GDD;.

The base temperature, 7, was set to 5 °C—a standard
value, used also for Populus [34]—but similar conclusions
can be reached should other realistic values be considered.
Indeed, the choice of T} can affect the numerical values of
GDD(f) and GDD™ [35], but, within realistic base tempera-
tures, such changes do not affect the time at which a certain
phenological stage is reached, ¢*. The starting date ¢, was set
arbitrarily to January Ist (i.e., doy = 1), i.e., well before tem-
peratures in the region are normally above the chosen 7.

Here, the GDD model was used in diagnostic mode, i.e., to
determine whether it is suitable to robustly and consistently
describe the observations, across sites and clones. To this aim,
we determined the GDD at score 3, GDD; for each site, year
and clone. Based on the previously mentioned performance of
the GDD model for spring phenology, it was expected that
GDD; would be clone- but not year- and site-dependent, thus
making the GDD model a robust tool to predict the timing of
leaf phenology of the different clones, as a function of the
year- and site-specific temperatures.

Statistical Tests

The analyses focused on different aspects characterizing
spring and autumn phenology and duration of the effective
growing season, and specifically: the fitted parameters of
Eq. 1 for spring (tso, 55 and k) and autumn (5o, ;5 and k;);
the resulting length of the effective growing season; and the
accumulated growing degree days at spring phenology score 3
(GDD3).

To determine whether there were significant differences
from year-to-year, the above variables were first analyzed site
by site, by means of a paired ¢ test. The dependent variables
were log-transformed prior to analysis, to focus on the differ-
ences across sites.

To ascertain the role of latitude (and hence photoperiod),
the same dependent variables were also tested focusing only
on the five clones common to all sites. An ANOVA was
performed on the log-transformed variables, with latitude
and clone as fixed effects, and year as random. No interactions
were considered due to the limited number of data points.
Furthermore, to determine whether each clone had a similar
response independently of site and year, a Friedman rank test
was performed, with clone as treatment and adjusting for site.
The test was performed and the ranking obtained considering
years separately; and, for spring phenology and four sites, also
considering 2017 and 2018 as replicates.

Finally, for more robust conclusions on the role of clone in
defining the response to local climatic conditions, the

Freedman test was repeated on the 10 clones common to three
sites, differing in climates by not in photoperiod.

The test assumptions were visually checked. All the statis-
tical analyses were performed in MatLab 2018a (the
MathWorks Inc., Natick, MA, USA).

Results
Within-Site Comparison Across Years

When compared with 2017, spring 2018 resulted in an earlier
(i.e., lower 59 p; Fig. 3a) and faster (i.e., higher k,; Fig. 3b)
spring phenology across all comparable sites. While autumn
phenological observations were unavailable from several
sites, trees in Krusenberg had an earlier (i.e., lower #54; Fig.
3c) and faster (i.e., higher k; Fig. 3d) leaf shedding during
2018 when compared with 2017. This year-to-year variability
suggests annual variation in climatic conditions has an effect
also on autumn phenology. In this site, the combined changes
in spring and autumn phenology resulted in a small (3 days on
average) but significant shortening of the effective growing
season length from 2017 to 2018 (Fig. 3e).

The growing degree days cumulated at bud break reference
score 3, GDD;, was larger in spring 2018 than 2017 (Fig. 4).
Similar patterns were observed should scores other than 3 be
considered (not shown). Hence, GDD; cannot be considered a
clone-specific parameter independent of year—a property
necessary for using the GDD model, which relies only on
temperature, to predict the timing of spring phenology.

Across-Site Comparison and Clone Ranking

To explore the consistency of clone responses across sites and
years, we focused on the five clones common to all sites (SI,
Section S2). Latitude, clone, and year affected the timing of
spring phenology, tso. 55 (Table 2), with delayed spring phe-
nology at higher latitudes and in the cooler year (i.e., 2017,
Fig. 5a, left). The speed of spring phenology &, was slower
and the threshold for the phenological event GDD; was lower
in 2017 than in 2018 (Table 2; Fig. 5b and 6, left); they both
were also affected by clone (Table 2). The timing of autumn
phenology, 50, ;5» depended on latitude, with earlier leaf shed-
ding at higher latitudes (Fig. 5c), while clone was only mar-
ginally significant. The speed of autumn phenology, 4, was
not explained by the factors considered. As a result, the length
of the effective growing season was affected by latitude only,
with longer growing seasons at lower latitudes (Fig. Se, left).

To further investigate if the different clones responded con-
sistently across sites, we determined the mean ranking of the
five clones common to all the sites and of the 10 clones com-
mon to three sites (Véaxtorp, Sagaiciai, and Anyksciai). These
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three sites span only 1 © of latitude (i.e., have similar photope-
riod; Fig. S1) and were characterized by rather similar temper-
atures in 2018 (Table S1, Fig. S2). We tested whether phenol-
ogy was significantly different among clones, based on the
Friedman test (Tables 3 and 4). Across all the sites and the
2 years, the five clones could be consistently (p < 0.001) ranked
based on the timing of spring and autumn phenology (#s¢, 5, and
150, ;5 respectively); the ranking of the effective growing season
duration was consistent only at p = 0.05 (Table 3). Among the
clones, 722.16 underwent the earliest phenology both in spring
and autumn, so that its effective growing season duration was
intermediate among the common clones. For the other clones,
the ranking was not consistent across spring and autumn (with,
e.g., clones undergoing bud break early but shedding their
leaves late, or vice versa), although the latest clone in exhibiting
spring phenology (44.13) was also the one with the shortest
duration of the effective growing season. The remaining clones
had a rather similar behavior both in spring and autumn. The
ranking in GDD;k largely followed that of #59, ;5. The same
variables could be consistently and robustly ranked for the 10
clones common to the three sites in 2018 (Table 4), but with a
higher level of significance for the growing season duration
(p= 0.014). Hence, the proposed approach of ranking clones
to ascertain relative differences appears robust also when con-
sidering clones grown in sites with similar photo-climatic
conditions.

These differences across clones and years in timing of phe-
nological events were not accompanied by differences in key
leaf-level properties (light-saturated CO, assimilation rate,
chlorophyll content, and specific leaf area; Fig. S5 and S6),
even when considering clones with large differences in phe-
nology (e.g., clones 44.13 and 722.16).

Discussion
Methodological Considerations

We focused on leaf phenology and effective growing season
duration and how it can change in the future, because the

Table 2 Summary of the ANOVA of log-transformed variables
assessed in the six sites, with latitude and clone as fixed effects and year
as random. The variables are: ts_ gy, i.€., doy at which score 3 is reached;
kep, 1.€., rate of change of score at score 3; #5¢_ s, 1.€., doy at which autumn

length of the effective growing season is proportional to an-
nual height growth [5, 36-39]. Furthermore, there was no
clear link between timing of spring phenology and leaf traits
in selected clones in one site (Krusenberg); rather, there was a
larger variability across individual trees and clones (SI,
Section S4). As such, focusing on leaf phenology and the
effective growing season length as determinant of the poten-
tial productivity appears appropriate, at least for these clones.
Nevertheless, a correlation of these leaf traits with the timing
of some phenological events has been observed along a geo-
graphical gradient in P. trichocarpa [37]. And higher light
saturated CO, assimilation rate and lower specific leaf area
were observed in Populus clones adapted to higher latitudes
[40, 41] and speculated to be an adaptation to shorter growing
seasons [42]. Should this be the case, differences in effective
growing season length could lead to smaller than expected
differences in potential productivity, although the two are cor-
related [5, 36-38].

For autumn phenology, we focused on leaf shedding as
opposed to leaf color change, because any remaining green
leaf is capable of substantial opportunistic carbon assimila-
tion, supporting biomass growth [33]. Indeed, leaf shedding
correlates well with biomass growth [43—45]. Furthermore,
leaf shedding scores led to a more robust fitting than leaf
coloring scores. Nevertheless, time of leaf color change and
shedding were largely correlated (SI, Fig. S4). Hence, while
the choice of leaf shedding can affect the duration of the ef-
fective growing season, our main conclusions in terms of
drivers of the clone ranking remain unaltered.

The above analyses and conclusions focused on the fitted
parameters of Eq. 1. The advantages of looking at the model
parameters instead of directly at bud break dates are that they
allow exploiting also low-frequency observations and capturing
different aspects of the phenological development. In particular,
the parameters of Eq. 1 permit partially separating the timing
and speed of phenological development, which can be differ-
entially affected by latitude and thermal conditions. Indeed, the
speed of phenological development was largely independent of
latitude and clone, while the timing of intermediate phenolog-
ical stage was affected by these aspects (Table 2, Fig. 5).

score 2 is reached; &, i.e., rate of change of score at autumn score 2; the
length of the effective growing season; and GDD; , 1.e., the accumulated
GDD at spring score 3

5

Is0, b ki Is0, Is ki Gws length GDD;,
F p F p F F D F D F P
Latitude 23.34 <0.0001 8.34 0.006 12.14 0.0020 0.089 0.77 23.61 0.0001 4.68 0.036
Clone 15.87 <0.0001 0.66 0.62 5.00 0.0047 1.47 0.24 232 0. 087 13.55 <0.0001
Year 48.17 <0.0001 45.36 <0.0001 18.98 0.0002 1.50 0.23 3.33 0.081 111.16 <0.0001

p values lower than 0.05.
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Table 3

Summary of the ranking of the five clones common to all sites, based on the Friedman test. The lower the ranking, the lower the value of the

corresponding variable for that clone. When the 2 years are combined, year is used as replicate. Meaning of variables is the same as Table 2

Year p
15.8 21.9 23.4 44.13 722.16
150, bb 2017 4.0 2.8 23 5.0 1.0 0.004
2018 3.8 2.7 2.5 5.0 1.0 0.0002
Both 33 2.8 23 43 1.1 0.0008
ks 2017 3.0 33 23 4.5 2.0 0.19
2018 22 33 3.0 3.0 3.5 0.64
Both 24 2.8 2.8 32 2.7 0.91
150, 15 2018 3.6 4.6 3.2 2.6 1.0 0.006
kg 2018 3.6 2.4 2.6 42 22 0.21
Gws length 2018 3.0 4.0 4.0 1.4 2.6 0.05
GDD; 2017 39 2.8 23 5.0 1.3 0.006
2018 3.8 2.7 2.5 5.0 1.0 0.0001
Both 32 2.6 22 42 1.6 0.008

Also the use of the GDD model aims at partially
disentangling the different aspects affecting spring phenology,
specifically removing the effects of thermal conditions by
transforming elapsed time into a more meaningful quantity
under the plant physiological point of view. We chose the
GDD model because of its simplicity and hence limited data
requirements for parameterization. The model has previously
led to good performance, often exceeding that of more com-
plex models [29, 30]. We did not consider chilling require-
ments because their inclusion has not improved model perfor-
mance [30]. Furthermore, while accumulation of chilling units
can affect the timing of bud break, with higher chilling units
leading to lower GDD* [46, 47], Populus spp. have been
shown to accumulate the required chilling time by January
at similar latitudes but in warmer climates [46] than the six
common gardens, or be largely insensitive to accumulated
chilling units [48]. Even when chilling affected bud break,
the extent of such effect was independent of clone provenance
[22], thus bearing no consequence on the ranking on clones
within each location.

Our dataset allows partially disentangling the role of tem-
perature (and its yearly variability) and latitude. For example,

Remningstorp and SasaiGiai were characterized by similar
temperatures (on average and during the sampling years;
Fig. S2), but are located at different latitudes, and hence differ
in photoperiod (Fig. S1). Nevertheless, the low sampling fre-
quency in some sites and low replication of some clones can
reduce the robustness of our conclusions.

Site-, Year-, and Clone-Specific Response of Leaf
Phenology

Within each site, spring phenology occurred earlier and faster
in the warmer of the 2 years (2018). Temperature is generally
recognized as the main cue for spring phenology in Populus
[22, 49, 50], although its effect on spring phenology is mod-
ified by clone response to day length, in line with results for
other species in Europe and North America [10, 11, 51].
Leaf shedding occurred earlier and faster in 2018 than
2017, in the site for which this analysis was possible
(Krusenberg; Fig. 3d). These differences might be ascribed
to warmer autumn temperatures (Fig. S2 and Table S1), or
the dry conditions (Fig. S3) that accompanied the high tem-
peratures during most of summer 2018, or their combinations.

Table4 Summary of the ranking of the 10 clones common to three of the sites (Véxtorp, Sagai&iai, Anykiciai), as per the Friedman test of the variables
assessed in 2018. The lower the ranking, the lower the value of the corresponding variable for that clone. Meaning of variables is the same of Table 2

15.8 21.9 234 44.13 722.16 15.7 Spirit Hybride 275 MAX- OP- »
4 42
ts0. b 8.7 6.0 6.7 10.0 43 8.3 1.0 3.0 37 33 0.003
[ 47 8.0 6.0 53 8.3 6.0 73 23 4.0 3.0 0.200
ts0. i 7.0 8.3 6.0 33 23 53 1.0 8.0 6.3 73 0.032
ks 53 33 4.0 6.0 23 37 8.7 8.3 8.7 47 0.064
Gws length 5.0 6.7 53 2.0 33 4.7 2.0 9.7 8.0 8.3 0.014
GDD; 8.7 6.0 7.0 10.0 43 8.0 1.3 23 38 35 0.003
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Both warmer temperatures and dry conditions can have con-
tributed to an earlier bud set and autumn phenology [14, 18].
Indeed, late summer drought can lead to premature senescence
[52]. This year-dependence of autumn phenology is in con-
trast to the general understanding that growth cessation and
autumn phenology initiation are mostly cued by changes in
photoperiod or in the light spectrum at the origin site [21, 53]:
because these conditions depend on latitude, they are stable
from year-to-year. Nevertheless, while warmer-than-normal
temperatures shall not affect the initiation of leaf senescence,
its speed is temperature-dependent at least in some species
[54]. The parameter k;, directly characterizes the speed of
stage transition around the intermediate stage, but also 750,
can be affected. Yet, there was no clear relation between £
and f5¢,;; (not shown), suggesting an effect of growing condi-
tions on both parameters. Another potential mechanism could
be the observed correlation between bud break and autumn
senescence emerging at the regional scale, with earlier (later)
senescence associated to earlier (later) spring phenology [55].
Year 2018 was expected to have a longer effective growing
season than 2017 [2], because of the overall higher spring
temperatures and considering the general lower dependence
of autumn phenology on growing conditions. Nevertheless,
the combined effects of warmer spring, drier and warmer sum-
mer, and warmer autumn led to a shorter effective growing
season in 2018 than in 2017.

Comparisons among the five common clones across sites
showed that latitude and year affected the timing and speed of
spring phenology as well as the timing (but not the speed) of
leaf shedding (Table 2). This points to a role of latitude (and
hence light-related cues) on autumn phenology, as expected.
However, due to the limited data availability for 2017, it is
not possible to robustly disentangle the effects of latitude and
temperature on leaf shedding. Qualitative comparisons between
sites with similar temperatures in 2018 but different latitudes
(Krusenberg and Remningstorp vs. Anyksciai; and, to a lesser
extent, Vaxtorp vs. Sagaiiai) suggest an earlier leaf shedding in
the northernmost site, whereas the difference in speed was
smaller (Fig. 5c, d). While results in the literature are equivocal
[18 and references therein], we find evidence that higher tem-
peratures resulted in earlier leaf shedding between sites at sim-
ilar latitudes (Véxtorp vs. Ludza). Hence, autumn phenology
appears determined by a combination of cues, with the primary
influence given by photoperiod, but mediated by climate vari-
ables including temperature and rainfall.

The GDD corresponding to the intermediate spring score,
GDD;, also appeared dependent on year, both when consid-
ering each site in isolation (Fig. 4) and the common clones
across all sites (Fig. 6; Table 2). Furthermore, when focusing
on the five common clones, GDD; was affected by latitude
and clone (Table 2). GDD-based models have been used ex-
tensively to simulate phenological events like spring

phenology [29, 30] under the implicit assumption that the
GDD requirements for a specific score (GDD*) does not de-
pend on temperature and often latitude. The model perfor-
mance is generally satisfactory [29] and exceeding those of
more detailed models [29, 56], although some limitations of
this modeling approach have been observed [2, 35, 57]. In
particular, GDD" decline with day length; in warm springs,
when temperatures become high already when days are still
relatively short, GDD”™ is higher than in cooler springs when
days warm up later in the year [10]. This expectation is in line
with our results, with higher GDD* in 2018 than in 2017
(Figs. 4 and 6). When comparing the same clones grown in
different locations, GDD™ increased with decreasing latitudes
(Fig. 6), where days were shorter at the occurrence of the
phenological event (Fig. S1): this was the result of both dif-
ferences in photoperiod across locations, with shorter days at
lower latitudes, and warmer temperatures and hence an earlier
bud break (i.e., lower 59, ;5). So, while the emerging pattern in
GDD™ agrees with recent observations for other species, the
lack of a GDD™ that is clone-specific but independent of lat-
itude and temperature makes it more difficult to predict the
timing of spring phenology for a specific clone, as a function
of current or future climatic conditions. This is a major limi-
tation to the use of the GDD model in prognostic mode, e.g.,
to project the timing of a specific phenological stage under
altered climatic conditions [51]. Nevertheless, data from the
clones common to several sites (Fig. 6) suggest that GDD*
allow a very robust ranking of the clones, also across sites (and
hence latitudes) and years. As such, GDD* obtained for a set
of clones grown in one location can help to pin point relative
differences among them—differences that we showed are
retained when considering other photoperiods and climatic
conditions. Also the timing of intermediate phenological
scores (tso, »») allows a consistent ranking of the clones, inde-
pendently of location and year, but GDD* magnifies the dif-
ferences (compare the ranges in Figs. 5a and 6). Hence, GDD*
can be used to select appropriate clones for growth in novel
conditions because the phenology ranking based on a single
site is maintained under other growing conditions.

Implications for Clone Selection in the Face of Climate
Change

Most existing Populus clones currently used for biomass pro-
duction in Europe were developed for current conditions in
Southern latitudes. Adapting biomass production to future cli-
mates at higher latitudes requires determining the response of
existing clones to altered climatic conditions and light features
at these latitudes. We found that warmer conditions result in
earlier (and faster) bud break and earlier (and faster) leaf se-
nescence (Fig. 3a—d). Regarding spring phenology, there are
also indications that warmer temperatures enhance the re-
quired GDD to achieve a certain phenological stage, because
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of the influence of day length on spring phenology, thus ef-
fectively reducing the possibility of further advancement. This
day length-induced restriction is less severe at higher latitudes,
underlining once more the need for clones adapted to the
combination of climatic and photoperiodic conditions to en-
sure low risk of late occurrence of damaging low temperatures
and higher productivity.

Spring and autumn phenology affects net carbon uptake [4]
and overall tree growth [5], with potential local and global
implications on carbon cycling [e.g., 58]. Warmer tempera-
tures, while resulting in an earlier bud break, can also enhance
the speed of autumn phenology and possibly alter its timing
[55]. Hence, the expected increase in temperature under cli-
mate change does not necessarily translate in a longer effec-
tive growing season and enhanced potential for growth.
Furthermore, while warmer temperatures can in principle en-
hance the leaf photosynthetic capacity [59, 60], warming tem-
peratures will act on both gross CO, assimilation and respira-
tion, potentially with little effect on net CO, assimilation rate.
Furthermore, Populus species generally have wide optimal
ranges of temperatures for assimilation and limited thermal
acclimation response [61-63]. Finally, warmer air tempera-
tures can lead to stomatal closure as the result of higher vapor
pressure deficit, and lower plant water availability, even under
unaltered precipitation. It follows that the direct effects of
global warming on potential carbon fixation rate at least par-
tially cancel out, so that phenological response remains key in
defining the success of a specific clone. It is thus necessary to
develop approaches to evaluate the net response of clones to
climate and photoperiod across a wide range of latitudes.
Ideally, such evaluation should not require direct phenological
observations from a large number of locations and climates,
but rather build upon those relative to a restricted subset of
geographic locations and climates.

The GDD model appears to have limited predicting capa-
bilities for spring phenology, because of the latitude- and year-
dependence of the GDD threshold for specific phenological
stages. This is in contrast with previous conclusions that the
GDD model is suitable to effectively predict the spring phe-
nology of many species and its widespread use, also for
Populus spp. [34], but in line with recent experimental obser-
vations relative to deciduous species across Europe and North
America [10, 51]. Thus, the GDD model might not be ade-
quate to predict the timing of occurrence of spring phenology,
in particular when aiming at capturing the (often small) dif-
ferences among related clones. The positive results of apply-
ing the GDD model to predict spring phenology [29, 30] sug-
gest that this approach can discern species, where differences
in timing of bud break are larger, instead of closely related
clones, as it was the case here. Nevertheless, our results show
that clone responses to seasonal cues were consistent when
determined based on GDD™ (Tables 3, 4), across sites, years,
and origins. Hence, the GDD model, while not fully adequate
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to predict the timing of phenological events, can be used in
diagnostic mode, for a robust ranking of clones as early or
late, or demanding low to high cumulated thermal time for
spring phenology. The ranking of clones based on GDD*
follows that based on the timing of phenology (i.e., tso, pp;
Tables 3, 4), but GDD* amplifies the relative differences
among clones. As such, the GDD model, and the parameter
GDD" in particular, can provide a tool to screen clones for
their relative response to spring conditions, needing observa-
tions from few sites or years. Knowledge of the relative dif-
ferences among clones as emerging from one site can thus be
used to predict the relative differences among those clones
planted in other sites (i.e., under different photoperiods and
climates) or climatic conditions (including future ones).
Because of the high heritability of bud break [64], this ap-
proach can support the choice of locally adapted species.
Also the time by which 50% of the leaves are shed in the
autumn allows ranking species, but the ranking appears less
robust, and we could not test whether that was conserved
across years.

Conclusions

Both latitude and temperature contribute in defining spring
and autumn phenology in Populus spp. While the causal roles
of temperature in spring phenology, and latitude/photoperiod
in autumn phenology are well recognized, the effects of pho-
toperiod in the spring and temperature in the autumn are often
overlooked. We show that latitude affects spring phenology,
and as such, the simple growing degree days (GDD) model
cannot be used as a reliable predictor of the specific timing of
phenological stages based on observed or forecasted temper-
atures. Nevertheless, the GDD model, and in particular the
cumulated GDD necessary to achieve a specific phenological
stage, allows a robust ranking of early and late clones, which
is conserved across years and sites. As such, it provides a tool
to predict the relative differences among clones when grown
under different photoperiods or climatic regimes, based on
observations from a single site. While not prognostic in the
sense of determining the timing of phenological stages in a
specific location and weather, this tool can support the relative
evaluation of clones of different genetic background, based on
a limited amount of observations.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s12155-021-10249-5.

Authors’ Contributions Giulia Vico: conceptualization, methodology de-
velopment, meteorological and leaf-level data acquisition, formal analy-
ses and result generation, writing—original draft, reviewing and editing,
funding acquisition. Almir Karacic: phenological and leaf-level data ac-
quisition, writing—review and editing, funding acquisition. Anneli
Adler: Phenological data acquisition, support to formal analyses and


https://doi.org/10.1007/s12155-021-10249-5

Bioenerg. Res. (2021) 14:445-459

457

result generation, writing—review and editing, funding acquisition.
Thomas Richards: phenological data acquisition, writing—review and
editing. Martin Weih: writing—review and editing, support to conceptu-
alization, support to formal analyses and result generation, writing—
review and editing, funding acquisition, project administration.

Funding Open Access funding provided by Swedish University of
Agricultural Sciences. This project was supported by: — Swedish
Research Council FORMAS, as part of the Climate Adapted Poplar
(CLAP) project, under grant 942-2016-20001;

— Swedish Research Council FORMAS, through grant 2018-01820;

— Trees and Crops for the Future (TC4F)—a co-operative project
between established research environments at the Swedish University of
Agriculture (SLU), Umea University and Skogforsk.

Data Availability The parameters of the fitted Eq. 1 for spring and autumn
phenology are available through the journal website. The meteorological
data are freely available online.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Dickmann DI, Kuzovkina J (2014) Poplars and willows of the
world, with emphasis on silviculturally important species. In:
Isebrands JG, Richardson J (eds) Poplars and willows: trees for
society and the environment. CABI Publishers, Oxford, pp 8-91

2. Gunderson CA, Edwards NT, Walker AV, O'Hara KH, Campion
CM, Hanson PJ (2012) Forest phenology and a warmer climate —
growing season extension in relation to climatic provenance. Glob
Chang Biol 18(6):2008-2025. https://doi.org/10.1111/j.1365-2486.
2011.02632.x

3. Muffler L, Beierkuhnlein C, Aas G, Jentsch A, Schweiger AH,
Zohner C, Kreyling J (2016) Distribution ranges and spring phe-
nology explain late frost sensitivity in 170 woody plants from the
Northern Hemisphere. Glob Ecol Biogeogr 25(9):1061-1071.
https://doi.org/10.1111/geb.12466

4. Keenan TF, Gray J, Friedl MA, Toomey M, Bohrer G, Hollinger
DY, Munger JW, O’Keefe J, Schmid HP, Wing IS, Yang B,
Richardson AD (2014) Net carbon uptake has increased through
warming-induced changes in temperate forest phenology. Nat Clim
Chang 4(7):598-604. https://doi.org/10.1038/nclimate2253

5. Lutter R, Tullus A, Tullus T, Tullus H (2016) Spring and autumn
phenology of hybrid aspen (Populus tremula L. x P. tremuloides
Michx.) genotypes of different geographic origin in hemiboreal

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Estonia. New Zealand J For Sci 46:20. doi:https://doi.org/10.
1186/340490-016-0078-7

Lang GA, Early JD, Martin GC, Darnell RL (1987) Endo-, Para-,
and ecodormancy: physiological terminology and classification for
dormancy research. HortScience 22:371-377

Givnish TJ (2002) Adaptive significance of evergreen vs. decidu-
ous leaves: solving the triple paradox. Silva Fenn 36(3):703-743
Kukuzawa K (1995) Leaf phenology as an optimal strategy for
carbon gain in plants. Can J Bot 73:158-163

Cannell MGR (1997) Spring phenology of trees and frost avoid-
ance. Weather 52(2):46-52. https://doi.org/10.1002/j.1477-8696.
1997.t1b06268.x

Fu YH, Zhang X, Piao S, Hao F, Geng X, Vitasse Y, Zohner C,
Pefiuelas J, Janssens IA (2019) Daylength helps temperate decidu-
ous trees to leaf-out at the optimal time. Glob Chang Biol 25(7):
2410-2418. https://doi.org/10.1111/gcb.14633

Korner 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(4):1076-1088. https://doi.org/10.1111/1365-2745.12574
Lechowicz MJ (1984) Why do temperate deciduous trees leaf out at
different times - adaptation and ecology of forest communities. Am
Nat 124(6):821-842. https://doi.org/10.1086/284319

Lenz A, Hoch G, Vitasse Y, Korer C (2013) European deciduous
trees exhibit similar safety margins against damage by spring freeze
events along elevational gradients. New Phytol 200(4):1166—1175.
https://doi.org/10.1111/nph.12452

Rohde A, Bastien C, Boerjan W (2011) Temperature signals con-
tribute to the timing of photoperiodic growth cessation and bud set
in poplar. Tree Physiol 31(5):472—482. https://doi.org/10.1093/
treephys/tpr038

Allstadt AJ, Vavrus SJ, Heglund PJ, Pidgeon AM, Thogmartin WE,
Radeloft VC (2015) Spring plant phenology and false springs in the
conterminous US during the 21st century. Environ Res Lett 10(10).
https://doi.org/10.1088/1748-9326/10/10/104008

Rigby JR, Porporato A (2008) Spring frost risk in a changing cli-
mate. Geophys Res Lett 35(12):L12703. https://doi.org/10.1029/
2008g1033955

Augspurger CK (2013) Reconstructing patterns of temperature,
phenology, and frost damage over 124 years: spring damage risk
is increasing. Ecology 94(1):41-50. https://doi.org/10.1890/12-
0200.1

Way DA, Montgomery RA (2015) Photoperiod constraints on tree
phenology, performance and migration in a warming world. Plant
Cell Environ 38(9):1725-1736. https://doi.org/10.1111/pce.12431
Michelson IH, Ingvarsson PK, Robinson KM, Edlund E, Eriksson
ME, Nilsson O, Jansson S (2018) Autumn senescence in aspen is
not triggered by day length. Physiol Plant 162(1):123—134. https://
doi.org/10.1111/ppl.12593

Basler D, Koérner C (2012) Photoperiod sensitivity of bud burst in
14 temperate forest tree species. Agric For Meteorol 165:73-81.
https://doi.org/10.1016/j.agrformet.2012.06.001

Luquez V, Hall D, Albrectsen BR, Karlsson J, Ingvarsson P,
Jansson S (2008) Natural phenological variation in aspen
(Populus tremula): the SwAsp collection. Tree Genet Genomes
4(2):279-292. https://doi.org/10.1007/s11295-007-0108-y
McKown AD, Klapste J, Guy RD, El-Kassaby YA, Mansfield SD
(2018) Ecological genomics of variation in bud-break phenology
and mechanisms of response to climate warming in Populus
trichocarpa. New Phytol 220(1):300-316. https://doi.org/10.1111/
nph.15273

Gleeson E, Donnelly A, McGrath R, Bhroin A, O'Neill BF,
Semmler T (2013) Assessing the influence of a range of spring
meteorological parameters on tree phenology. Biol Environ: Proc
R Irish Acad 113B(1):47-56

@ Springer


https://doi.org/
https://doi.org/10.1111/j.1365-2486.2011.02632.x
https://doi.org/10.1111/j.1365-2486.2011.02632.x
https://doi.org/10.1111/geb.12466
https://doi.org/10.1038/nclimate2253
https://doi.org/10.1186/s40490-016-0078-7
https://doi.org/10.1186/s40490-016-0078-7
https://doi.org/10.1002/j.1477-8696.1997.tb06268.x
https://doi.org/10.1002/j.1477-8696.1997.tb06268.x
https://doi.org/10.1111/gcb.14633
https://doi.org/10.1111/1365-2745.12574
https://doi.org/10.1086/284319
https://doi.org/10.1111/nph.12452
https://doi.org/10.1093/treephys/tpr038
https://doi.org/10.1093/treephys/tpr038
https://doi.org/10.1088/1748-9326/10/10/104008
https://doi.org/10.1029/2008gl033955
https://doi.org/10.1029/2008gl033955
https://doi.org/10.1890/12-0200.1
https://doi.org/10.1890/12-0200.1
https://doi.org/10.1111/pce.12431
https://doi.org/10.1111/ppl.12593
https://doi.org/10.1111/ppl.12593
https://doi.org/10.1016/j.agrformet.2012.06.001
https://doi.org/10.1007/s11295-007-0108-y
https://doi.org/10.1111/nph.15273
https://doi.org/10.1111/nph.15273

458 Bioenerg. Res. (2021) 14:445-459
24.  Weih M (2004) Intensive short rotation forestry in boreal climates: 40. Kaluthota S, Pearce DW, Evans LM, Letts MG, Whitham TG,
present and future perspectives. Can J For Res 34:1369-1378. Rood SB (2015) Higher photosynthetic capacity from higher lati-
https://doi.org/10.1139/x04-090 tude: foliar characteristics and gas exchange of southern, central
25. Tullus A, Rytter L, Tullus T, Weih M, Tullus H (2012) Short- and northern populations of Populus angustifolia. Tree Physiol
rotation forestry with hybrid aspen (Populus tremula L. x 35(9):936-948. https://doi.org/10.1093/treephys/tpv069
P. tremuloides Michx.) in northern Europe. Scand J For Res 41. Soolanayakanahally RY, Guy RD, Silim SN, Drewes EC,
27(1):10-29. https://doi.org/10.1080/02827581.2011.628949 Schroeder WR (2009) Enhanced assimilation rate and water use
26. Karacic A, Verwijst T, Weih M (2003) Above-ground woody bio- efficiency with latitude through increased photosynthetic capacity
mass production of short-rotation Populus plantations on agricul- and internal conductance in balsam poplar (Populus balsamifera
tural land in Sweden. Scand J For Res 18(5):427-437. https:/doi. L.). Plant Cell Environ 32(12):1821-1832. https://doi.org/10.1111/
org/10.1080/02827580310009113 J-1365-3040.2009.02042 x
27. Intergovernmental Panel on Climate Change (2014) Climate 42. Gornall JL, Guy RD (2007) Geographic variation in ecophysiolog-
change 2014 - impacts, adaptation and vulnerability: regional as- ical traits of black cottonwood (Populus trichocarpa). Can J Bot
pects. Cambridge University Press, Cambridge 85(12):1202-1213. https://doi.org/10.1139/B07-079
28. Schreiber SG, Ding C, Hamann A, Hacke UG, Thomas BR, 43, Weih M (2009) Genetis: and env.ironmental variation in spring and
Brouard JS (2013) Frost hardiness vs. growth performance in trem- autumn pheno'logy of biomass willows (S“li)f spp.): effects on shoot
bling aspen: an experimental test of assisted migration. J Appl Ecol growth and nitrogen economy. Tree Physiol 29(12):1479-1490.
50(4):939-949. https://doi.org/10.1111/1365-2664.12102 https://dot.org/10.1093/treephys/tpp081 N
29. Basler D (2016) Evaluating phenological models for the prediction 44. Pliura A.’ Su?hQCkas \E S.ars.e.kova D, Gudynaité V (201.4)
of leaf-out dates in six temperate tree species across Central Europe. Genotypic variation and heritability of growth and adaptive traits,
Agric For Meteorol 217:10-21. https://doi.org/10.1016/j.agrformet. and adaptgtlop Of. young poplar hybrids a.t northern margins of
2015.11.007 natural distribution of Populus nigra in Europe. Biomass
30. Linkosalo T, Hakkinen R, Hanninen H (2006) Models of the spring ]()3910()6Flergy 70:513-529. https://doi.org/10.1016/j.biombioe.2014.
henology of boreal and temperate trees: is there something miss- : . X
fng? Troy Physiol 26(9):1 1651172 https://doi.org/10%1093/ 45.  Stener L-G, Westin J (2017) Early growth and phenology of hybrid
reephys/26.9.1165 aspen and poplar in c.lonal field tests in Scandinavia. Silva Fenn
31. Haylock MR, Hofstra N, Klein Tank AMG, Klok EJ, Jones PD, 31(3):3656. https://doi.org/10.14214/5£.5656
New M (2008) A European daily high-resolution gridded data set of 46 Heide OM (.1 993) Daylength and . thermal time resp onses of
Lo budburst during dormancy release in some northern deciduous
surface temperature and precipitation for 1950-2006. J Geophys ) Physiol Plant 88(4):531-540. htps://doi.ore/10.1111/i
Res-Atmos 113(D20). https://doi.org/10.1029/2008jd010201 rees. Physiol Plant 83(4): - atipsw/idorotg/ 28 L L.
. . 1399-3054.1993.tb01368.x
32. Toreti A, Belward A, Perez-Dominguez I, Naumann G, 47. Wang H. Wu C. Ciais P. Pefiuclas J. Dai J. Fu Y. G
. . . g H, Wu C, Ciais P, Pefiuelas J, Dai J, Fu Y, Ge Q (2020)
Luterbacher J, Cronie O, Seguini L, Manfron G, Lopez-Lozano 0 o L . X .
verestimation of the effect of climatic warming on spring phenol
R, Baruth B, van den Berg M, Dentener F, Ceglar A, due to mi tation of chilling. Nat Commun 11(1):4945
Chatzopoulos T, Zampieri M (2019) The exceptional 2018 DEY Que to fisteprosena & ' '
European water seesaw calls for action on adaptation. Earth’s 48 };Attps://d;)\;[.l(;rg(/jl O.lOﬁEﬁél};lé;-Oig-}l{SIWi?;g; Date of budburst of
Future 7(6):652-663. https:/doi.org/10.1029/2019¢f001170 - ey MB, Cannell IOR, Smih R1 (1389 Date of budbarst o
. ifteen tree species in Britain following climatic warming. J Appl
33. Nelson N, Isebrands J (1983) Late-season photosynthesis and pho- Ecol 26(2):693-700. https://doi.org/10.2307/2404093
tosyl}tha}te distribution in an 1ptens1vely—cultured Populus nigra X 49. Singh RK, Maurya JP, Azeez A, Miskolczi P, Tylewicz S,
laurifolia clone. Pbotosynthetlca 17:537-549 . Stojkovi¢ K, Delhomme N, Busov V, Bhalerao RP (2018) A ge-
34. Her}ner DN, Hastings A, Pogson M, McNaI.nara. NP, Dav1es. CA, netic network mediating the control of bud break in hybrid aspen.
Smith P (2020) PopFor: a new model for estimating poplar yields. Nat Commun 9(1):4173. https://doi.org/10.1038/s41467-018-
Biomass Bioenergy 134:105470. https://doi.org/10.1016/j. 06696-
biombioe.2020.105470 A : ,
X ) ) ) 50. Cooke JEK, Eriksson ME, Junttila O (2012) The dynamic nature of
35, Blimel K, Chmielewski FM (2012) Shortcomings of classical phe- bud dormancy in trees: environmental control and molecular mech-
nological forcing models and a way to overcome them. Agric For anisms. Plant Cell Environ 35(10):1707-1728. https://doi.org/10.
Meteorol 164:10-19. https://doi.org/10.1016/j.agrformet.2012.05. 1111/j.1365-3040.2012.02552.x
001 51.  Flynn DFB, Wolkovich EM (2018) Temperature and photoperiod
36.  Ceulemans R, Scarascia-Mugnozza G, Wiard BM, Braatne JH, drive spring phenology across all species in a temperate forest com-
Hinckley TM, Stettler RF, Isebrands JG, Heilman PE (1992) munity. New Phytol 219(4):1353-1362. https://doi.org/10.1111/
Production physiology and morphology of Populus species and nph.15232
their hybrids grown under short rotation. I. Clonal comparisons of 52 Estiarte M, Pefiuelas J (2015) Alteration of the phenology of leaf
4-year growth and phenology. Can J For Res 22(12):1937-1948. senescence and fall in winter deciduous species by climate change:
https:/doi.org/10.1139/x92-253 effects on nutrient proficiency. Glob Chang Biol 21(3):1005-1017.
37. McKown AD, Guy RD, Klapsté J, Geraldes A, Friedmann M, https://doi.org/10.1111/gcb.12804
Cronk QC, El-Kassaby YA, Mansfield SD, Douglas CJ (2014) 53, Fracheboud Y, Luquez V, Bjorkén L, Sjodin A, Tuominen H,
Geographical and environmental gradients shape phenotypic trait Jansson S (2009) The control of autumn senescence in European
variation and genetic structure in Populus trichocarpa. New Phytol aspen. Plant Physiol 149(4):1982-1991. https://doi.org/10.1104/
201(4):1263-1276. https://doi.org/10.1111/nph.12601 pp.108.133249
38.  YuQ, Tigerstedt P, Haapanen M (2001) Growth and phenology of 54. Vitasse Y, Porté AJ, Kremer A, Michalet R, Delzon S (2009)
hybrid aspen clones (Populus tremula L. x Populus tremuloides Responses of canopy duration to temperature changes in four tem-
Michx.). Silva Fenn 35(1):15-25. https://doi.org/10.14214/s£.600 perate tree species: relative contributions of spring and autumn leaf
39. Elferjani R, DesRochers A, Tremblay F (2016) Plasticity of bud phenology. Oecologia 161(1):187—198. https://doi.org/10.1007/
phenology and photosynthetic capacity in hybrid poplar plantations 500442-009-1363-4
along a latitudinal gradient in northeastern Canada. Environ Exp 55. Keenan TF, Richardson AD (2015) The timing of autumn senes-
Bot 125:67-76. https://doi.org/10.1016/j.envexpbot.2016.01.007 cence is affected by the timing of spring phenology: implications
@ Springer


https://doi.org/10.1139/x04-090
https://doi.org/10.1080/02827581.2011.628949
https://doi.org/10.1080/02827580310009113
https://doi.org/10.1080/02827580310009113
https://doi.org/10.1111/1365-2664.12102
https://doi.org/10.1016/j.agrformet.2015.11.007
https://doi.org/10.1016/j.agrformet.2015.11.007
https://doi.org/10.1093/treephys/26.9.1165
https://doi.org/10.1093/treephys/26.9.1165
https://doi.org/10.1029/2008jd010201
https://doi.org/10.1029/2019ef001170
https://doi.org/10.1016/j.biombioe.2020.105470
https://doi.org/10.1016/j.biombioe.2020.105470
https://doi.org/10.1016/j.agrformet.2012.05.001
https://doi.org/10.1016/j.agrformet.2012.05.001
https://doi.org/10.1139/x92-253
https://doi.org/10.1111/nph.12601
https://doi.org/10.14214/sf.600
https://doi.org/10.1016/j.envexpbot.2016.01.007
https://doi.org/10.1093/treephys/tpv069
https://doi.org/10.1111/j.1365-3040.2009.02042.x
https://doi.org/10.1111/j.1365-3040.2009.02042.x
https://doi.org/10.1139/B07-079
https://doi.org/10.1093/treephys/tpp081
https://doi.org/10.1016/j.biombioe.2014.09.011
https://doi.org/10.1016/j.biombioe.2014.09.011
https://doi.org/10.14214/sf.5656
https://doi.org/10.1111/j.1399-3054.1993.tb01368.x
https://doi.org/10.1111/j.1399-3054.1993.tb01368.x
https://doi.org/10.1038/s41467-020-18743-8
https://doi.org/10.2307/2404093
https://doi.org/10.1038/s41467-018-06696-y
https://doi.org/10.1038/s41467-018-06696-y
https://doi.org/10.1111/j.1365-3040.2012.02552.x
https://doi.org/10.1111/j.1365-3040.2012.02552.x
https://doi.org/10.1111/nph.15232
https://doi.org/10.1111/nph.15232
https://doi.org/10.1111/gcb.12804
https://doi.org/10.1104/pp.108.133249
https://doi.org/10.1104/pp.108.133249
https://doi.org/10.1007/s00442-009-1363-4
https://doi.org/10.1007/s00442-009-1363-4

Bioenerg. Res. (2021) 14:445-459

459

56.

57.

58.

59.

60.

for predictive models. Glob Chang Biol 21(7):2634-2641. https://
doi.org/10.1111/gcb.12890

Olsson C, Bolmgren K, Lindstrom J, Jonsson AM (2013)
Performance of tree phenology models along a bioclimatic gradient
in Sweden. Ecol Model 266:103—117. https://doi.org/10.1016/].
ecolmodel.2013.06.026

Clark JS, Salk C, Melillo J, Mohan J (2014) Tree phenology re-
sponses to winter chilling, spring warming, at north and south range
limits. Funct Ecol 28(6):1344—-1355. https://doi.org/10.1111/1365-
2435.12309

Bauerle WL, Oren R, Way DA, Qian SS, Stoy PC, Thornton PE,
Bowden JD, Hoffman FM, Reynolds RF (2012) Photoperiodic reg-
ulation of the seasonal pattern of photosynthetic capacity and the
implications for carbon cycling. Proc Natl Acad Sci 109(22):8612—
8617. https://doi.org/10.1073/pnas.1119131109

Bernacchi CJ, Singsaas EL, Pimentel C, Portis AR, Long SP (2001)
Improved temperature response functions for models of Rubisco-
limited photosynthesis. Plant Cell Environ 24(2):253-259. https:/
doi.org/10.1046/j.1365-3040.2001.00668.x

Medlyn BE, Dreyer E, Ellsworth D, Forstreuter M, Harley PC,
Kirschbaum MUF, Le Roux X, Montpied P, Strassemeyer J,
Walcroft A, Wang K, Loustau D (2002) Temperature response of
parameters of a biochemically based model of photosynthesis. II. A

61.

62.

63.

64.

review of experimental data. Plant Cell Environ 25(9):1167-1179.
https://doi.org/10.1046/j.1365-3040.2002.00891.x

Rasulov B, Bichele I, Hiive K, Vislap V, Niinemets U (2015)
Acclimation of isoprene emission and photosynthesis to growth
temperature in hybrid aspen: resolving structural and physiological
controls. Plant Cell Environ 38(4):751-766. https://doi.org/10.
1111/pce.12435

Silim SN, Ryan N, Kubien DS (2010) Temperature responses of
photosynthesis and respiration in Populus balsamifera L.: acclima-
tion versus adaptation. Photosynth Res 104(1):19-30. https://doi.
org/10.1007/s11120-010-9527-y

Vico G, Way DA, Hurry V, Manzoni S (2019) Can leaf net photo-
synthesis acclimate to rising and more variable temperatures? Plant
Cell Environ 42(6):1913—-1928. https://doi.org/10.1111/pce.13525

Richards TJ, Karacic A, Apuli R-P, Weih M, Ingvarsson P,
Roénnberg-Wistljung AC (2020) Quantitative genetic architecture
of adaptive phenology traits in the deciduous tree Populus
trichocarpa (Torr. and Gray). Heredity 125:449-458. https://doi.
org/10.1038/s41437-020-00363-z

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1111/gcb.12890
https://doi.org/10.1111/gcb.12890
https://doi.org/10.1016/j.ecolmodel.2013.06.026
https://doi.org/10.1016/j.ecolmodel.2013.06.026
https://doi.org/10.1111/1365-2435.12309
https://doi.org/10.1111/1365-2435.12309
https://doi.org/10.1073/pnas.1119131109
https://doi.org/10.1046/j.1365-3040.2001.00668.x
https://doi.org/10.1046/j.1365-3040.2001.00668.x
https://doi.org/10.1046/j.1365-3040.2002.00891.x
https://doi.org/10.1111/pce.12435
https://doi.org/10.1111/pce.12435
https://doi.org/10.1007/s11120-010-9527-y
https://doi.org/10.1007/s11120-010-9527-y
https://doi.org/10.1111/pce.13525
https://doi.org/10.1038/s41437-020-00363-z
https://doi.org/10.1038/s41437-020-00363-z

	Consistent...
	Abstract
	Introduction
	Methods
	Data
	Site Information
	Phenological Data
	Leaf Level Properties for Selected Clones in One Site

	Characterization of Spring and Autumn Phenology
	Fitting of Leaf Phenology Scores
	Definition of the Effective Growing Season
	Spring Phenology Model

	Statistical Tests

	Results
	Within-Site Comparison Across Years
	Across-Site Comparison and Clone Ranking

	Discussion
	Methodological Considerations
	Site-, Year-, and Clone-Specific Response of Leaf Phenology
	Implications for Clone Selection in the Face of Climate Change

	Conclusions
	References


