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ABSTRACT 
The green spruce aphid Elatobium abietinum is an important defoliating pest of Sitka spruce (Picea sitchensis) 
in Iceland. A comparison of two urban Sitka stands in Reykjavík, from 2013-2017, reveals a distinct defoliation 
difference between trees located near a main road (94% defoliated) and several hundred meters away from 
heavy traffic (47%). Chemical analyses of the spruce needles demonstrate substantially higher nitrogen ratios in 
trees near traffic. Furthermore, the recently warming winter temperatures promoted larger overwintering aphid 
populations since 2003, as well as a shift of mass outbreaks from autumn to spring, accompanied by distinct 
growth suppressions one year after an aphid population spike in the post-2003 tree-ring data. The results of 
this study indicate that the mechanisms triggering Sitka spruce dieback in Reykjavík include a combination of 
increasing winter temperatures, more frequent and severe green spruce aphid outbreaks, as well as elevated N 
values in the needles of urban trees.

Keywords: climate change, dendrochronology, green spruce aphids, Picea sitchensis, traffic pollution, tree-
rings

YFIRLIT
Skemmdir á sitkagreni í Reykjavík af völdum sitkalúsar
Sitkalús (Elatobium abietinum) veldur oft talsverðum skemmdum á sitkagreni (Picea sitchensis) á Íslandi. 
Samanburður á sitkagrenireitum í Reykjavík, frá 2013 til 2017, leiðir í ljós afgerandi mun á skemmdum vegna 
sitkalúsar í nánd við fjölfarnar götur (94% skemmdarhlutfall) og trjáa í nokkur hundruð metra fjarlægð frá 
umferðaræðum (47%). Efnagreiningar á barri sitkagrenisins sýna einnig umtalsvert hærra hlutfall köfnunarefnis 
í trjám nálægt fjölförnum götum. Einnig hefur hækkun vetrarhita síðustu ára (frá 2003) valdið því að stærri 
stofnar lúsarinnar lifa af veturinn og fært sitkalúsarfaraldra frá hausti til vors. Þegar vöxtur trjánna er skoðaður 
sjást greinileg neikvæð áhrif ári eftir sitkalúsarfaraldra. Niðurstöður þessarar rannsóknar benda til þess að helstu 
ástæður fyrir auknum sitkalúsaskemmdum í Reykjavík sé samspil hærri vetrarhita, aukinnar tíðni faraldra og 
hækkun á hlutfalli köfnunarefnis í nálum borgartrjáa.

INTRODUCTION 
Urban trees are often subjected to greater 
stress than trees in a rural environment. This 

stress is caused by a variety of factors: small 
tree grids, poor soil conditions including 
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compaction, unfavourable microclimates 
etc. (Grey & Deneke 1978, Dahlhausen et 
al. 2016). Roadside and urban tree sites are 
typically characterized by unbalanced nutrition 
compositions, air pollutants, impacts of de-
icing salt and construction-induced root injuries 
(Meyer 1978, Bolsinger & Flückiger 1987). 
Higher total organic nitrogen ratios have been 
measured in trees growing along roads as a 
result of pollution (Lubiarz et al. 2011), and 
increased nitrogen contents in leaves were 
reported to correlate with increased aphid 
densities (Bogaert et al. 2017, Megaladevi 
et al. 2018). Salinity, as a result of de-icing 
roads during winter, negatively corresponds 
with aphid population densities (Sienkiewicz-
Paderewska et al. 2017). This is likely triggered 
by higher concentrations of Na+ and Cl- in the 
leaves, which reduces the chlorophyll content 
triggering nitrogen depletion (Cekstere et al. 
2008). Urban plants are also predisposed to 
attacks by insects due to increased contents of 
free amino acids in damaged tissue caused by 
the exposure to air-borne pollutants (Rabe & 
Keeb 1979, Grill et al. 1980, Villemant 1981). 
As a result of these environmental stresses, trees 
can exhibit a decreased resistance against pest 
organisms, and because of the insects’ thermal 
sensitivity in physiology, even minor changes 
in temperature can cause severe impacts on tree 
stands (Braun & Flückiger 1984, Dohmen 1985, 
Lange et al. 2006). 

Since the settlement of Iceland ~1100 
years ago, the country has lost up to 99% of 
its woodland and 15-30% of its soil (Streeter 
et al. 2015). The forests were cut down and 
natural regeneration was prevented by grazing. 
Afforestation programs were established since 
the early 20th century, and various tree species 
were tested in Iceland though with varying 
success. One of the most prominent species is 
Sitka spruce (Picea sitchensis (Bong.) Carrière), 
introduced in the 1930s from Alaska. Sitka has 
since become one of the most widely planted tree 
species in Iceland (Pétursson 1999). The coastal 
areas of Iceland provided ideal conditions for 
Sitka spruce, whereas other species could not 
cope with the saline oceanic climate. 

However, these conditions are also ideal 
for the Green Spruce Aphid (GSA), Elatobium 
abietinum Walker, a needle-feeding insect 
introduced to Iceland in 1959, probably imported 
with Christmas trees from Denmark (Blöndal 
1995). GSA exclusively feeds on spruce species 
and occurs on its host throughout the year. Mild 
winter temperatures contribute to an increase of 
GSA population densities (Straw et al. 2019). 
On older trees, the aphid is usually concentrated 
in the lower, more shaded portions of the crown 
(Koot 1991). GSA thrives in oceanic climates, 
where it is active throughout the year and able 
to reproduce at minimum temperatures of 4°C 
(Crute & Day 1990). During mass outbreaks 
the insect has the potential to extensively 
defoliate host trees and cause severe growth 
losses (Jackson & Dixon 1996). By the time the 
needles have matured in autumn, they lose the 
protection of the epicuticular wax and become 
vulnerable to consumption at any time thereafter 
(Harding et al. 2003). 

The first major GSA outbreak in Iceland 
occurred in 1964 (Nielsen et al. 2001, Halldórsson 
& Kjartansson 2005). Since then, eleven mass 
outbreaks have been recorded in the Reykjavík 
area (Halldórsson et al. 2013, Oddsdóttir, 
unpublished data). Coinciding with these events, 
a significant dieback of Sitka spruce alongside 
Miklabraut, one of the major traffic arteries in 
Reykjavík, has occurred. However, it remains 
unclear to what extent air pollution, warming 
of winter temperatures, and/or GSA population 
dynamics triggered this decline of Sitka spruce. 

We hypothesise that the frequency and 
magnitude of GSA outbreaks are correlated 
with the recently changing climatic conditions, 
and that these combined changes influenced the 
dieback of Sitka spruce. We further hypothesise 
that pollution due to traffic in combination with 
warming winter temperatures made Sitka spruce 
more nutritious, thereby causing a higher rate 
of overwintering green spruce aphids. We here 
address this hypothesis by evaluating how GSA 
mass outbreaks, changing climate conditions 
and air quality affect Sitka spruce growth in 
Reykjavík, and assess how these different 
potential drivers of spruce growth are interlinked.
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In this paper, we first introduce the tree sites 
in Reykjavík (inner city and outer boundaries) as 
well as in Thingvellir National Park. We detail 
the methods used to produce and aggregate tree-
ring, defoliation, and GSA outbreak data, and 
analyse how these factors are inter-linked and 
affected by varying climatic conditions. The 
main findings are discussed, focusing on the role 
of winter and spring temperatures on the extent 
of GSA outbreaks and the differences between 
urban and non-urban trees in Iceland.

MATERIALS AND METHODS 
Study design and tree-ring data
To detect tree growth reactions, samples of 76 
Sitka spruce (Picea sitchensis [Bong.] Carrière) 
were collected in 2017 and 2018 at four different 
sites: (1) along the Miklabraut road (URB1), 

where severe dieback has been observed; (2) in 
Öskjuhlíð (URB2), a park located 1 km south 
of the Miklabraut road where only limited signs 
of recent green spruce aphid activity has been 
found; (3) 7 km south of the Miklabraut at 
Heiðmörk (REF1), a recreational area outside 
the city; and (4) a reference site 40 km north-
east of Reykjavík at  Thingvellir National Park 
(REF2) (Figure 1). At neither REF1 and REF2 
have any GSA outbreaks been recorded. To 
differentiate between climate-, pollution- and 
insect-related growth variations, the URB1 site, 
located at a major traffic artery, was compared 
with the less affected URB2 site as well as the 
more natural stands REF1 and REF2. Samples 
from URB1 were divided into two sets: one 
containing only dead trees (n=17, URB1d) and 
one containing only living trees (n=20, URB1l).

Figure 1. Map of the Reykjavík Greater Area (scale 1:500.000). Yellow squares mark the sampling sites URB1 
= Miklabraut, URB2 = Öskjuhlíð, REF1 = Heiðmörk, and REF2 = Thingvellir National Park. Smaller map is a 
close-up of the urban sites, yellow star marks the meteorological station (scales 1:25.000).

SITKA SPRUCE DEFOLIATION IN REYKJAVIK
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All trees were sampled at chest-height 
using a 5-mm increment corer. Two samples 
were collected from each individual tree. Tree-
ring width (TRW) was measured at a precision 
of 0.01 mm using a LINTAB measurement 
device together with the TSAP-Win software 
(Rinn 2003). The dating quality was verified 
using the COFECHA software (Holmes 1983), 
and the TRW data were detrended using the 
ARSTAN software by calculating ratios from 
cubic smoothing splines with a frequency cut-
off of 50% at 30 years (RWI30) to emphasize 
high-frequency variability for GSA detection 
analyses (Cook 1985). Descriptive statistics of 
raw chronologies include the average growth 
rate (AGR), mean segment length (MSL) 
and first-order autocorrelation (AC-1). The 
interseries correlation (Rbar) was considered 
to describe the mean correlation among all 
series (Fritts 1976). In COFECHA, Rbar refers 
to the correlation of each series with a master 
chronology comprising all remaining samples, 
which is here indicated as RbarCof (Table 1). 
Throughout this study we used spline-detrended 
data for analysis.

The presence of GSA was determined at 
URB1 and URB2 by searching the underside 
of the needles of five different branches spread 
evenly around the lower crown. Furthermore, 

the defoliation intensity of each Sitka spruce was 
assessed visually and the damage divided into 
four classes: unaffected (0-10% defoliation), 
lightly affected (11-30% defoliation), moderately 
affected (31-60% defoliation), and heavily 
affected (61-100% defoliation). To determine 
the most recent year affected by defoliation, on 
each branch the sections between two shoots 
were counted backward until a section exceeded 
70% needle loss. If this method did not return 
a defoliation event for more than 10 years 
(sections), we concluded that no defoliation 
event had occurred since 2009. If no foliage 
was present on the lower crown, the tree was 
excluded from this assessment of defoliation 
years. A total of 171 of the living trees at URB1 
and 238 trees at URB2 were used in this analysis 
(Figures 2 and 3).

Climate and air quality data
To study growth-climate relationships, instru-
mental temperature and precipitation records 
were used (Figure 4). The nearest meteorological 
station in Reykjavík is located at an altitude of 
52 m a.s.l. approximately one km south-east of 
URB1 and 500 m east of URB2, as well as 7 km 
north of REF1 and 40 km southwest of REF2 
(Icelandic Meteorological Office 2019). 

Air quality data from the Environment 

Table 1: Site chronology characteristics
Site  
(Elev.) Coordinates Period 

AD 
MSL 
(yr) 

n 
trees 

Mean 
height 
(m)

Mean 
diam. 
(cm) 

AC SD MS Rbar 
Cof Rbar AGR 

URB1d 
(22 m) 

64.136243 (°N)  
-21.916137 (°E)

1962-
2016 43 17 11.6 30.1 0.59 0.23 0.36 0.60 0.40 3.21

URB1l 
(22 m)

64.136243 (°N)  
-21.916137 (°E)

1961-
2017 47 20 13.0 32.2 0.66 0.25 0.37 0.48 0.43 3.21

URB2 
(18 m)

64.12381 (°N)
-21.922617 (°E)

1973-
2018 40 13 12.7 31.8 0.63 0.35 0.28 0.46 0.16 3.50

REF1 
(85 m) 

64.061389 (°N) 
-21.873264 (°E)

1963-
2017 41 16 15.1 21.5 0.77 0.33 0.22 0.62 0.54 2.41

REF2 
(118 m) 

64.243103 (°N) 
-21.367002 (°E)

1975-
2017 36 23 14.0 20.3 0.66 0.25 0.19 0.69 0.46 2.51

URB1d = dead P. sitchensis chronology urban sampling site at main road, URB1l = living P. sitchensis chronology urban 
sampling site at main road, URB2 = P.sitchensis chronology urban sampling site, REF1 = P. sitchensis suburban reference 
sampling site (REF1), REF2 = P. sitchensis rural reference sampling (REF2)    
Elev.  = Elevation (m.a.s.l.), MSL = mean segment length, AC = first-order autocorrelation, SD = standard deviation, MS = 
mean sensitivity, RbarCof = series intercorrelation COFECHA, Rbar = series intercorrelation, AGR = average growth rate
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Agency of Iceland (Jóhannsson, personal 
communication) were used to compare 
changes in NOx, NO2, NO and SO2 with the 
meteorological, TRW and insect outbreak data. 

Figure 2. Branch of Sitka spruce. The two-year-old 
needles have almost completely fallen off and chloro-
sis can be seen on the rightmost needle.

Figure 3. (A) Defoliation intensities in sites URB1 
(n=288) and URB2 (n=288), and (B) temporal chang-
es of heavy defoliations from 2009-2017.

Figure 4. Reykjavík climate data. (A) Winter tem-
perature (Oct-Mar), and (B) annual precipitation re-
cords from 1960-2018. (C) Same as in (A), but us-
ing a colour coding. (D) Climate diagram showing 
monthly precipitation and temperature. The solid and 
dashed red curves highlight the temperatures from 
1960-2002 and 2003-2018, respectively. Black stars 
in (A) and (B) mark the GSA outbreak years 1964, 
1972, 1986, 1991, 1996, 2003, 2006, 2010 and 2013.

SITKA SPRUCE DEFOLIATION IN REYKJAVIK
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Hourly air quality data from 2003-2016 were 
transformed into monthly and annual means for 
a better comparison with the meteorological 
and TRW data. A clear seasonal pattern can be 
seen in NOx, NO2, NO and SO2, which were all 
substantially increased in winter due to increased 
traffic and studded tires (Icelandic Road and 
Coastal Administration (IRCA) 2018). 

Chemical analysis of spruce needles
Chemical studies as well as the determination 
of green spruce aphid presence were performed 
in 2018 at the sites URB1 and URB2. Five trees 
from each site were randomly selected using 
QGIS (Open source, v3.4.1), and total organic 
nitrogen ratios, chloride concentrations and 
sodium levels measured (Table. 2). Roughly 50 
needles per tree were collected from the lower 
third of the selected trees at both sites. The 
needles were weighed and subsequently dried at 
30°C for 88 hours. Dry weight was determined, 
and the samples were dry grinded using a Retsch 
MM200 mill for 25 seconds at 30 vibrations 
per second. The samples were subsequently 
sent to Efnagreining EHF, Hvanneyri, for  
determination of Total Nitrogen using the 
Kjeldahl method (TKN) (Kjeldahl 1883). 

Statistical analysis
GSA outbreaks were identified by assessing 
anomalies in the mean TRW site chronologies. 

TRW deviations were compared with monitored 
and documented GSA outbreaks in Reykjavík 
(Halldórsson et al. 2013). In addition, the tree 
rings subsequent to these outbreak events were 
evaluated using superposed epoch analysis 
(SEA; Panofsky & Brier 1958). This was 
achieved by aligning (= year 0 in SEA) the 
RWI30 chronologies considering reported GSA 
outbreaks. SEAs were subdivided in terms of 
outbreaks that occurred in autumn (1964, 1972, 
1986, 1991, 1996) and spring (2003, 2006, 
2010, 2013), and the growth deviations 5 years 
before and after these events were compared. 
In the SEA, tree growth is expressed as scaled 
TRW anomalies with respect to the mean of the 
5 years preceding an event (years -5 to -1 Figure 
5, Esper et al. 2013).

To analyse similarities in year-to-year TRW 
variability among the sites URB1, URB2, REF1 
and REF2, the average correlation among 
RWI30 chronologies (Site-Rbar) was determined. 
A pointer year analysis (PYA) according to 
Cropper (1979) was performed to detect growth 
anomalies. In this procedure, a 13-year weighted 
high-pass filter (Fritts 1976) was applied to 
the TRW series prior to the calculation of 
pointer years. We then calculated z-scores by 
transforming the annual measurements series in 
terms of a 13-year symmetric moving arithmetic 
mean. The changing standard deviations are 
expressed by the C-values (Cropper values) as 

Table 2. Chemical results of the needle samples taken at URB1 and URB2. Outliers are indicated with an *
Site Sample Total N% Cl in g/kg Na in g/kg K in g/kg
URB1 1 1.55   0.6* 0.85 6.35

2 1.44   0.1 2.47 5.69
3 1.44   0.6* 1.68 5.41
4 1.16 <0.1 1.40 9.17
5 1.35 <0.1 1.40 8.70

Average 1.39  0.44 1.64 7.07
URB2 1 0.94 <0.1 0.29 5.08

2 0.91 <0.1 1.42 4.63
3 1.30 <0.1 0.20 5.57
4 1.89*   0.3 0.24 9.38
5 1.07   0.1 0.91 5.59

Average 1.22  0.23 0.61 6.05
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TRW deviations from the 13-year running mean 
(Fischer & Neuwirth 2012). We used the 0.75 
and -0.75 thresholds for the C-value to define 
event years, and 75% of all data in a given year 
to define a positive or negative pointer year 
(Cropper 1979).

Between-site defoliation events were 
compared using a chi-square test, after merging 
the ‘unaffected’ (0-10% defoliation) and 
‘lightly affected’ (11-30%) groups. The ‘heavily 
affected’ (61-100% defoliation) group was 
tested individually. Temporal differences in the 
last year of a defoliation were assessed utilizing 
an ANCOVA test (Miller & Chapman 2001), 
and total organic nitrogen, sodium (Na+) and 

chloride (Cl-) contents were compared between 
URB1 and URB2 using an independent sample 
T-test (Kim 2015). Furthermore, we looked into 
the equality of variances using Levene’s test 
(Levene 1960) which is used to test whether 
k samples have equal variances. The Levene 
test can be used to verify the assumption that 
variances are equal across groups/samples.

RESULTS 
Characteristics of tree-ring data 
The average growth rate (AGR) of Sitka spruce 
is highest at URB1 (3.21 mm/year) and lowest at 
REF1 (2.41 mm/year) (Table 1). Since all trees 
have been planted in the 1960-70’s, the mean 
segment lengths (MSL) were relatively even 
and ranged from 36 years in REF2 to 47 years 
in URB1. Lag-1 autocorrelations were lowest in 
the chronology from dead trees at URB1 (0.59) 
and highest in REF1 (0.77), and the Rbar values 
ranged from 0.16 in URB2 to 0.54 in REF1. The 
Sitka spruce TRW site chronologies of URB1 
(AC = 0.66) and URB2 (AC = 0.63) were 
closely correlated from 1961-2017, which was 
expected as they are both located in Reykjavík 
city. However, after 2003 the trees in URB2 
showed a significantly higher overall growth 
and less negative outlier years compared to 
URB1 (Figure 6). 

Figure 5. SEA considering the autumn outbreaks be-
fore 2003 (A), and the spring outbreaks after 2003 
(B). Different colours refer to URB1d chronology 
from dead Sitka spruce chronology in black, the UR-
B1l chronology from living trees in grey (both urban 
sites), and the REF1 chronology in black (dotted). 30-
year spline detrended ring width indices were used 
in the SEA. Records are aligned (= year 0) by GSA 
outbreaks. 

Figure 6. Annually resolved TRW chronologies (in 
mm) of Sitka spruce trees at URB1 (black) and URB2 
(grey, dotted). Bottom curve shows total replication. 
Stars mark the GSA outbreak years 1964, 1972, 1986, 
1991, 1996, 2003, 2006, 2010 and 2013.

SITKA SPRUCE DEFOLIATION IN REYKJAVIK
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Climate data
The meteorological station in Reykjavík 
recorded an annual average temperature of 
4.9°C and precipitation of 828 mm in the period 
from 1960 to 2019. Mean annual temperatures in 
Reykjavík increased by over 1°C during the last 
decades. The year 2003 was exceptionally warm 
with an average winter (Nov-Apr) temperature 
of 3.9°C, and winter temperatures have 
thereafter almost constantly been above 2°C, 
compared to the average of 1.3°C from 1960-
2002 (Figure 4). In Figure 4C, most of the dark 
orange and red spaces indicating winters colder 
than 3.5°C were aligned with GSA outbreaks, 
whereas the dark red space (> 3.5°C) in the 
right part of the figure marks the year 2003.
The temperature data were therefore separated 
into two periods, 1960-2002 and 2003-2019, to 
examine the differences between these periods 
as the change of outbreak pattern occurred in 
2003. The summer, winter and annual mean 
temperatures increased since 2003 by >1°C. 
During nearly all (autumn and spring) GSA 
outbreaks, winter temperatures were relatively 
high, mostly exceeding climatology by 2°C 
(except in 1986 = 1.6°C).

In addition to temperature, precipitation 
also increased in Reykjavík, particularly during 
winter. Summer precipitation slightly decreased 
after 2003. However, the data show that the 
particularly dry years did not coincide with 
mass outbreaks in the sampling sites.

GSA outbreaks and growth anomalies 
A significantly higher proportion of trees at 
URB1 had GSA present (21.6%), compared 
to URB2 (8.4%). Temporal alignment of the 
growth data during documented GSA outbreaks 
using SEA showed no consistent pattern for 
the autumn outbreaks recorded before 2003 
(Figure 5A). A distinct growth suppression 
was retained, however, in the post-2003 TRW 
data in response to the spring outbreaks. It is 
notable that the dead-tree chronology (URB1d) 
recovered faster after an GSA outbreak, whereas 
the living-tree chronologies (URB1l and REF1) 
persisted on a lower level, before recovering in 
years 2 to 3 subsequent to an outbreak (Figure 

5). The PYA demonstrates that positive pointer 
years coincided with outbreaks, whereas most 
pointer years that occurred one year after an 
outbreak were negative, thereby reinforcing the 
results of the SEA. 

Air quality, nitrogen content and salinity
The chemical analysis of five needle generations 
showed that the total organic nitrogen ratio was 
fairly similar among the tree sites (p>0.05; 
Table 2), with an equality of variances of 
0.11 among the samples. When excluding 
the outlier from URB2, equality of variances 
reached 0.70 and the total organic nitrogen 
ratio at URB1 became significantly higher than 
in URB2 (p<0.05). At a low sample equality, 
and therefore higher standard deviation, an 
independent T-test was less likely to indicate 
a significant difference, because it takes the 
probability of outliers into account. Therefore, 
removing the single outlier from the analysis of 
URB2 (Table 2, marked with an *) resulted in a 
significant difference between URB1 and URB2 
as the results became more similar within the 
groups. Na+ levels were significantly higher in 
URB1 than in URB2 (p<0.05), at an equality of 
variances of 0.87. Cl- levels of the samples were 
statistically indistinguishable (p>0.05) with 
URB1 showing two outliers and an equality of 
variances of only 0.001. The Cl- concentrations 
of the needles showed no significant differences, 
as the variance among samples was rather high, 
expressed by an equality of variances of 0.001. 
Also, Na+ concentrations were significantly 
higher in URB1 than in URB2.

No correlation was found between NO, NOx, 
NO2 compared to TRW and GSA outbreaks. 
These results are constrained by the numbers of 
data points, as no air quality data from before 
2003 were available. NO, NOx and NO2 values 
were generally higher during winter, but the 
values remained relatively stable between 2003 
and 2018, except for a decrease in 2009. The 
same applied for SO2 (Figure 7).

Defoliation of Sitka spruce
A significant difference in the distribution of 
defoliation classes was recorded between URB1 
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and URB2 (p<0.05). In URB1, 59.4% of the 
Sitka spruce were heavily affected, compared 
to only 31.3% in URB2. Further indicators of 
differences were detected in the most recent 
defoliation events fingerprinted in the branches. 
The values of this analysis represent a significant 
difference between URB1 and URB2 (p<0.05). 
In URB1, 94% of the trees were defoliated 
during 2013-2017, compared to only 47% at 
URB2. In general, URB2 showed a more even 
distribution of defoliation years among the trees.

DISCUSSION 
The effects of GSA outbreaks and nutritional 
quality of spruce trees due to pollution from 
heavy traffic have been examined in northern 
European countries including Great Britain 
(Port & Thompson 1980, Carter & Nichols 
1988). However, no study on GSA behaviour in 
combination with changing climate and pollution 
has been done in Iceland. In the present study, 
changes in TRW and GSA outbreak patterns, 
as well as differences in chemical contents of 
Sitka spruce needles were investigated to gain 
knowledge about the interrelations between tree 
growth and potential drivers. Since the 1960s 
the number and severity of GSA outbreaks in 
Reykjavík has increased, and since 2003 five 
outbreaks occurred in only 14 years, whereas 
in the 42 years before 2003 only six outbreaks 
were recorded (Halldórsson & Kjartansson 
2005, Halldórsson et al. 2013). 

The high amount of nitrogen in the needles 
of URB1 trees is probably caused by the traffic 
alongside this sampling site (Lubiarz et al. 
2011). When excluding an outlier in total N% 
from the URB2 data (sample 4, Table 2), the 
equality of variances is 0.70, indicating that 
the total N% values are relatively stable. In so 
doing, the total organic nitrogen ratio in URB1 
is significantly higher than in URB2 (p<0.05). 
For Cl-, the ions have a high solubility, resulting 
in a high mobility within plants (Zítkova et 
al. 2018). This causes Cl- to be washed out or 
moved from older needles to younger ones. The 
Na+ concentrations were again significantly 
higher in URB1 than in URB2 indicating salt 
stress. Also, roadside salinity has been shown to 

Figure 7. Development of air quality in Reykjavík 
including values for (A) NO, (B) NO2, (C) NOx, and 
(D) SO2 during winter (Oct-Mar; dotted line) and 
summer (Jun-Aug; solid line) from 2003-2018.

SITKA SPRUCE DEFOLIATION IN REYKJAVIK
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lower chlorophyll levels in needles (Cekstere et 
al. 2008). 

Environmental changes such as higher 
temperatures and favourable levels of nitrogen 
and SO2 input through traffic, particularly 
during winter, may predispose the Sitka spruce 
to more and severe GSA attacks (Malhotra & 
Sarkar 1979, Villemant 1981). As the peak of 
aphid populations was typically associated 
with an improved host plant nutrition quality, 
the seasonal shift of outbreaks from autumn 
to spring, might also be triggered by elevated 
N and SO2 levels in winter acting as fertilizers. 
Because of a higher pollution in winter, the 
spruce trees in URB1 alongside the busy road 
received more nutrition and probably became 
more vulnerable to GSA outbreaks. The 
fertilizing effect of nitrogen was  also reflected 
in a higher AGR of URB1 trees compared to the 
REF1 and REF2 stands outside the city. Similar 
nitrogen effects have been shown in other 
countries to improve tree growth (Anderson & 
Mansfield 1979, Yoneyama et al. 1980).

Within-year aphid population changes are 
affected by the nutrient availability in spruce 
needles (Day & Kidd 1998). Hence, the 
change of outbreak seasonality, from autumn 
to spring, in Reykjavík could have been due to 
the higher input of N and SO2 during the cold 
season compared to the stands outside the city 
centre, but the effects of warming temperatures 
have to be taken under consideration too. It is 
likely that N and SO2 acted as fertilizers for 
the trees and, together with warmer winter 
temperatures, created favourable conditions 
for GSA population development. Increased 
salinity due to road de-icing has been shown 
to correlate negatively with aphid population 
densities (Sienkiewicz-Paderewska et al. 2017). 
During warmer winters, when less de-icing 
takes place, the aphid populations increase. 
Also, low temperatures are responsible for 
a higher mortality of the GSA (Day & Kidd 
1998, Halldórsson et al. 2001). The chemical 
analyses, however, still showed that sodium 
levels in trees alongside URB1 were elevated, 
indicating persistent salt stress in those trees. 
We therefore conclude that the influence of a 

higher nitrogen input through traffic plus warm 
winter temperatures in Reykjavík probably had 
a stronger influence on the GSA populations 
at URB1 than the effects of de-icing. This 
combination supports the conclusion of large 
overwintering GSA populations triggering mass 
outbreaks. 

During the 2013-2017 period, the URB1 site 
experienced stronger defoliations compared to 
URB2 (Figure 3). Defoliation of both deciduous 
and coniferous trees in northern European 
countries passing a threshold of 80% typically 
coincide with significant growth declines in 
subsequent years and higher rates of mortality 
(Cedervind & Långström 2003). The repeated 
defoliation at a high intensity in URB1 could 
indicate that this threshold was exceeded and 
that the trees had insufficient time to recover, 
which eventually stimulated dieback. In URB2, 
8.4% of the trees had aphids present on the lower 
parts of the crown, but aphid coverage at URB1 
reached 21.6%, causing increased damage 
of Sitka spruce at this site. The defoliation 
differences between single years, and the 
way such events were distributed across the 
sampling sites, demonstrated that region-wide 
outbreaks were rare. Instead, severe defoliation 
seems to have occurred at the individual-tree 
level, which could be have been instigated  by 
the changing microclimates in the Reykjavík 
urban environment. 

The results of the SEA and the PYA showed 
that (reconcerning the spring outbreaks) the 
year of the outbreak event was characterized by 
regular growth, whereas the year subsequent to 
an outbreak showed negative growth anomalies 
(negative pointer year). Even though SEA 
revealed that the dead URB1 trees recovered 
faster in warmer conditions (after 2002), 
compared to URB2 and REF1 (Figure. 5 
B), the overall growth rate was lower at this 
site. In contrast, the trees at URB2 and REF1 
needed more time to recover but grew faster. 
One reason for the fast recovery of trees in 
URB1 might have been a general adaptation 
to a stressful environment near traffic. But still 
the dieback was severe in URB1, showing that 
a faster recovery was not preventing the trees 
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from dying. These findings indicate that spruce 
stands which are less affected by traffic, might 
need more time to recover from a GSA mass 
outbreak, whereas the tree-ring data indicate that 
much fewer outbreaks occurred in REF1 and 
URB2 compared to URB1. The trees exposed 
to heavy traffic showed a significant dieback, 
even though recovery after a mass outbreak was 
faster.

CONCLUSIONS 
The frequency and intensity of GSA outbreaks 
on Sitka spruce at an urban site near the main 
road in Reykjavík has increased significantly 
since 2003. This increase was likely caused 
by changing climatic conditions and pollution 
levels, which led to a dieback of Sitka spruce in 
Iceland’s capital. An exceptionally warm winter 
in 2003 seems to have altered the basic outbreak 
pattern of GSA, shifting from autumn to spring 
events. Climate variability alone, however, 
cannot  explain the difference in defoliation and 
aphid occurrence among Sitka spruce stands in 
Reykjavík. We also linked growth anomalies 
at urban and non-urban sites in Iceland to 
documented GSA outbreaks and showed that the 
urban trees close to the main road were attacked 
more often and were affected more strongly by 
defoliation, compared to stands which were not 
influenced by heavy traffic. We also showed that 
although pollution, salinity and GSA can have 
combined, suppressing and enhancing effects 
on Sitka spruce, those factors had exclusively 
suppressing effects on our urban sampling site. 
Higher N values in the needles of the urban Sitka 
spruce trees probably contributed to the repeated 
and more severe GSA outbreaks in this area. The 
difference in needle total organic nitrogen ratios 
could have been recorded in both urban and 
non-urban areas over a longer period and linked 
to both traffic density and GSA abundance. 
A cutdown of infested Sitka could be feasible, 
but this would mean the removal of more than 
60 adult trees alongside the main Miklabraut 
road. Another remedy against the dieback could 
be the use of pesticides in order to protect 
spruce needles against GSA attacks. In addition, 
a different tree species requiring less nutrient 

rich soils and resilient to aphid outbreaks could 
be planted to survive the stressful Miklabraut 
environment. A long-term monitoring of 
seasonal tree growth (height and diameter) as 
well as air quality and nitrogen deposition could 
give further insight into the role of traffic and 
GSA on Sitka spruce on Iceland.
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