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The initiation, progression, and natural variation of autumn senescence in European aspen (Populus tremula) was investigated
by monitoring chlorophyll degradation in (1) trees growing in natural stands and (2) cloned trees growing in a greenhouse
under various light regimes. The main trigger for the initiation of autumn senescence in aspen is the shortening photoperiod,
but there was a large degree of variation in the onset of senescence, both within local populations and among trees originating
from different populations, where it correlated with the latitude of their respective origins. The variation for onset of
senescence with a population was much larger than the variation of bud set. Once started, autumn senescence was accelerated
by low temperature and longer nights, and clones that started to senescence late had a faster senescence. Bud set and autumn
senescence appeared to be under the control of two independent critical photoperiods, but senescence could not be initiated
until a certain time after bud set, suggesting that bud set and growth arrest are important for the trees to acquire competence to
respond to the photoperiodic trigger to undergo autumn senescence. A timetable of events related to bud set and autumn
senescence is presented.

Leaf senescence is a highly regulated process that
involves the sequential degradation of macromole-
cules and extensive salvage of nutrients (Gan and
Amasino, 1997; Noodén et al., 1997; Lim et al., 2003).
The nitrogen from chlorophyll seems to remain in the
vacuole and is lost with the abscission of leaves
(Hörstensteiner, 2006). In contrast, during autumn
senescence in deciduous trees like European aspen
(Populus tremula), the nitrogen from leaf proteins is
transferred to bark storage proteins, stored over the
winter, and then remobilized and used for growth in
the next spring (Black et al., 2001; Cooke and Weih,
2005). About 90% of the leaf nitrogen is remobilized
during autumn senescence in aspen (Keskitalo et al.,
2005). The adaptive value of timing leaf senescence
appropriately in northern latitudes is obvious: if leaf
senescence occurs too early in the season, the growing
period will be shortened and the photosynthetic
carbon gain reduced, while if senescence occurs too
late, green leaves will be killed by frost and leaf
nitrogen will be lost, with a negative impact on
growth, since nitrogen availability typically limits

tree growth in boreal forests (Näsholm et al., 1998).
The optimal timing of autumn senescence, therefore,
represents a trade-off between conflicting optima for
carbon and nitrogen metabolism and is likely to show
adaptation to the local environment, like other devel-
opmental processes such as bud set (Ingvarsson et al.,
2006). However, despite its importance, very little is
known about the factors that trigger and modulate
autumn senescence, although changes in gene expres-
sion (Bhalerao et al., 2003; Andersson et al., 2004) and
the main physiological and biochemical changes
(Keskitalo et al., 2005) that occur during autumn
senescence in aspen have been characterized. The
cited studies established (among other things) that
autumn senescence starts in a given aspen tree every
year at around the same date, suggesting that the main
trigger is the reduction in the photoperiod (Keskitalo
et al., 2005). Interestingly, the expression of bark stor-
age protein genes during autumn is also regulated by
the photoperiod, through the action of phytochrome
(Zhu and Coleman, 2001). These findings provide
strong support for the hypothesis that the start of
autumn senescence in aspen is controlled by photope-
riod. The length of the dark period may be the critical
factor that controls senescence, although this has not,
to our knowledge, been formally proved. However,
other factors might have interactive effects on its
timing, since stresses like low temperature, shortage
of water or nutrients, and pathogen infection can also
lead to leaf senescence, even in the absence of photo-
periodic cues.

Ultimately, we would like to identify the genes that
regulate autumn senescence in aspen and the alleles
that are responsible for their adaptation to northern
climates. To achieve this goal, we need better under-
standing of the mechanisms that initiate senescence in
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aspen. In particular, we need to elucidate (1) the
interactive effects of photoperiod and temperature
changes on the induction and progression of senes-
cence and (2) the relationship between the timing of
bud set/growth cessation and the initiation of autumn
senescence. Useful materials to meet these objectives
include appropriate germplasm resources for pheno-
typic evaluations of the trait(s) of interest and a reliable
set of candidate genes, since we have shown that
association mapping is a powerful technique for iden-
tifying the genetic bases, down to single nucleotides,
that may be responsible for phenotypic variations in
aspen (Ingvarsson et al., 2008). We present here an
analysis of such material, in which we examined the
genetic and environmental control of autumn senes-
cence in aspen. The plant materials used included a
free-growing aspen tree at the Umeå University cam-
pus described in several previous works (Bhalerao
et al., 2003; Andersson et al., 2004; Keskitalo et al.,
2005), the Swedish aspen (SwAsp) collection of geno-
types sampled throughout Sweden (Ingvarsson et al.,
2006; Hall et al., 2007; Luquez et al., 2008), and a local
population of aspen from the Umeå region (the
UmAsp collection). The plants were examined in a
series of experiments under both controlled and nat-
ural conditions.

RESULTS

The Onset of Senescence Is Controlled by Photoperiod,
But Low Temperatures Accelerate

Chlorophyll Degradation

Common gardens have been established at Ekebo
and Sävar in southern and northern Sweden, respec-
tively, to examine the performance of members of the
SwAsp collection in contrasting environments. How-
ever, some of the aspen genotypes from northern
Sweden grow poorly in the common garden in south-
ern Sweden, since the maximum daylength at this
latitude is below their critical value for bud set
(Luquez et al., 2008). On the other hand, in the north-
ern common garden, the critical photoperiod for bud
set of southern genotypes is typically reached after the

first frosts have come, leading to premature bud set
and senescence. Therefore, the number of genotypes
that could be reliably scored for senescence in each
garden was significantly less than the total size of the
collection (116 clones), reducing the value of these
common gardens for accurate scoring of senescence.
However, since senescence can be easily visually
scored, we decided to study it also in trees growing
around Umeå (the UmAsp collection). During the
autumns of 2006 and 2007, we scored senescence twice
per week in trees of the UmAsp collection in their
natural stands using a scorecard. In the UmAsp col-
lection, there was clearly a large variation in the timing
of the appearance of yellow color, here defined as score
3. The earliest trees reached score 3 on September 4 in
2006 and completed senescence by September 28 in
2006, 2 weeks before the first symptoms of autumn
senescence (score 3) became apparent in the latest tree
(on October 12). The time to complete senescence
(defined as the time between scores 3 and 7) also
varied greatly between trees, and there was a correla-
tion between these two parameters: trees that started
to senesce early progressedmore slowly than trees that
started later (Fig. 1).

We wanted to see if the late-senescing genotypes
had a more rapid senescence only as a consequence of
the lower temperature during the later part of the
scoring period. Overall, the mean temperature gradu-
ally decreased during the whole scoring period from
approximately 16°C to 4°C in 2006 and from 12°C to
2°C in 2007 (Fig. 1). Therefore, we examined the
possibility that the rate of senescence progression
was directly correlated to temperature by subjecting
the phenological and environmental data to ANOVA.
However, the results indicated that the time to com-
plete senescence was more strongly correlated with
the date of appearance of first yellow leaves (Supple-
mental Table S1, model 1) than with the mean tem-
perature during the time to complete senescence
(Supplemental Table S1, model 2). Furthermore, model
3, based on both parameters, gave a considerably
better fit, with the combined effects of date of first
yellow leaves and temperature explaining 85% and
67% of the variation in the time to complete senescence
in 2006 and 2007, respectively. Both the date of ap-

Figure 1. Relationships between mean tempera-
tures during scores 3 to 7, date of appearance of
yellow color (score 3), and time to complete
senescence (score 7) in aspens growing naturally.
The number of petals on the flower plots indicates
the number of overlapping points at the indicated
positions.
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pearance of yellow color and the time to complete
senescence were significantly correlated between the 2
years, with correlation coefficients of 0.636 and 0.406,
respectively (data not shown).

Further support for the increased speed of senes-
cence in lower temperatures came from our measure-
ments of the onset and rate of senescence in tree 201,
which we have followed from 1999 to 2007 by mon-
itoring its chlorophyll contents. Here, starting date and
rate of progression of autumn senescence in relation to
temperature have been quantified more accurately
and quantitatively since chlorophyll levels have been
measured directly, not just estimated by visual scoring.
The start of autumn senescence, as we have shown
before, was remarkably constant in the monitored
years (Table I), occurring within a 4-d period (Sep-
tember 9–12) in 7 of the 8 years studied. The date for
start of senescence did not correlate to prior temper-
ature conditions (data not shown). In contrast, the rate
of subsequent chlorophyll degradation varied sub-
stantially among years. The possibility that variations
in temperature may have been responsible for some of
the variation in the rate of chlorophyll degradation
was tested by examining the strength of linear rela-
tionships between the chlorophyll estimates and both
calendar date and temperature (Supplemental Table
S2). Calendar date alone explained approximately 82%
of the variation in chlorophyll content over all 7 years
(model 1). However, chlorophyll degradation was
slowest in the warmest year, 2006, and two to three
times faster in the coldest years (2003, 2004, and 2007).
Consequently, including cumulated mean daily tem-
peratures in the statistical model resulted in a signif-
icant improvement (Supplemental Table S2, model 2),
with cumulated temperatures showing a positive cor-
relation with chlorophyll content. This shows that
chlorophyll degradation occurred more slowly in
warm years than in cold years and explains why
visual scoring detected the appearance of yellow color
on this tree already on September 13 in the cold year
2007 but not until September 28 in the warm year 2006,
despite the fact that onset of chlorophyll degradation
occurred almost the same day. Taken together, onset of

senescence was temperature independent and speed
of senescence was temperature dependent.

However, since temperatures decreased during the
scoring, it was not possible to study in the field if late-
senescing trees were fast only due to the lower tem-
perature during their senescence or if they had a faster
senescence due to some genotypic property. To study
this, we analyzed data from direct measurements of
onset and speed of senescence in the trees of the
SwAsp collection in the greenhouse in Umeå. These
measurements were performed in 2006 under natural
photoperiods but in controlled temperature. Since the
changes in photoperiod in this experiment were iden-
tical to those experienced by the trees of the UmAsp
collection, this allowed the effects of low temperature
and photoperiod on the initiation of senescence to be
distinguished. All clones started to senesce as the
photoperiod gradually decreased (Fig. 2), demonstrat-
ing that photoperiodic cues were sufficient to induce
autumn senescence. Moreover, the mean date of the
onset of senescence in the greenhouse for the SwAsp
clones sampled from the Umeå region was September
15, 2006, close to the date at which senescence of the
model tree began (September 11, 2006). This also
correlated well with the mean date on which yellow
color appeared (score 3, corresponding to approxi-
mately 40% chlorophyll loss) on the trees from the
UmAsp collection (September 21 in 2006 and Septem-
ber 14 in 2007). These observations strongly suggest
that the senescence was induced under natural pho-
toperiods in the greenhouse in the same way as in the
field. Also in the greenhouse, the rate of senescence
was weakly but significantly correlated with the
starting date of senescence under natural photope-
riods (Fig. 3A), suggesting that late-senescing trees
also were fast-senescing trees.

We also performed another greenhouse experiment
in 2005, when the trees were first grown under a
controlled photoperiod of 23 h, sufficient to keep all
clones actively growing, then on September 21 the
photoperiod was suddenly changed to natural photo-
period (12 h) and clones subsequently experienced
natural decline of photoperiod, while the other envi-

Table I. Mean temperatures between August 16 and October 10, estimated onset of senescence dates,
and degradation rates of chlorophyll in tree 201 growing on the university campus

Year Temperature Start Day Year Day
Degradation

Rate

°C % d 21

1999 11.1 September 9 251.2 4.48
2001 11.6 September 9 250.9 3.06
2002 11.1 September 10 252.5 3.51
2003 10.6 September 9 251.0 4.34
2004 10.8 September 12 254.7 6.14
2005 11.7 September 5 247.1 3.00
2006 13.3 September 11 253.2 2.01
2007 10.2 September 10 252.4 4.24
Mean 11.3 September 9 251.6 3.85
SD 0.93 2.2 1.25
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ronmental conditions were very similar to those expe-
rienced by the trees in 2006. The two light regimes are
compared in Supplemental Figure S1. This experiment
will be further denoted “sudden shift.” Under natural
photoperiods, the earliest tree started to senesce on
August 24, when the daylength was 15.1 h, while the
latest tree started on October 22, when the daylength
was only 8.6 h. After the sudden shift, senescence of

the trees occurred under shorter and less variable
photoperiods (4.1–8.7 h of light at the starting date of
senescence). Onset of senescence in the sudden-shift
experiment has a complex control (see below); there-
fore, late-senescing trees in this experiment do not
correlate well with those that senesce late under nat-
ural photoperiod (data not shown). In the sudden-shift
experiment, there was no significant correlation be-
tween the starting date and the rate of senescence (Fig.
3B). Taken together, the greenhouse experiments sug-
gested that clones that were late in onset of senescence
had a tendency to senesce faster. It also appeared that
photoperiod during senescence influenced the rate: on
average, the rate of chlorophyll degradation was
greater after the sudden shift (0.97 relative chlorophyll
content index [CCI] per day), when the nights were
longer, than under natural photoperiods (0.67 CCI per
day).

Therefore, we conclude that (1) onset of autumn
senescence at a specific photoperiod is a genotype
property that is not significantly influenced by tem-
perature and (2) low temperature accelerated the rate
of autumn senescence, after it had been initiated by
photoperiodic cue. The data also suggest that (3)
clones that have a late onset of senescence tended to
senescence faster and (4) the rate of senescence was
also influenced by the photoperiod, longer nights
leading to faster senescence.

Within-Population Differences Are More Variable for the
Onset of Senescence Than for Bud Set

During the two greenhouse experiments with the
SwAsp collection (the natural-photoperiod and the
sudden-shift experiments), we also scored bud set
(Fig. 4). When the bud set and senescence data under
natural photoperiod were compared (Figs. 2 and 4),
the within-population variation in onset of senescence
was much greater than the within-population varia-
tion in bud set. The repeatability within populations
for the starting date of senescence under natural

Figure 2. Relationships between origins of the clones (ranked from
south to north) and date of initiation of autumn senescence in the
SwAsp collection grown in greenhouses under natural (white circles)
and controlled (black circles) photoperiods. The dotted line indicates
when the additional light was turned off in the controlled-photoperiod
experiment (on September 21). Values are means 6 SD of six to 10
clones per location. h, Repeatability within populations; R2, squared
Pearson correlation coefficients for the relationship between trait and
latitude of origin. ***, Statistically significant at P , 0.001.

Figure 3. Relationships between the date
of onset and the rate of senescence in
greenhouses under natural (A) and con-
trolled (B) photoperiods. NS, Not signifi-
cant; R2, squared Pearson correlation
coefficients for the relationship between
trait and latitude of origin. ***, Statistically
significant at P , 0.001.
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photoperiods was 0.41, implying that only 41% of the
variation was attributed to differences between pop-
ulations. This is significantly lower than the within-
population repeatability for bud set (0.86). Second, the
correlation with geographical origin was substantially
lower for the start date of senescence (r2 = 0.45) than
for the date of bud set (r2 = 0.82). The extreme popu-
lations differed by 50 d in bud set (Fig. 4) but only by
20 d in onset of senescence (Fig. 2), and there was an
overlap in the timing of autumn senescence between
clones from the far north and the far south, whereas
for bud set all clones obtained from southern popula-
tions differed from northern clones.

Senescence Is Triggered by a Different Critical
Photoperiod Than Bud Set, But Trees Have to Set Buds
before They Can Undergo Autumn Senescence

Since growth arrest and bud set are under strong
photoperiodic control and sometimes occur well be-
fore autumn senescence, there are three possible ex-
planations for the temporal relationship between these
two events. First, it is possible that they are under
independent photoperiodic control. Second, it is pos-
sible that only growth arrest and bud set are under

photoperiodic control and autumn senescence is initi-
ated after a certain lag phase, which may differ be-
tween genotypes. A third possibility is that after
induction of growth arrest and bud set by short days
the tree has to acquire competence to senesce and then
senescence occurs when a second critical photoperiod
is reached. In order to assess which of these possibil-
ities is most likely to be correct, we compared the
relationship between bud set and senescence under
different conditions.

We calculated the time lag between bud set and
onset of senescence when the SwAsp collection was
grown under natural photoperiods in the greenhouse
in 2006 (Fig. 5A). The exact relationship between
growth arrest in the cambium and in the apical mer-
istems and bud set in aspen is not known, but since
bud set is easy to score it can be used as a good proxy
for growth arrest in general. It has to be kept in mind
that bud set, measured as development of bud scales,
happens rather late in the process, when the trees have
already stopped growing both apically and laterally.
When scored in the greenhouse under natural photo-
period, some trees from southern populations started
to senesce shortly after bud set: the average lag phase
between bud set and senescence was about 10 d for the
southernmost populations, while the time lag for trees
from northern populations was much longer, up to
about 40 d (the most extreme, clone 105, set buds on
July 15 and started to senesce 61 d later, on September
14). In the sudden-shift experiment, photoperiod was
switched from 23 to 12 h, a value below the critical
limits for bud set of almost all clones (Fig. 4), and buds
were set on average after 26.5 d (Fig. 5B), consistent
with reports regarding the lag between perception of
critical photoperiods and bud set (Ruttink et al., 2007).
Furthermore, although there were large differences
between the genotypes (from clone 76 setting buds 5 d
after the photoperiod switch to clone 58 setting buds
after 47 d), there was no significant relationship be-
tween the duration of the lag phase and the latitude of
origin, unlike the situation under natural photoperiod.
Therefore, the results are incompatible with senes-
cence simply being initiated a certain number of days
after bud set. Comparisons of bud set and onset of
senescence in the southern common garden also cor-
roborated this finding. In fact, the daylength there is
always below the critical value for bud set of northern
clones, which therefore set buds very shortly after bud
burst, in reality in late June when days are longest
(Luquez et al., 2008). However, some of these trees still
had green leaves well into September (data not
shown), almost 3 months after bud set. Therefore, we
concluded that senescence could not simply be initi-
ated a certain number of days after bud set, implying
that perception of a second critical photoperiod is
necessary for the initiation of autumn senescence.
However, our data are also incompatible with senes-
cence being induced by a critical photoperiod but
independently of bud set. If so, all southern clones
with a critical photoperiod for senescence induction

Figure 4. Relationships between clone origins (ranked from south to
north) and date of bud set in the SwAsp collection grown in green-
houses under natural (white circles) and controlled (black circles)
photoperiods. The dotted line indicates when the additional light was
turned off in the controlled-photoperiod experiment (on September 21).
Values are means6 SD of six to 10 clones per location. h, Repeatability
within populations; R2, squared Pearson correlation coefficients for the
relationship between trait and latitude of origin. ***, Statistically
significant at P , 0.001.
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after September 21 under natural photoperiods would
have started to senesce at about the same date in the
experiment in which the photoperiod was switched
from 23 h to natural lengths on September 21. How-
ever, all clones started to senesce much later in the
sudden-shift experiment (Fig. 2). In other words, trees
must have set buds to be able to undergo autumn
senescence. Taken together, the only mechanistic
model that is compatible with our data is that the
trees can acquire competence to senesce only after
growth arrest, and then they initiate senescence when
the critical photoperiod for senescence is reached.

DISCUSSION

The Scottish surgeon John Hunter (1728–1793)
wrote, “When I was a boy, I wanted to know all about
the clouds and grasses, and why leaves changed color
in the Autumn; … I pestered people with questions
about what nobody knew or cared anything about”
(cited by Ellis, 2001). Since then, science has made
immense progress, and we now have abundant infor-
mation about clouds and grasses. Nevertheless, re-
search about changes in leaf color during the autumn
is still in its infancy; very little is known, for example,
about the genes that regulate the process. However,
with the recent development of Populus as a model
system for tree genetics and genomics, better tools are
now available to address the question pondered by
Hunter more than 200 years ago.
There is enormous within-species variation in Popu-

lus due to their very large populations, dioecious
nature, wind pollination, and wind-dispersed seeds.
For instance, the average nucleotide diversity within
genes in aspen is approximately 1% (Ingvarsson, 2005)
higher than that of other species studied to date.
Consequently, phenotypic variation is also extensive,
although selection has often created strong clines for
certain phenological traits (Hall et al., 2007; Luquez
et al., 2008). In this contribution, we study autumn
senescence in a single selected individual, in cloned
trees in greenhouses, and in a large natural population
in the field. We think that there is strong justification

for such a multiple approach. The analysis of a single
genotype facilitates the acquisition of detailed infor-
mation regarding, for instance, sequences of events
such as the “cellular timetable of autumn senescence”
(Keskitalo et al., 2005) and the recently described
“molecular time timetable of apical bud formation”
(Ruttink et al., 2007). However, analysis of a single
individual clearly provides no indications of the ge-
netic variation in these timetables within or among
populations. Similarly, analysis of clones in controlled
conditions can provide valuable indications of the
effects of specific variables on such timetables, but
plants should also be evaluated in the field to observe
the full spectrum of natural variation. We show that
the speed of autumn senescence varies considerably
between genotypes, and the same holds true for bud
formation: the time from perception of the inducing
photoperiod to bud set varies among our clones from
13 to 34 d, compared with 4 to 5 weeks for the
genotype studied by Ruttink et al. (2007). Neverthe-
less, cloned trees like those used by Ruttink et al.
(2007) and those of the SwAsp collection cannot be
used for all kinds of studies; young aspens cannot
always be compared with large mature trees, exem-
plified by the study of Hoenicka et al. (2008). By
combining data from three levels, ranging from a
single individual to large populations, we have been
able to draw conclusions about autumn senescence in
aspen, and we believe that at least some of them will
also hold true for other deciduous trees.

First, we have shown that although the timing of
onset of autumn senescence is a genotypically gov-
erned property, the natural variation in onset of se-
nescence among aspen trees growing at a given site is
larger than the variation in bud set, and the effect of
latitude of origin is weaker. The reasons for this are not
obvious. However, it is possible that the timing of
growth arrest and bud set is more closely related to
winter survival, so it is under more uniform selection
pressure at a given latitude. Alternatively, since the
timing of autumn senescence involves a trade-off
between carbon acquisition and nitrogen loss, local
variations in microclimate and soil nutrient levels may
enhance natural variation in senescence but not in bud

Figure 5. Relationship between latitude of
origin and lag phase between bud set and
start of senescence in the SwAsp collection
grown in greenhouses under natural (A)
and controlled (B) photoperiods. NS, Not
significant; R2, squared Pearson correla-
tion coefficients for the relationship be-
tween trait and latitude of origin. ***,
Statistically significant at P , 0.001.
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set. A third possible explanation is linked to biotic
interactions. Since autumn senescence phenology is
likely to be important for many pathogens and herbi-
vores, a tree that differs phenologically from the others
in its local environment is more likely to escape attack
by pathogens and herbivores, which develop local
adaptation. It is also possible that all of these selective
pressures have interactive effects.

Second, we have shown that the speed of senes-
cence varies between genotypes, with those starting
senescence later senescing more rapidly than earlier
starters. In addition, low temperature accelerates
senescence. Senescence is probably accompanied by
oxidative stress due to imbalances between light
capture and carbon assimilation (Kar et al., 1993),
due to the presence of chlorophyll catabolites capable
of generating oxygen singlets (Matile et al., 1999) and,
perhaps, the inactivation of certain antioxidative de-
fenses (Kukavica and Jovanovic, 2004). This stress
may be exacerbated at low temperature, resulting in
faster progression of autumn senescence. Why the
senescence process is most rapid in trees that start
senescing late is less obvious. However, one possibil-
ity is that autumn senescence, once initiated, is ac-
celerated or occurs mainly during the night, perhaps
through a process similar to dark-induced, starvation-
mediated senescence, which has been studied ex-
tensively in annual plants (Buchanan-Wollaston
et al., 2003, 2005). In our model tree, a shift of energy
source from chloroplasts to mitochondria was ob-
served in 2003 around September 19, 10 d after the
initiation of senescence when most chloroplasts still
appeared normal, and some active PSII centers were
observed until October (Keskitalo et al., 2005). It is
likely, therefore, that photosynthesis is still an appre-
ciable source of energy during the early stages of
senescence and that longer daylengths can signifi-
cantly delay the starvation involved in the senescence
process. This is also consistent with the acceleration of
senescence at low temperature discussed above, since
low temperature inhibits photosynthesis. Another ob-
vious possibility is that a signaling substance, puta-
tively related to phytochrome action, accumulates
during the night and accelerates senescence. Regard-
less of the mechanism involved, it would appear
beneficial for trees to senesce as rapidly as possible
to both maximize carbon gain through photosynthesis
and minimize nitrogen losses in years when severe
frost would kill leaf cells before complete nutrient
remobilization had occurred. A testable hypothesis is
that trees that senesce fast have a less efficient nitrogen
remobilization.

Third, our data on the relationship between bud set
and the onset of senescence allow a model of the
events that occur during autumn in aspen to be
formulated, integrating data from the recently pub-
lished molecular timetable of apical bud set (Ruttink
et al., 2007) and the cellular timetable of autumn
senescence (Keskitalo et al., 2005). An emerging aspect
in our model is that leaves need to be competent to

respond to the critical photoperiod inducing autumn
senescence. Competence or ripeness to senesce has
been genetically dissected by Jing et al. (2003, 2005),
who demonstrated that Arabidopsis (Arabidopsis thali-
ana) leaves have to reach a certain age before they can
respond to an ethylene treatment by senescence. This
“ripening” process is analogous to the old “ripeness to
flower” concept in plant developmental biology
(Bopp, 1996). Another ripening phenomenon is the
development of endodormancy in the cambium of
trees, including Populus (Rohde and Bhalerao, 2007).
The sequence of events occurring in buds and leaves of
aspen during autumn, typical dates for each event for
a tree in Umeå, and the natural variation in the
different phases are all indicated in Figure 6. Our
measurement of bud set corresponds to the transition
from phase 2 to phase 3, as defined by Ruttink et al.
(2007). Among our clones, the time from triggering of
bud set by shortening of the photoperiod to bud set
varied between 13 and 34 d. During the third phase of
bud development, when dormancy is developed,
competence to senesce is also developed. Metabolism
in the apical bud during this period is very active and
is likely to produce sinks for carbohydrates. In parallel,
the lateral cambium has shifted from growth to growth
arrest. The precise relationship between the timing of
growth arrest in apical buds and the cambium has not
been established in Populus, but 4 weeks of short-day
treatment is sufficient to induce ecodormancy in hy-
brid aspen cambium and 6 weeks suffices to induce
endodormancy (Espinosa-Ruiz et al., 2004). This
means that strong carbohydrate sinks are present
during this period and that high photosynthetic ca-
pacity of the leaves is beneficial to complete this step.
About 20 d after bud set, but with significant variation
between clones, competence to senesce has developed.
It is tempting to speculate that this transition is linked
to the carbohydrate status of the tree and/or the
transition to ecodormancy in the cambium. As long
as the sinks are sufficiently strong, it will be highly
adaptive for a tree tomaintain leaves in photosynthetic
mode, but as the sink strength gradually decreases
during this period, a point will be reached at which
saving nitrogen becomesmore important. This may set
the leaves in a state in which they are “ripe to senesce,”
and the process may start once the critical photoperiod
has been perceived.

The time between bud set and the date when the
critical photoperiod for senescence is reached is longer
for the northern clones than for the southern clones
(Fig. 5A). This may reflect adaptation to northern
latitudes, where ensuring winter survival and safe-
guarding carbon gains may be more important, rela-
tive to maximizing nitrogen saving, than it is farther
south due to the short growing seasons and highly
fluctuating temperatures. It has not been established if
there is a lag phase between perception of the critical
photoperiod and onset of senescence, but it is likely
that this would be shorter than the lag between the
critical photoperiod for bud set and bud set, since
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other factors that induce leaf senescence, such as
ethylene treatment, pathogen infection, and drought,
do so very rapidly, most likely because the catabolic
machinery seems to be, at least in part, already present
in green leaves (Zelisko et al., 2005; Garcia-Lorenzo
et al., 2006). We believe that this is also true for autumn
senescence, and we have a model to test this predic-
tion. Our data show that nitrogen remobilization typ-
ically takes 2 weeks but is highly dependent on
temperature. It is likely that the timing of the other
senescence-related events is also temperature depen-
dent, but this has not been tested, to our knowledge.
Once the remobilization process is complete, abscis-
sion occurs. Our mechanistic model and collection of
genotypes allow experiments to be designed to test
whether gene expression is important in the induction
of autumn senescence. If trees of different genotypes
are exposed to sufficiently short days to induce bud
set, but not senescence, then left until competence to
senesce has developed and subsequently exposed to
an even shorter photoperiod that induces senescence
in some genotypes but not others, it may be possible to
determine whether and which transcriptional changes
are specifically involved in the transition to autumn
senescence, which has not been possible so far (Jansson
and Thomas, 2008).
The strict photoperiodic control of the onset of

autumn senescence in aspen might be rather unusual.
In sugar maple (Acer saccharum), American beech
(Fagus grandifolia), and yellow birch (Betula allegha-
niensis), 90% of the variation in autumn canopy
senescence has been attributed to variations in tem-
perature (Richardson et al., 2006). Furthermore, de-
lays in the development of autumn colors have been
attributed to global warming in a meta-analysis cov-
ering several hundred plant species (Menzel and
Fabian, 1999; Menzel et al., 2006), suggesting that
photoperiod is not the most common trigger of au-
tumn senescence. It may be much more important at
high latitudes than elsewhere, because the rapid

changes in daylength that occur at such latitudes in
spring and autumn provide powerful, high-resolution
cues regarding seasonal changes that trees must re-
spond to if they are to survive. Since cold acclimation
can be induced by low temperature (several weeks
at 0.5°C) independently of short days in hybrid
aspen (Welling et al., 2002), it is likely that senescence
can be induced in our trees by low temperature too.
Temperature control of senescence under natural con-
ditions might be more important for adaptation to
environments at different altitudes at a given latitude,
as found by Richardson et al. (2006) in other species.
Leaf senescence can be caused by many different
factors, raising questions about whether senescence
induced by short photoperiods in aspen differs from
senescence induced by other factors. We believe that,
once started, senescence in most (or all) leaf systems is
very similar (Keskitalo et al., 2005). However, tree
species that have successfully colonized boreal habi-
tats may have acquired a novel trait that would be
highly adaptive in this climate: the capacity to initiate
senescence in response to changes in photoperiod
alone. This hypothesis needs further attention because
if it is true it may be possible to transfer the trait to
other genotypes, which are not naturally well adapted
to boreal climates.

CONCLUSION

We have found that the initiation of autumn senes-
cence in European aspen is under photoperiodic con-
trol but senescence is not provoked until the leaves are
competent to senesce, a process that may be related to
the carbohydrate status of the tree and influenced by
growth arrest and dormancy. With our germplasm
resources (the SwAsp and UmAsp collections) and a
set of candidate genes, we can now attempt to corre-
late nucleotide polymorphisms in these genes to the
autumn-related traits dissected in this contribution.

Figure 6. Timetable of autumn senescence-
related events in aspen based on data presented
by Keskitalo et al. (2005), Ruttink et al. (2007),
and this study. Dates above the line indicate
typical dates for the event in trees naturally grown
in Umeå, and numbers below the line indicate the
variation (days; bottom horizontal arrows) in the
length of certain processes. ABA, Abscisic acid.
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MATERIALS AND METHODS

The UmAsp Collection

A set of 180 European aspen (Populus tremula) trees was selected during the

summer of 2006 along roads in the region of Umeå, Sweden (20° 15# E, 63° 50#
N). The single tree we have studied previously (Bhalerao et al., 2003;

Andersson et al., 2004; Keskitalo et al., 2005) was included in this collection

(tree 201). Another tree in this collection (tree 202) has also been used earlier

for global expression profiling (Sjödin et al., 2008). All of these trees are likely

to have established naturally, since aspen is not, and has never been, planted

for commercial or ornamental purposes in Sweden, except the easily recog-

nizable erecta mutant, which was not included in this study. Each tree in the

collection was photographed and marked to facilitate further scoring, its

height and diameter were measured using standard techniques, and its

location was determined using a global positioning system unit (Garmin

60CSx). Since aspen has a tendency to reproduce clonally, neighboring trees

(within 50 m of each other) were avoided, unless their visual appearance

indicated that they were different clones. The collection was expanded to 315

trees during the summer of 2007. The height of the trees in the collection

varied between 8.2 and 26.5 m. A data file in which the trees are marked in

Google Earth (315trees.kml) is available as Supplemental Data File S1.

Senescence Scoring

All trees in the UmAsp collection were visually scored for autumn

senescence using an autumn senescence score card (Supplemental Fig. S2)

on August 23, September 4, 7, 11, 14, 18, 21, 25, and 28, and October 2, 5, 9, 12,

16, 19, and 23 in 2006 and August 20, 23, 27, and 30, September 3, 6, 10, 13, 17,

20, 24, and 27, and October 1, 4, 8, 12, 16, and 19 in 2007. The start of autumn

senescence was defined as the date when yellow color appeared (score 3), and

senescence was considered complete when more than 90% of the leaves had

fallen (score 7). The duration of senescence was determined as the number of

days between these two dates. Three (2006) and two (2007) trees that already

had yellow leaves in mid-August were excluded from the analysis because

senescence in these cases was probably induced by other factors (e.g. water

stress during the unusually dry summer of 2006).

Senescence and Bud Set in the SwAsp Collection

Growing in a Greenhouse

The SwAsp collection, comprising 116 clones, was obtained by sampling 12

populations across Sweden (from 55° to 67° N) as described in detail by

Luquez et al. (2008). A data file showing the positions of the cloned trees in

Google Earth (116trees.kml) is available as Supplemental Data File S2. Trees

representing 106 of the 116 clones, and all of the populations, were planted in

pots in 2004 and kept in a greenhouse and growth chambers at Umeå

University as described by Ingvarsson et al. (2006). In most cases, there were

two repetitions of each clone, but for some clones only one tree was present. In

an experiment in 2005, 2-year-old trees in 3-L pots with soil were placed in a

cold chamber at 5°C for 25 d and 24°C for 14 d. On August 2, 2005, the trees

were transferred to a greenhouse with a 23-h photoperiod (maximum irradi-

ance, 700 mmol photons m22 s21) and a temperature of 20°C. Before the trees

started to sprout, they were transferred to 7-L pots, and they were watered

daily and fertilized twice with a commercial NPK fertilizer before bud set

started. A short-day treatment was started on September 21, 2005, by exposing

the trees to natural photoperiod (Supplemental Fig. S1). After the 2005

experiment, the plants were kept in the greenhouse at 6°C from January 3

until May 19, 2006, when the temperature was raised to 16°C. Before the trees
started to sprout, they were pruned, leaving only two main branches. The

plants grew under natural photoperiods, hence the photoperiod started to

decrease after June 21. Beginning on August 22, 2006, the temperature was

changed to 15°C during the day (8 AM to 8 PM) and 10°C during the night (8 PM

to 8 AM). The trees were fertilized every second week during the growing

season and watered daily.

In both the 2005 and 2006 experiments, the trees were sprayed with a

commercial fungicide and insecticide (Baymat; Bayer Crop Science) to avoid

rust infection and insect damage. Spider mite infections were treated by

biological control using spider mite predators (Ambluseius swiskii; provided by

Lindesro). The temperature in the greenhouse could briefly rise on sunny days

until the ventilators opened.

The trees’ chlorophyll contents were estimated twice per week by mea-

suring the relative CCI of three (2005) or five (2006) leaves per tree using a

CCM-200 chlorophyll meter (Opti-Sciences). The average values of the three

or five measurements were used to calculate the senescence parameters.

Chlorophyll degradation occurred in two almost linear phases: a first phase

with no or slow chlorophyll degradation and a second phase with rapid

chlorophyll decay (Supplemental Fig. S3). Data from both phases were fitted

to linear models, and the intercept of the two lines was defined as the starting

date of senescence. The negative value of the slope of the second regression

was used as an estimate of the rate of senescence. Bud set was scored

according to Luquez et al. (2008).

Senescence in a Free-Growing Aspen (Tree 201)

Chlorophyll content was measured during each of seven autumns in a tree

growing on the university campus. From 1999 to 2003, chlorophyll was

determined from leaf extracts as described by Keskitalo et al. (2005), then from

2004 to 2007, chlorophyll was estimated from daily measurements with a

CCM-200 chlorophyll meter on five (2004–2006) or 20 (2007) randomly chosen

leaves, as described above for the SwAsp collection in greenhouses. To

combine the different data sets, relative values were used, the highest value

for each year (obtained in mid-August, near the beginning of the measuring

period) being defined as 100%. The starting date of senescence and the rate of

chlorophyll degradation were determined by two linear regressions as de-

scribed above for the SwAsp collection. The weather data were recorded by a

weather station located on the campus approximately 100 m from the model

tree. Mean daily temperatures were computed from the data recorded at

hourly intervals.

Statistical Analysis and Figures

Statistical analyses were performed using functions of the “base” and the

“stat” packages of the Windows version of R software (R Development Core

Team, 2006). The figures were prepared using the standard plotting functions

of the R for Windows software (R Development Core Team, 2006).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Natural (continuous line, 2006) and controlled

(dotted line, 2005) photoperiods in greenhouse experiments.

Supplemental Figure S2. Senescence score card based on pictures from

tree 201 shot in autumn 2005.

Supplemental Figure S3. Illustrative measurements of chlorophyll degra-

dation in a tree in the greenhouse in autumn 2006, where the regression

lines were used to determine the onset and rate of senescence.

Supplemental Table S1. Linear models relating the number of days

between scores 3 and 7 (first yellow leaves to complete senescence) to

date of first yellow leaves (score 3) and mean temperature during scores

3 to 7.

Supplemental Table S2. Linear models for the relationships between

chlorophyll content and date and cumulated mean daily temperature in

tree 201.

Supplemental Data File S1. A Google Earth map with the 315 trees in the

UmAsp collection.

Supplemental Data File S2. A Google Earth map with the 116 trees in the

SwAsp collection.
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