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ABSTRACT

The climate change, which is predicted to occur over this century, will increase
the temperature and UV radiation. We examined how the single and combined
treatments of elevated temperature and UV affect bud phenology of Populus tremula in
a multifactorial outdoor experiment. This study mainly focuses on the impact of
treatments on the bud set of Populus for the year 2013 and bud burst for the year 2014.
Aspen plantlets for the experiment were originated from Eastern and Southern Finland.
The aspen plantlets were planted in the field site in Joensuu, Finland (62 ° 60’ N, 29°
75’ E) in 11" June 2012. During 2013, 290 females and 319 male plants were scored
for bud set and in 2014, 273 females and 309 males were scored for bud break. Female
and male clones were distributed among 36 plots having 6 replicate plots of different
treatments. UV-A and UV-B forced bud set in female clones in the year 2013. In 2014
bud break was delayed under UV-A and UV-B treatments. Elevated temperature had
no significant effect on both bud break and bud set. No impact of counter action of
UV-B and T was seen in the bud development. UV-A+T did not force or delay the bud
break and bud set. Gender specific variations were observed in the bud phenology of P.
tremula plants. Responses of P. tremula to different treatments altered as the plants

aged.
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1 INTRODUCTION

Global mean temperature (T) is predicted to rise by 3 to 4.5°C by the end of this century due
to the man-made greenhouse effects (Jacob et al. 2013, IPCC 2013). Temperature affects both
plant growth and phenology. Recent researches show that temperature also affects growth
cessation and bud set in different boreal tree species (Westergaard & Eriksen 1997, Heide
2003, Sggaard etal. 2008). From the recently conducted experiments it is clear that the
temperature influences the flushing dates of plants (Fu et al. 2012). In some studied Populus
species higher autumn temperatures delayed growth cessation and bud set (Kalcits et al. 20009,
Rohde et al. 2011a).

Long-term depletion of the stratospheric ozone layer contributes to an increase in
terrestrial solar ultraviolet-B radiation. This can result in wide variety of morphological and
physiological responses in plants, which could be regarded mainly as acclimation (e.g.
Mpoloka 2008). UV radiation is also identified as an important environmental signal
modulating the growth and development in plants (Rozema et al. 1997, Caldwell et al. 2007,
Ballaré et al. 2011, Jansen & Bornman 2012). Although the greenhouse gas emissions are
controlled it will take decades to recover the ozone layer which is also dependant on several
other external factors. Female and male plants respond divergently to increased UV-B
radiation (Xu et al. 2010, Nybakken et al. 2012, Randriamanana et al. 2015a). In addition
elevated temperature and UV-B radiation as combined can result in numerous responses (e.g.
Ballaré et al. 2011, Nybakken et al. 2012, Randriamanana et al. 2015a). Even though less
harmful than UV-B, UV-A penetrate deeper into leaves producing reactive oxygen species
(Wilson et al. 2001). UV-A radiation also has impacts on the photosynthesis of plants (Sicora
et al. 2006).

Populus species are widely used as model organisms among woody plants in
experimental botany. It is currently a main model system for genetic, genomic and
physiological research in trees. A representative of the genus, P.tremula is widely distributed
in Finland. Poplars and aspens are of great ecological importance as large number of
organisms including several endangered species is found in association (e.g. Lindroth 2008).
Aspen species along with its hybrids are of great economic importance as they are used as
resources for pulpwood, logs and energy wood. Numerous studies on climate change are
conducted with aspen as it has a circum-boreal range largely overlaps with areas where drastic

climate change is predicted to happen (IPCC 2007). Climate influences the structure and
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function of forest ecosystems and plays an essential role in forest health. Along with
adaptations to climatic conditions Populus also exhibits sex related responses to changing
environmental factors (Rohde et al. 2011a). There is also a concern regarding the
vulnerability of Populus populations following climate change due to the differences in

performance and survival between females and males (Tognetti 2012).

Phenology is the study of the timing of individual processes in relation to environmental
fluctuations. The timing of phenological events can be quite sensitive to different
environmental conditions. Understanding the phenological responses of a plant is a key aspect
to unravel impacts of climate warming (Lechowicz 1995). These include flushing or budburst,
flowering, fruiting and autumn leaf-fall. Today, this well-established “science of the seasons” is
also used by scientists to track the effects of global warming and climate change on organisms
and to make predictions about the future health and function of natural and managed
ecosystems. Bud burst phenology is one of the key drivers of ecosystem structure and
functioning, and it is sensitive to global change. Phenological observations are therefore
integrative measures of the condition of the physical, chemical, and biological environment
(Haggerty & Mazer, 2008). Phenological responses of the trees could vary with the expected
increase in autumn and spring temperatures due to climate change (Koérner & Basler, 2010,
Tanino et al. 2010, Hanninen & Tanino, 2011, Vitasse & Basler, 2013).

Plants harmonize their physiological process to seasonal changes through accurate
sensing of environmental cues. Among these day length, temperature and light quality are the
major trait moderators in plants. Plant performances during environmental change still stay
unpredictable as they depend on their functional timings to different seasons (Ibafiez et al.
2010). The timing of bud burst relative to local climate conditions is very important for
perennial plants, since if the buds are released too early they may suffer frost damage, which
would mean a significant loss of resources or even death. On the other hand, if the buds are
released too late they might find themselves at a competitive disadvantage to better timed
individuals (Pellis et al. 2004). All over the world, the timing of the phenological events is
shifting, and these shifts have been linked to recent global warming (Parmesan & Yohe, 2003,
Root et al. 2003, Menzel et al. 2006). The disparities between advanced spring phenology and
delayed autumn phenology could lead to very different responses in community dynamics and
ecosystem processes. As climate-driven changes in phenology are becoming more apparent, the

need to quantify these changes is becoming important nowadays. The initiation and the



progress of acclimation and the onset of growth are mediated by temperature and photoperiod
(Polgar & Primack, 2011). In Europe, particularly during the onset of spring, global warming is

altering the phenology of temperate trees (Cleland et al. 2007).

2 PHENOLOGY AND INFLUENCING FACTORS

Phenology

Phenology is a division in plant ecology that has been largely overlooked by plant ecologists
(Cleland et al. 2007). Bud burst phenology is a fundamental phenomenon of tree survival and
growth, a key driver of ecosystem structure and functioning, and it is sensitive to global change
(Sakai & Larcher, 1987). Growth and dormancy are some of the environmental adaptations of

plants to seasonal changes (Rohde et al. 2011b, Vitasse et al. 2014).

Life cycle processes in trees are dependent on the local climate they grow in. Early bud
burst results in the early expansion of vegetative tissue and is advantageous to produce biomass
but this will increase the risk of frost damage from late-spring freezing temperatures (Heide
2003). Plants have mechanisms to use photoperiod and temperature cues to balance the benefits
of early bud burst (Murray et al. 1989, Hanninen 1995, Guak et al. 1998). But the changes in
microclimate or prevailing landscape climate will also alter the balance within and among
species (IPCC 2001).

Forest leaf coloration obtained from remote sensing data between 35°N and 70°N in
northern hemisphere show that the length of the growing season has increased by 5 days on
average per degree Celsius temperature rise between 1981 and 1991 (Zhang et al. 2004). Trees
will be damaged if buds are not setting soon enough and a required amount of frost hardiness
develops before the first frost of autumn. Late frost could kill the growing tissues too. In the
case if bud set occurs too early in the fall or bud burst occurs too late in the spring, trees will
have a shortened growing season, which reduces its competitive ability and growth potential.
So the timing of bud set and bud burst has many implications for adaptation of trees to their
natural environment and for tree breeding. Thus alteration in the temperature levels due to

climate change will have drastic effects on the forests.



Certain evidences for the irregularity of bud set and bud break have already been
visualized. In late 1930’s more than 490,000 km? of white and yellow birch forest in eastern
Canada and northeastern USA were damaged as a result of late winter thaws followed by
spring frost is a dramatic example (Balch 1953, Braathe 1995). Earlier spring bud burst and
later autumn senescence have lengthened the growing season by ~11 days since the 1960s
(Menzel & Fabian, 1999). In boreal climates, the frequency and probability of such incidences

are likely to increase with climatic warming.

Variation in plant phenology can be a major determinant of the distribution of
herbivores on their host plants (Hunter 1992, Feder et al. 1993, Mopper & Simberloff, 1995).
Differences in bud break phenology could also shift into season long differences in foliage
quality (Kleiner 1989). Variation in the phenology of leaf availability can also be critical for
insects that have a limited window of time for their complete development (e.g. Koski &
Sievdnen, 1985, Quiring1994, Moore et al. 2000, Tikkanen & Julkunen-Tiitto, 2003).

There are even differences seen in plants from different regions in a common
environment. Thus the correlation of latitude and place of origin in timing of bud set makes the
climate change effects more regional and multitudinous. Bud break and bud set, show also
strong genetic differentiation along latitudinal and altitudinal clines, typically resulting in
locally adapted ecotypes (Howe et al. 2003, Savolainen et al. 2007, Aitken et al. 2008). If the
growing seasons are increasing it could result in the carbon sequestration thereby increasing the
terrestrial carbon sink and cutting down the atmospheric carbon dioxide concentrations (Way
2011).

Temperature and Photoperiod

As an impact of climatic warming temperature is predicted to increase in the coming decades
(IPCC 2007). Temperature can affect the bud set and bud break in numerous ways (Olsen 2010,
Tanino et al. 2010, Junttila & Hanninen, 2012). Different species rely on temperature and day
length cues for their growth cessation (Pauley & Perry, 1954, Wareing 1956, Howe et al.
1996). Elevated temperature modifies the sensitivity to photoperiod signals for growth
cessation and bud formation in Populus (Rohde et al. 2011a). Temperature is also a key driver
of inter—annual variability in growth onset. Most temperate deciduous trees only initiate bud
break after a considerable number of thermal hours (Lechowicz 1984).



Late season phenological events, like senescence and dormancy are also influenced by
temperature. Higher temperatures did slow down the speed of chlorophyll degradation during
leaf senescence in P. tremula (Fracheboud et al. 2009). In hybrid poplar, warm nights and low
day temperature differences promoted deeper winter dormancy and cold hardiness (Kalcsits et
al. 2009), implying that the temperature changes predicted by global climate models might
enhance dormancy. The current scenario of global warming due to climate change is
characterized not only by increasing mean temperatures, but also by decreasing differences
between day and night temperatures, particularly in northern areas (Karl et al. 1993, Easterling
et al. 1997, Beaubien & Hamann, 2011).

Climate warming is expected to have a contrasting effect on cold winter temperatures
(chilling) and spring warming (forcing) which could result in alterations in bud set and bud
break. The upper temperature limit for breaking of bud dormancy has been found to be as high
as 12 °C both in Norway spruce (Hanninen 1990) and two species of birch (Myking & Heide,
1995).

In several deciduous species such as white birch, downy birch, black alder, Norway
maple and Populus as well as in conifer species like Norway spruce high temperature under
exposure to short days has been reported to result in accelerated winter bud formation and
dormancy acquisition as well as deeper dormancy compared to relatively low temperatures
(Westergaard & Eriksen, 1997, Heide 2003, Junttila et al. 2003, Sggaard et al. 2008, Kalcsits et
al. 2009).

Dormancy is defined as the temporary suspension of the visible growth of any plant
structure containing a meristem (Lang 1987). Endodormancy is a genetically controlled set
state of inactivity while eco dormancy is a state of inactivity imposed by unfavorable
environmental conditions. Endodormancy is also called the true dormancy as the factors within
the meristem prevent the growth. For e.g. failure in the bud burst due to insufficient chilling
even if it is exposed to warm condition. Ecodormancy is also known as the standby mode
where the plant awaits the exact environmental stimuli. Temperature extremes and lack of
water are two unfavorable environmental conditions. Global warming will result in negative
effects in endodormancy by delaying the dormancy break, as the low temperature periods will
become less. In another way as a positive effect on ecodormany there will be promotion of
growth and increase in growing season (Ueno et al. 2011). Kalcsits et al. (2009) reported that

high temperatures during endodormancy induction in poplar lead to deeper endodormancy and
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delayed bud burst in the spring. Specific temperatures are also capable of inhibiting or causing
the break of the dormancy, by acting on endo- or ecodormancy (Sugiura & Honjo, 1997). It has
been also suggested that night temperature might affect growth cessation, bud set and
dormancy more than day temperature (Tanino et al. 2010). Variation in the influence of
temperature can be seen according to the level, intensity, and stage of bud development
(Couvillon & Erez, 1985).

Boreal and temperate forests are already inherited with the annual variations in
temperature but even more is expected in near future (Menzel & Fabian, 1999, Parmesan &
Yohe, 2003, Cleland et al. 2007, Hanninen & Kramer, 2007, Morin et al. 2009). Deciduous
trees in arid regions depend more on precipitation events for optimizing phenology (e.g. Jolly
& Running, 2004). Adaptive capabilities and geographical distribution of boreal trees have
already been challenged by temperature. Compared to the normal events, earlier bud break,
leafing, flowering, and fruiting in the spring or summer, and delayed autumn leaf coloration
have been seen across Europe, Asia, and North America (Chuine & Beaubien, 2001, Zhang et
al. 2004, Menzel et al. 2006, Delbart et al. 2008, Nordli et al. 2008, Gordo & Sanz, 2010).
Urban areas where temperatures are commonly 1°-3°C higher had already visualized bud burst
occurring 7 and 9 days earlier and dormancy onset 2.5 and 4 days later both in Europe and
North America (Zhang et al. 2004).

Upon continued warming, extensive migration of plant species to higher latitudes and
elevations is also predicted. Certain alpine tree line changes have been observed over the last
century (Harsch et al. 2009). Compared to plants in lower temperature, higher temperature
plants form earlier winter buds, show better bud development and deeper dormancy during
exposure to short days (Junttila et al. 2003, Olsen et al. 2014). How and to which degree
warming influence the timing and depth of winter dormancy in trees is still unclear, and may

differ between species and ecotypes (Way 2011).

Photoperiod dependent species could be in trouble as they will not be able to increase
their growing season when the temperatures gradually increase and day length stays unchanged
(Way 2011). In European beech it is claimed that photoperiod can have a negligible effect on
bud burst (Falusi & Calamassi, 1990) and in contradictory it was also found that the
photoperiod might influence the accumulated forcing temperature for bud burst (Wareing 1953,
Heide 1993). Short photoperiod delayed bud burst in Abies alba, Picea abies, Quercus petraea

and Tilia cordata (Basler & Kaorner, 2012). Numerous responses like growth cessation,
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terminal bud setand development of bud dormancy are exhibited in woody trees and shrubs as
response to decreasing photoperiod (Nitsch, 1957, Vince-Prue, 1975). Elevated temperature
could delay the autumn senescence too (Rosenthal & Camm, 1996). Rohde et al. (2011a)
described that temperature affected the time between growth cessation and bud set, with
warmer temperatures hastening the process of bud development. So rising temperature will
result a delay in growth cessation and accelerate bud development in poplar. Heide (2003) had
found out that the elevated temperature during short day dormancy induction delayed bud burst
the following spring, which indicated that warmer temperatures had increased the depth of
dormancy in Betula pendula, Betula pubescens and Alnus glutinosa. The same phenomenon
was also seen in Picea abies and Acer platanoides (Heide 1974, Westergaard & Eriksen, 1997,
Granhus et al. 2009).

UV radiation

UV radiation plays its role as a stressor, developmental signal and could cause physiological
changes in plants. UV radiation sensitivity can result in a decrease in leaf area and biomass,
and changes to flowering, reproduction and competition (e.g. Caldwell et al. 1995).
Responsiveness to UV dose decrease with age in leaves of plants (Hunt & McSeveny, 2000).
Studies reveal that UV-B light is not only detrimental to plants but also constitutes an important
developmental signal (Jenkins 2009). In Populus, reduced elongation growth, leaf expansion,
and biomass production was observed in response to increased UV-B levels (Ren et al. 2006,
Xu et al. 2010). UV-B effects also vary latitudinally and species from higher altitudes are more
tolerant to UV-B. For instance Populus-species originating from an altitude of 3500 m (P.
kangdingensis) accumulated twice more methanol extractable UV-B absorbing compounds
than a species originating from 1500 m (P. cathayana) (Ren et al. 2006).

Developmental changes such as thicker leaves, shorter petioles, leaf curling, alterations
in leaf shape and width, decrease in stem elongation, increased axillary branching and altered
root: shoot ratio may result as an effect of UV-B (Robson et al. 2014). Biosynthesis of
flavonoids and other UV-B-absorbing phenolic components are stimulated by UV-B as a result
of protective responses (Jansen 2002, Jansen & Bornman, 2012, Jenkins 2014). The content of
certain flavonoids and a range of other antioxidants were up regulated in Norway spruce during
short day exposure to UV-B (Lee et al. 2014). Stremme et al. (2015) had found that the bud
break and bud set in P.tremula was accelerated by UV-B. Newsham et al. (1999) in a 30% UV-

B elevation study had also visualized a transient effect of retardment in bud burst of Quercus
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rober. Moreover UV-B had shown to increase flowering duration in Phacelia campanularia
and Phacelia purshii (Conner & Neumeier, 2002) and delayed flowering time in Limnanthes
alba (Sampson & Cane, 1999) and delayed or no change in flowering phenology (Kakani et al.
2003).

So as a whole forthcoming climatic change could result in fluctuations in temperature,
light and UV radiation levels. This can severely affect the plant phenology, as they are mostly
dependent on the environmental signals for their growth and development. This thesis is trying
to seek how both bud break and bud burst of P. tremula are affected under temperature, UV-B,

UV-A and their combined treatments.
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3 OBJECTIVES AND HYPOTHESES

The main aim of the study was to measure the bud set and bud burst variations in P. tremula
under enhanced temperature and UV-B treatments. Interactive effects of both temperature and

UV-B were also assessed. Our hypotheses were:

1. Elevated temperature will delay the bud set.

2. Elevated temperature and UV-B will counteract on the bud development (bud set and bud
break).

3. UV-A may influence the bud phenology.

4. Bud phenology may vary between the genders.
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4 MATERIALS AND METHODS

4.1 Plant Materials

Aspen plantlets used in this experiment originated from Eastern and Southern Finland. They
were from six male and female aspen individuals about 30-40 years old. Each genotype was
collected from the locations: Kaavi 62°43° N, 28°42” E, Liperi 62° 41°N, 29° 33’E, Loppi 60°
43°N, 24°27’E, Pieksdmiki 62°18” N, 27°07° E, Polvijirvi 62°52° N, 29°19” E and 62° 49°N,
29°20’E, Kontiolahti 62°38° N, 29° 41’ E. Geographical distance was maintained in order to
have the most variation among aspen genotypes. The growth medium used for micro
propagation was a woody plant medium with 8.5 g L "tAgar and 5mg L " indole butyric acid.
Fluorescent tubes (Gro- Lux F36W, Havells Sylvania, Germany) of photon flux density, 70
pmol m-2 s at 400-750 nm were used to provide light at 23+ 0.1° C and 18h photoperiod.

Before transferring to the green house on 2" May 2012, plantlets were potted up with
70% commercial peat and 30% vermiculite and acclimated to relative air humidity 60%. High-
pressure sodium lamps (GE Lighting, Cleveland, OH, USA) of 400W were used for enriching
the light conditions. Temperature was set at 20 ° C and the photoperiod was 18h. Due to
additional warming of the lamps, there were temperature fluctuations between 20 and 23° C,
depending on the time of day. The plantlets were transferred to the field site in Joensuu,
Finland (62°60° N, 29°75” E) on7" June and planted on 11" June. Mortalities in plants occurred
due to Venturia shoot blight and mechanical and herbivore damages. During 2012, 814 females
and 838 males were recorded for bud set. During 2013, 667 females and 671 males were scored
for bud break, and 290 females and 319 males for bud set. Reductions in the individual
numbers are due to the harvesting of one individual per clone for different analyses every year.

13



4.2 Experimental setup

‘W Vélimatka ) Asetanasta ¢’ Linkki kartalle Korjauspyyntd  Tulosta Kehittajill

Fig.1. Satellite view of the experimental field in Botania, Joensuu.

P. tremula male and female clones were distributed among 36 plots in a 6x6 matrix.
Each plot was added with a 10 cm layer of 0.8% limed mineral soil. Designing of the plots
were in such a way that the spacing between them were 3m in all directions. Adjustable
aluminum frames (1.5x 2.0 m) were bolted on metallic posts. Metal sheet shelter was
implanted 60 cm into the soil and 60 cm above the soil level to prevent vole intrusion. A metal
net fence of 1.5 m was structured around the experimental plot to prevent the large mammal
invasions. Plants within each plot received one of the six different treatments and treatment
combinations. They were increased temperature T, enhanced UV-B, and enhanced UV-A, UV-
B+ T, UV-A+T and control with ambient temperature and UV radiation. The enhanced levels

of T and UV were continuously regulated to +2°C and 30% increase, respectively.
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Fig.2. P. tremula plants under different treatments.

Each aluminum frame was appended by six 40 W UV fluorescent lamps (1.2 m long,
UVB-313, Q-Panel Co., Cleveland, OH, USA) following a cosine distribution (Bjérn 1990) and
kept at minimum 60 cm above the plant shoot tips. An Optronic OL-756 portable UV-VIS
spectroradiometer (Optronic Laboratories, Orlando, FL, USA) was used to obtain the emission
spectrum. Cellulose diacetate filters were wrapped around each lamp to debilitate the radiation
below 290 nm in UV-B enhanced treatment plots. In six plots the UV tubes were wrapped with
polyester film in order to remove UV-B, so that only the enhanced levels of UV-A are
achieved. In unenhanced UV plots lamps were un-energized to procure the same level of
shading as in enhanced plots. Two infrared (IR) heaters (CIR 105, FRICO, Partille, Sweden)
were bolted along the middle axis of the aluminum frames for continuous temperature
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enhancement. In unenhanced temperature plots IR radiators were replaced by wooden boards to
attain the same shading levels. The frames were lifted every third week to maintain the 60 cm
distance between the highest shoot tip and the radiators. The whole system started working in
June 2013 to October 2013.

Four Thies Clima sensors (Thies, Gottingen, Germany) were used for measuring the
UV-B radiation. These sensors measured the radiation between 250 and 325 nm with a peak of
300 nm. Two sensors were placed above the control frames ambient UV-B levels, and two
under the frames of UV-B enhancement plots for set-point values. Temperature enhancement
modulation was done using the self-made linear temperature sensors with four PT1000 probe
elements with four connection cables. Set point values were gained by placing two probe
elements above the control frames and two under the temperature enhancement frames.
Calculations of set point values and control of enhancement of UV lamps and IR radiators were
implemented a using modulator software (IPC100 configuration program and e-console

measuring and data saving program, Gantner Instruments GmbH, Darmstadt, Germany).

4. 3 Registration of bud set and bud break

The autumnal bud set was recorded from August 20" until October 19" 2013 at five days
interval. Bud set was followed based on the instructions of Rhode et al. (2011b). First stage
includes apices between full, active growth to apices with an open bud (1), closed green bud
(0.5), and brown/red closed bud (0) (Fig.3).

Fig.3. Different bud set stages
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The spring bud break was scored from April 22" to June 25" with an interval of two days, and
was based on Fu et al. (2012). Bud break was classified into four stages: closed bud (0), closed

bud with visible green leaf tip (1), green leaf diverging from bud axis but no visible petiole (2),

broken bud with at least one visible petiole (3), at least one fully expanded leaf (4), (Fig.4.).

Fig.4. Different bud burst stages

4.4 Statistical Analyses

The effects of bud burst and bud set for the following years 2013, 2014, were tested using
generalized linear mixed model (GLMM) in IBM®SPSS ®Statistics Version 22. Bud stages
were used as the target variable. Two levels of temperature (ambient and elevated), three levels
of UV treatment (ambient, UV-A, UV-B), two levels of sex (male and female) and the day of
year were fixed factors. Random factors were plot and clone identity. Along with these

interactions between sex, day, temperature and UV treatments were also analyzed.

5 RESULTS

Bud set in 2013

According to the hypothesis there were variations in male and female responses. Female clones
under UV-A treatment showed bud set six days earlier compared to the females clones in
control plots (P=0.043) (Fig.5.). This was revealed by a significant interaction between UV-A
and female. In the previous growing season (2012) UV-B forced bud set in male clones
(Stremme et al. 2015) while in this growing season (2013) UV-B forced bud set in female
clones compared to male clones (P=0.017) as there was a significant interaction between UVB
and female (Fig.5.). Male clones under UV-A treatment significantly delayed in bud set
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compared to females (P=0.035). This was explained by a significant interaction between UV-A
and male. Bud break of female clones for the 2013 spring was earlier in all treatments
(Stremme et al. 2015) which could have resulted a delay in bud set of female clones during
autumn 2013 in control plots (P=0.045) (Fig.5.), revealed by a significant interaction between
female and control treatment (Table.1). Elevated temperature was not having any effect on the
bud set. Combined treatment effects UVB+T and UVA+T did not play any role in delaying or
forcing the bud set.

Table.1.Parameter estimates, SE and t-values for covariates in the generalised linear mixed
model run to investigate the effects of temperature, UV-A and UV-B on bud set in females and

males of P. tremula during autumn 2013.

Fixed effect Terms Coefficient SE t P

Day*** -0.273 0.023 -11.961 <0.001
Control xFemale* 0.088 0.044 2.008 0.045
UVAxFemale* 0.092 0.046 2.023 0.043
UVAx Male* 0.096 0.045 2.107 0.035
UVBxFemale* 0.104 0.044 2.379 0.017

Significance levels: *P<0.05, **P<0.01, ***P<0.001
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Bud set of Aspen female clones for the year 2013
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Bud set of Aspen male clones for the year 2013
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Fig.5. Bud set stages for male and female aspen plants under different treatments measured in 5
days interval for the year 2013 (Significant treatment effects are labeled with solid filled

markers).
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Bud break in 2014

For the bud break in spring 2014, enhanced UV-B significantly delayed bud break in female
clones compared to male clones with a difference of four days (P=0.033) (Fig.6.). This was
shown by a significant UV-B and female interaction. UV-A also played a role in delaying the
bud break in females by four days (P<0.001) with a significant interaction between female and
UV-A (Fig.6.). Like for the autumnal bud set there was no influence of enhanced temperature
on the bud break in spring. Even though UV-A and UV-B individually manifested their effect,

when combined with enhanced temperature they were ineffectual.

Table.2.Parameter estimates, SE and t-values for covariates in the generalised linear mixed
model run to investigate the effects of temperature, UV-A and UV-B on bud set in females and

males of P. tremula during spring 2014.

Fixed effect Terms Coefficient  SE t P
UVA* 13.522 4.406 3.069 0.002
Female*** 20.724 4.498 4.607 <0.001
Day*** 0.698 0.028 25.279 <0.001
UVA x Female*** 0.288 0.072 4.010 <0.001
UVB x Female* 0.109 0.051 2.130 0.033

Significance levels: *P<0.05, **P<0.01, ***P<0.001
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Fig.8. Bud break stages of male and female aspen plants under different treatments measured in
two days interval during the year 2014 (Significant treatment effects are labeled with solid

filled markers).
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6 DISCUSSION

In my experiment the females were more responsive than males in all treatments. Often there
have been differences between males and females in terms of plant phenology (e.g. Delph
1999). In a review comprising of 62 woody species females have been found outperformed by
males (Obeso 2002). Some previous studies also show that poplar females are more sensitive to
abiotic stress than males (Zhao et al. 2009, Chen et al. 2010a, 2010b). This is in contrast with
the results of Stramme et al. (2015) were the male aspens were more responsive in the way that
bud set and bud break were forced under UV-B treatment. Age of aspen plants might have been
affected. Stramme et al. (2015) studied aspens after the first growing season while my studies
were done after second growing season. So for the survival males might have had better

defensive (e.g. antioxidants) system, which made them less responsive.

During 2013, bud set was forced for six days in females under UV-A treatment.
Accordingly, Randriamanana et al. (2015b) reported shoot biomass and photosynthesis, amount
of cinnamoyl salicortin and its derivatives and concentration of tremulacin were higher in
female leaves compared to males under UV-A plots. Moreover, Maja et al. (2016) showed
during the years 2013 and 2014 the females under UV-A plots had higher emissions of cis-3-
hexenyl acetate, cis-3-hexenol and trans-B-caryophyllene. Cis-3-hexenyl acetate is a volatile
compound involved in jasmonic acid defense signaling (Frost et al. 2008). The studies of
Randriamanana et al. (2015b) and Maja et al. (2016) in the same experimental field showed
that the females under UV-A plots were more responsive. Forcing effect of UV-B was
observed in female clones when compared to the males. In a study of Populus cathayana under
UV-B females significantly increased the UV-B absorbing compounds while males were not
showing any significant effect (Xu et al. 2010). This could be because males have a more
effective self-protection system (Jiang et al. 2013). Moreover, Xu et al. (2010) found higher
amounts of anthocyanins in males than in females under ambient and enhanced UV-B
treatments, which might give them a higher ability to repair damages caused by UV-B.
Anthocyanins also esterify with cinnamic acids to perform protective tasks by absorbing UV-B
radiation (Wood wall & Stewart, 1998, Chalker-Scott 1999).
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Main hormones that play a role in regulation of changes in vegetative growth during
plant maturity are auxins, cytokinins and abscisic acid (Marta & Sergi, 2009). Abscisic acid is
an important signal involved in bud set during short days in Populus (Ruttink et al. 2007).
Abscisic acid had been found to be involved in regulation of vegetative to reproductive phase
transition in several woody perennials (Finkelstein et al.2002). On the other hand, Tossi et al.
(2009), Zheng et al. (2015) and Xu et al. (2010) have found that females normally have higher
amount of abscisic acid, which could increase the production of nitric oxide for cell
homeostasis and attenuate cell damage caused by UV-B radiation. If these has been the case in
my studies higher amounts of abscisic acid could also have made the females more responsive.
In my study, in autumn 2013 bud set was delayed in female clones in control plots which might
be explained by the results of Zawaski et al. (2011) with Populus trees where lower levels of

active gibberellic acid were shown to cause earlier bud set and late bud burst.

In the second (2013) and third (2014) growing season there were no effects of elevated
temperature on the bud set and bud break of the aspen plants. This was in contradictory to the
previous season (2012) results were temperature delayed the bud set in both male and female
clones (Stramme et al. 2015). Vegetative phase change (based on age difference) in Populus x
canadensis is demonstrated by changes in leaf shape and internode length (Wang et al. 2011).
Change in the shape of the leaves of aspen plants in summer 2013 indicated that they are on the
path of transition from the juvenile phase to the adult phase. The phase transition of the aspen
plantlets from juvenile stage to vegetative stage would have made them less responsive to
elevated temperature. Long-term exposure of more than one and half years would have already
prepared the plants to start an acclimation process. This may explain contrasting results from
the first growing season of aspens done by Stremme et al. (2015) when temperature delayed the
bud set. Average temperature difference during the scoring of bud stages in 2013 was two
degrees higher than the year 2012, which would have also partly made the results contradictory
to Stremme et al. (2015). Autumnal bud development processes subsist of several intertwined
and simultaneously occurring processes (Ruttink et al. 2007). Studies show that among some
northern ecotypes including Populus, low temperatures result in growth cessation and bud set
even under long days (Mglmann et al. 2005, Tanino et al. 2010, Olsen & Lee, 2011). Numerous
studies examining frost dates, growing season length, growing degree days (heat index that can
be used to predict when a crop will reach maturity) etc. have found that the changes are

consistent with climate warming (Scheifinger et al. 2003, Kunkel et al. 2004).
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Bud break in 2014 was influenced by UV-A and UV-B, but only in female clones. Both
UV-A and UV-B delayed bud break by four days. Forced buds set in the autumn have
influenced the delaying effect in bud burst under UV-A and UV-B. This indicates that there is a
gender difference in response to enhanced UV-B radiation. Female bud development would
have been slower if they are approaching the reproductive phase (Braatne et al. 1996).
However in my case that cannot be the reason, because aspen is reaching the maturity for
sexual reproduction after four to five years. Moreover, females of dioecious plants would have
to allocate more carbon to reproduction than males (Hancock & Bringhurst, 1980, Korpelainen,
1992, Cipollini & Whigham, 1994). In addition, for example in Populus tomentosa it was
identified that the female floral buds were developing more slowly than males along with other
differences (Song et al. 2014). Acclimation responses of plants to UV-B include often
induction of flavonoids and related phenolic compounds (Searles et al. 2001) that uses the
available energy produced previous year and may be seen also in delay of bud break in next
spring. Flavonoids are considered to have multiple functions and necessary in photo protection
of plants (Agati & Tattini, 2010). In nature, the UV exposure to plants decreases towards
winter and slowly increases towards summer (Hunt & McSeveny, 2000). During the first
growing season (2012) in the study by Stremme et al. (2015) bud break had a strong forcing
effect of UV-B in male clones. UV-A also helps to mitigate the effects of UV-B by activating
DNA repair mechanisms through the enzyme photolyase (Ibdah et al. 2002). Plants ability to
endure the damaging effects of UV-B depends on its ability to repair and replace the damaged
molecules and by its ability to reduce exposure. In cases UV-B affects the expression of genes
involved in UV protection thereby promoting plant survival (Jenkins 2009).

Although everything was planned carefully and conducted as planned there might have
been different events that cause errors to the results obtained. Even though omitted from the
result analysis there were numerous unopened buds in all plots during the scoring period that
would have increased the time period of certain bud stages that can affect the result. Reasons
for unopened buds may be many like Venturia infection, insufficient chilling, egg deposition by
insects and physical damage. The bud set in 2013 was scored at an interval of five days while
the bud break in 2014 was scored at an interval of two days in order to have a clear picture of
bud stage changes. This interval difference will also have influenced the results. The
temperature effect was not shown during the bud burst which could be because as the scoring
started in May by the time many buds have already turned to stage 1 (closed bud with visible
green leaf tip).It is possible that the initial stage 0 (closed bud) would have been influenced by

the temperature sum required for bud burst that the plants would have already attained.
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7 CONCLUSIONS

In our experiment we found that in successive years when plants are ageing the responses to
enhanced UV and temperature can be different. We found that the male clones were more
tolerant to UV radiation compared to the female clones. UV-B influenced the bud set and bud
break as in year 2012. UV-A radiation that was not having any effect on P. tremula during the
year 2012 while it affected the bud set and bud break in the years 2013 and 2014 when plants
get older. P. tremula’s acclimation to enhanced UV-B and temperature could only be revealed
by further long-term field experiments. Bud development is a key factor in shaping biological
communities and a forecaster of the climate change phenomena in many populations. This
depicts the importance of further research in investigating the signaling pathways and hormonal
level changes to learn more about the responses of plants to temperature and UV-B.
Delineation of the plant responses; whether they are specific or environmental factor dependent

could also be a future perspective.
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