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Analyses of a time-series of needlefall data showed enhanced needlefall due to unusually
warm and dry weather in southeastern Norway during 1986-2000. Needlefall was sampled
routinely in ten stands of older Picea abies as part of long-term forest monitoring. Mixed
linear models were developed for brown and green needlefall separately. Both the brown
and the green needlefall had clear seasonal variations, peaking in October and May, respec-
tively. In addition, the needlefall was correlated with weather conditions. Unusually dry
summers were followed by increased brown needlefall in the autumns and winters, and
unusually high temperatures were accompanied by increased amounts of green needle-
fall, in particular in the winter. Using the models, we found that unusually warm and dry
weather during these 15 years likely caused an overall surplus of needlefall. Even though
the brown needlefall was the dominant fraction of the needlefall, the surplus of green
needlefall was of larger magnitude. The results suggest that unusually warm winters and
dry summers were the main cause of increased crown defoliation during these years.

Introduction

In the 1980s and 1990s there was a widespread
belief that air pollution was causing a forest
decline in Europe, while now it appears that
this was not the case and climatic factors, in
particular drought, have been more important.
Severe air pollution effects were seen in some
heavily polluted areas such as the Ore mountains
having annual mean SO, concentrations in air
above 90 pg m= (Wentzel, 1982, Liebhold and
Drechsler, 1991). An extensive forest monitor-
ing program was established in Europe in the
mid-1980s as a response to the concern for air
pollution effects (Lorenz 1995). However, the
presence of a widespread forest decline caused

Editor in charge of this article: Jukka Pumpanen

by air pollution was severely questioned at that
time (Kandler and Innes 1995). This is backed
up by a recent review (De Vries et al. 2014),
which concluded that relationships between air
pollution and crown condition were weak and
limited in time and space, while climatic factors
appeared to be more important drivers. From
a philosophical viewpoint Roll-Hansen (2002)
concluded that the belief in forest death from
acid rain was an unnecessary misunderstanding,
where science was unfortunately replaced by a
consensus based belief.

During the first 15 years of forest monitoring
in Norway defoliation of Norway spruce (Picea
abies) increased in the southeastern part of the
country. The effect of long-range air pollutants
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was one candidate explanation because this was
the region receiving the highest deposition of
anthropogenic sulphur and nitrogen compounds.
However, no relationship was found between
air pollution and crown condition (Solberg and
Tgrset 1997), and based on relationships with cli-
matic data Solberg (2004) concluded that summer
drought appeared to be the main cause. Drought
is known to generate a number of damage types
and effects in spruce, including needle loss
(Gruber 1990, Christiansen 1992), dying of buds
and branches (Aronsson et al. 1978), deficiency
of K, Mg and other nutrients (Wehrmann 1961,
Dambrine et al. 1993), reduced growth (Spiecker
1986), root mortality, and attacks by Armillaria
spp. (Whitney and Timmer 1983) and bark bee-
tles (Worrell 1983). In a recent project on top
dieback, which is another damage type observed
in southeast Norway, summer drought was again
found to be the primary cause. Scattered, well-
growing individuals, having a sudden decline
from top downwards, appeared to be particu-
larly vulnerable to cavitation from drought stress
by having large, thin-walled tracheids and weak
control on stomata closure as seen from “C
and 8O isotope analyses (Hentschel et al. 2014,
Rosner et al. 2014).

The hypothesis of this study is the one pro-
posed by Solberg (2004), i.e. that the increasing
defoliation seen during 1988-2001 in southeast
Norway was caused by summer droughts, which
incited increased needlefall in the autumns.
Excellent data were available for this, i.e. needle-
fall data routinely collected during these years at
the so-called intensively monitored plots, as well
as weather data from the Norwegian meteoro-
logical office. The hypothesis is partly backed
up by several existing studies of needlefall in
Norway spruce, which have shown seasonal
variation and increased needlefall after unusual
weather conditions, like summer drought or high
winter temperatures (Mork 1942, Rehfuess and
Rodenkirchen 1984, Heiniger and Schmid 1989,
Gruber 1990, Livsey and Barklund 1993). How-
ever, the presently available needlefall data pro-
vided the possibility for more detailed analyses,
where brown and green needlefall are separated.

The objective of this study was to investi-
gate the amount of needlefall in Norway spruce
in southeast Norway, and to clarify the influ-
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ence of climatic factors. More specifically, to
(1) quantify needlefall and its seasonal varia-
tion, (2) identify climatic factors influencing it,
and (3) investigate whether warmth and drought
could explain the increased defoliation observed
during the 1980s and 1990s.

Material and methods
Study area and field plots

This study was based on needlefall data gath-
ered from intensively monitored forest plots in
southeastern Norway between 58°N and 61°N
(Table 1). The plots were part of the Monitoring
Programme for Forest Damage in Norway which
was established in 1985 (Horntvedt et al. 1992),
and of the pan-European network of intensive
monitoring plots (ICP Forests Level II plots,
Lorenz et al. 1997). Here, we selected plots in
old, Norway spruce stands. About 90% of the
trees in the plots were Norway spruce. The plot
size was 0.1 ha. During the monitoring period no
forest management was carried out in the plot or
in a buffer zone around them.

Plot data

Litterfall has been routinely collected since
1986. Two sampling periods and sampling meth-
ods have been used:

1. In the summer and snow-free period, the
samples were gathered monthly into 10 ven-
tilated bags randomly located within the plot.
The bags were mounted on a circular, steel
frame with a radius of 22.5 cm and hanged
1 m above the forest floor.

2. In the winter, all collected material consti-
tuted one sample. Collection periods varied
in length among plots and years depending
on the duration of the snow cover. A square
sampler (0.5 m x 0.5 m, wall height 10 cm)
was placed directly on the ground.

The beginning and the end dates were
recorded for each sample; from this we obtained
needlefall flux given in kg ha™! day™' (Table 2).
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Table 1. Plot characteristics.
Plot Altitude Long. °E  Lat.°N Age Stem Stem Volume Site
(ma.s.l.) (year)”  number volume growth index?
per ha (méha™) (m® ha' year™)
Birkenes 198 8.24 58.38 105 1127 350 6.9 14.0
Fagernes 480 9.22 61.00 91 1897 313 8.5 14.3
Fyresdal 460 8.15 59.31 136 1674 219 3.5 9.5
Hurdal 275 11.08 60.37 63 707 344 14.2 17.7
Langtjern 560 9.74 60.37 168 1756 335 6.9 7.2
Lardal 170 9.87 59.45 117 952 355 4.5 14.4
Nordmoen 204 11.11 60.25 85 567 312 7.9 18.4
Prestebakke 150 11.53 58.98 87 840 536 13.2 21.5
Sogne 30 7.86 58.10 58 1364 528 13.9 20.5
Valle 280 7.57 59.05 119 1346 274 4.2 11.9

" At breast height for the year 1990. ? According to the Norwegian system H40, which denotes top height at an age

of 40 years at breast height.

The samples brought in the laboratory were
immediately dried at 105 °C for 48 hours, and
sorted manually into a fine litter sub-sample
(mostly needles, but also flowers, seeds, bark
fragments etc.) and a coarse litter sub-sample
(mostly branches and twigs). The fine litter was
then manually spread out in an even and thin
layer on a plate, and the mass of sub-fractions
such as brown spruce needles, green spruce
needles and spruce flowers was visually assessed
by specially trained staff. From this we obtained
data on the mass of brown and green needle fall.
The assessments were regularly controlled on
randomly selected samples by manual sorting
into the sub-fractions followed by weighing.

Throughout the study we kept and analysed
the brown and green needlefall data separately,
because differences in phenology and causal fac-
tors were expected for these fractions.

Crown defoliation was assessed for all trees
in the plots annually during 1986—2000. This was
done in the autumn by two observers according
to international guidelines (Anon. 1989). It rep-
resents the percentage of foliage missing in com-
parison with the expected amount for a healthy
tree at the site. Defoliation was averaged for each
plot and each year, based on non-suppressed
Norway spruce trees, i.e. Kraft classes 1-3.

Weather data

The Norwegian Meteorological Institute esti-

mated meteorological data for each forest plot,
by geographic interpolation of the weather sta-
tion data. Temperature and precipitation were
obtained as monthly residuals from 1961-1990
mean values, and expressed as deviations from
the mean (temperature) and percentages of the
mean (precipitation). Interpolating the residuals
is a robust approach, since the variables are nor-
malised and therefore are suited for spatial inter-
polation. The data in the Norwegian Meteoro-
logical Institute’s climate archive were used to
establish monthly maps of temperature and pre-
cipitation residuals from the 1961-1990 monthly
normal values. The residual was defined at each
observation station, and these values were used
in a spatial interpolation to derive a continuous
residual map covering all Norway with a spatial

Table 2. Sampling period and mean needlefall
(kg ha ' day™).

Plot Sampling Needlefall
period

brown green
Birkenes June 1986-Dec. 2000 2.87 0.60
Fagernes June 1987-0Oct. 2000 2.98 0.59
Fyresdal June 1987—-0Oct. 1994 2.00 0.57
Hurdal Mar. 1997—-Oct. 2000 3.11 0.37
Langtjern June 1986—-Oct. 2000 1.91 0.24
Lardal June 1988—Nov. 2000 2.68 0.60
Nordmoen June 1986-Oct. 2000 3.08 0.46
Prestebakke June 1986-Oct. 2000 4.02 1.41
Sogne Aug. 1987—-Nov. 2000 412 1.92
Valle Aug. 1988-Sep. 1999 2.12 0.37
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resolution of 1 km X 1 km. The spatial interpola-
tion method used was TOPOGRID (ESRI 2001),
which for this purpose showed good perfor-
mance. From this gridded representation, values
for each of the forest plots were estimated for
each month.

Combining the climate residual values with
the 1961-1990 normal values gave absolute
values at the monitoring plots. The 1961-1990
temperature normals used were the Nordic Tem-
perature Maps (Tveito et al. 2000), while the
precipitation normals were based on gridded
representations of the precipitation maps in the
National Atlas of Norway (Fgrland 1993).

For the period and the plots under study,
precipitation was generally slightly higher than
normal in the winter and slightly lower in May
(Table 3). For all months, considerable variation
occurred with values from near zero to thre—four
times the 1961-1990 normal value. The tem-
peratures were generally above the 1961-1990
normal, in particular in winter. For January and
February, temperature deviations up to almost
10° above normal occurred (Table 3).

In addition to temperature and precipitation,
we also used Palmer drought severity index,
PDSI, as a measure of climatic drought (Palmer
1965). This index is based on meteorological
data as well as estimated evapotranspiration
and a soil water balance model including water
runoff, water loss and water recharge. The water

Table 3. Monthly meteorological means (minimum—
maximum) for the period 1986—-2000 for the 10 moni-
toring plots. Precipitation is given as percentage of,
and temperature as deviation (Af) from the 1961-1990
average.

Month Precipitation At

January 115 (12-284) 2.1 (=7.7-9.6)
February 127 (1-451) 2.3 (-5.7-9.5)
March 114 (4-266) 1.3 (-4.5-5.7)
April 120 (3-340) 0.7 (-2.2-2.8)
May 74 (0-188) 0.4 (-2.6-3.3)
June 113 (3-296) —0.4 (-4.1-3.7)
July 94 (7-372) 0.5 (—2.5-4.7)
August 112 (6-245) 0.3 (-2.4-5.3)
September 90 (6—220) 0.2 (-2.8-4.2)
October 99 (19-280) —0.1 (-3.8-3.5)
November 103 (19-473) 0.7 (-3.3-6.2)
December 108 (10-257) 1.0 (-4.7-5.1)
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balance model is based on the standing timber
volume, vegetation type, soil type, altitude and
slope. First, a normal, or mean, water balance
for the period 1961-1990 was estimated for
each 12-month period. The Palmer indices were
then calculated as deviations of these monthly
normal values for the investigated period. A
Palmer PDSI value greater than 4 expresses
extreme wetness, zero indicates normal wetness
or drought, while less than —4 identifies extreme
drought. It should be emphasized that the Palmer
values are standardised to each plot and only
reflect deviations from the normal at this actual
plot.

Analyses

The length of the winter sampling varied
between plots and years. Prior to the statistical
analyses we standardized the sampling periods
by defining 8 standard sampling periods, con-
taining monthly samples from May to Novem-
ber and one winter sample for December—April.
Most of the litterfall samples fitted to these
standard periods; however, some did not. Those
were assigned to the standard periods by splitting
or combining their data as follows: Any monthly
samples within the standard winter period were
combined with the other winter sample data. In
cases where the winter samples started before
December or lasted past April, we assigned the
mean needlefall flux as monthly samples outside
the standard winter period.

The needlefall samples were assigned to
standard dates, being either on day 15 of the
actual month or on 15 February for winter sam-
ples. The needlefall fluxes were recalculated into
percentages of the long-term mean needlefall
flux for each plot.

In order to identify relationships between
weather conditions and needlefall, we first car-
ried out a screening based on correlation analy-
ses. We did this for various alternatives, i.e. with
both monthly and seasonal values and including
lagged effects. We used Spearman’s rank-order
correlation which is suitable and robust against
outlier data. Based on these initial trial analyses,
we retained the most promising relationships,
based on aggregated seasonal weather data for
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winter, summer and autumn. Spring weather
data and spring needlefall data were excluded
due to none or minor relationships. We retained
relationships if the weather and needlefall data
were from the same season or if the needlefall
data lagged after the weather data. The winter
weather data were combined with needlefall
from the same winter, as well as the following
summer and autumn. The summer weather data
were combined with needlefall data from the
same summer, as well as the following autumn
and winter. The autumn weather data were com-
bined with needlefall from the same autumn, as
well as the following winter and summer.

Based on this screening of relationships,
we derived the strongest weather variable for
explaining brown needlefall and the strongest
weather variable for explaining green needle-
fall. The relationships were then fitted to more
sophisticated models. The idea with these
models is that they should be close to the data
generating biological mechanisms, and that cor-
relations in time and space between the obser-
vations should be handled appropriately, ena-
bling hypotheses testing. An appropriate tool for
this was weighted, mixed, linear models using
the MIXED procedure in SAS (Littell et al.
1996). In comparison with ordinary least squares
(OLS), they have the advantage that dependen-
cies between the observations can be included
in the model by selecting an appropriate vari-
ance and covariance structure. We expected two
types of dependencies between the observations,
i.e. events occurring at the regional scale and a
temporal autocorrelation (see below for further
details). The parameter estimation was carried
out with a maximum likelihood iterative proce-
dure. Hypothesis testing on the variables was
obtained with likelihood-ratio tests (Schaben-
berger and Pierce 2002), i.e. the change in log-
likelihood along with a step-wise inclusion of
variables. This means that a given variable was
included in the model if this generated a suffi-
ciently large change in log-likelihood:

—2In(ALikelihood) > »° | ., (1)
where n is the change in the number of param-

eters. We used an analysis of covariance model
structure, meaning that each sampling period
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(month or winter) had its own intercept and its
own regression slope. The observations were
reasonably close to a Gaussian distribution.
However, in these models we In-transformed
the needlefall data because of heteroscedastic-
ity, i.e. the residual error variance increased with
increasing needlefall. This transformation stabi-
lized the variance over the range of needlefall
values. The brown needlefall, Y[jk, was fitted to
the model

ln(Yijk) = ﬁo + ﬂli + ﬁz:'p/ T te, )

where 3, denotes an overall intercept, 3, denotes
the intercept of the sampling period (month)
i, and f3, denotes the regression coefficient of
needlefall against summer drought in that sam-
pling period. Here i indexes the eight sampling
periods (i=1, ..., 8) for a one year long sequence
starting with the July to November monthly sam-
plings (i = 1-5), followed by the entire winter
period December—April (i = 6), and the follow-
ing May and June monthly samples (i = 7 and 8).
The k indexes the plots (i = 1, ..., 10). Since the
number of days varied among the samples, all
observations were weighted with the number of
days in that sampling period. The variable p; was
the selected weather variable, being the sum of
precipitation during summer (May—August) in
percent of the 1961-1990 normal value. Here j
indexes the July—June sampling years (j =1, ...,
15), where the sampling year 1986/1987 takes
the value j = 1, and so on until 2000/2001 with
j=15.

The variance—covariance model included
U and € which were assumed to be Gauss-
ian zero-mean variables. The random effect Uy
which can be called “timepoint”, represents dis-
turbances common for all the plots. This could
be any regional event, such as a storm or a
fungal disease affecting needlefall over the entire
region. In the present data set, there were 119
timepoints: June 1986, July 1986, August 1986,
and so until the winter of 2001. This random
effect had the variance 012. In the error term €
we modelled an autocorrelation in time within
each plot. We here applied the “spatial power
law” variance—covariance structure (Littell ez
al. 1996), which models the correlation between
two observations to decrease with increasing
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time difference. This autocorrelation results from
the fact that the effect of drought, or any other
factor, upon needlefall is likely to be spread over
some time. The covariance between two obser-
vations at times ¢, and ¢, is modelled as o%p" ~*,
where p is an autoregressive parameter assumed
to satisfy Ipl < 1 and ¢? is an overall variance.

Green needlefall was handled similarly. It
was fitted to a fairly similar model as brown
needlefall

ln(Yzjk) = ﬂo + ﬂl[ + ﬂZitij tu;te, €)

with the difference that here the selected weather
variable was 7., which was the temperature devi-
ation from the 1961-1990 normal in the same
period (month) as litterfall was collected. This
means that we here searched for an instant
response to unusually warm weather.

Estimates from In-transformed models are
known to have a bias when converted back to the
non-logarithmic form. Hence, for the presenta-
tion of the results, the model predictions were
transformed back to a non-logarithmic form. We
corrected the predicted needlefall values using a
fixed factor, A as follows:

A = Z(observed x days)/Z(predicted x days) (4)

After this correction, the predicted weighted
mean equalled the observed weighted mean.

If dry and warm weather prevailed in the
period under study and led to increased needle-
fall, this was likely to have caused defoliation of
tree crowns. If this was a major cause of defo-
liation, then the surplus of needlefall caused by
dry or warm weather should correspond to the
changes in defoliation. For every point in time
when sampling occurred, we used Egs. 2 and 3
to predict brown and green needlefall with the
actual values of the meteorological variables
averaged across plots. We then replaced the
actual values with the 1961-1990 normal values
and obtained estimates of what the needlefall
would have been in normal weather. For this,
we obtained estimates of the surplus needlefall
caused by unusually dry and warm weather.
These surplus needlefall values were aggregated
over time, and this gave estimates of the accu-
mulated surplus needlefall during the period
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1986-2000 caused by unusually dry and warm
weather.

For visualization of the data we used “least
squares means” (LSMEANS, Anon. 1990: 891—
1686) rather than raw data. This was necessary
because the litterfall sampling periods varied
somewhat between plots, and because some
plots were established after 1986 and some were
terminated before 2000. The LSMEANS are the
best available estimates of what the data would
have been had all plots been investigated for the
entire study period and the litterfall sampling
had had identical sampling periods each year.
LSMEANS were obtained from two-way analy-
ses of variance models:

Y[j=ﬁ1[+ﬂ2j+e[j ®)

where YU is a needlefall or defoliation variable,
B, represents the mean value of plot i, ﬁ2j repre-
sents the mean value at time point j (i.e. a sam-
pling period of litterfall or a year of defoliation),
and e represents the residual error.

Results
General findings

The needlefall flux varied among plots, with
mean values ranging from 2.2 to 6.0 kg ha™' day™!
(Table 2). The lowest value was at the site
Langtjern, which in this study was a low-pro-
ductivity site at the highest altitude, having low
productivity and low stand density. The highest
value was found for Sggne, located in a high-
productivity and dense stand in the lowlands
of southernmost Norway. The mean needle-
fall flux calculated across the plots was 3.6
kg ha' day’'. On average, brown and green
needlefall constituted 84% and 16%, respec-
tively, of the total needlefall in the plots. These
fractions were fairly stable from plot to plot,
with brown needlefall varying from 68% to 89%.
The needlefall varied over the years, and two
periods of high needlefall were recorded: one in
1991-1993 and the other in 1997-2000 (Fig. 1).
Two other characteristics in the time series
were apparent: the brown needlefall peaked in
autumn, and the relatively high fraction of green
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Fig. 1. The needlefall time-series-based least squares means. The bar widths correspond to the lengths of the
sampling periods. The mean flux of 3.6 kg ha™' day~" is shown with a dotted line, and the annual totals are shown

with a solid line.

needles was recorded in winter. The analyses of
variance models behind these LSMEANS data
were good, in the sense that the two effects in
the model were able to explain a high fraction of
the variance, i.e. having r> = 0.70 and r* = 0.52,
respectively, for brown and green needlefall.

The peak events, consisting mainly of brown
needles, occurred frequently in the autumns. This
was evident in 1986—1989, 1991-1992, 1997 and
1999. The highest peak was recorded in October
1986, with 15 kg ha™' day™' of almost entirely
brown needles. Two other peaks were recorded
in November 1991 and October 1992, also being
comprised of almost entirely brown needles, with
13 and 14 kg ha! day™' needlefall, respectively.
The latter of these events was observed in most
of the plots, with a maximum value at Sggne (49
kg ha! day™"). A peak was then seen in all plots
with values from 11 to 49 kg ha™' day™', except
at Langtjern, which is a more high elevation plot,
having 1 kg only. Autumnal peaks were observed
in all years, and varied between the months of
September, October and November. However,
magnitudes of the peaks varied a lot, and the total
autumn needlefall was low in some years, i.e.
1988, 1996 and 1998.

The high needlefall period in 1991-1993 was
mostly due to excessive shedding of brown nee-

dles in the two peaks in the autumns of 1991 and
1992, as well as in the winter in between. How-
ever, also, a high amount of green needles from
the next winter, 1992—-1993, contributed signifi-
cantly to the overall high needlefall in this period.
The second, markedly high needlefall period,
1997-2000, was also mostly due to unusually
high shedding of brown needles, i.e. the peaks
in the autumns of 1997 and 1999, as well as in
the winters of 1997-1998 and 1999-2000. Also,
considerable amounts of green needles from the
latter winter contributed clearly. Thus, of prime
importance for understanding the high needlefall,
and its possible relationships to observed crown
defoliation, is to understand the dynamics and the
drivers for the brown needlefall.

Brown needlefall and weather conditions

Brown needlefall made up the majority of the
total needlefall, i.e. 84% (Table 2). The cor-
relation analyses indicated that brown needle-
fall appeared to increase after warm and dry
summers (Table 4). A reduced needlefall was
recorded in such summers, however; this was by
far outweighed by being followed by a consider-
able increase in the autumnal peak, and partly
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also a winter increase. This apparent warmth
and drought effect was most clearly seen in the
models based on the Palmer drought severity
index. However, the models based on rainfall
and temperature deviations from the 30-years’
normal also supported this finding. The climate
variable most strongly correlated with the domi-
nating autumnal needlefall was summer (May—
August) precipitation expressed as percentage of
the 30 years’ normal, (Spearman’s r = 0.40). A
crude overview of the patterns of relationships in
the data set is given in Table 4.

The more sophisticated model in Eq. 2 sup-
ported the correlation analyses, and provided
more details. All the variables used in the model
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were all statistically significant at the 1% level
(Table 5). The brown needlefall had a seasonal
pattern with high values in the autumn, and
peaking in October (Fig. 2). After dry summers
this seasonal pattern was more pronounced, with
increases in the following autumn and in the
winter. On the other hand, moist summers were
followed by reduced brown needlefall in the
autumn and winter. After a summer that received
only 50% of normal precipitation, the model
predicted brown needlefall to be 22% higher as
compared with that after a normal summer, when
summed up from July to the June of the follow-
ing year. This means that the brown needlefall
peak following a dry summer is not the normal

Table 4. Overview of the relationships between climate variables and needlefall, based on Spearman’s rank order
correlations between needlefall in a given season expressed as percentage of the long-term average needlefall,
and a series of climate variables for the same season and two preceding seasons (lagged effects). T = warm or
dry condition is related to increased needlefall, and | = warm or dry condition is related to reduced needlefall; the
symbols are presented only if the correlation coefficient was > 0.2 or < —0.2. For each combination of climate and
needlefall, three alternative climate variables are used: lowest monthly value, mean monthly value and maximum
monthly value. Rain% is the precipitation expressed as percentage of the 30-year mean value, Atemp is the tem-
perature deviation from the 30-year mean value, Palmer is the value of the palmer drought severity index (PDSI).

Green needlefall in the same
or next season

Brown needlefall in the same
or next season

Climate variable winter summer autumn winter summer autumn
Winter rain% . L. L. L .
Atemp L S . T T T 1T 7
Palmer
Summer  rain% A P Ll T T . . ..
Atemp Lo 2 R T
Palmer .o VLl T 1
Autumn rain% Pl .
Atemp P Lo P
Palmer A L. TN

Table 5. Hypothesis testing for the variables used in Eqg. 2 for brown needlefall (Y,,) based on the Likelihood-ratio
tests. N is the number of parameters, AN is the sequential increase in the number of parameters, —2LL is the
—2In(Likelihood), —2ALL is the sequential change in —2LL, and p > —2ALL is the probability of -2ALL > in’o_os. For

further details see the text above.

Step Model N AN —2LL —2ALL p>-2ALL
1 In(Y,) =, 1 2352

2 In(Y,) = B, + &, 2 1 2291 61 <0.0001
3 IN(Y,) =B, + €, + U, 3 1 1952 339 <0.0001
4 IN(Y,) =B, + ey + U+, 11 8 1879 73 <0.0001
5 IN(Y,) = B, + €+ U+ B+ B,p, 19 8 1857 22 0.00571
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fall flux predicted with
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amount that comes a few months earlier than
normal, but is an increase in the total brown
needlefall. In Fig. 2, the 50% and 150% values
of normal precipitation were selected to dem-
onstrate the drought effect. These values were
roughly the averages of the plot maxima and
minima during the 15 years.

The results indicate that brown needlefall
to some extent occurred as regional events. The
random effect timepoint, U i.e. the correlation
between plots sampled at the same point in time
was affected by weighting by days. The variance
estimate was 0.18, which gave an estimated cor-
relation of 0.25 between samples taken in the
same month from different plots. The correlation
was 0.62 for the longer, winter samples. There
appeared to be an antagonistic effect in the model
between the drought effect on October needle-
fall and the random effect “timepoint”, i.e. the
disturbance effect common for all plots at every
point of sampling. When this random effect was
removed from the model, October became the
month with the strongest relationship to summer
drought. The explanation for this seems to be
that in a number of years (1986, 1989, 1992 and
1997) brown needlefall had considerable peaks in
October in all the plots, with mean values of 600,
550, 1210 and 440 kg ha™' day™', respectively.
The summers of these years were also dry, with
periods of low precipitation or high temperatures.
However, the synchronized October peaks at all
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plots can be confused with a random disturbance
occurring in the entire region. By far the great-
est peak in the data set, i.e. October 1992, was
not well fit by the model. This peak appears
to be caused by extremely dry June, with only
3%-20% of the normal precipitation, and temper-
atures 2-3 degrees above the normal. However,
precipitation was close to normal for the entire
summer, and our model did not pick up the effect
of this drought because we used weather data for
the entire summer.

One feature of the statistical model was the
inclusion of temporal autocorrelation, i.e. that
neighbouring sampling periods are more similar
than those further apart. If such an autocorrela-
tion is present, then in the hypothesis testing
the observations cannot be treated as independ-
ent. By modelling this as a separate part of the
model, it was no longer violating the hypothesis
testing. An additional benefit is that it enabled a
better understanding of the needlefall dynamic.
The result was firstly that a significant autocorre-
lation in time was found, and secondly, it lasted
for about one month. The covariance parameter
p was estimated to be 0.96. This means that the
autocorrelation between two observations that
were one month (30 days), apart was 0.29. If
they were 2 months (~61 days) apart the autocor-
relation would be negligible, i.e. 0.08.

Two other random effects were initially
included in the model, but were discarded. These
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were the effects of ‘plot’ and the interaction
‘plot X sampling period’. As expected, the first
effect did not improve the model at all, because
all data were initially recalculated to relative
values for each plot, i.e. percentage values of
the plot mean. The latter improved the model
slightly. The improvement was significant, when
using the likelihood ratio test (Schabenberger and
Pierce 2002). However, it had almost no effect
on hypothesis testing and parameter estimates for
other effects in the model, and its variance esti-
mate was of negligible order (¢ = 0.02), as com-
pared with the other random effects in the model.

Green needlefall and weather conditions

Green needlefall constituted 16% of the total
needlefall (Table 2). The correlation analyses indi-
cated an association between high temperatures
and increased green needlefall during winter and
summer (Table 4). The strongest relationship was
between mean temperature deviation and needle-
fall in the winter (Spearman’s r = 0.45).

Equation 3 supported these findings, and all
the variables used in the model were statistically
significant at p = 0.05 (Table 6). Shedding of
green needles mostly occurred in May (Fig. 3).
Considerable increases in green needlefall were
found in the winter and in May when the tem-
perature in these periods were above normal. In
November and in the winter, the model predicted
close to zero needlefall in cool weather. Novem-
ber is of minor importance here because the abso-
lute values were small. The estimated increase in
May was considerable. Together, the results indi-
cate that warm weather in the late autumn, winter
and spring is likely to incite shedding of green
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needles. Because the winter period here is five
months long, the aggregated amount of a slight
increase in needle fall can be considerable.

The green needlefall had a tendency to occur
as regional events, as found for brown needle-
fall. The random effect timepoint, Uy had a vari-
ance estimate of 0.20, which gave an estimated
correlation of 0.11 between monthly samples (30
days) and 0.39 for winter samples (150 days).
The autocorrelation in time lasted for about 2
months, i.e. slightly longer than for the brown
needlefall. The covariance parameter p was esti-
mated to be 0.976, which means that the autocor-
relations between two observations one month
(30 days) and three months apart were 0.48
and 0.11, respectively. As found for the brown
needlefall, the two other random effects ‘plot’
and the interaction ‘plot X sampling period” were
discarded as their contributions to the model
were non-significant.

Surplus needlefall and defoliation

Accumulated surplus of needlefall due to
drought and warmth showed an overall increase
during the years, in particular during 1989-—
1993 (Fig. 4). This was also the period with a
marked increase in the defoliation in this part of
Norway (Solberg 2004). During the first years,
1986-1989, the surplus of the needlefall was
negative, because of moist summers and cold
winters. This was also a period with only small
changes in defoliation. The accumulated surplus
of the needlefall for the entire period 1986-2001
was 77% of one year’s average needlefall. Of
this, the green and brown needlefall constituted
60% and 17%, respectively. The unusually mild

Table 6. Hypothesis testing for the variables used in Eq. 3 for green needlefall (Y,) based on Likelihood-ratio tests.
Nis the number of parameters, AN is the sequential increase in the number of parameters, —2LL is —2In(Likelihood),

—2ALL is the sequential change in —2LL, and p > —2ALL is the probability of —2ALL > »?

the text above.

120.05° For further details see

Step Model N AN —2LL —2ALL p>-2ALL
1 In(Y,) = f, 1 3069

2 In(Y,) = B, + &, 2 1 2944 125 <0.0001
3 IN(Y,) =B, + €, + U, 3 1 2703 241 <0.0001
4 IN(Y,) = B, + €, + U, + B, 11 8 2623 80 <0.0001
5 IN(Y,) = B, + €+ U+ B, + B, 19 8 2604 19 0.01655
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Fig. 4. Estimated accumulated surplus of needlefall due to unusually dry summers and unusually high tempera-
tures, for the Level Il plots in southeastern Norway during 1986—2000. The surplus is the difference between the
needlefall modelled with the actual values of summer precipitation and temperature, minus the modelled needlefall
that would have been the case had these weather variables been equal to the 1961-1990 normal values. The value

100 corresponds to one year’s needlefall.

winters 1989, 1990 and 1992 alone contributed
with 30 percentage units to the 77% surplus
needlefall.

Discussion
General findings

Our results are in line with other studies. The

mean needlefall flux was 3.6 kg ha™! day™', with
plot means ranging from 2.2 to 6.0 kg ha™' day~"'.
This corresponds to 80-219 g m™, which is simi-
lar to the range 33-331 g m? found in Finland
(Saarsalmi et al. 2007). Our range corresponds
to 803-2190 kg ha™' year, which is within the
530-6830 kg ha™! year™! range found for various
conifer forest stands throughout Europe by Berg
and Meentemeyer (2001). The annual cycle of
needlefall, with a peak in late autumn and a peak
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in spring was also found by Mork (1942), Gruber
(1990), Heiniger and Schmid (1989) and Livsey
and Barklund (1993).

Brown needlefall and weather conditions

The statistical analyses indicated an increase in
brown needlefall after warm and dry summers.
This was also found by Mork (1942), Gruber
(1990) and Livsey and Barklund (1993). We
observed the brown needlefall process after the
dry summers of 1991 and 1992, and it was
similar to the descriptions given by Heiniger and
Schmid (1989) and Rehfuess and Rodenkirchen
(1984). The needles of Norway spruce remained
green until September followed by scattered
yellow discoloration. Gradually, yellow turned
brown, or red-brown, and heavy needlefall was
observed mainly in October. This in general
affected older needles, but also whole branches
of higher order, in inner parts of the crown.
Gruber (1990) explained the needlefall as a
physiological response to water stress. When a
needle dries up, the shrinkage of cells along the
abscission layer causes the needle to tear off.
However, we present here an alternative expla-
nation for brown needlefall. Summer drought
causes an increased needlefall; however, a delay
of about 3 months between the drought and the
increased needlefall in the autumn cannot be
explained as a direct physiological tearing-off
of the needles. The three-month delay might be
a result of the slow work of weak pathogens,
i.e. endophytic fungi causing accelerated needle
senescence. The senescence is seen as a fast and
gradual colour change from green via yellow
to brown, followed by needle shedding. From
our observations in the field this colour change
typically varied from needle to needle and also
varied within each needle, which could fit with
the presence and work of endophytic fungi. In
addition, entire branches and branchlets were
dying completely, perhaps indicating the work
of endophytic pathogens in the cambium. We
observed a necrotic ring in the cambium around
the base of such affected branches. A wide vari-
ety of endophytic fungi are found in spruce
needles, such as Phacidiopycnis sp., Sirococcus
sp., Chalara sp. and Cistella acuum (Koukol et
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al. 2012). Przybyl et al. (2008) found 54 spe-
cies of fungi in freshly-fallen spruce needles.
However, the most likely candidate for acting
as the pathogen here is Lophodermium piceae.
In a subset of the needlefall samples used in
this study, Solheim (1989) found fruit bodies of
L. piceae on around 40% of brown needles in
the period October—winter. In Sweden, Livsey
and Barklund (1993) obtained similar results.
Lophodermium piceae frequently infects spruce
needles, seen as an increasing number of infec-
tions during the first 3 years of the lifetime of
a needle (Lehtijarvi and Barklund 2000). This
shows that L. piceae can be present as a non-
pathogenic fungus in the needles for a long time,
while mycelial growth is postponed until needle
senescence and death (Lehtijarvi and Barklund
2000), possibly acting weakly pathogenic after a
period of drought or other types of stress. Other
endophytic fungi may also act as weak patho-
gens, and perhaps there are regional differences.
In Switzerland, Heiniger and Schmid (1989)
found high frequencies of another endophytic
fungus, Tiarosporella parca, on brown needles
in the autumn. In a heavy brown needlefall
event in Germany, Rhizosphaera kalkhoffi was
suggested as a weak pathogen by Rehfuess and
Rodenkirchen (1984).

Green needlefall and weather conditions

The statistical analyses indicated increased green
needlefall in the winter and spring if the weather
was mild or warm. The cause of this is uncer-
tain. Most likely the needlefall was an instant
response to warm weather, with increased tran-
spiration from the needles while water supply
was low. Alternatively, the high temperatures
caused breaking of winter dormancy followed by
frost damage. In both cases desiccation would be
the result, and abscission as described by Gruber
(1990) is likely to occur. Water loss in winter
occurs both through stomata and through the cuti-
cle (Grace 1990). Needlefall in winter and spring
was linked to desiccation by high temperatures
and wind by Diamandis (1979) and Klein (1985).
Gruber (1990) found that green needles in winter
were mainly torn off mechanically, while from
April on they were shed after desiccation.
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Surplus needlefall and defoliation

Our results suggest that in the studied region of
Norway there was excess needlefall during the
period 1986-2000 caused by unusually warm
and dry weather. We expected to find an effect
of dry summers on brown needlefall, because
it was very evident and it has also been found
by others. However, surprisingly, the surplus of
green needlefall from warm winters has been of
greater magnitude, and was likely to have played
a more important role in the crown defolia-
tion than the brown needlefall. The relationship
between needlefall and defoliation was proven.
It was clear that when needlefall increased con-
siderably for some years from 1989, it corre-
sponded to increased defoliation. The temporal
development was similar in two other defolia-
tion surveys in Norway, i.e. the national repre-
sentative plots (Hylen and Larsson 2002) and
the forest officers’ plots (Solberg 2001), with
increasing defoliation up to the year 1997 fol-
lowed by a more stable period. In Denmark,
Bille-Hansen and Hansen (2001) found rela-
tionships between defoliation and needlefall.
Between-plot variation in the needlefall across
Europe is also strongly explained by climatic
variables (Berg and Meentemeyer 2001). For
Norway spruce it explained 78% of the between-
plot variation in the needlefall by actual evapo-
transpiration. Together this indicates that climate
is a dominating factor in needlefall and likely
also in defoliation.

A range of other factors are known to
increase defoliation through increased needle-
fall, such as a fungal disease, abiotic damage
like frost, or mechanical tearing-off of needles
by storm. Defoliation caused by needlefall after
direct SO, damage in combination with climatic
factors was observed in the Ore Mountains in the
Czech Republic (Lomsky and Sramek 2002). In
this study, we only included drought or warmth
as explanatory variables. However, because such
effects often occur on a regional scale, the pre-
sent models handle all such effects together as a
random disturbance effect occurring for all plots
at every point of time when sampling took place.

It is likely that the models underestimated the
effect of drought and warmth on the needlefall.
Firstly, the optimal variable for drought stress
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was not found. Clearly, the effect of the June
1992 drought on the brown needlefall in Octo-
ber was not caught by the model. The reason
for this is that we used total summer precipita-
tion in the model, and this was close to normal
despite the June drought. Also, regressions will
always underestimate a relationship when there
is a random error in the explanatory variable
(Webster 1997), which is likely to be the case
for the precipitation variable. This also means
that the estimated, seasonal variation with a
normal peak in late autumn is affected partly by
summer droughts, and the real seasonal variation
in summers with normal precipitation is less pro-
nounced than our results indicate.

Conclusion

In conclusion, the hypothesis that increased
defoliation was caused by dry summers incit-
ing heavy fall of brown needles in the following
autumns was only partly supported. Dry sum-
mers were indeed followed by high peaks of
brown needlefall. However, increased amounts
of green needlefall during mild or warm winters
and springs had apparently a stronger effect on
the total needlefall and defoliation. The mean
needlefall flux was 3.6 kg ha™' day™', with con-
siderable variation between plots due to site
productivity and stand density. Brown needle-
fall had a regular seasonality with peaks in the
autumn. The green needlefall peaked in May.
Needlefall increased from warm and dry weather
in general. Brown needlefall increased after
warm and dry summers, while green needlefall
increased from warm weather in the winter and
spring. Increased needlefall from warmth and
drought could well explain the increased defolia-
tion observed during the 1980s and 1990s. Green
needlefall was particularly high in mild winters.
Altogether, a number of unusually dry summers
and mild winters apparently caused enhanced
needlefall and defoliation in Norway spruce in
southeastern Norway during the study period
1986-2000.
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