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Abstract

The phenophases of Scots pine, from bud break up to the end of cambium activity, at two sites (approx. 80 and
300 km, respectively, south of the forest border) in the northern boreal zone of Finland were monitored with high time
resolution during three growing seasons. Averaged over the study sites and years, bud break occurred in the first half of
May. Height growth started in the second half of May and radial growth followed around end of May/beginning of June.
Both processes culminated in the second half of June, clearly before the warmest period of the year. Height growth
finished by end of June/early July. Lastly, radial growth was completed by end of July/mid-August. Hence, the growing
season from bud break to the end of radial growth took on average 87 days. However, annual shoot length and tree-ring
width were independent from the duration of height and radial growth as well as from the onset dates for height growth

and cambium activity, respectively.
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Introduction

Phenology of trees is the chronology of recurring
events during an annual cycle such as winter dorman-
cy, bud break, shoot growth or cambium activity (Li-
eth 1974). These growth events are controlled by en-
dogenous (e.g., Lachaud 1989, Li and Adams 1994) and
exogenous factors (e.g., Antonova and Stasova 1993,
Partanen et al. 1998, Rossi et al. 2006), whose intri-
cate linkages to each other are not yet sufficiently
explored (Kramer and Kozlowski 1979, Savidge 1996,
Hénninen and Kramer 2007). The timing of the pheno-
logical phases within a given area is the result of a
long-term process of acclimation to the prevailing
environmental conditions (e.g., Sarvas 1972, Hakkin-
en et al. 1995, Repo et al. 2000); such acclimation is
essential for the viability of a tree population (‘eco-
type’) (Kimmins 1987). Badeck et al. (2004) stressed
that “plant phenology might be expected to be one of
the most responsive and easily observable traits in
nature that change in response to climate” and out-
lined its relevance for agriculture and forestry.

In the boreal zone, bud swelling is the first visu-
al phenological event of tree growth after winter dor-
mancy. For the onset of height growth as the subse-
quent phenophase a certain heat-sum is needed (e.g.
Sarvas 1972, Wielgolaski 1999, Salminen and Jalkanen
2007). The phenophases of height growth and radial
growth are associated to each other (e.g., Worral 1970,
Kanninen et al. 1982, Jayawickrama et al. 1997); how-
ever, the mechanisms controlling tree growth remain
unclear yet. The same applies for the role of plant
hormones in the cambial reactivation after winter dor-
mancy (e.g., Uggla et al. 1998, Sundberg et al. 2000,
Funada et al. 2002). Clear coherences between pheno-
logical processes are, therefore, desirable to further
enlighten the metabolic mechanism and control of
growth (Zweifel et al. 2006). Deeper insight is also
urgently required to estimate tree growth under the
anticipated climate warming (Dougherty et al. 1994,
Badeck et al. 2004, Kullman 2007).

In the present study, therefore, we aimed at mon-
itoring the growth phenology of Scots pine with high
time resolution at two sites in the northern boreal for-
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ests of Finland during three growing seasons and
comparing these data sets with each other.

Material and methods

The growth-related phenophases of Scots pine
(Pinus sylvestris L.), 300 and 80 km, respectively, south
of its northern distribution limit at Vanttauskoski (site
1) and Laanila (site 2) in the northern boreal zone of
Finland (Fig. 1), were monitored during the growing sea-
sons 2001?2003. Both sites are dry or dryish but differ
as regards temperature and precipitation (Table 1).
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Figure 1. Study sites (®) and meteorological stations (A );
site 1: Vanttauskoski (®) / Rovaniemi (Apukka) (A); site
2: Laanila (®) / Inari (Ivalo) (A)

measured to the nearest mm once or twice a week
between April and September throughout each season,
according to Salminen and Jalkanen (2007). For it, a
pin was permanently inserted as a reference point in
the previous annual shoot of the main stem (Fig. 2A).
Onset and end of height growth were defined as the
point of time when shoot growth had accomplished 5
and 95%, respectively, of the total shoot length. These
young trees were growing next to the stands where
approx. 45-year old trees, naturally regenerated from
local seeds as well, have been growing. With binocu-
lars, we confirmed that bud break occurred in the tops
of thesel1-15 m high, adult trees at the same time as
in the up to 2 m high, young trees. Out of these adult
trees, five individuals were selected for radial growth
monitoring. In weekly intervals throughout the grow-
ing season their cambium was wounded by a pin to
leave a timestamp in the xylem (Wolter 1968, Seo et
al. 2007). This pinning technique was recently rated
to be coequal to micro-coring (Mékinen et al. 2008).
After the growing seasons, the trees were felled to
excise a disk including the pinning canals (Fig. 2B);
for the next season, five new sample trees were se-
lected. For microscopic observation, samples with a
pinning canal, 1x1x1 cm® in size, were embedded in a
solution of 25% polyethyleneglycol, and 18 pm thick
cross-sections were cut with a sliding microtome and
stained with safranine and astrablue. Then, the phe-
nological events of radial growth, i.e. onset, early-/
latewood transition and end, were microscopically
determined by comparing the situation in a cross-sec-
tion with the situation of the preceding pinning inter-
val. The onset of earlywood formation was noted when
new tracheids were observed next to the pinning ca-
nal between the place where the cambium zone was
located at the time of pinning and the last year’s tree-

Table 1. Information on study ID  Site Year Vegetaton Totalamual Average annua  July Location (site’'weather station)
sites and trees; prec.: precipi- - = type prec. (mm) temp. CC) _ temp.(°C) LaDt(N) LOH?-(E) Alt.(m)
ation, temp tempersture, ' VGmE  GEWT S & ww we
Lat.: latitude, Long.: longitude, 531 1.0 185 66°35°  26°01° 106
. : . : 2 Laanil Uliginosum- 586 0.6 14.1 68°30°  27°30° 220
Alt.: altitude, HG. height En?petrum_ o o6 150 ) p ;
growth, RG: radial growth, Myrtillus 53 05 173 68°40°  27°%4° 123
DBH: diameter at breast height ID  Year Number of trees Age of trees Height (m) DBH (cm) Total annual
RG HG RG HG RG HG RG HG (mm) RG (mm)
1 2001 15 5 195 116
2002 15 5 o a © o ~ 163 145
2003 15 5 & N o - q Ny 137 142
2 2001 5 5 o Q < - o © 114 112
2002 4 5 - - 132 119
2008 5 5 76 118

Bud break and height growth were observed on
8-20 years old pine saplings naturally regenerated from
local seeds. Bud break was noted when bud elonga-
tion had reached or exceeded 1 mm. Height growth was

ring border (Fig. 2B, a+b); such tracheids were readi-
ly identifiable on the basis of their thin, unlignified
walls since these tracheids died by the wounding and
did not achieve maturity. The transition from early- to
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Figure 2. A: monitoring height growth (HG) of Scots pine
during a vegetation period; B: determining the onset of wood
formation, the transition from early- to latewood and the ces-
sation of wood formation; on the left, overviews of transverse
sections through a pinning canal; on the right, enlargements
of the white-framed areas. a, b; pinning at June 12, first tra-
cheids (white arrow head) formed after winter dormancy; c,
d; pinning at July 17, tracheids (white arrow head) laid down
just after the transition from early- to latewood (dotted line);
e, f; pinning at August 7, tracheids formed at the end of wood
formation (white arrow heads) , their secondary wall not yet
completed. PC: pinning canal; WT: wound tissue; EW: early-
wood; LW: latewood; Ca: cambium: Ph: phloem

latewood turned out to be rather abrupt and was there-
fore reliably identifiable, based on radially flattened
and tick-walled tracheids (Fig. 2B, c+d). The end of
radial growth was set when no new tracheids were
observed at the cambium zone any longer (Fig. 2B,
e+f). Between the onset and end of cambium activity,
the radial increment of wood between each two pin-
ning dates was measured and expressed as percent-
age of the entire tree-ring width achieved at the end
of the growing season (Seo et al. 2007); these data
show the intra-annual growth intensity.

The weekly meteorological situation during the
three vegetation seasons at both sites, based on the
nearby Rovaniemi (Apukka) and Inari (Ivalo) weather
records (see Fig. 1), is illustrated as deviation of the
actually measured date from their long-term mean val-
ue, calculated over the period 1961-2000 (Fig. 3). The
deviations of temperature in a given year follow the
same pattern at both sites; the year 2002, for example,
stands out for above-average warm periods from April
to mid-May and in the first half of June. In 2001, in
contrast, temperature at both sites was closely fluctu-
ating around the long-term average. Different from tem-
perature, rainfall showed rather different patterns when
compared between sites in a given year; for example,
the southern site, Vanttauskoski, experienced a clear wet
period from mid-June to mid-July in 2002, which was far
less obvious at the northern site, Laanila.
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By means of the Wilcoxon rank test we checked
whether there were significant differences between the
phenological data sets per site or study year. Spear-
man’s rank correlation was applied to calculate the sta-
tistical relations between the phenophases of a study
year, separately for height and radial growth. Also, the
total shoot lengths and tree-ring widths were corre-
lated with the corresponding length of time for height
and radial growth. Both the Wilcoxon rank test and the
Spearman’s rank correlation do not require normally
distributed data. On the same account, we used the
median for all averages and the range between the
maximum and minimum values to describe the varia-
bility of data.

Results

Bud break and height-growth phenology

The dates for bud break as well as onset and end
of height growth differed highly significantly between
both study sites (Table 2) and also between the three

HEIGHT AND RADIAL GROWTH /.../ Il J.-W. SEO ET AL I

study years (Table 3), except that the buds broke and
height growth started in 2001 statistically at the same
time as in 2003 (Fig. 4). Depending on the year, bud
break took place between April 30 and May 6 (aver-
aged over trees/year) at site 1 and about one week later
(between May 2 and 16) at site 2. Height growth started
on average two weeks after bud break (May 13-20 at
site 1, May 19—June 2 at site 2) and culminated simul-
taneously at both sites in the second week of June in
2002 and in the fourth week of June in 2001 and 2003.
Height growth ended in the three study years at sig-
nificantly different dates, on average one week earlier
at the southern site (June 24—July 6) than at the north-
ern site (July 1-16). Onset and end of height growth
depended strongly on the date of bud break (Table 4).
The length of the height growth season, averaged over
trees and years, was not significantly different be-
tween both sites (43 and 45 days, respectively) (Ta-
ble 2), but between years (Table 3). The annual shoot
length was not correlated with the length of the height
growth season (Table 4).

Table 2. Wilcoxon signed-rank

Phenology Bs Ho He Hp H. Ro Re Rp Rw

test to compare phenological Chi-square 10.24 11.32 6.65 0.37 10.35 3.39 6.24 15.19 1.71
.- n 45/14 4514 45/14 45/14 45/15 15/15 15/15 15/15 15/15

dates between sites; bold p-val p-value .001 .001 .009 544 .002 065 012 .000 019

ues are significant on the 95%
or higher confidence level

n number of study trees at the northern/southern site for each phenological variable; see also Table 1
for comparison. B, = bud break; H_ = onset of height growth; H_ = end of height growth; H = duration

of the height growth season; H; = annual shoot length; R = onset of wood formation; R; = end of wood

formation; R ) = duration of the

cambium activity season; Ry = tree-ring width.

Phenology Bg Ho He Hp
. : Year Y2 : Yi3 Yos Yi2 Yis i Yo Y12 Y13 Ya3 Yi2 Yis t Yo
Table 3. Wilcoxon signed r?nk Chi-square | 19.30 | 1.53 20.71 1312 1.15| 574 | 954 | 16,57 | 23.16 | 2.26 13.79 | 22.49
test to compare phenological n 20/19 | 20 19/20 20/19 20 | 19/20 | 20/19 i 20 | 19/20 | 20/19 20 i 19/20
dates between years; Y12 = p-value .000 | .216  .000 .000 .283 ! .017 | .002 | .000 ! .000 | .105 .000 ! .000
' _ Phenology Ro Re Ro
between 2001 and 2002, Y13 = Year Yz ' Y3 Ya3 Y12 Y1z ' Ya3 Yiz ' Yz ! Ya3
between 2001 and 2003, Y23 = Chi-square | 14.93 1 0.59 317 7.91 7.04: 996 | 0.10 | 580 | 3.66
between 2002 and 2003; bold p- n 10 1 10 10 10 10 ¢ 10 10 ¢ 10 & 10
> P p-value .000 ! 442 075 .005 .008: .002 | 756 ! .016 ! .056

values are significant on the
95% or higher confidence level

n number of study trees at the northern/southern site for each phenological variable; see also Table 1
for comparison. B, = bud break; H,, = onset of height growth; H, = end of height growth; H = duration
of the height growth season; R, = onset of wood formation; R; = end of wood formation; R, = duration

of the cambium activity season.

Tablg 4. Spearman’s rank cor- B Ho He Ho e Ro Re Ro R
relation between the phen- Bs 1 051 066 015 -0.28 Ro 1 030 034 001
ophases from 2001 to 2003, Ny -0?0 oogg 5127 00?2 : -1104 Oosg 09‘;2
. . o . -0. . E . L
broken accorang to height 000 000 .85 000 054
growth and radial growth; bold He 1 051 -0.37 Ro 1 0.22
p-values are significant on the 000 .004 248
. . Hp 1 -0.50 Rw 1
95% or higher confidence level .000
Ho 1

B, = bud break; H, = onset of height growth; H, = end of height growth; H: duration of the height
growth season; H,: annual shoot length; R = onset of wood formation; R = end of wood formation; R;:
duration of radial growth; R : tree-ring width
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Radial-growth phenology

The onset and end dates for radial growth differed
between both sites (Table 2), even if on a low signifi-
cance level (p=0.65 and 0.012, respectively). The onset
dates of radial growth were significantly different between
2001 and 2002, but not between 2001 and 2003 and be-
tween 2002 and 2003 (Table 3). Depending on the study
year, radial growth started between May 27 and June 11
(averaged over trees/year) at site 1 and on average one
week later (June 10-16) at site 2. The beginning of late-
wood formation occurred statistically at the same time
at both sites but not between the study years. Radial
growth ended significantly differently between the study
years. It ceased between July 29 and August 18 at site 1

and on average nine days earlier (July 22—August 4) at
site 2 (Fig. 4). The length of the period of cambium ac-
tivity was highly significantly different between both sites
(62 and 47 days, respectively) (Table 2) and less signif-
icant between the study years, except between 2001 and
2002 when there was no correlation provable (Table 3).
The total tree-ring width correlated neither with the on-
set of radial growth nor with the length of the cambium
activity period (Table 4).

Chronological coincidence between bud break,
height growth and radial growth (Fig. 5)

The time between bud break and the end of radi-
al growth was on average 96 and 79 days at sites 1

[]Vanttauskeski (site 1) [[]Laanila (site 2)

IRt | | B I
=« min | | : }
L A:2001 : | | | 7T B
zlehs b &
: | I
5 i i I}_ II i | Figure 5. Chronology of the phenological
Er B I,L | events from bud break to the end of radial
. -.- 3 II growth of Scots pine at Vanttauskoski (site
= I = l_ I II: 1) and Laanila (site 2); the phenological dates
= _I 1 BI 1 | i 3 are represented by their median value and
AT . their range between maximum and minimum
T| B : ! i : j value. Statistical sample size of the pheno-
=5 ‘ | . I ‘ logical events corresponds to number of trees,
Bg ! Hg ! Ro ! H: I R ‘ Re given in Table 1.
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and 2, respectively. Because of the shorter growing
season at site 2 as compared to site 1, all phenologi-
cal processes were gone through faster near tree line
than farther south. From the onset of height growth
(of the young trees) until the onset of radial growth
(of the adult trees) on average three weeks passed at
both sites. The duration between the onset of height
growth and the end of radial growth (i.e., period when
the trees are growing in volume) was on average 83
and 64 days at sites 1 and 2, respectively. Since the
observations in this subchapter were made on differ-
ent tree populations (young vs. adult trees), no cor-
relations were calculated.

Discussion and conclusions

The phenological development of Scots pine in
the northern boreal zone of Finland from bud break to
the end of radial growth follows, generally speaking,
a genetically fixed program, coordinated by phytohor-
mones and modified by environmental factors (Larch-
er 2003). Based on a data set of the pan-European
network of International Phenological Gardens (IPG),
with two locations in northern Finland, Menzel (2000)
revealed a lengthening of the growing season by on
average 10.8 days as compared to the 1960s; this trend
is consistent with observations in North America, al-
though collected over a shorter time period (Richard-
son et al. 20006).

Does such an extension of the growing season
explain why height growth of Scots pine in northern
Finland has accelerated (Pensa et al. 2005) and vol-
ume growth has increased in the recent past (Tomppo
et al. 2005)? According to Jalkanen and Tuovinen
(2001) and Pensa et al. (2005), shoot length of Scots
pine in northern Finland depends on July temperature
of the previous summer. However, it is correlated with
the rate of growth rather than with its duration (Salmin-
en and Jalkanen 2007). In comparison, the annual tree-
ring width is considerably correlated with the early
summer temperature of the current year (Helama et al.
2002, Grudd 2008) and is, similar as shoot length, not
correlated with the duration but with the intensity of
cambium activity (e.g., Emmingham 1977, Deslauriers
and Morin 2005, Vaganov et al. 2006). Our data set
taken at two (climatically different) sites in three (cli-
matically different) years deserves some confidence
but intimates that the situation is not straightforward.

The onset of the phenophases of Scots pine dif-
fered between years, significantly or nearly so, thus
proving a flexible and immediate response to the an-
nually changing environment. By this capability, the
trees take advantage of an early spring to improve or
maintain site dominance (Bailey and Harrington 2006)

and to avoid the risk of late frost damage (Hannerz
1999). Scots pine initiates cambial activity at both sites
when the heat sum, in terms of degree-days, has ac-
cumulated to approximately 12.5 % of the long-term
site-specific sum of degree-days (Seo et al. 2008).

The maximum rate of shoot and radial growth of
our study trees occurred around or slightly later than
the time of maximum day length and not during the
warmest period of the year which is in the second half
of July. This observation is in accordance with Rossi
et al. (2006) who concluded that conifers in cold envi-
ronments have adapted to a constant signal (maximum
day length) to complete cell formation, including wall
lignification, before early frost events may set in.

The end of all phenophases correlated with the
respective onset dates, possibly due to genetic con-
trol (Oleksyn et al. 2000, Savolainen et al. 2004). Height
growth ended when the heat sum, in degree days, had
accumulated to approximately 41% of the site-specif-
ic, long-term heat sum (Salminen and Jalkanen 2007).
The same percentage value was reported for Scots pine
in southern (Raulo and Leikola 1975) and central Fin-
land (Repo et al. 2000). Radial growth was completed
when approximately 80% of the long-term heat sum had
been achieved (Seo, unpubl. data); the variability of
this percentage value between years is, however, high-
er than for the onset of radial growth, thus support-
ing the assumption that for growth cessation temper-
ature is not the only trigger. A connection between
growth cessation and timely frost hardening, suggest-
ed by Repo et al. (2000) for Scots pine, appears to be
ecologically meaningful.

Among the study years, year 2002 was far above-
average warm from April throughout July in northern
Finland and the phenological cycle began (statistical-
ly highly significant) earliest at both sites as compared
to 2001 and 2003. According to Hikkinen and Hari
(1988), Hanninen and Pelkonen (1989) as well as
Wielgolaski (1999), winter chilling and spring temper-
atures are the major influences for the start of the
phenological cycle at high latitudes. This model-based
conclusion agrees well with empirical findings (e.g.
Sarvas 1972; Salminen and Jalkanen 2007). But unex-
pectedly, cambium activity in 2002 ended earliest as
compared to 2001 and 2003, even though July was still
by 1.5°C warmer than the average. Hence, the grow-
ing season in 2002 as a whole has been shifted into
April by one week. For comparison, we may also con-
sider data from the year 1996, obtained for Scots pine
at the same sites and with the same technique as in
the present study (Schmitt et al. 2004). The summer
of 1996 was the coldest during the last 15 years; nev-
ertheless the cambium was active from mid-June to
around early to mid-August and accordingly nearly as
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long as in the years 2001-2003. Trees in cold environ-
ments generally synchronize their annual development
with the average annual temperature cycle (e.g., Par-
tanen et al. 1998), since an untimely onset or cessa-
tion of growth either gives rise to frost damage or
results in an inadequate exploitation of resources (e.g.,
Heide 1985).

In agreement with Gamache and Payette (2004) as
well as Kullman (2007), who referred to the heteroge-
neous topography and regional climate characteristics
along the northern boreal vegetation zone, our phe-
nological data set may be used as a benchmark for
future monitoring activities in ecologically similar sub-
regions.
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XPOHOJOTHYECKAS CBS3b MEXKJIY CE30HHBIM BBICOTHBIM W PAJTUAJIb-
HBIM IIPUPOCTOM OBBIKHOBEHHOM COCHBI (PINUS SYLVESTRIS L.) B CEBEP-
HOM BOPEAJIbHOM 30HE ®WHJISTHIUN

Jk.-Y. Co, X.Canmunen, P. Slakanen u JI. Ixmraiin

Pestome

®DeHodaspl 00BIKHOBEHHOU COCHBI (Pinus sylvestris L.), HaduHasi OT pacIlyCKaHUs MOYeK 10 KOHIa aKTUBHOCTH KaMOus,
ObLIH ¢ OOJBIION BPEMEHHOI TOYHOCTBIO M3YUEHBI B TEUEHNE TPEX CE30HOB POCTa B IBYX MecTax (coorBercTBeHHO B 80 1 300
KM OT I0)KHOHM T'paHHUIIBI Jeca) B ceBepHOU OopeansHOi 30He OuHnsHIuM. B cpepHeM mo m3ydeHHBIM MeCTaM M IO Tofam
pacHmyCKaHHe IIOYEK MPOMCXOJMIO B MEPBOW MOJNOBHHE Mas. II[pHPOCT B JUIMHY Hayalcs BO BTOPOH IOJOBHHE Masd, a
paanaIbHbIA POCT MOCIIEN0BAl 32 STHM B KOHIIE Mas - B HadaJse uioHsa. O6a mporecca JOCTHININ CBOETO MaKCHMyMa BO BTOPOi
IIOJIOBMHE WIOHA, OTYETIIMBO PAHBIIEC CaMOro TEIUIOro rnepuoaa rojaa. l_[pl/IpOCT B UIMHY 3aKOHYMJICA B KOHIIC UIOHA - B Ha4YaJI€
nroist. HakoHel, paxuanbHBIN PUPOCT 3aBepIIMICS B KOHIIE MIONS - B cepeinHe aBrycra. OTciosa cieyer, 4To HepHoj pocTa
OT pacIlyCKaHHUs ITOYEK J0 KOHIA paJHalbHOTO IPUPOCTA 3aHsI B cpepHeM 87 pHedl. OgHAKO JUIMHA TOOMYHOTO Iodera u
LIMPHHA TOJXYHOTO KOJIbIIA HE 3aBUCEIH OT IPOJOJDKHTEIBHOCTH BBICOTHOTO U PaIHalIbHOTO POCTA, TAKXKE KaK OT Ha4aJbHBIX
JiaT IPUPOCTA B JUIMHY M aKTHBHOCTH KaMOUs, COOTBETCTBEHHO.

KaroueBrbie cioBa: oObIkHOBeHHas1 cocHa (Pinus sylvestris L.), ¢eHo(pa3bl, ce30HHBIH BBEICOTHBIH U pagHaIbHbIHA
npupocT, bopearsHast 30Ha
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