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Anthesis was studied at the canopy level in 10 Norway
spruce stands from 9 localities in Finland from 1963 to
1974. Distributions of pollen catches were compared to
the normal Gaussian distribution. The basis for the timing
studies was the 50 per cent point of the anthesis-fitted
normal distribution. Development up to this point was
given in calendar days, in degree days (>5°C) and in
period units. The count of each parameter began on March
19 (included). Male flowering in Norway spruce stands
was found to have more annual variation in quantity than
in Scots pine stands studied earlier.

Anthesis in spruce in northern Finland occurred at a
later date than in the south. The heat sums needed for
anthesis varied latitudinally less in spruce than in pine.
The variation of pollen catches in spruce increased to-
wards north-west as in the case of Scots pine. In the
unprocessed data, calendar days were found to be the
most accurate forecast of anthesis in Norway spruce both
for a single year and for the majority of cases of stand
averages over several years. Locally, the period unit could
be a more accurate parameter for the stand average. How-
ever, on a calendar day basis, when annual deviations
between expected and measured heat sums were con-
verted to days, period units were narrowly superior to
days.

The geographical correlations respect to timing of flow-
ering, calculated against distances measured along sim-
ulated post-glacial migration routes, were stronger than
purely latitudinal correlations. Effects of the reinvasion
of Norway spruce into Finland are thus still visible in
spruce populations just as they were in Scots pine popula-
tions.

The proportion of the average annual heat sum needed
for spruce anthesis grew rapidly north of a latitude of ca.
63° and the heat sum needed for anthesis decreased only
slighty towards the timberline. In light of flowering phe-
nology, it seems probable that the northwesterly third of
Finnish Norway spruce populations are incompletely
adapted to the prevailing cold climate. A moderate
warming of the climate would therefore be beneficial for
Norway spruce. This accords roughly with the adaptive
situation in Scots pine.

Kuusen siitep6lyn irtoamisen eli anteesin ajoittumista
tutkittiin vuosina 1963-1974 puiden latvustasolla 10 met-
sikossd 9 paikkakunnalla. Kuusen kukinnan vuosien vili-
nen vaihtelu osoittautui suuremmaksi kuin aiemmin tut-
kitun mannyn. Siitepdlyn takertumien perusteella saatuja
jakaumia verrattiin normaalijakaumaan.

Ajoittumisen perusteeksi otettiin jakauman 50 % kohta
ja sitd mitattiin paiviasteikolla, tehoisalla limposummal-
la (>5°C) ja period unit -yksikolld. Eteld-Suomeen verrat-
tuna kuusen anteesi oli odotetusti Pohjois-Suomessa myo-
hemmin. Anteesin vaatima limpdsumma ei kuusella vaih-
dellut leveysasteen mukaan yhtd paljon kuin mannylla.
Siitepdlykertymén hajonta kasvoi luoteeseen pdin menti-
essd niin kuusella kuin méannyllakin. Pdivaasteikko osoit-
tautui kuuselle keskiméérin tarkimmaksi yksikoksi (toi-
sin kuin méannylld), kun mitattuja arvoja kaytettiin sellai-
senaan. Paikallisesti period unit -limpdsumma oli toisi-
naan kuusellekin tarkin. Jos lampdsummien erot odote-
tun ja mitatun arvon vililla muutettiin paiviksi ja koko
vertailu tehtiin paividasteikolla, period unit oli kuitenkin
tarkin parametri.

Jadkauden jalkeistd levidmisreittid pitkin mitatut ku-
kinnan ajoittumista koskevat maantieteelliset korrelaa-
tiokertoimet olivat molemmilla lajeilla suuremmat kuin
puhtaasti latitudinaaliset kertoimet. Kuusen aivan kuten
ménnynkin jédkauden jélkeisen levidmisen jéljet nakyvit
siis yhd puupopulaatioissa.

Anteesin vaatiman suhteellisen limpdsumman (Lins-
serin osuus) perusteella arviotuna kuusen niin kuin mén-
nynkin sopeutuminen ilmastoon heikkenee jyrkisti noin
63. leveyspiirin pohjoispuolella, mutta kuusen anteesiin
tarvittava limpdsumma pienenee aina metsinrajalle men-
nessd vahemman kuin méannylla.

Kukkimisaikojen perusteella voidaan havaita, etté luo-
teinen kolmasosa Suomen kuusimetsistd on tilla hetkelld
vaillinaisesti sopeutunut vallitsevaan ilmastoon ja ettid
ilmaston limpeneminen parantaisi kuusen elinmahdolli-
suuksia Pohjois-Suomessa.
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Application and abbreviation of some terms

Active period. The period when a tree is not dormant
(Sarvas 1972).

Annual heat sum. The gross degree-day sum of the whole
growing season.

Anther residues. Shed microstrobili sampled in funnels at
the stand and dried and weighed to quantify male
flowering (see Koski & Tallqvist 1978).

Anthesis. The time of dehiscence of microsporangia and
pollen dispersal.

Autumn dormancy. Precedes winter dormancy; it is the
period when chilling is effective. Sarvas (1974) used
this term.

Biofix. Practically identical to zero point. Means simply a
starting point for heat sum counting.

Coefficient of variation (CV).

Degree day (d.d.). A linear heat sum unit based on daily
mean temperature minus the base temperature. A
base temperature of +5°C was adopted, so the d.d.
sum grows daily by (t-5) d.d.’s.

Ecological latitude. Altitude can be simulated at sea level
by a shift towards the north by comparing latitudinal
monthly temperature differences to the vertical tem-
perature gradient. The ecological latitude expresses
the combined effects of the latitude and the altitude
in a single figure.

Growing season. The part of the year during which the
daily mean temperature stays above +5°C.

Heat sum. The number of any defined units accumulated
under the joint effect of time and temperature.

Homogeneity condition. A curvilinear regression can sim-
ulate thermal reactions of a physiological process as
long as the reaction remains the same. This is not
exactly true for long periods (cf. Wang 1960). Relati-
vely long periods of more or less homogeneous deve-
lopment can more readily be found in generative
development than in vegetative growth.

Linsser's law. Linsser (1867) held that the relative heat
sum needed for a given stage of development should,
in well-adapted populations, remain the same at any

locality when weighted by the average annual heat
sum of that locality.

Migration distance. In this context means the distance
between two points on the earth calculated by spheri-
cal trigonometry. The true distances in reinvasion of
trees were necessarily longer.

Number of antheses (n). Number of antheses studied
(years/stands). For the significance tests of correlation
coefficients, n—2 degrees of freedom were adopted,
and for partial correlation coefficients n—-3 d.f. were
used.

Period unit (p.u.). Progress in development within one
hour at 10°C is equivalent to 5 period units according
to Sarvas (1972). This curvilinear regression is limi-
ted to the active period. In this study, the period unit
is considered as a heat sum unit, even though Sarvas
(1972, p. 67) did not consider it as such, as no threshold
is used in p.u.’s as in conventional heat sums.

Significance levels. The following abbreviations are em-
ployed to represent the significance of correlation

coefficients: almost significant, p < 0.05 =" ; signifi-
cant, p < 0.01 = ** ; highly significant, p < 0.001 = ***
Standard deviation (SD).

Sunhours. The day length according to the almanac, i.e.
according to the upper edge of the sun. It is longer
than the astronomical day length.

Temperature sum. Identical to heat sum.

Within-year variation (of anthesis). The character of the
basic pollen catch distribution curve. This is visible
on probability paper as the gradient of the line fitted
to the accumulation pattern of daily pollen catches. It
is measured by the standard deviation of the distri-
bution.

Zero point. The onset of either the active period or winter
dormancy. While this concept is somewhat theoreti-
cal, it means the relatively rapid physiological change
from one major phase of the annual cycle to another.
Sarvas (1974) considered the onset of winter dorman-
cy as the zero point of the entire annual cycle.

Luomajoki, A.
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1. Introduction

Methods for phenological studies have improved
from the earliest simple observations of the onset
to completion of flowering to comprehensive
investigations covering the whole suite of flow-
ering sequences (Sarvas 1972). Dedicated pollen
monitoring and temperature measurement equip-
ment for use at study sites have long been avail-
able.

For a phenological study in northern, partly
marginal areas, it is essential to pay attention to
the annual variations in climate. Temperatures in
Finland varied such that in southernmost sample
stands the average annual heat sum over the
thirty year period from 1951 to 1980 was 1340
degree-days (over 5°C), with 1 per cent probabil-
ity for single years being close to 1000 and 1700
d.d., respectively. In the region of the northern-
most spruce stand the average was 700 d.d., with
1 per cent probability for single years being at ca.
400 and 1100 d.d., respectively, as calculated
from database of Ojansuu & Henttonen (1983).
Annual variation in temperature sums was also
relatively greater in the north than in the south
(see Luomajoki 1993).

The aim of this study is to analyze the geo-
graphical variation found in pollen catch and in
the timing of anthesis in Norway spruce. The
route of reinvasion of Norway spruce into Fin-
land after the last glaciation is largely known
(Aartolahti 1966, Tolonen 1983). Is the route
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still visible in the pattern of the phenological
characteristics of anthesis? My further aim is to
study the amount of phenological variability in
the northern marginal stands and the effect of
annual temperature sums of the previous two
years on the timing of flowering and on amount
of pollen production. The geographical adapt-
ability of the generative cycle to local climate
will be appraised by Linsser’s law (Linsser 1867).

The efficacy of two temperature sum systems,
a linear and a curvilinear one, was compared
with simple calendar time as delineators of gen-
erative development. The investigation address-
es the following questions: How do the pheno-
logical characteristics of flowering in Norway
spruce compare to those in Scots pine? Are the
geographical correlations similar in magnitude
and direction? Is the amount of measurable ad-
aptation the same?

Is there any benefit in using the idealized pol-
len distribution curve mean as a reference com-
pared to simple observations of the day of peak
pollen catch? The effect of a possible change in
climate in future will also be evaluated.

To answer these questions, the geographical
variation of pollen catches measured, the varia-
tion in the timing of anthesis and the within-year
and the between-the-years variations involved
were used.



2. Material and methods

2.1 Pollen registration

This study concentrates on the features of male
flowering at anthesis in Norway spruce stands
(Table 1, Fig. 1) in Finland from 1963 to 1974.
The material was collected at the former Depart-
ment of Silviculture of the Finnish Forest Re-
search Institute. Similar studies were made in the
1950‘s and early 1960°‘s, but in 1963 a more
reliable model of pollen registering equipment
was available.

The material consists of 85 complete registra-
tions of antheses (years/stands) from 1963 to
1974 in 10 stands. No single stand was studied in
all of the twelve years of the period from 1963 to
1974, but two stands were studied in eleven con-
secutive years and 7 stands from 1966 to 1969
(Table 1). The mature stands of at least a few
hectares were classified as normal stands for
pollination (see Sarvas 1962). They had been
subjected to silvicultural thinnings in the normal
way. Antheses were measured in each stand at
tree-top level by 1 to 3 self-recording pollen
samplers (mod. Sarvas-Vilska 1963, see Sarvas
1968). Three samplers was the ideal not always
met, while two were normally used. The mean of
daily pollen catches was used in calculations
where more than one sampler were used. A ther-
mograph was also placed at tree-top level in each
stand, except for one occasion, stand Kittild IIT
in 1965. The accuracy of meters was checked
two to three times a day.

The pollen catch was microscopically counted
from the recording bands and the results were
prepared in terms of daily catches of the record-
ers, catch averages, cumulative sums and cumu-
lative percentages of the pollen catch as illustrat-
ed by Sarvas (1972). The ascending cumulative
percentages were then plotted with the aid of a
computer program. The ordinate scale was a
Gauss integral and the abscissa scale was linear
(probability paper). The abscissa showed the cu-
mulative temperature sum at the end of each day
(corresponding to the measurement of the cumu-
lative pollen catch).

A normal distribution is represented as a straight
line on probability paper. Lines of best fit within
the interval from minus 2 standard deviations to
plus 1.2 standard deviations over the mean (from
2.3 to 88.5 per cent) were drawn by SYSTAT/

SYGRAPH® Multivariate General Linear Hy-
pothesis computer program. (Observe mistake
by the author (Luomajoki 1993 p. 8) in this very
connection in a paper on Scots pine: instead of
“standard deviation”, “normal distribution” was
erroneously used.)

The cumulative daily catches, considered as
percentages of the total catch, approximately lie
(on probability paper) on a single line, indicating

Fig. 1. Localities of the anthesis materials studied. One to
two experimental stands (see Table 1) were studied at
each locality which were in latitudinal order: 1. Bro-
marv (annexed in 1977 to Tenhola parish and later to
Tammisaari in 1993), 2. Tuusula, 3. Jokioinen, 4.
Heinola, 5. Punkaharju, 6. Kuorevesi, 7. Rovaniemi,
8. and 9. Kittild. The distance between localities 1.
and 9. is ca. 890 km. EE and SE are reference points
for calculations of migration distances.

Luomajoki, A.

Table 1. Stand characteristics and years of study.

Stand Locality Latitude Longitude Elevation, Age,  Years of study Years of min. Remarks on stand
m years pollen catch
in 1970
Bromarv [ 1 60°02'  23°05' 27 126 1963-73 1963, 68 Clear cut in 1976
Heinola 566 4 61°08'  26°02' 113 120 1966-71
Jokioinen I 3 60°50"  23°30' 106 51 1966-73
Kittila III 8 67°44'  24°50' 230 84 1965, 67-69, 71 1968 No temperature
measurement in 1965
Kittild, Pallas IV 9 68°02"  24°09' 275 172 1963, 65-73 1963, 66, 69
Kuorevesi XXXV 6 62°01'  24°48' 110 110 1965-71
Punkaharju LII 5 61°49'"  29°20' 92 96 1964-74 1972, 74 Origin Finland, Lammi.
Clear cut in 1975-76
Rovaniemi XVIII 7 66°21'  26°40' 182 129 1963-73 1963, 66, 68, 72
Tuusula XXX 2 60°21'  25°02' 53 91 1964-73 1968, 72
Tuusula XXXIV 2 60°22'  24°59' 50 67 1967-73 400 kg urea/ha given

in winter 1967-68

Plot numbers come from the former Dept. of Silviculture, part of Dept. of Forest Production from 1992.

All origins are local except for Punkaharju LIIL

a nearly normal distribution. However, the early
and the late observations usually deviate from
normality, so that the first percentages are slight-
ly larger than expected while the last ones are
smaller than expected (Fig. 2).

Omitting the tails of the distribution that devi-
ate from normality seemed justifiable because a
line with a closer fit using central points (per-
centages) near the mean was achieved, thus elim-
inating the effects of secondary pollen. The stand-
ard deviation was apparent from the computed
line of best fit, so a measure for the variation
within a single anthesis was obtained. The mean
(the 50 per cent point of the theoretical distribu-
tion) itself was unaffected by the dispersion; it
was unbiased.

2.2 Temperature data

The matching temperature data from thermo-
graphs located at tree-top level in the stands
were processed to give two kinds of temperature
sums used as phenological parameters. The first
was a daily degree-day sum (over +5°C) and the
other a more specialized hourly temperature sum
that obeys a curvilinear regression. That regres-
sion was developed by Sarvas (1972) by the
means of generative plant material forced at var-
ious temperatures. He named the new unit a
“period unit”.

The mean of each anthesis was initially deter-
mined as a period unit sum. The daily accumula-
tion of p.u.s was computer-tabulated at intervals
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of two hours for all the stands and years of study,
and the relevant degree-day heat sums and dates
were also read from the computer sheet. Three
interchangeable measures (phenological param-
eters) of the mean of each anthesis were thereby
generated. The parameters can be compared in
Table 2a and 2b: each coefficient of variation is a
measure of the between-years variation. Lack of
stand-specific temperature measurements caused
the rejection of one observation cycle from tim-
ing data (Kittild III in 1965). The most extreme
onset and termination dates of antheses are also
presented standwise in this table.

A rather arbitrary zero point (biofix) was cho-
sen for this study in order to match (and include)
the first day with a 12 hour photoperiod (sun-
hours measured from the upper edge of the sun),
i.e. the 19th of March, close to the (mathemati-
cal) vernal equinox. Earlier starting dates were
impossible owing to shortcomings of early tem-
perature data. The data in certain cases had to be
supplemented with the temperature recordings
taken from near-by stands. With regard to the
timing of anthesis, all dates after March 19th
produce larger variations in the temperature sum
data.

The zero point chosen did not affect the de-
gree-day data (i.e. the biofix was not effective),
but it did reduce the period unit sums in southern
Finland in certain years when the onset of spring
was early.

The date for the 50 per cent point of the theo-
retical pollen distribution can be compared with
the peak pollen catch day. The relative value of



STANDARD DEVIATIONS VS. THE MEAN
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Fig. 2. The cumulative distribution of daily pollen cat-
ches at Bromarv stand I in 1972, with confidence
limits at a probability level of 95 per cent. The central
larger squares are used to position the line and the
smaller ones are excluded beyond the limits of -2
and +1.2 standard deviations (see Chapter 2.1).
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STANDARD DEVIATIONS VS. THE MEAN

1000 3000 6000 7000 9000
P.U. HEAT SUM

Fig. 4. The cumulative pollen catches at Jokioinen in
1966-1973. Points between -2 to +1.2 standard devi-
ations were used to position the lines. Catches beyond
these limits are also shown. The effects of refloated
pollen in the upper region (beyond the +1.2 SD limit)
are conspicuous.

these reference points can so be assessed in terms
of variability.

Diagrams showing the progress of anthesis were
drawn up from daily average catches divided by
the p.u. temperature sum accumulated each day.
Seven of the total of 85 antheses under study were
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Fig. 3. Pollen catches at Jokioinen in 1966-1973. The
daily catches per mm? are divided by the period unit
heat sum of each day (the ordinate). Compare to
Fig. 4.

published by Sarvas (1972) as such pictures. The
bulk of the data has not been used earlier in any
other manner. Further examples of the diagrams
are shown in Fig. 3. Compare this form of presen-
tation to Fig. 4 in which the same years of the same
site (Jokioinen I) are shown on probability paper.
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2.3 Other variables

Latitudes and longitudes were used in calculat-
ing correlations to expose the usual geographical
trends. The combining of latitudes and the effect
of stand altitudes was possible by using climato-
logical data by Laaksonen (1976) whose study
gave the rates of monthly mean temperature
change both latitudinally and with respect to
altitude. Values from March to May were used to
calculate the transformation for southern Finland
up to Kajaani (64°15' N.lat.) while values from
April to June were used for northern Finland. In
the present study the combination of latitude and
altitude is called the ecological latitude. Finland
is quite flat, the highest altitudes occurring in the
north. To consider an increase in altitude as equiv-
alent to an increase in latitude thus stretches the

latitudinal scale in an uncomplicated manner from
the south to the north. The sample stands lie at
altitudes from 27 to 275 meters.

A new co-ordinate system was created to help
geographical conclusions. Accordingly, two geo-
graphical locations were chosen as reference
points for calculating migration distances. One
called the EE-point is the easternmost point of
Finland (62°54’N.Iat. and 31°35°E.long.) and the
other was located at the point of intersection of
the latitude of the southernmost point and the
meridian of the easternmost point of Finland
(59°48’N.1at. and 31°35’E.long.). The latter point
(called the SE-point) is on the Karelian Isthmus
in Russia (see Fig. 1).

Anther residues and seed crop data by Koski &
Tallqvist (1978) were used for the calculations
presented in Table 6.

3. Results

3.1 Flowering characteristics

Norway spruce flowered quite regularly, and at
least minimal male flowering occurred every year.
However, flowering varied considerably in terms
of quantity. All the completed observation series
enabled quantification of the pollen catch. For
timing purposes only antheses with pollen catch
total sums from the whole pollen period of 15
pollen grains/mm? (a purely technical value) or
larger were used to determine the required point
of 50 per cent completion of anthesis. While the
range of pollen catches in the 85 cases was as
large as 0.8-1779.4 grains/mm? (CV = 1.124),
fourteen antheses had to be excluded from calcu-
lations as they were below the limit. The restric-
tion regarding a minimal total pollen catch, for
the timing of the 50 per cent point of anthesis,
was necessary to prevent background pollen from
giving spurious timing data. Background pollen
can still inflate readings given for duration of
anthesis. The more variable pollen crops in Nor-
way spruce caused more exclusions than that
was necessary in the case of Scots pine.

3.2 Timing of anthesis
Male flowering in Norway spruce was found to

begin as early as May 15 in southern Finland and
it could extend to as late as July 5 in northern
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Finland (Table 2a). The onset and the termina-
tion of flowering were judged on the basis of the
first and last pollen catches on the registering
band. The relative level of air temperatures dur-
ing spring and early summer influenced the tim-
ing in an individual year. However, the occur-
rence of anthesis over several years in the indi-
vidual stands remained surprisingly constant in
calendar time.

The average duration of anthesis in the differ-
ent stands varied between 11.8 days to 20.4 days
as judged from the recorded pollen catches (i.e.
with some secondary pollen). High coefficients
of variation (expressing variation between years
in particular stands) were found: from 22.4 to
54.1 per cent (Table 2a).

The performance of the three parameters was
evaluated in two ways: using coefficients of var-
iation of the unprocessed stand data, and subse-
quently on a day basis, when the annual devia-
tions in heat sums had been converted to days.

3.2.1 Simple heat sum basis

In the basic data, the period from March 19th to
the 50 per cent completion point of anthesis
varied from 4702 to 5133 period units in stand
means (Table 2a). The respective coefficients of
variation ranged from 3.2 to 7.9 per cent. During
the same period heat sums varied from 127.7 to
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4.0
4.4
4.4
2.9

70).

Period units converted to days
Mean of
deviations
2.12
1.44
1.25
311
1.76
235
2:73
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Table 2b. Comparison of timing parameters on a day basis (stand means).

Period March 19th to SO per cent anthesis completion (n

The values in brackets refer to the number of

* Fifteen yearly
Heinola 565
Jokioinen |
Kittila 111

Kittild, Pallas IV
Kuorevesi XXXV
Punkaharju LII
Rovaniemi XVIII
Tuusula XXX
Tuusula XXXIV

Bromarv |

Stand

Pattern of accumulation of various units in measuring the timing of anthesis.

| Calendar days

E Period units

March 19th
(biofix)

, Degree days
®
Anthesis 50 per cent
completion

Fig. 5. A schematic pattern of accumulation of various units for measuring the timing of anthesis. The
calendar day scale is an uniform variable that runs unchanged from day to day. Period units
usually start to accumulate before biofix (March 19th) while degree days usually start to
accumulate after the biofix. Both heat sum types accumulate at an increasing rate so that larger
daily heat sums occur near the end of the period of study. Neither the onset of the accumulation of
period units nor that of degree days is a useful point to place the biofix.

155.7 degree days. The respective coefficients of
variation were from 5.4 to 18.6 per cent. In cal-
endar time, the period under study ranged from
74.0 to 97.2 days. The coefficients of variation
for days were from 1.6 to 6.0 per cent. In the
basic data (Table 2a), calendar days were the
least variable measure of timing in seven of the
stands. Period units varied least in three stands,
whilst degree days were always more variable
than the two other measures.

The occurence of peak pollen catches in Nor-
way spruce were, on average, 0.27 days earlier
than the reference point for the timing the 50 per
cent completion of anthesis. This was the out-
come of a pairwise comparison of the timing
data (n = 70). (The peak pollen catch day data in
Table 2a are calculated from the full material of
n = 85.) Using the day of the peak pollen catch as
a reference point instead of anthesis 50 per cent
completion clearly decreases the consistency of
results in terms of calendar time. The day of 50
per cent completion was a more reliable refer-
ence point in seven out of ten cases, while the
peak pollen catch day was better in two stands
and there was also one case when both methods
gave an equal variation coefficient of 2.8 per
cent. However, the peak pollen catch day as
related to calendar time was a less variable meas-
ure for the timing of anthesis than degree days
(at 50 per cent anthesis completion) of the basic
data in all of the ten cases. Further, the peak
pollen catch day was nearly equal in constancy
to period units, as period units scored six and the
peak pollen catch day four wins out of ten.
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3.2.2 Heat sums converted to a day basis

A comparison of parameters was also made on the
basis of days (Table 2b). In this comparison, the
observations made in calendar days remained as
they were, but for heat sums the expected heat
sum (stand mean) and each observed annual value
were compared. For each year of study, the stand
average heat sum was traced on the particular
annual heat sum scale either forward (to higher
heat sums) or backward (to lower heat sums); the
day on which the sought heat sum fell was then
determined. This method compensates for the
fact that the daily heat sums increase towards the
end of the period under study (see Fig. 5).

The annual deviations of heat sums proved
smaller on a day basis, as was expected. The
results of this comparison are shown in Table 2b.
On a day basis, period units were the least varia-
ble measure of timing in four of the stands. Fur-
ther, period units were equal in accuracy to cal-
endar days in one stand and to degree days in
another (Table 2b). Calendar days also performed
well, being the least variable in three stands and,
as noted above, producing the same coefficient
of variation (3.3 per cent) in one stand. Degree
days performed best in one stand and were equal
with period units in another, as already observed.

In a few cases, each of the three parameters of
the converted data gave the same forecast, i.e.
the same day. This means that in a particular
year, the values of all parameters for the timing
of 50 per cent completion of anthesis fell close to
the stand mean. In most years, this coincidence
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Fig. 6. Accumulated degree-day heat sums by May 31st of six locations during the period 1963-1974
(marked with black dots) are compared to other years of a thirty-year reference period 1959-1988
(open circles). The weather stations of the Finnish Meteorological Institute chosen were in
latitudinal order: Helsinki—Vantaa (60°19°N.lat., 24°58’E.long; the observations of 1986 were
made at Tuusula/Hyryld at 60°25°N.lat., 25°02°E.long.), Jokioinen (60°49’N.lat., 23°30’E.long.),
Punkaharju (61°48’N.lat., 29°20’E.long.), Kajaani (64°17°N.lat., 27°41’E.long.), Rovaniemi/
Apukka (66°35°N.lat., 26°01’E.long.) and Sodankyla (67°22’N.lat., 26°39’E.long.). The regres-

sion line is Y = 1128.4 — 15.93 X (R? = 0.476).

occurred only in single stands. However, in 1971
this phenomenon occurred in as many as five
stands. 1971 was an average year in terms of d.d.
heat sums (Fig. 6). Further, the maximum distri-
bution of values was recorded in 1967 (stand
Rovaniemi XVIII) when the range between fore-
casts was nine days. In 1965 (stand Kittild V)
the range was eight days.

Mean deviations in days between the expected
and the observed days are also given in Table 2b.
These mean deviations do not correlate fully with
the coefficient of variation used as the principal
measure. The reason for this is that coefficient of
variation involves squared annual deviations,
while the mean of annual deviations involves only
simple (unsquared) values. Using the mean of
annual deviations, rather than coefficient of var-
iation, would make degree days the second best
parameter and better than calendar days.

When reading Table 2b it should be noted that
the day column (on the right) gives the original
day data based on observations, while the period
unit and degree day converted scales (the two
leftmost columns) are hypothetical.
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3.3 Geographical trends

Finnish conifer forests are young owing to the
relatively recent deglaciation of our country.
Norway spruce invaded Finland from the east
and southeast after Scots pine. Two rather arbi-
trary reference points, the EE-point and the SE-
point (Fig. 1) were used to calculate simulated
migration distances. For simplicity, seas and other
waterways were not considered in this scheme.
Using stand distances from these points (rather
than latitudes and longitudes) in the calculations
allows a rough assessment of migration route
effects on adaptative characteristics.

3.3.1 Correlations on an individual anthesis
basis (n = 70)

Both kinds of heat sums relevant to the timing of
anthesis were correlated with longitude. The cor-
relations were significant, while the correlations
between duration in days and both latitudes were
highly significant (Table 3a). Conversely, corre-

Luomajoki, A.

Table 3a. Correlations of heat sums and durations involved in anthesis (n=70).

Period from March 19th to 50 per cent anthesis completion

Length of anthesis

In period units In degree days > 5°C  In days In period units In days
Latitude —0.245* -0.172 +0.900*** —0.431%** —0.376**
Ecological latitude —0.246* -0.176 +0.900*** —0.437*** —0.383***
Longitude +0.351** +0.378** +0.012 —0.047 —0.106
Distance from EE —0.464*** —0.322%* +0.463*** —0.124 —0.046
Distance from SE —0.410*** —0.322** +0.859*** —0.367** -0.282*
Years since reinvasion" +0.423*** +0.335** —0.374*** +0.055 -0.016
Degree days of previous year +0.386***  +0.299* —0.856*** +0.450%**  40.394***
Degree days of 2 years earlier +0.323** +0.212 —0.738*** +0.420***  +0.322**
Age of stand -0.212 —0.088 +0.597*** —0.351** -0.276*

“ According to Tolonen (1983)
¢ P < 0.05 almost significant
** P < 0.01 significant

*** P <0.001 highly significant

Table 3b. Partial correlations of heat sums and durations involved in anthesis: effects of latitude removed (n=70).

Period from March 19th to 50 per cent anthesis completion

Length of anthesis

In period units In degree days > 5°C  In days In period units In days
Longitude +0.397*** +0.409*** —0.236* +0.009 -0.064
Distance from EE —0.414*** —0.337** +0.305%* +0.047 +0.112
Distance from SE —0.441*** —0.382*** +0.278* +0.047 +0.132
Years since reinvasion +0.385%** +0.306%* —0.343** —0.063 -0.125
Degree days of previous year +0.395%**  +0.339** —0.231 +0.158 +0.135
Degree days of 2 years earlier +0.248 +0.134 +0.440*** +0.075 —0.053
Age of stand 1 -0.094 +0.010 +0.261* —0.148 —0.085

lations between heat sums and both latitudes and
respectively, calendar days and the longitude were
not significant, but almost significant between
both latitudes and period unit heat sum.
Interestingly, heat sum correlations with re-
spect to migration distances from EE and SE
were considerably higher than those with the
latitudes, the distance to the EE-point giving
with period units the highest value (Table 3a), a
correlation coefficient of r = —0.464""". General-
ly speaking, period units produced higher corre-
lations than degree days, but the highest correla-
tions occurred with duration in days. Approxi-
mate reinvasion years at an accuracy of 100
years can actually be interpolated from a map
presented by Tolonen (1983). Correlations cal-
culated according to Tolonen’s map (Fig. 7) agree
quite well with correlations calculated against
distances to point EE (Table 3a, Fig. 8).
Calendar days differed from the other meas-
ures of timing (p.u. and d.d. heat sums) by hav-
ing the highest correlations with latitudes, rather
than with distances to the EE or SE-points (Ta-
ble 3a). The highest correlation coefficients were
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the correlations between days and both latitudes
(both r = 0.900***, Fig. 9), while the correlation
coefficient between days and the distance to the
SE-point was r = 0.859""".

The duration of anthesis in days (apart from
days as a timing measure) was correlated latitu-
dinally at a significant level (r = -0.376™"", see
Table 3a), and it also correlated with the cumula-
tive pollen catch (r = 0.370™, see Table 6). In
terms of the length of anthesis in period unit heat
sums, there was also a highly significant latitudi-
nal correlation, antheses being shorter in the north
(r=-0.431"", see Table 3a).

From Tables 3a, and 4a it is evident that there
are no noteworthy differences between latitude
and ecological latitude. Altitudinal effects were
not prominent in this material.

Many of the factors involved are evidently
naturally correlated with latitude. This is true for
the simulated migration distances, the average
heat sums at any given locality, the age of a stand
and the dominant height of a stand (not included
in the data). Partial correlations in which the
effects of latitude are removed were therefore
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Fig. 7. The post-glacial reinvasion of Norway spruce into
Finland (after Tolonen 1983). Isochrones (years B.P.)
imply years elapsed since arrival of spruce. Black
dotted chain (a) = northern timberline of Norway
spruce, open dotted chain (b) = northern timberline
of Scots pine.

helpful. Considering distances to EE and SE-
points, partial correlations with period units rele-
vant to timing were highly significant and, re-
spectively, also with degree days in the case of
the distance to SE-point (Table 3b).

On the basis of the partial correlations in Table
3b, it was concluded that the age of the stand had
no effect on the timing of anthesis in this materi-
al. In all cases the trees were of sufficient age to
avoid any youth-bound effects in timing, although
the northern stands are generally older than the
southern stands. A warm summer seems to in-
crease the heat sums needed for flowering in the
following year, which would usually indicate
later flowering. The partial correlations for peri-
od units and degree days are highly significant
and significant, respectively (Table 3b).
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Fig. 8. The dependence of the required period unit sum
for 50 per cent anthesis completion on the distance
from the EE-point. Stand means are used. The regres-
sion line is Y = 5298.5 — 0.898 X (R? = 0.692).
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Fig. 9. The number of days since March 19 needed for 50
per cent anthesis completion with reference to la-
titude. Year 1969 (stars) and year 1967 (circles) and
other yearly values (dots) are shown. The regression
line is Y = —81.846 + 2.584 X (R? = 0.810).

3.3.2 Correlations on a stand basis (n = 10)

The correlations shown in Tables 3a and 3b were
also calculated on a stand basis (n = 10), but are
not shown as a separate table for the sake of
clarity. This extra calculation was strictly a safe-
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Fig. 10. The period unit sums required for 50 per cent
completion of anthesis with reference to latitude.
Year 1969 is shown by stars and year 1967 by circles.
Other years are indicated with dots. The regression
line is Y = 6356.1 — 23.272 X (R? = 0.060).
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Fig. 12. Annual heat sums in 1951-1980 in Scots pine
stand localities (Luomajoki 1993). A simulation pro-
gram (Ojansuu and Henttonen 1983) based on tem-
peratures measured at 80 (in 1951) to 157 (in 1979)
stations was used. The regression line is Y = 5764.5 —
73.8 X, with confidence limits of 99 per cent level.

ty measure. The observations originating from
different years but in the same stand are not as
independent as the theory of correlation analysis
actually demands. However, using stand aver-
ages instead of values of individual years (n =
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Fig. 11. These stand averages of d.d. heat sums for attain-
ing 50 per cent anthesis completion were used toget-
her with average annual heat sums (similar to Scots
pine data shown in Fig. 12) to calculate Linsser’s
quotient (Fig. 13). The regression line is Y = 219.59
—1.266 X (R* =0.208).

70) in the calculations did not result in equally
significant correlation coefficients as those in
Tables 3a and 3b. Following calculations based
on stand means, the only geographical correla-
tions from Table 3a that remained significant
were those of period units against distances from
EE and SE and years since reinvasion, while the
correlations between timing in days and both
latitudes and, respectively, the correlation be-
tween days and the distance from the SE-point
were all highly significant. The correlation be-
tween calendar days and the annual degree day
sum of the previous year retained its highly sig-
nificant level. The fewer significant correlations
can be attributed to the low number of degrees of
freedom available (eight). Partial correlations also
fared poorly, but the correlation between period
units and the distance to the SE-point remained
significant. The correlation between degree days
and the annual degree-day heat sum of the previ-
ous year also remained significant in the stand-
wise calculation process.

3.4 Stability of correlations: differences
between years
Table 4a presents a comparison between the years

1966 to 1969. With yearly material from 6 to 10
stands, the statistical significance criteria are
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9). Period March 19th to 50 per cent anthesis

6, 1967: n=10, 1968: n=6, 1969: n=

Table 4a. Differences between years in correlations of heat sums and durations (1966: n
completion.

p—
N

In days
1968 1969

1967

1966

1967 1968 1969

In degree days > 5°C

1966

In period units
1968 1969

1967

1966

+0.230
+0.349
+0.891**
-0.179

6, 1969: n=9). Period

-0.226
+0.694
—0.691

+0.945%**  +0.975%** +0.958***

+0.934***  4+0.976*** +0.971***
—0.947***  —0.955*** —0.968***
—0.949%**  _0.977*** —0.943***

+0.922***  +0.930**

+0.639*
—0.566

-0.117

—0.355
—0.487
-0.096
+0.205
+0.173
—0.263
+0.652

+0.501
6, 1967: n=10, 1968: n

-0.421
—0.435
+0.611
—0.689*
—0.674*
+0.598
+0.481
+0.558

+0.072
+0.052
+0.254
+0.093
+0.032
—0.142
+0.013
—0.058

—0.534
-0.518
+0.548
—0.837**
+0.770**
+0.580
+0.584

—0.971*** —.753**

+0.558
+0.543
+0.949**
—0.907**
+0.889**
-0.335
-0.010

—0.384
-0.377
+0.625
—0.915***
—0.725*
+0.871**
+0.452
+0.512

—0.231
-0.252
+0.013
+0.092
-0.143
-0.152
+0.248
+0.214

-0.393
-0.384
+0.605*
—0.852**
—0.651*
+0.813**
+0.448
+0.455

+0.922**
+0.910**
+0.800*
—0.914**
—0.701
+0.929**
Degree days of previous yr —0.780*

P < 0.05 almost significant
P < 0.001 highly significant

P < 0.01 significant

Table 4b. Heat sums and durations: differences between years in partial correlations removing effects of latitude (1966: n

Degree days of 2 yrs earlier —0.564

Latitude

Ecological latitude
Longitude

Distance from EE
Distance from SE
Years since reinvasion
* Kk

*
*k

March 19th to 50 per cent anthesis completion.

In days
1968 1969

1967

1966

In degree days > 5°C
1968 1969

1967

1966

In period units
1968 1969

1967

1966

+0.060
+0.169
+0.211
—0.206
-0.026
+0.187

-0.123
+0.468
+0.328
-0.522
-0.050
-0.323

—-0.481
+0.506
+0.405
—0.596
—-0.489
—-0.543

+0.172
—0.148
+0.021
+0.063
+0.779
+0.383

+0.797*
—0.645
—0.735*
+0.602
+0.813**
+0.822**

+0.276
+0.061
-0.092
-0.124
+0.385
+0.108

+0.686*
—0.775**
—0.825**
+0.719*
+0.584
+0.588

+0.926**
—0.931**
—0.974***
+0.924**
+0.417
+0.818*

+0.790*
—0.905***
—0.927***
+0.896**
+0.904***
+0.754*

—0.036
+0.315
+0.191
-0.384
+0.107
-0.117

+0.684*
—0.824**
—0.844**
+0.779**
+0.620
+0.644*

+0.743
—0.745
—0.857*
+0.751

Degree days of previous yr +0.208
Degree days of 2 yrs earlier +0.640

Distance from EE
Distance from SE
Years since reinvasion

Longitude

stricter than in larger materials. The significance
of correlations suffered from the rather small
number of observations, and the situation did not
improve when the effects of latitude were re-
moved in partial correlations (Table 4b). Over-
all, the geographical correlations, especially the
partial correlations, were found to be unstable.

The correlations between timing in days and
both latitudes were highly significant from 1967
to 1969, but 1966 was an exception (Table 4a).
The correlation regarding the distance from the
SE-point behaved similarly to the latitudinal cor-
relations, but at a little lower numerical, signifi-
cant or highly significant, level. The correlation
between distance from the EE-point and period
units was significant or highly significant in 1966,
1967 and 1969, with 1968 being the exception.
The effects of temperatures of two previous years
were only seen in the highly significant correla-
tion coefficients for days in 1967-1969, but not
in 1966.

There were also other, systematic, differences
between the years. A difference can be found
between the years 1967 and 1969 as well as in
terms of heat sums and days (Figs. 9 and 10). In
1967, the heat sums at 50 per cent completion of

N
o
1

PERCENTAGE OF ANNUAL DD. SUM
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39 42 45 48 51 54 57 60 63 66 69 72
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Fig. 13. The proportion (Linsser’s quotient) of the avera-
ge annual d.d. heat sum (1951-1980) required for 50
per cent completion of anthesis. The additional points
far south of Finland are 1. Bedovice, CSSR, year
1958 (Sarvas 1967 referring to Chalupa 1964) and 2.
Eberswalde, Germany, year 1936 (Sarvas 1967 refer-
ring to Scamoni 1955). The curve fitted is Y = 9.826
+ e-7,2ﬂ(\*0ﬂ)205 X< (RZ = 0969)
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anthesis tended to be lower than the average and
this reference point also occurred earlier in cal-
endar time.

3.5 Adaptation

To measure the adaptational situation, the heat
sums needed for reaching the point of 50 per cent
completion of anthesis were divided by the aver-
age annual heat sum of the locality and given as a
percentage. This method had been already sug-
gested by Reaumur (cit. Robertson 1973) while
Linsser (1867) gave more information on the
adaptability of species at various localities. This
method is only applicable to degree days (Figs.
11 and 12) owing to the need for additional
material from European localities south of Fin-
land which only have been measured in this
form. With the aid of this additional reference
material, it becomes evident that the adaptation
of Norway spruce suffers considerably north of a
latitude of ca. 63° as increasing percentages of
annual heat sum are needed for anthesis (Fig. 13).

The correlations between geographical varia-
bles and the within-year variation of anthesis in
terms of p.u. sums were not significant (Table 5).
The variation in flowering time between the years
with respect to period unit heat sums only had a
minor northwards flux. The corresponding vari-
ation along the two hypothetical migration routes
increased measurably but not at a significant
level (Table 5). The years elapsed since reinva-
sion gave correlation coefficients of similar mag-
nitude to distance from the EE-point (but with a
negative sign). The Punkaharju stand LII origi-
nating from Lammi called for an alternative cal-
culation using reinvasion year values for Lammi
instead of those of the stand site. The differences
were, however, small and not significant. Only
the figures according to the site are shown.

3.6 Pollen catch

The total pollen catches measured were relative,
rather than quantitative values due to natural
effects of wind and rain. However, the catches
correlated with anther residues assessed in the
same years in the same stands (n = 84; figures
from Koski & Tallqvist 1978) at a highly signif-
icant level r = 0.816""" (Table 6, Fig. 14). The
effect of the amount of pollen catch on seed
production in the following year was also highly
significant (r = 0.710""). Both correlations re-
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Table S. Correlations with variation coefficients of period unit heat sums of antheses.

Variation within each yearly anthesis

in period units (n=70)

Correlation  Partial correlation with
effects of latitude removed

Variation of period unit sums
between years at each stand (n=10)
Correlation  Partial correlation with
effects of latitude removed

Latitude -0.125 -
Ecological latitude -0.123 +0.037
Longitude -0.023 -0.007
Distance from EE -0.083 -0.038
Distance from SE -0.123 -0.025
Years since reinvasion +0.050 -0.025

—-0.042 -
—0.040 —-0.023
-0.282 —0.280
+0.306 +0.383
+0.074 +0.306
—0.401 —0.455

None of the correlations are significant

Table 6. Correlations with total pollen catch (n=84).

Correlations  Partial correla-

tions with
effects of latitude

removed
Latitude —0.330** -
Ecological latitude —0.335** -0.101
Longitude -0.007 +0.031
Distance from EE -0.134 +0.004
Distance from SE +0.298* +0.002
Years since reinvasion +0.089 -0.007

Lenght of anthesis in days +0.370** +0.284*
Degree days of previous yr ~ +0.429***  +(.335**

Degree days of 2 yrs earlier ~ +0.167 —0.333**
Age of stand -0.207 -0.020
Anther residues +0.816***  +0.795***
Seeds /m? +0.710***  4+0.677***

mained highly significant when the effects of
latitude were removed.

Likewise, pollen catches were correlated with
the annual d.d. temperature sums in the preced-
ing year at a highly significant level (Table 6).
The relevant partial correlation, free from latitu-
dinal effects, was significant. The temperatures
measured two years earlier had no positive effect
on pollen catches resulting in a negative partial
correlation value (r = —=0.333""). The stand ages
had little effect even latitudinally. When the ef-
fects of latitude were removed, the correlation
approached zero (Table 6).

Of the pollen catch-related geographical cor-
relations, only those calculated for both latitudes
were significant. This means that pollen catches
diminish northwards (Fig. 15). Along with di-
minishing pollen catches, the variability of the
pollen catches increased northwards (Table 7).
Variation coefficients reflecting pollen catch dif-
ferences between years at each stand increased
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Table 7. Variability between years (CV) in pollen catches
in the stands studied (n=10).

Correlations  Partial correla-
tions with

effects of latitude

removed
Latitude +0.927*** -
Ecological latitude +0.925***  —0.041
Longitude +0.112 +0.155
Distance from EE +0.450 -0.095
Distance from SE +0.853** -0.068
Years since reinvasion —0.348 +0.055

latitudinally northwards (Fig. 16) and along the
two simulated migration routes. A correlation of
r = 0.927"" was calculated for latitude, and for
distance from SE-point, a correlation of r =
0.853** (Table 7). Along the suggested migra-
tion route from EE, the variability of pollen catch-
es increased less conspicuously (r = 0.450, not
significant) with accordance to a low coefficient
of correlation obtained against years since rein-
vasion.

Stand XXXIV at Tuusula differed from the
other stands (including stand XXX at Tuusula)
in that it had on one occasion received urea
fertilization (Table 1). No large fertilization ef-
fects on flowering could be observed. The two
stands at Tuusula remained comparable in flow-
ering behaviour, but the flowering in the ferti-
lized stand XXXIV was once somewhat more
abundant (in 1968) and the anthesis was also
more protracted than expected. This contributed
to a higher than normal period unit value for 50
per cent completion of anthesis in 1968 and to a
relatively high coefficient of variation for the
mean of the period unit sums for plot XXXIV
(Table 2a).
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Fig. 14. The dependence of pollen catch on the amount of
anther residues (residues data from Koski and Tall-
qvist 1978). The line fitted is Y = 72.822 + 87.389 X
(R? = 0.666).
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Fig. 15. The dependence of the size of pollen catch on
latitude. The values used are stand averages. The
regression line shown is Y =3316.3-47.342 X (R* =
0.603).
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Fig. 16. The dependence of the coefficient of variation of
stand average pollen catch on latitude. The regres-
sion line is Y = -6.242 + 0.11728 X (R* = 0.859).
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4. Discussion

Questions related to sampling, statistical distri-
bution and the circumstances of pollen spread
were similar to those for Scots pine and have
been discussed previously (Luomajoki 1993).

4.1 Flowering characteristics

One of the main differences in the male flower-
ing between Scots pine and Norway spruce is
that the production of pollen in Norway spruce is
much more variable in quantity. Years of high
pollen production are relatively rare in Norway
spruce. The variability of the pollen catch be-
tween years increases in Norway spruce with
increasing latitude still stronger than in Scots
pine. Sarvas (1968) showed that small pollen
crops as such mean larger variation measurable
in flowering. He pointed out later (1972) that
individual trees of a population differ from each
other with respect to the length of their “active
periods”. This means there are early and late
blooming trees in a population. In a year of
minimal flowering only a selected part of the
population (early or late blooming trees) would
flower.

Tirén (1935) stated that two successive years
of abundant flowering in spruce are not possible
for organo-ontogenic reasons. If, therefore, two
successive years of relatively abundant flower-
ing have occurred, the flowering of different
individual trees of the population is probable.
This was in fact easily confirmed for female
flowering in southern Finland in 1992-1993. Both
years were good flowering years, and different
branches of the same spruce trees as well as
different individual trees contributed to flower-
ing in 1993.

Eis (1973) gives another reason for variable
flowering and cone production in Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco) and grand
fir (Abies grandis (Dougl.) Lindl.) Alternatively
cool and warm summers are needed for a good
cone crop. This was also found true with Norway
spruce (Brgndbo 1970). In southern Finland,
abundant male flowering occurs approximately
every third or fourth year (Koski & Tallqvist
1978). This situation has also been regarded as
an escape from the severe threat on spruce seed
production from cone- and seed-damaging in-
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sects (Annila 1981, Fenner 1991). Squirrels eat
generative buds of spruce in years of simultane-
ous bad cone crop in spruce and pine (Gronwall
1982) thus cutting back pollen production.

4.2 Timing parameters

Beyond the main aim of this study, the flowering
phenology of the Norway spruce, also the value
of the three phenological parameters was as-
sessed. The first was calendar time, which was
as such the best alternative for assessing the
average occurrence of anthesis in Norway spruce.
The time-honored degree-day system was re-
garding the basic data inferior to days and period
units as an explanatory parameter. The third al-
ternative, the less known period unit heat sum
system, was the second best of the tree methods
for the basic data. As a heat sum system, it can
better predict anthesis in an exceptional year
than calendar time.

On a calendar day basis (Table 2b), the annual
deviations between the expected and the meas-
ured heat sums were reduced owing to the fact
that daily heat sums increased strongly towards
the end of period of study. Consequently, the
calendar day basis resulted in the period unit
becoming the best parameter, followed by days
actually observed. Degree days also scored some
success when judged on a calendar day basis
(Table 2b).

The use of the basic heat sum data can be
defended for its simplicity. On the other hand,
conversion to a day basis compensates for the
rapid heat sum accumulation towards the end of
the period under study. Accordingly, it makes
the comparison of parameters more objective, at
the cost of extra calculations involved.

High correlation coefficients between the lati-
tudes and calendar days arise the following new
questions. “Were the years of study (1963-1974;
for timing studies, 1964-1973) so closely aver-
age in terms of temperatures that this generated
only minimal scatter into the latitudinal regres-
sion between 50 per cent completion of anthesis
and calendar days?” “Is there some effective
factor, e.g. photoperiodism, that synchronizes
the development in spruce latitudinally?”

To study the first problem, years 1963-1974
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were compared to a 30-year period (1959-1988)
for d.d. heat sums recorded on May 31, June 15
and June 30, respectively. The reference period
of 1959-1988 could not be centered more close-
ly around the years of study owing to the fact that
suitable computerized d.d. data were not availa-
ble until 1959 onwards. (The second problem
will be dealt with in Chapter 4.6).

No timing data were available for 1963 and
1974 owing to minimal pollen catches. Those
years were also found to be the most extreme
years with respect to heat sums (see Fig. 6 on
d.d. heat sums of May 31). Consequently, the
remaining data period (1964-1973) had a re-
stricted distribution of heat sums. Generally
speaking, this period also fell somewhat below
the long-term average with respect to d.d. heat
sums. Later, on June 15 and June 30, 1974 ac-
quired enough heat sums to make it almost an
average year in the north by June 30th. However,
in the south of Finland, 1974 was an extremely
cold year whereas 1963 was a very warm year
throughout Finland.

The period of timing studies, i.e. ten years of
data, did not have as much variation in terms of
temperatures that it could be considered ideal for
an effective comparison of phenological param-
eters. Consequently, calendar days were some-
what favored in this study. In a thermally aver-
age year (e.g. 1971) heat sums and calendar days
agree very well indeed.

4.3 Geographical trends

The p.u. and d.d. heat sums needed for 50 per
cent completion of anthesis in Norway spruce
varied little with latitude compared to Scots pine.
Thus, the heat sums needed at Bromarv (60° 02'
N.lat.) and at Kittila (stand IV at 68° 02' N.lat.)
were practically the same for spruce. Lack of
latitudinal variation was also reported by Luoma-
joki (1984) for tetrad stage of microsporogenesis
that precedes anthesis by ca. three to five weeks.

In Scots pine, the latitudinal trend was consid-
erably stronger. At Kittild only about 90 per cent
of the two types of heat sums at Bromarv were
needed. When latitude was not considered, heat
sums were found to be the best single-figure
estimators for timing of anthesis in Scots pine
(Luomajoki 1993), and this is even more true for
Norway spruce (cf. Table 3b).

In terms of calendar days, the latitudinal varia-
tion is high in both species. For Norway spruce,
the slope of the regression line for calendar days
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by latitude is equally steep (Fig. 9) as for Scots
pine. The effects of strong latitudinal adaptation
would actually reduce the slope of the regression
between calendar days and latitude. On the other
hand, this did not happen in Scots pine; the re-
gression of calendar days on latitude retained its
slope despite considerable latitudinal adaptation
in terms of heat sums (Luomajoki 1993).

The variations in heat sums, pollen catches
and standard deviations of period unit sums (i.e.
within-year variation) were more pronounced in
approximately east-west or southeast-northwest
directions (respective distances from EE and SE;
cf. Fig. 8) than purely latitudinally. The reason
for the deviation of geographical trends from
south to north might be found in Finnish glacia-
tion history. The history of the reinvasion of
Norway spruce into Finland (Aartolahti 1966,
Tolonen 1983), is better known than that of Scots
pine (see Hyvérinen 1987).

The more or less arbitrarily chosen points (EE
and SE) served only to reveal the strong eastern
trend, not to explore the true reinvasion routes.
Nevertheless, correlations calculated against re-
invasion years of Norway spruce agree well with
the theoretical calculations. Longitudinal rather
than latitudinal variation in Norway spruce has
also been observed by Krutzsch (ref. Eriksson
1982).

The duration of anthesis in days is negatively
correlated at highly significant or significant lev-
els with both latitudes and with distance from SE
(Table 3a). (Nevertheless, the corresponding par-
tial correlations in Norway spruce were not sig-
nificant.) This result deviates from Scots pine
which showed no significant correlations
(Luomajoki 1993). The different behaviour of
Norway spruce may be attributed to the smaller
pollen crops found in the north and to the fact
that distribution-flattening within-anthesis vari-
ation in Norway spruce is no higher in the north
(Table 5). This contrasts with the increasing var-
iation (and flatter distributions) found in Scots
pine in the north.

4.4 Adaptation

Using the same method as for Scots pine (Luoma-
joki 1993), the adaptation in Norway spruce was
appraised with proportions of local annual de-
gree-day heat sums to evaluate geographical
adaptability in Linsser’s (1867) sense. As seen in
Fig. 13, there is no abrupt change in adaptability.
The d.d. heat sums needed for attaining 50 per
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cent completion of anthesis (Fig. 11) as well as
the local annual heat sums (Fig. 12) continued to
decrease right up to the timberline. The pattern
was, however, different from that in Scots pine
(Luomajoki 1993) because the latitudinal change
in d.d. sums needed for 50 per cent completion
of anthesis for Norway spruce is relatively small.
In fact, the regression coefficient (see Fig. 11)
was not significant according to the t-test.

Linsser’s quotient, consequently, did not stay
within the usual 9 to 12 per cent range with
regard to heat sum required for flowering (which
is typical for Norway spruce in Europe) in cen-
tral or northern Finland. That anomaly could in
Norway spruce as well as in Scots pine (Luoma-
joki 1993) be taken to represent the limits of its
adaptive capacity. The failure to adapt complete-
ly would lead to a progressively higher Linsser’s
quotient. However, the latitudinal d.d. heat sum
variation in Norway spruce contributes little to
Linsser’s quotient. The modest geographic vari-
ation found in heat sums, was seen best versus
distances from EE in terms of period units (Fig.
8); the regression coefficient was significant in
this case.

There is less precise information available about
the annual heat sum needed for maturation of
Norway spruce seed than in the case of Scots
pine. The heat sum needed by spruce is a little
less (roughly by 10 per cent) than that needed by
pine judged by monthly temperature averages
required (see review by Skre 1988).

Achieving the limits of adaptive capacity in
the marginal zone does not mean an end to varia-
tion. As reported earlier, both within-year (visi-
ble in the form of the pollen catch distribution)
and between-years phenological variations actu-
ally increased in Scots pine towards the north
(Luomajoki 1993). This is not the case in Nor-
way spruce, in which the same level of (especial-
ly in within-year variation of p.u. heat sums)
variation in timing was maintained (Table 5). On
an isozyme basis, Tigerstedt (1973) reports for
spruce in the north high variation, complete ran-
domness in gene distribution and strong gene
flow. Bergman (1978) found that the frequency
of the allele group, APH-B,/B,, actually increas-
es with latitudes in Finland, following a climatic
gradient. On the basis of isozymes, Muona et al.
(1990) also found considerable genetic variabili-
ty in spruce in northern Finland.

During a warm period in the Holocene ca.
5000 to 7000 years ago the timberline of Scots
pine was considerably farther in the north and at
higher altitudes (Eronen 1979, Alho 1990). Nor-
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way spruce had just invaded northern Finland by
the end of the Holocene and this latecomer could
not colonize new areas farther to the north or at
higher altitudes like Scots pine (Tolonen 1983).
In the 1930’s, spruce invaded higher altitudes
(Kullman 1991) similar to Scots pine (Hustich
1948). In the 1940’s, the colonization by spruce
still continued (Kullman & Engelmark 1991). In
the 1980’s spruce has changed trend and actually
begun to suffer at high altitudes in Scandinavia
(Kullman 1989, Kullman & Hogberg 1989) per-
haps expressing a growing extremity of climate.
Scots pine has not suffered to the same extent,
and there are indications of a new advance of
pine at the timberline (Sirén 1993).

It has been proposed that Finnish coniferous
forests are in danger owing to a global warming
of the atmosphere (Hanninen 1990, 1991). How-
ever, in the light of the adaptation of the genera-
tive cycle roughly a third of Norway spruce for-
ests in Finland are still not fully adapted to our
present cold climate. A moderate warming (up to
ca. 3°C in annual average temperature) would be
quite beneficial rather than damaging to Finnish
Norway spruce forests even though spruce for-
ests are more common in southern Finland than
in northern Finland.

Hénninen (1991) was concerned with the like-
lihood of increased frost damage risk in spring as
a result of climatic warming. His concern is cer-
tainly well-founded for Norway spruce which is
sensitive to spring frosts (Dormling 1982, Lund-
kvist 1987). If expectations of Hanninen (1991)
prove correct, imported spruce provenances with
later flushing (see Giertych 1972) may become
even more valuable than they now are. Dietrich-
son (1980) appraised the performance of White
Russian Norway spruce provenances in Sweden,
recognizing the reduced risk of spring frost dam-
age.

There is an other important adaptative differ-
ence between Norway spruce and Scots pine.
Norway spruce could be called a “generalist”
and Scots pine a “specialist” species (cf. Reh-
feldt 1984 for these concepts). The sensitivity of
response of Scots pine to climatic conditions was
shown in its improved survival when the seeds
were sown about one hundred km south of their
origin (Mononen 1987, Koski 1989). Converse-
ly, the adaptivity-related variation in Norway
spruce seems less pronounced (Tables 3a, 3b)
than in Scots pine. Norway spruce also tolerates
transfers northwards (Remrod 1974, Koski 1989),
as well as to higher altitudes (Remrod 1974).

The silvicultural gain from spruce can be high-
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er if the seedlot sown originates from south of
the plantation locality (Remréd 1974, Koski
1989). This expresses the considerable pheno-
typical plasticity of Norway spruce. However,
the adaptability of Scots pine varies geographi-
cally so that the plasticity of Finnish pine popu-
lations seems to be relatively low compared to,
e.g., Polish provenances (Oleksyn et al. 1986,
Giertych 1991). There is some evidence that dif-
ferent species’ histories during the Pleistocene
could have involved strong selection pressures
(Critchfield 1984, Lagercrantz & Ryman 1990).
This could also contribute to the genetic compo-
sition of the present Norway spruce and Scots
pine populations in Finland.

4.5 Pollen catch

The clear pattern created by high pollen catch
variation in spruce also enhances the correla-
tions with anther residues and seed production.
The correlation coefficients for Norway spruce
are definitively higher than those calculated for
Scots pine. There is also evidence about dispro-
portionally low pollination efficiency of small
pollen crops (Fenner 1991).

In spruce, a high correlation between seed crop
and temperature sums of the previous year (Ta-
ble 6) was expected, e.g., from observations by
Tirén (1935). This correlation was still stronger
in Scots pine (Luomajoki 1993). Following
Luomajoki (1993), temperature sum of two years
earlier showed a negative partial correlation (ef-
fects of the latitude removed) with pollen catch
of Scots pine, and this is true also with its seed
crop (Pukkala 1987). In spruce, the respective
partial correlation, i.e. pollen catch vs. tempera-
ture sum of two years earlier, was still stronger
(r=-0.333" Table 6).

Pukkala (1987) found for spruce a negative
correlation between seed crop and monthly tem-
peratures of the summer two years earlier. This
correlation was weaker in Norway spruce than in
Scots pine in Pukkala’s (1987) data, and on a
monthly temperature basis there were further
differences in correlations in comparisons with
Scots pine.

4.6 Generative cycle
Development in spring can be affected by the

temperatures of the previous late autumn. A warm
autumn can shift the chilling period towards win-
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ter, which in turn can lead to a later dormancy
break in the spring (Sarvas 1972).

The annual temperature sum of the previous
year extends its effects on the heat sums required
for anthesis in the following year in Norway
spruce as well as in Scots pine, even when latitu-
dinal effects are removed (Luomajoki 1993). Pre-
vious year annual temperature sums also corre-
late with pollen catches of the following year in
both species. Temperatures no doubt affect the
cone harvest of spruce in the following year
(Tirén 1935) and thus the seed crop.

Temperature sums and dates relevant to anthe-
sis vary in spruce between years (Figs. 9 and 10)
in the same manner as in Scots pine (Luomajoki
1993). This unexplained variation is caused by
the mobility of the zero point (biofix) of the heat
sum and calendar day scales. There is yet no
good basis for routinely placing the biofix in a
physiologically meaningful way. There is far less
knowledge about the metabolic changes in the
spring in Norway spruce than in Scots pine. This
makes the biofix problem even tougher with Nor-
way spruce. As reported earlier (Luomajoki 1993)
it is doubtful that any perennial species would
rely on synchronization from a single factor once
in a year, i.e. chilling in the autumn, as Sarvas
(1974) supposed (cf. Worral & Mergen 1967).

In Scots pine, the timing of flowering correlat-
ed rather closely with calendar time. However,
both the differences between individual years
and the effects of temperatures of the previous
summer on the timing of anthesis in the subse-
quent year contradict ideas concerning direct
daylength-induced synchronization (Luomajoki
1993). Nonetheless, the direction of change in
daylength seems to affect dehiscence of the mi-
crosporangia in some pine species. Burdon (1977)
suggests that a decreasing photoperiod inhibits
pollen shedding in Pinus radiata D.Don.

The effects of photoperiodism have been ob-
served in the spring in deciduous species such as
beech. Beech (Fagus sylvatica L.) needs a 12
hour photoperiod for bud-break (Wareing 1953,
Heide 1993). On the other hand, the possible role
of light in the spring for spruce is rather specula-
tive even though the flowering in Norway spruce
correlates with calendar time even more closely
than in Scots pine. If no other explanations are
found, the role of light as a synchronizing factor
should be reconsidered. Giertych (1972) sug-
gests that April sunshine promotes flushing of
northern provenances of Norway spruce. This
arises expectations of further light-bound effects
controlling the development of spruce in the
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spring which may be detected in due course. The
susceptibility of spruce to spring frosts might
also be better understood if daylength was an
effective factor contributing to onset of develop-
ment together with favourable temperatures.

4.7 Concluding remarks

A study of twelve years can not possibly reveal
the true range of variation in flowering of Nor-
way spruce. This seems to be the case also in the
earlier study of Scots pine flowering (Luomajoki
1993). Frequent years of minimal pollen crop
make the problem with spruce more acute, how-
ever. It is not clear how much of the observed
variation in period unit sums is due to error in the
biofix, to the less than perfect homogeneity of
development (J. Sarvas 1977), the effects of di-
rect radiation (Luomajoki 1977, Pukacki 1980)
or to the effects of sharp fluctuations of tempera-
tures (Ryan 1941, Chung 1981). Nevertheless, in
spite of its shortcomings, the period unit system
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has demonstrated the superiority of curvilinear
heat sum systems over linear systems that re-
quire a temperature threshold; a fact also stressed
by Sarvas (1972).

The differences found between years, notably
1967 vs. 1969, were found to be similar to those
in Scots pine (Luomajoki 1993). All three timing
parameters used (p.u., d.d., calendar days) gave
comparable results in this respect. However, the
annual differences in Norway spruce were less
conspicuous than in Scots pine (Luomajoki 1993)
owing to the smaller spruce material.

Norway spruce and Scots pine have different
histories of reinvasion into Finland in the post-
glacial time. Ecological factors slowed down the
invasion of spruce (see review by Alho 1990).
Different species’ strategies in adaptation mean
weak measurable variation in spruce and clear-
cut variation in pine for adaptation to local cli-
mates. In both species the reinvasion, different
routes of migration and deviating timetables in
migration are still visible in the populations.
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Seloste

Kuusen sopeutuminen suomen ilmastoon hedekukkimisaikojen perusteella
arvioituna

Kuusen hedekukinnan (anteesin) ajoittumista ja siitepo-
lymairid sekd niiden maantieteellisid korrelaatioita tut-
kittiin 10 koealalla 9 paikkakunnalla vuosina 1963-1974.
Tutkittuja anteeseja oli yhteensa 85, joista hedekukinnan
ajoittumisen tutkimiseen voitiin kdyttdd 70 anteesia vuo-
silta 1964-1973. Siitepdlyé mitattiin Sarvas-Vilska siite-
polymittarilla puiden latvustasolta. Lampdtila kussakin
tutkimusmetsikdssd mitattiin niinikdén puiden latvusta-
solta.

Tutkimuksessa madritettiin ajoittumisen selvittamiseksi
tietokonetekniikkaa hyviksikayttaen siitepolyjakauman
kuvaajan muoto kunakin vuonna kussakin metsikossd,
laskettiin normaalijakauman mukainen tasoitussuora frek-
venssipaperilla, keskihajonta ja 50 prosentin kohta jakau-
masta. Viimeksimainittua kdytettiin ajoittumisen perus-
teena. Siitepolytakertumien perusteella piirrettiin myos
siitepolydiagrammit, joissa paivittdiset siitepolytakertu-
mat oli jaettu pdivittdiselld limposummalla.

Ajoittumista mitattiin maaliskuun 19 piivéstd alkaen
(joka on ensimmadinen 12 tunnin paivi) kolmea mittayk-
sikkoa kiyttien: paiving, tehoisina limposummina (d.d.>
+5°C) ja Sarvaksen kurvilineaarisina period unit -limpd-
summina, jotka lasketaan tunneittain mitatuista limpoti-
loista.

Tutkitut metsikot tuottivat siitepdlyd joka vuosi. Ku-
kinnan maérillinen vaihtelu oli kuusella voimakkaampaa
kuin aiemmin tutkitulla minnylld. Hedekukinnan jakau-
man todettiin poikkeavan normaalijakaumasta siind, ettd
siitepolyjakauman alun arvot olivat odotettua suuremmat
(tuulen tuoman taustapolyn vuoksi) ja jakauman lopun
arvot odotettua pienempia. Téstd syysti ajoituksen perus-
teena olevan normaalijakauman sovittaminen tehtiin ATK-
ohjelmalla siitepSlykertymin 2,3-88,5 % alueella. Pro-
senttiluvut vastaavat keskiarvoon nihden aluetta —2/+1,2
keskihajonnan yksikkod, jolla siitepdlyjakauma noudat-
taa normaalijakaumaa.

Kun mitattuja arvoja kéytettiin sellaisenaan, parhaaksi
ajoittumisen kuvaajaksi osoittautui paikallisesti paivilu-
ku, vaikka period unit -summa oli keskiméirin melkein
yhti hyvi. Tulos on painvastainen kuin mannylld. Tehoi-
sa limposumma oli keskimadrin selvasti huonoin mittari,
kuten mannyllikin. Yksittdisend vuonna period unit -sum-
ma saattaa sellaisenaan olla kukkimisajan paras osoittaja,
etenkin limpooloiltaan poikkeuksellisena vuonna. Jos lim-
posummien erot odotetun ja mitatun arvon vililld muu-
tettiin piiviksi ja koko vertailu tehtiin péiviasteikolla,
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period unit oli kuitenkin tarkin parametri.

Anteesin vaatima lampdsumma ei vaihdellut kuusella
maantieteellisesti laheskddn yhtd paljon kuin mannylla.
Kuusi ei ole siis sopeutunut maantieteellisesti lampoteki-
jdan yhtd paljon kuin méinty. Toisaalta ajoittumista ilmai-
seva pdivdluku vaihteli kuusella leveysasteen mukaan
yhtd jyrkdsti kuin mannylldkin.

Kuusi kukki pohjoisessa odotetusti my6hemmin kuin
eteldssd, siitepolymairit olivat pienempid ja siitepdly-
madrien hajonta suurempi aivan kuten ménnyllakin. Paa-
asiallinen vaihtelusuunta néissd korrelaatioissa ei ollut
eteldstd pohjoiseen vaan suurinpiirtein kaakosta luotee-
seen tai jopa idésti linteen. Tdhin tulokseen tultiin laske-
malla etdisyyden korrelaatioita Karjalan kannaksen eteld-
laidalla sijaitsevasta vertailupisteesta (SE-piste) ja Suo-
men itdisimmasta pisteestd (EE-piste) ldhtien. Itd-ldnsi-
suuntaiset korrelaatiot korostuivat kuusella suhteellisesti
paljon voimakkaammin kuin ménnylla. Tima poikkeama
limpoolojen madradmastd eteldstd pohjoiseen -suunnasta
johtunee siitd, ettd kuusi levisi maahamme iddsté jadkau-
den jélkeen (Tolonen 1983, Kuva 7).

Hedekukkimisen vaatima lamposumma vaihteli myos
vuosittain siten, ettd v. 1969 anteesiin tarvittiin keski-
madrdistd korkeampi limposumma ja v. 1967 tavallista
pienempi limposumma kuten mannylldkin. Tama johtuu
kiintedstd nollapisteestd ajoittumisen madrittimisessd.
Lamposummien laskeminen pitdisikin aloittaa kuusen ol-
lessa fysiologisesti samassa vaiheessa kunakin vuonna
eiki tietystd kalenteripaivasta. Ei kuitenkaan tunneta kei-
noa, milld asteikon nollapiste médritettdisiin kullekin vuo-
delle ja kullekin paikkakunnalle oikeaksi. Asiaan vaikut-
taa sekin, ettd vuosirytmin tasmays tapahtunee vuosittain
syksyisin eikd kevdisin.

Linsserin lain mukaisesti hedekukkimisen vaatima suh-
teellinen limposumma (kukkimisen limpdsumma jaettu-
na keskimaiirdiselld vuotuisella kokonaislimpdsummal-
la) pysyy vakiona Eteld-Euroopasta Eteld-Suomeen asti.
Kuitenkin noin 63. leveyspiirin pohjoispuolella tarvittava
suhteellinen limpdsumma nousee jyrkisti (Kuva 13) ku-
ten minnyllikin. Tama merkitsee, ettei kuusi ole kyennyt
lisddntymisessddn endé juuri ollenkaan sopeutumaan il-
mastoon Kaakkois-Suomen (Sisda-Suomi mukaan lukien)
luoteispuolella.

Maassamme on viime aikoina keskuskeltu paljon siit,
ettii puiden vuosirytmi saattaisi hdiriintyd ilmaston lam-
metessd. Kukkimisaikojen valossa luoteinen kolmannes
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Suomen kuusimetsistd on kuitenkin tilld hetkell vailli-
naisesti sopeutunut kylméén ilmastoon. Ilmaston limpe-
neminen parantaisi ilmeisesti my®s kuusen elinmahdolli-
suuksia etenkin Pohjois-Suomessa. Kuusen arkuus keviit-
halloille tekee toisaalta vaikeaksi ilmastonmuutoksen seu-
rausten tarkan arvionnin. Kuusi poikkeaa mannysti siini,
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ettd kuusi kestdd myos siemensiirtoja pohjoiseen piin
henkiinjddvien taimien osuuden romahtamatta. Kuusen
ilmiasullinen joustavuus tekee siiti huonomman ilmas-
tonmuutoksen indikaattorin kuin méinnysti, joka kenties
muistona limpokauden oloista menestyy parhaiten ete-
laén pdin siirrettyni.

Luomajoki, A.
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