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Summary Both drought and fungal disease increase needle
litterfall of Scots pine (Pinus sylvestrisL.) trees, but most fac-
tors causing annual variation in needle litterfall are poorly un-
derstood. We hypothesized that radial growth and weather con-
ditions favorable to growth correlate positively with needle
litterfall with alag equal to the number of needle cohorts (here
being 5—6). We studied thetime series of needlelitterfall, stem
increment, pollen cone litter and daily weather conditionsin a
Scots pine stand over 43 years (1961-2004). The cross-corre-
lations of standardized time serieswere estimated with various
lags. Model predictions of annual needle litterfall were tested
against independent data. Changes in annual growth and nee-
dielitterfall correlated with lagsof 0 and 4 years. The best pre-
dictors for needle litterfall were May to mid July temperature
sumwithalagof 4 years, May rainfall with alag of 2 yearsand
September temperature with alag of 6 years. Pollen conelitter
correlated negatively with needlelitterfall with alag of 2 years.
The study provided empirical evidence that needle litterfall of
Scots pinein northern Finland isinfluenced by needle produc-
tion and needle mass devel opment that occurred 4 to 6 years
earlier.

Keywords: annual growth, leaf lifespan, needle shed, Pinus
sylvestris, pollen cones.

Introduction

Needle litter in boreal forests plays an important role in the
carbon cycle by providing substantia carbon input to the soil.
Changesin soil carbon stock are driven by annual variation in
litter input and decomposition ( Trumbore and Harden 1997,
Liski et a. 2005), but the reasons for the annual variation in
needle litterfall are poorly known. Interpretation of carbon
flux measurements could be improved by detailed knowledge
about drivers of annual variation in needle litter, especialy in
the boreal zone where soil respiration comprises a consider-
able part of the carbon flux budget.

Process models that estimate tree growth as a function of
photosynthesis, respiration and carbon allocation synthesize

current knowledge of ecosystem function. M&kel&a (1997) has
described a carbon balance model for growth that predicts de-
velopment according to pipe-model theory (Shinozaki et al.
1964), functional balance (Davidson 1969) and an allometric
relationship between foliage mass and crown surface area
(Zeide and Pfeifer 1991). According to this carbon balance
model, foliage growth rate depends on foliage mass, canopy
length and rate of self-pruning, where photosynthesis is pro-
portional to foliage mass, and gross growth of woody compart-
ments is a function of foliage mass and stem length. Thus, if
stem increment depends on photosynthesis, which in turn de-
pends on foliage mass, favorable years for growth should in-
crease biomass production of needles and stem simulta-
neously. In contrast, the widely applied 3-PG model
(Landsberg and Waring 1997) divides net primary production
(NPP) into roots, foliage and stem based on empirical rela-
tionships. According to the 3-PG model, an increase in NPP
increases the quantity of carbon allocated to stem and to
foliage.

Relationships between foliage and stem production in these
two modelsimply that needle litter and stem increment corre-
latewith alag equal to the number of needle cohorts, assuming
that the oldest needle cohort is shed annually. Thisrelationship
between NPP and needle production is supported by limited
empirical evidence (Waring 1983, Cannell 1989), but has not
been tested with appropriate time series of needle litter and
tree growth data.

Annual variation in needle litterfall of Scots pine (Pinus
sylvestrisL.) isaffected by recent spring and summer tempera-
tures (Kouki and Hokkanen 1992) and by temperature sum
(Finér 1996). Between-site variation in needle litterfall is
driven by soil fertility, stand age and latitude (Albrektson
1988).

Leaf longevity is closely associated with foliage biomass
and NPP. Gower et al. (1993) found that the production effi-
ciency (NPP per leaf area) of treeswasinversely related to | eaf
longevity. Niinemets and L ukjanova (2003), based on Ackerly
(1999), concluded that limited shoot growth leadsto increased
needle lifespan because of reduced self-shading. The concep-
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tual model of Reich et al. (1992) links leaf lifespan with
growth, which, in turn, isdriven by leaf areaand carbon gain.
Comparison of leaf longevity among species provides insight
into ecological strategies, but does not providetoolsfor testing
the reasons for the annual variation in needle longevity or
shedding.

We studied factors affecting needle litterfall in a 150-year-
old Scots pine stand in northern Finland with modest annual
height and crown biomass increments. We modeled variation
in needle litterfall with potential evapotranspiration (PET),
daily precipitation, daily temperature, radial growth and pol-
len cone litter with various lags. We hypothesized that radial
growth and growth-favoring weather correlate positively with
needle litterfall with lags equal to the number of needle
cohorts.

Materials and methods

Sudy site and time-series data

An Empetrum—Vaccinium-type (Cajander 1949) Scots pine
stand was sampled at the southern edge of the northern Boreal
Zone in Lapland, northern Finland (66°36" N, 26°71" E,
130-140 mas.l.). The even-aged stand was naturally regener-
ated after aforest fire in 1854. Scots pine trees in this region
have 5—6 needle cohorts.

Time series of needle litter and pollen cone (i.e.,, male
strobilus) litter were collected in 15 litter trapsof 0.5m?insize

(Figure 1). Since 1960, the traps have been emptied monthly
from May to September, and the litter accumulated in winter
has been sampled each May. The sampling dates varied
dlightly during these decades. Therefore, the annual estimates
of needle and pollen cone litter were aggregated from June 15
inYear 1to June 14 in Year 2.

After air-drying at room temperature for 12—36 months, the
litter was separated into the following fractions: needles, pol-
len cones and their remains, cones, seeds, branches, insects
and their faeces, and others. The fractions were then weighed
to the nearest 0.1 mg.

Stocking density of the stand has been relatively constant
since the first measurements (Table 1). The point method was
used to determine crown closure with a Cajanus cylinder
(Sarvas 1953). Random stratified sampling was applied to pro-
duce tree-ring time series: nine sample trees from each of five
equally wide diameter classes were cored at breast height in
autumn 2005, resulting in a sample of 45 out of 89 pines. An-
nual ring widths were measured to the nearest 0.01 mm. These
serieswere then cross-dated visually and checked by standard
methods of dendrochronology (Fritts 1976), computing
cross-correlations between individual series and the master
chronology. These cross-correlations were studied to obtain
the annual resolution for each increment core.

Pre-whitening

The time series of needle litter, radial growth and pollen cone
litter were standardized by standard procedures of dendro-
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Figure 1. (A) Kivalo research area and the
weather station at Apukkain Finland. (B)
The measured sample plot (2500 m?) in-
cluding canopy profiles of trees and litter

traps (trees cored for increment are num-
bered). (C) Litter trap dimensions (mm).
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Table 1. Characteristics of the experimental stand at Rovaniemi, Finland.

Year Stand density Stem volume Dominant Dominant Crown Stand age
(stemsha™) (m*ha™? height* (m) diameter? (cm) closure (%) (years)

1961 384 175 22.0 29.8 14 103

1967 376 175 22.8 29.8 36 109

1972 376 198 23.0 30.3 - 114

1991 360 243 23.9 35.6 45 133

2001 356 266 24.4 375 53 143

1 Mean height of trees with largest diameter (100 ha™?).
2 Mean diameter of trees with largest diameter (100 ha™2).

chronology (Cook and Peters 1981). This was done to ensure
that the effects of trend-like changesin biomass, stand age and
soil fertility on litterfall were removed, our focus being the
causes of annual variation in litter. Trends in radial growth
were modeled and then removed with flexible 33% spline
functions (Cook and Peters 1981). These splinesretain 50% of
the variance in the series at frequencies greater than one third
of the serieslength. Previously, similar splines were shown to
preservethe annual to decadal timescalesin the resultant chro-
nologies (Lindholm et al. 2000, 2001). Because our focus was
on the high and medium freguencies, we assumed that the low
frequency variance removed consisted mainly of noise. The
time series of needle and pollen cone litter were indexed with
splines with four degrees of freedom (Figures 2 and 3).

The needle litter index was tested and found to be stationary
(single mean) and white noise (no significant autocorrelation).
Indexed radial growth showed significant autocorrelation at
lags of 1 and 2 years (r = 0.61 and 0.46, respectively), and
therefore adifferenced radial growth index was used (dG =in-
dexed growth, — indexed growth,_;). The pollen cone litter in-
dex showed autocorrelation at a lag of 2 years (r = —0.34).
Cross-correlation of the pollen coneindex and needlelitter in-

Meteorological data

Air temperature and precipitation measured at 3-h intervals
were obtained from the nearest official weather station, lo-
cated at 102 m a.s.l. and 38 km northwest of the litter-collec-
tion stand (Figure 1). Daily potential evapotranspiration
(PET) measurements were obtained from the airport at
Rovaniemi (available for the growing seasons 1960—1997).
The correlation between indexed needle litter and weather
variables was studied at lags from 0 to 6 years.

In addition to annual and monthly weather data, an iteration
method based on statistical fit was used to find predictors of
the needlelitter index among the weather variables. A large set
of PETSs, snowfall and rainfall, and temperature sumswith O, 5,
15 and —15 °C thresholds were calcul ated varying the starting
(s) day in ayear and the length of the summation period (p).
The lengths of these time periods varied from p = 7 to
120 days, and the starting date was run daily throughout the
year (s=1to 358). Pearson’s correlation coefficients between
the needle litter index time series (Y;) and various weather pa-
rameter time series (X)) with lags of | (I = 0... 6) were esti-
mated as:

dex was studied, where needle litter was white noise. When p = corr(Y,, X,_,) 1)
cross-correlation of two time series is studied, at least one

should be white noise (Chatfield 2004), and therefore where

autocorrelation in the pollen cone litter index was not re-

moved. The correlation between differenced needle litter in- s P

dex and differenced radial growth index was also studied. Ko = 2 2 Xi @)
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Figure 2. Variations in needle litter, pollen cone litter and basal area
increment of a Pinus sylvestris stand at Kivalo, Rovaniemi from 1961

to 2004. Basal areaincrement is based on cored trees.

T T T T T T T T T
1960 1970 1980 1990 2000

Figure 3. Time series of indices of needle litter, pollen cone litter and
radial growth of a Pinus sylvestris stand at Kivalo, Rovaniemi from
1961 to 2004.
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where x; is either daily precipitation below 0 °C (SF, snow-
fall), daily precipitation above 0 °C (RF, rainfall), mean daily
temperature above 0 °C threshold (DDO), mean daily tempera-
ture above 5 °C threshold (DD5), mean daily temperature
above 15 °C threshold (DD15), mean daily temperature bel ow
—15 °C threshold (DD-15) or potential evapotranspiration
(PET).

The PET, precipitation and temperature sum periods that
showed statistically significant correlationswith the needlelit-
ter serieswere chosenfor further analysis. Time seriesthat had
more than three observations with values of zero were re-
moved because of the possibility of high and misleading corre-
lations (e.g., DDO in January or snowfall (SF) during
summer).

Models

Thetime seriesof indexed radial growth, pollen conelitter and
weather variables were used to model the needle litter index.
Four subjectively selected models were applied, one using a
radial growth index as a predictor, another using a radial
growth index and pollen cone litter index, a third using
weather variables, and the fourth being afull model including
weather variablesand pollen conelitter index (Tables2 and 3).
All models had the form:

Yo = BiXay +BoXo o #BXey +Z,,  t =L.N ©)
where Y, is the dependent variable (needle litter index), Bisa
vector of coefficients of the explanatory variablesx;... X, (with

varying lags) with N observations, and Z is the random error.
The parameter values were estimated following the principles
of Chatfield (2004). The same predictors were used to model
differenced needle litter index (the four models mentioned
above were estimated), to study the effect of differencing on
the results.

Testing models

The applied iterative selection of weather variables was based
on the statistical significance of their cross-correlation with
the needle litter time series. Thus, there is a risk that some
weather variables correlate with the needle litter index by
chance. Therefore, the weather and the full model were tested
with independent but similarly collected litter material at an-
other Scots pine stand, 4.5 km southwest of the experimental
stand (Plot 29), hereafter called the modeled stand. The mod-
eled 150-year-old stand had only 172 stems ha™, whereas the
experimental stand had 356 stemsha ™. Thetime seriesof nee-
dleand pollen conelitter, covering the period 1984—-1999, was
treated in the same way as the data from the experimental
stand.

Results

Mean (+ standard deviation) annual amount of needle litter
was 65.3 + 16.3 g m2. The amount of pollen cone litter
showed high annual variation, from 0.14 g m=2 in 1963 to
13.5 g m=in 2003, with amean of 4 + 2.8 g m~ The amount
of pollen conelitter increased after themid-1990s (Figure 2).

Table 2. Modelsfor needlelitter index, parameter estimates and their standard errors. Abbreviations: Int, integer (constant of the regression); PC,
pollen cone litter index; RFy357, rainfall over 7 days beginning Day of year 135; DDO0;,7 65 and DDO0,sp 19, mean daily temperatures above 0 °C
threshold over 68 days beginning Day of year 127 and over 19 days beginning Day of year 250, respectively; AIC, Akaike Information Criterion;
SEE, standard error of estimate; dG, difference in growth index; and Lag, delay in years. Variance estimate of the needle litter index is 0.0399.

Variable Full model Weather model

Estimate SE P Lag Effect! Estimate SE P Lag Effect!
Int 1.3577 0.3355 0.000 - - 0.4375 0.2447 0.074 - -
PC —0.6686 0.1892 0.000 2 —-0.048 - - - - -
RF135 7 —0.0085 0.0023 0.000 2 —-0.053 —0.0096 0.0026 0.000 2 —0.060
DDO0;2768 0.0008 0.0003 0.002 4 0.050 0.0011 0.0003 0.000 4 0.069
DDO0ss0,19 —-0.0018 0.0005 0.001 6 —-0.048 —0.0015 0.0006 0.017 6 —-0.039
AlIC —60.01 —49.82
SEE 0.103 0.120
Variable Growth and pollen cone litter model Growth model

Estimate SE P Lag Effect! Estimate SE P Lag Effect!
Int 1.8294 0.2714 0.000 - - 0.9877 0.0292 0.000 - -
dG 0.4730 0.1890 0.012 0 0.055 0.3880 0.2216 0.080 0 0.045
dG - - - - - 0.3931 0.2002 0.050 4 0.046
MF —-0.8354 0.2718 0.002 2 —0.060 - - - - -
AlIC —24.73 -19.35
SEE 0.176 0.182

L Effect on predicted needle litter index if the value of the predictor increases from its mean to the third quartile.
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Table 3. Correlations of the full model variables. Abbreviations: Int,
integer (constant of the regression); PC, pollen cone litter; RFi357,
rainfall over 7 days beginning Day of year 135; DDO;y76s and
DDO0ys0,19, mean daily temperatures above 0 °C threshold over 68
days beginning Day of year 127 and over 19 days beginning Day of
year 250, respectively; and Lag, delay in years.

Int PC RF1357 DDO12768 DDO2sp19 Lag
Int 1
PC -0776 1

RFi357 0101 -0134 1
DDOp7es —0.824 0330 -0033 1
DDOp1e —0507 0185 —-0315 0.382 1

o~ NDN |

Current-year differenced radial growth index, May temper-
ature, September temperature sum, summer rainfall and winter
snowfall correlated positively with needlelitter index, whereas
May rainfall and PET were negatively correlated (Figure 4).
The number of frost-free days, the number of precipitation
days, and spring rainfall with a1-year lag correl ated positively
with needle litter index, whereas autumn rainfall of the previ-
ous year correlated negatively. Needle litter index correlated
negatively with events having alag of 2 years such as spring-
time (April-May) rainfall and pollen cone litter index (Fig-
ure 4).

In addition to recent weather variations, events with lags of

Variable Correlation
Diff. radial growth* ] 0.281
DDO May 0.305
DD5 May ] 0.341
DDO s=250 p=19 0.305
Diff radial growth J 0.325
Snowfall s=302 p=9 ] 0.424
PET s=177 p=38 [ —0.482
Rainfall s=188 p=69 ] 0.508
Rainfall Ma [ —0.339
Spring rainfall [ —0.309
Temp. May 0.306
Autumn snowfall lag 1 7 —0.306
Frost free days lag 1 0.340
Precip. days lag 1 0.398
Rainfall s=108 p=14 lag 1 0.449
Spring rainfall lag 1 0.413
Pollen cone litter lag 2 Y —0.354
Rainfall s=135 p=7 lag 2 | Kl —0.473
Rainfall March lag 2 My —0.454
Diff. radial growth Iag? 3* —0.287
DD15 s=154 p=29 lag 3 —-0.410
DD0 s=127 p=68 lag 4 777777777) (464
DD5 lag 4 /77777 0.332
Diff radial growth lag 4* /X7 0.376
Diff radial growth lag 4 /77774 0.323
Diff. radial growth lag 5* o2 —0.364
DDO0 s=250 p=19 lag 6 | NN\NAN\NNN\N\T —0.456
Temp. September lag 6 ANNANNNNNN ~—0.390
-0.5 0.0 0.5
Correlation
Lag value =—— 0 zzd 1 YV
9 4 [XXXKH 5 (SSSNY

Figure 4. Correlations between needle litter index and other variables.
Vertical linesindicate the limit of significance. Abbreviations: DDO,
DD5 and DD15, mean daily temperatures above 0, 5 and 15 °C
thresholds, respectively; PET, measured potential evapotranspiration;
and s, starting day (day of year) of period with length p. Asterisks (*)
indicate correlations between differenced needle litterfall and differ-
enced radial growth.

4 and 6 years affected the quantity of needlelitter. Spring tem-
peratures, temperature sums (both annual and May to mid
July) and differenced radial growth index with alag of 4 years
correlated positively with needle litter index, whereas autumn
temperature with a lag of 6 years correlated negatively with
needlelitter index. Differenced needlelitterfall also correlated
with differenced radial growth with lagsof 0, 3, 4and 5 (r =
0.281, —0.287, 0.376 and —0.364, respectively) (Figure 4).

Extreme weather periods had little effect on needlelitterfall.
Only periods with high temperature during June with alag of
3 years reduced current-year needle litterfal (Figure 4),
whereas cold periods during winter had no effect on needle
litterfall.

Variance in the needle litter index decreased from (0.202)2
to (0.103)? when the full model was applied, implying that
74% of the variance was explained by the predictors
(Figures5 and 6). The weather model, which lacked the pollen
conelitter index asapredictor (Table 2), explained 65% of the
origina variance. The predictors of the full model correlated
weakly with each other (Table 3, Figure 6). The model based
on differenced radial growth index explained only 19% of the
variance, whereas the differenced radial growth index and the
pollen conelitter index together explained 25% of the variance
(Figure 6, Table 2).

Both the full model and the weather model gave good pre-
dictions of variation in needle litter in the parameterized
model stand, catching the peaks in litterfall, although some
peakswere overestimated. Based on the analysis, model resid-
ualswere white noise, but the residuals of the full model had a
nonsignificant autocorrelation of —0.29 with alag of 4 years.

Developed models were tested against independent mea-
surements—predictions of al models were weakest for 1989,
theyear when needlelitter wasunderestimated. Thefull model
gavethe best predictionswith pollen cone production from the
experimental stand (i.e., parameterized site), with a
root-mean-square error (RMSE) of 0.136. The second best
was the weather model with an RMSE of 0.138, whereas the
full model with the pollen conelitter of themodel ed stand (i.e.,
independent site) gave the poorest results with an RMSE of
0.194 (Figure 7).

Results changed when the differenced needle litter index
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Figure 5. Measured and predicted needle litter index based on the full
mode! (including model predictions for both needle litter index and
for its difference).
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was used as the response. The full model was then able to ex-
plain only 45% of the variability of the original series (differ-
enced needlelitter index) (Figure5). Changing theresponseto
differenced needle litter index reduced the P-value of the sum-
mer temperature sum with alag of 4 years (P = 0.12, Table 4).
According to the Akaike Information Criterion, the order of
model performance remained the same, but the overall perfor-
mance of predictors was weaker with the differenced needle
litter index than with the non-differenced needle litter index.

Discussion

Cross-correlation analysis showed that the variables signifi-
cantly correlated with needlelitter could be grouped according
to thelag at which they correlated. Variablesthat were statisti-
caly significant at lags of 4 and 6 yearsinfluenced needle pro-
duction, whereas the variables that were effective at lags be-
tween 0 and 2 years directly influenced needle shedding.

We found that radial growth correlated positively but
weakly with needle litter (lags of 0 and 4 years). According to
theanalysis, we can reject our hypothesisthat growth-favoring
conditions 5—6 years previously (equivalent to the quantity of
needle cohorts) increase needle litter. On the contrary, our
analysis indicated that conditions favoring photosynthesis
4 years previoudly correlated with needle litter. This finding
corroborates earlier studies showing that the quantity of nee-
dlesis predetermined in the bud and that the unit mass of nee-
dles increases during the summer after needle elongation
(Kramer and Kozlowski 1979). Our results showed that the
simplified assumptions of the process models (direct link be-

1.4 .

1.0 * %% e 4

Needle litter index

0.24 b

tween NPP and carbon alocated to stem and to foliage and
eventually to foliage litter) (Waring 1983, Mé&kela 1997) do
not hold for our Scots pine site in northern Finland where an-
nua needle litterfall dynamics is a more complex phenome-
non.

Radial increment correlated with needle litter, but it did not
qualify as a predictor for the full model based on the weather
data and pollen cone litter. The full model explained 78% of
the variance in needle litter. This model included pollen cone
litter with alag of 2 years and three weather variables—rain-
fall between May 15 and 22 with alag of 2 years, temperature
sum between May 7 and July 14 with alag of 4 years, and tem-
perature sum between September 7 and 26 with a lag of
6 years. Anincrease in pollen cone litter reduced needle litter
after 2 years, indicating that carbohydrate and nutrient alloca-
tion in the tree are linked and covary between different uses.
Many textbooks (e.g., Oliver and Larson 1996) state that trees
allocate carbon for reproduction before tree growth. Increased
reproduction may reduce both tree growth and needle litter,
because tree growth is dependent on photosynthetic
production. Flower-Ellis and Olsson (1978) report that the
number of needles in Scots pine shoots was reduced by
two-thirdsin yearswhen pollen production was high; the more
pollen cone positions there were per shoot, the fewer the
needles produced.

According to Jalkanen (1998), Scots pine treesin our study
area had five to six needle cohorts in the branches between
1990 and 1997. We found that a high temperature sum be-
tween September 7 and 26 with a lag of 6 years reduced the
amount of needle litter, perhaps indicating that a warm Sep-
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Figure 6. Scatter plotsfor needle
litter index on the y-axis and pre-
dictors of the full model on the
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Figure 7. Tests of models against independent measurements
(Plot 29). The full model was applied with data from an independent
site (Plot 29) and from parameterization of the measurement site
(Plot 27). The climate model was applied based on datafrom the near-
est weather station (same data as used for parameterization).

tember decreasesthe mass of new needlesthat grow during the
following summer, to be shed after 5 years. We speculate that
thisdependenceis associated with reduced resourcesfor forth-
coming needles because awarm autumn causes both increased
resource use for maintenance respiration and reduced resource
supply as a result of the later senescence of older needles
(Cannell 1989, Atkin et al. 2005).

The temperature sum between May 7 and July 14 with alag
of 4 years correlated positively with needlelitterfall. Thiscor-
relation likely relates to needle mass increase during needle
aging (Viro 1956), when more favorable growth conditionsre-
sult in increases in the length and mass of 1-year-old needles
that will be shed after 4 years (Junttila 1986). Similarly Brix

and Ebell (1969) found that fertilization increased the mass of
needlesby increasing needle dimensions especialy in theyear
after fertilization. Scots pines derived from seed originating at
Rovaniemi and planted in 1931 at Tuusula (23 km north of
Helsinki) have 2—4 needle cohorts instead of 5—6 (typical at
Rovaniemi), implying that Scots pines with similar genetics
reduce the number of needle cohorts under warmer conditions,
afinding that is also supported by the study of Reich et a.
(1996). The ability to reduce the quantity of needle cohorts ac-
cording to climate demonstrates the adaptability of Scots pine
to local conditions.

Rainfall at the start of the height increment (May 15-22) re-
duced the amount of needlelitter with alag of 2 years (all peri-
ods with lengths between 7 and 18 days after mid May had a
significant negative correlation with needle litter). Drenkhan
et a. (2006) found that 1-2-year-old needle cohorts were re-
sponsible for most of the Scots pine growth in southern Fin-
land. Cloudy weather during height growth and branch forma-
tion apparently reduce potential self-shading through de-
creased growth. The link between poor height growth and re-
duced needle litter supports the assumption that trees tend to
maintain a constant amount of foliage (Pensa and Jalkanen
2005).

All four model swere parameterized for the differenced nee-
die litter index. We found that P-values of predictors were
weaker for the differenced response than for the non-differ-
enced response. Temperature sum of summer 4 years ago was
anonsignificant (P = 0.12) predictor in the full model (includ-
ing the differenced pollen cone litter index as a predictor). In
the weather model, temperature sum of summer 4 years ago

Table 4. Models for differenced needle litter index, parameter estimates and their standard errors. Abbreviations: Int, integer (constant of the re-
gression); dPC, differencein pollen conelitter index; RF3s 7, rainfall over 7 daysbeginning Day of year 135; DD0127,63 and DDOysp,19, mean daily
temperatures above 0 °C threshold over 68 days beginning Day of year 127 and over 19 days beginning Day of year 250, respectively; AIC,
Akaike Information Criterion; SEE, standard error of estimate; dG, differencein growth index; and Lag, delay in years. Variance estimate of the

differenced needle litter index is 0.0807.

Variable Full model Wesather model

Estimate SE P Lag Estimate SE P Lag
Int —-0.2377 0.4645 0.609 - —0.6858 0.4628 0.138 -
drPC —0.6528 0.2572 0.011 2 - - - -
RF1357 —0.0094 0.0047 0.046 2 —0.0124 0.0049 0.012 2
DDO012768 0.0008 0.0005 0.120 4 0.0014 0.0005 0.008 4
DDO03s0,19 —0.0025 0.0011 0.024 6 —0.0019 0.0012 0.095 6
AlC —-6.15 -1.38
SEE 0.210 0.226
Variable Growth and pollen cone litter model Growth model

Estimate SE P Lag Estimate SE P Lag
Int —0.0080 0.0402 0.842 - —-0.0177 0.0423 0.676 -
dG 0.4469 0.2834 0.115 0 0.5142 0.3213 0.109 0
dG - - - - 0.6741 0.2903 0.020 4
drPC -0.7773 0.2658 0.003 2 - - - -
AlC 8.66 9.63
SEE 0.259 0.264
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was a significant predictor, indicating that the cross-correla-
tion of 0.33 between current-year pollen cone litter and tem-
perature sum of summer 2 years ago (Table 3) affects the ap-
propriate combination of predictors. This interaction between
warm summer and future pollen conelitter hintsthat warm pe-
riodswill increase future pollen cone litter, and that both vari-
ables correlate with needle litter (Figure 6).

Results of the growth model changed when the differenced
needle litter index was predicted with differenced growth: the
differenced growth 4 years ago explained most of the variabil-
ity but current-year differenced growth was nonsignificant, in-
dicating the importance of growth conditions 4 years ago for
current-year needle litterfall.

July and August PET correlated negatively with needle
litterfall, whereas rainfall in the same period correlated posi-
tively with needle litterfall, indicating that the siteis not water
limited. Thisfinding also indicates that rainfall playsarole as
amechanism that removes dead needlesfrom the canopy to the
soil. The negative relationship reported in this study contrasts
with that found by Berg and Meentemeyer (2001), who re-
ported a high positive correlation between actual evapo-
transpiration (AET) and needlelitterfall based on mean values
of different sites across Europe (from Spain to Sweden). Our
PET and needle litterfall results are supported by the study of
Starr et a. (2005) showing acorrelation of —0.5 between nee-
dielitterfall and evapotranspiration index (ratio between rain-
fal and effective temperature sum) based on 34 Scots pine
sites across Finland.

Predictions made with the weather model agreed well with
measurements from the modeled stand (i.e., independent site),
although the full model with pollen cone data from the mod-
eled stand was less accurate than the weather model. The
relationship between tree flowering and needle litter varied
among the stands. It hasbeen shown that needlesare shed from
various cohorts simultaneously (Jalkanen 1998), which may
confound the relationship between pollen cone litter and nee-
dielitter. All modelsfailed to predict needlelitterfall in 1989 at
theindependent site, likely because of frost damage during the
1986-1987 winter that severely reduced tree growth in
Lapland during the late 1980s.

We found a weak correlation between radial growth and
needlelitter, refuting our original hypothesis of atight link be-
tween NPP and foliage litterfall. Similarly Wirth et a. (2002)
and Martinez-Alonso et al. (2007) reported that needle
litterfall did not correlate with tree growth. These studieswere
both based on a short time series and therefore the statistical
analyses were restricted. Nevertheless, these shorter time se-
ries provide an important source of information for calibrating
process models (e.g., Corbeels et a. 2005).

Kouki and Hokkanen (1992) found in their study (series of
24 years) that needle litter of Scots pine in southern Finland
was positively dependent on the mean temperature of cur-
rent-year July and March—April, and negatively with July tem-
perature of the previous year. The effect of the March-April
temperature on needle litter was related to tree transpiration
and the lack of water. Similarly, we found a positive relation-
ship between current-year May temperature sum and needle

litter. However, in contrast to Kouki and Hokkanen (1992), we
found no correlation between current-year July temperatures
and needle litter, but we observed that summer rainfall
(July—August) increased needle litterfall. A similar relation-
ship between summer rainfall and needle litter was found near
Krasnoyarsk, Russia by Elagin and Cherkashin (1988), who
reported that the duration of rainfall at the end of the vegeta-
tion period and the relationship between summer rainfall and
summer temperatures influence needlelitter variability with a
lag of 3—4 years. Kouki and Hokkanen (1992) also reported an
autoregressive relationship in needle litter with a lag of
4 years, suggesting that this phenomenon is related to the
number of needle cohorts.

Our results indicate that needle shedding in northern Fin-
land is influenced by needle production and development of
needle mass 4 and 6 years earlier, and that weather as a proxy
for needle production and devel opment correlated with annual
needle litterfall of Scots pine. If future years have higher sum-
mer temperatures, extreme rainfall episodes and longer grow-
ing seasons, needle turnover may be accelerated.
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