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High frequency growth variability of White spruce clones does not di er
from non-clonal trees at Alaskan treelines
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ARTICLE INFO ABSTRACT

Keywords: Northern and elevational treelines are classic sites for dendroclimatological studies. At these marginal sites only
Picea glauca one climate parameter is usually considered growth limiting and trees from these sites are therefore used to
Reproduction reconstruct that parameter back in time. Marginal sites are also those sites within a species range, where clonal

Dendroclimatology

reproduction is most frequent. Clonal growth can ensure plant species survival and growth under stressful
Dendroecology

conditions or if the environmental conditions do not allow sexual reproduction, e.g. by layering, by stems re-
sprouting after damage, or through the exchange of resources between di erent clone ramets (‘stems’). We

literally stumbled across clonal and non-clonal growth forms of White spruce growing intermingled with each

other at two Alaskan treeline sites. The two growth forms could not be distinguished a priori in the

eld. After

sampling and detection of clones we thus asked whether clonal ramets and non-clonally grown trees (singletons)
showed similar growth patterns. Clones were identi ed by identical multilocus genotypes in a SSR microsatellite
genotyping analysis and radial growth was analyzed using traditional tree ring width methods High-frequency
growth patterns were very similar between singletons and clonal ramets in Alaskan treeline White spruce, thus
posing no problem in including both reproductive strategies in a classic dendroclimatological investigation.

1. Introduction

Treelines represent impressive examples of clearly visible edges of a
species geographical distribution, where usually one environmental
factor is considered growth limiting. Often this factor is inferred to be
climatic and in the case of northern and elevational treelines, is gen-
erally known or suspected to be growing season temperature
(Holtmeier, 2009; Korner, 1998, 2012 ). Treeline systems are often as-
sumed to react strongly and directly to climate change, and in fact the
climate sensitivity of treelines and treeline advance in reaction to cli-
mate warming is well documented ( Lloyd and Fastie, 2002; Esper and
Schweingruber, 2004; Wilmking et al., 2004; Harsch et al., 2009 ).
Treelines have thus been extensively used to reconstruct past climatic
dynamics using tree rings (e.g. ring width, density, isotopes) as climate
archives (Esper, 2002 Grudd, 2008; Grudd et al., 2002; Helama et al.,
2009; Linderholm and Gunnarson, 2005; Lindholm et al., 2014;
McCarroll et al., 2013; Porter et al., 2013, 2014 ).

Corresponding author.
E-mail addresswilmking@uni-greifswald.de (M. Wilmking).
* These authors contributed equally to the work.

As an ecological question, much research has been conducted on
treeline dynamics and the processes that govern treeline formation (for
an extensive review seeKorner, 2012). Many treeline systems include
upright single trees as well as krummholz and tree islands, the latter
being generally clonally in origin ( Holtmeier, 2009). Clonality in trees
is often associated with stressful or disturbed habitats, because it en-
hances a genotypés probability of survival in such habitats by produ-
cing multiple descendants of a single zygote (Eriksson and Jerling,
1990) and may increase the quality of the micro-environment by fa-
cilitation e ects (Scott and Hansell, 2002; Holtmeier and Broll, 2010).
Clonality also enhances a plants ability to regenerate from damage
(Peterson and Jones, 1997 and allows more e cient foraging for re-
sources and sharing of resources among several connected ramets
(Hutchings and De Kroon, 1994). Therefore, clonality generally in-
creases towards the edge of a speciéggeographical distribution range
(KlimeSova and Dolezal, 2011; Silvertown, 2008 ), where species-spe-
ci c stress is typically higher.
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In northern Alaska, a region where temperatures have been rising
faster than almost anywhere else on the globe during recent decades
(Bekryaev et al., 2010; Walsh et al., 2014), treelines are formed mainly
by White spruce (Picea glaucaMoench) Voss). White spruce normally
regenerates through sexual reproduction via seeds. The species can also
reproduce vegetatively through layering, resulting in at least tem-
porarily connected ramets, which might a ect radial growth patterns
through resource exchange between them. Clonal growth forms in
White spruce treelines have been shown to exist in the northern Ca-
nadian lowlands, usually associated with continuous permafrost con-
ditions (Walker et al., 2012; Scott and Hansell, 2002). There, clonal
growth forms can make up a considerable proportion of a population 's
individual trees at the tundra-treeline ecotone ( Walker et al., 2012).
During a study focusing on population genetics at Alaskan treelines, we
found clonal growth in White spruce at several upland, non-permafrost
locations in northern and Interior Alaska, classic sites for den-
droclimatological investigations. At these sites, clonal and non-clonal
growth forms co-exist under the same environmental conditions and we
therefore asked the basic but important question: Do the two di ering
reproductive strategies result in similar growth patterns?

2. Material and methods

2.1. Study species

Picea glauca(Moench) Voss (White spruce) is one of the signature
tree species of the North American boreal forest. It occurs across the
entire continent from Newfoundland and Labrador in the east to Alaska
in the west, forming the northern treeline in the western part of North
America (Lloyd et al., 2005; Payette and Filion, 1985). Its vertical
distribution ranges from sea level to 1520 m (Burns and Honkala,
1990), often forming the elevational treeline. The species is widely used
in forestry in Canada and the United States and is one of the most
important commercial species in the North American boreal forest
(Burns and Honkala, 1990).

2.2. Study areas and sample collection

We established two study areas at White spruce treeline in Alaska, at
classic dendroclimatological sampling sites at the presumably tem-
perature limited range edge of that species (Fig. 1), one at northern

Brooks Range

Alaska Rar

gy ="

Fig. 1. Location of the study sites, grey shading indicating the range of White spruce in
Alaska (Little, 1971). The Brooks Range site represents the northern treeline, while the
Alaska Range site is an elevational treeline.

39

'HQGURFKURQRORIJLD

Table 1
Description of study sites.

BRT BRF ART ARF

Latitude 67.95 67.95 63.74 63.72
Longitude 149.74 149.75 149.01 149.01
Elevation [m a.s.l.] 923 876 1008 802
n individual stems 358 470 313 380
n singletons analyzed (sample 34 110 113 168

depth of the singleton

chronology)
n clones 23 27 10 10
n clonal ramets analyzed (sample 64 59 13 2

depth of the clonal
chronology)

Latitude, longitude and elevation refer to the center point of each plot. “n individual
stems' is the total number of visual tree-like structures or individual stems in the plot
(clone ramets or singletons), “n singletons analyzed’ is the number of singletons used in
the analyses (=sample depth of singleton chronology), “n clones’ is the total number of
clones (comprised of several ramets each) in the respective plot and“n clonal ramets
analyzed” is the total number of ramets (belonging to di  erent clones) which we analyzed
in a respective plot.

treeline in the Central Brooks Range (67°56 N, 149°44 W) (BR) and one
at elevational treeline in the Alaska Range (Denali National Park and
Preserve, 63°43'N, 149°00W) (AR). Growing on south-facing slopes,
White spruce forms the local treeline at an elevation of about 960 m
and 1050 m a.s.l., at the two sites respectively, undisturbed by human
activity. Due to the southern exposure, soils at both sites are usually
completely unfrozen during the summer down to the bedrock (pers.
observation during numerous eld campaigns and measurements over
three years with soil temperature loggers). Within each area, we se-
lected two plots of roughly one ha each of nearly monospeci ¢ White
spruce stands including the current upper limit of the treeline ecotone
(treeline plot, T) and closed canopy forest areas below (forest plot, F).
The two plots bordered each other in the Brooks Range, while in the
Alaska Range the two plots were separated by about 1 km of nearly at
terrain. This set-up resulted in four plots, two in each study area
(Brooks Range treeline, BRT; Brooks Range forest, BRF; Alaska Range
treeline, ART; Alaska Range forest, ARF). Needles for DNA extraction
were collected from all living trees inside the plots, dried and stored on
silica gel. Tree height and, if the tree was tall enough, diameter at breast
height (dbh) were recorded from all trees and saplings using a Suunto
PM-5 clinometer and a measuring tape. Tree cores were collected from
all trees with a dbh larger than 5cm, usually two cores were taken
perpendicular to each other as low as possible to the ground.

2.3. Genotyping

Dry needles were powdered in a Retsch ball mill MM301 (Retsch,
Germany). Approximately 70 mg of needle tissue was used for DNA
extraction with the Invisorb Spin Plant Mini Kit (Stratec, Birkenfeld,
Germany) following the manufacturer 's protocol. DNA concentration
was measured with NanoDrop Lite (Thermo Fisher Scienti ¢, Waltham,
MA, USA), adjusted to 5 ng and used as template DNA for microsatellite
analysis in three di erent multiplex reactions ( Eusemann et al., 2014).
Clones were determined by identi cation of identical multilocus gen-
otypes (MLG) using GenAlEx 6 (Peakall and Smouse, 200§. To account
for scoring errors (see Schnittler and Eusemann, 2010) we allowed a
threshold of two deviating loci within an MLG, i.e. a putative clone. As
genetic diversity measures we calculated clonal diversity R = (G-1)/(N-
1) with G being the number of genotypes and N the number of sampled
trees and its opposite parameter, clonality C = 1-R ( Dorken and Eckert,
2001), as well as the proportion of clonally derived trees within the
stand. Probability of Identity (PID) was calculated using GenAlEx 6, and
null allele frequencies were calculated using GenePop007 (Rousset,
2008). Apart from the clonality estimations, all population genetic
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Fig. 2. PCGA (Principal Component Gradient Analysis) is not able to di erentiate between clonal ramets (orange) and singletons (black) suggesting similar growth patterns independent
of reproductive strategy. Each arrow represents one individual tree or clonal ramet. Also visible is the high percentage of clonal ramets in the BRT site, the climatically most stressful site

at northern treeline. Axes numbers re ect the amount of variance explained by the respective principal component. (For interpretation of the references to colour in this

reader is referred to the web version of this article.)

calculations were performed on a genet basis, i.e. after exclusion of
clonal duplicates from the data set. Percental clonal growth was de ned
as the number of ramets belonging to clones at a site versus the total
amount of stems/ramets at that site. Non-clonally grown stems were
called “singletons”.

2.4. Tree-ring analysis

All tree cores were air dried and then glued transverse side up onto
wooden sample holders. Surfaces were prepared with either a core-
microtome (WSL, Switzerland; Gartner and Nievergelt, 2010) or by
progressively ner sanding until cellular structures became visible. Tree
cores were then either measured for ring width using a LINTAB 5 table

40

gure legend, the

(1/1000 mm resolution) and the TSAPWin Software (Frank Rinn, Hei-
delberg, Germany), or scanned on a atbed scanner (Epson Perfection
V700 Photo) with 3200 dpi and subsequently measured using Co-
oRecorder (v. 7.7, Cybis Elektronik & Data AB, Sweden) with 1/
1000 mm precision. Crossdating was done visually using CDendro (v.
7.7, Cybis Electronik and Data AB, Sweden) and veri ed using CO-
FECHA and the dplR package Bunn, 2008) of the R programming
software v. 3.1.1 (R Foundation for Statistical Computing). To reduce
e ects of di erent age cohorts, we restricted our analyses to all trees
that had established until 1976. We chose 1976 as it demarcates an
important year with respect to the shift of a locally important climate
mode, i.e. the Paci ¢ Decadal Oscillation (Ohse et al., 2012). We also
used subsets of trees (e.g. all trees established before 1947, another shift



M. Wilmking et al.

BRT: glk=0.77 cor= 0.76

'HQGURFKURQRORIJLD

ART: glk=0.89 cor=0.88

24 2
g £
= ="
I
14 /\\ ; o N 'Y
./-‘l"‘.\,,'ql W
0 200 0 200
———
/ ‘
100 < - 1 100 ©
- |
2 e e st ! > |
————— - 0 . - 0
T T T T T T T T
1850 1900 1950 2000 1850 1900 1950 2000
BRF: glk= 0.79 cor= 0.79 ARF: glk= 0.81 cor= 0.92
24 2
£ Bl
= =
= NN CIP AL WA g e
&
0 200 0 200
T
af |
o ——— ——_— |
- 100 < - r100 <
- | - ]
i = | e !
-z i - |
=== ' Lo ' to
T T T T T T T T
1850 1900 1950 2000 1850 1900 1950 2000

Fig. 3. Singletons (black curve) generally outperform clone ramets (orange curve) in terms of absolute radial growth, but high-frequency growth variability is very similar. Sample sizes

delineated by dashed lines and right y-axis. Glk: Gleichlau gkeit, cor: Pearson correlation. (For interpretation of the references to colour in this

web version of this article.)

of the PDO) and all trees in the analyses, but the results were always
very similar. Raw ring width was individually detrended using a 50-
year cubic smoothing spline with 50% frequency cut-o  (dplR-package,
Bunn, 2008) for visualizing and comparing the growth patterns of the
two groups (clonal vs. seed-derived ramets/stems) over time. De-
trended ring-widths were used in a Principal Component Gradient
Analysis (PCGA, Buras et al., 2016) to explore whether clone ramets
and singletons expressed specic and di ering growth variability. For
the PCGA, detrended ring-widths were variance-scaled and only the
common overlap period was considered in the analysis, i.e. the period
from 1976 to 2012. To compare absolute growth (represented by raw
ring-widths) as well as detrended growth between clone ramets and
singletons, we computed respective master chronologies per site using a
biweight robust mean. Gleichlau gkeit (Eckstein and Bauch, 1969;
Buras and Wilmking, 2015) and (Pearson) correlations between master
chronologies were computed per site, re ecting growth similarity be-
tween ramets and singletons. We repeated all analyses with BAI, the
results were similar and we opted to only present the raw and RWI
chronologies.

3. Results and discussion

In the eld, we were unable to distinguish clonal ramets from sin-
gletons. Only the genetic analyses showed a higher frequency of clonal
growth towards the range margins of White spruce. Clonality is gen-
erally higher in the northern treeline (Brooks Range) than the Central
Alaska elevational treeline site (Denali NP). Within each site, clonality
is generally higher in treeline versus forest plots (Table 1).

The pattern of higher clonality in more stressful habitats is con-
sistent with the literature ( KlimeSova and Dolezal, 2011; Silvertown,
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gure legend, the reader is referred to the

2008; Honnay and Bossuyt, 2005). Although clonal growth forms have
not been extensively documented in White spruce, clonality can be high
in White spruce stands on permafrost soils, such as in the northern
Canadian lowlands close to Churchill, Manitoba (Scott and Hansell,
2002) or the Mackenzie delta (Walker et al., 2012). Our analysis ap-
pears to be one of the rst, if not the rst, to show White spruce clones
on upland, non-permafrost soils. We can only speculate about the me-
chanism, but layering, or ingrowth of low hanging branches, seems the
main mechanism responsible. Since layering results, at least for a period
of time, in a connection of the di erent ramets facilitating resource
exchange between them, radial growth patterns might be a ected by
clonality.

Our PCGA-analysis has shown, however, that growth patterns of
clone ramets and singletons could not be separated Fig. 2). At all four
sampling plots, the range of clone ramet growth variability is well
within the spectrum of growth variability of the singletons (but notice
the low sample size in ARF). This suggests that climate-growth re-
lationships of clone ramets and singletons do not di er systematically,
since PCGA-gradients have been reported to re ect gradients of climate-
growth relationships ( Buras et al., 2016). While singletons generally
outperform single clone ramets in terms of absolute radial growth
(Fig. 3), the detrended time series of ring width show virtually no dif-
ference between clonal ramet and singleton growth chronologies
(Fig. 4). We also tested subsets of data related to di erent PDO phases,
the results (not shown) are the same: The similarity in growth forms is
consistent through time and across di erent PDO phases. Glei-
chlau gkeit between the two chronologies per plot was high and varied
between 0.77 and 0.89 for the raw ring width and 0.80 and 0.86 for the
detrended chronologies. Correlation between the two chronologies per
plot was high as well, and varied between 0.75 and 0.92 for the raw
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Fig. 4. High-frequency growth variability of clonal ramets (orange curve) is very similar to that of singletons (black curve) White spruce in every plot, shown here 50-year spline
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ring width and 0.77 and 0.86 for the detrended chronologies.

While it is beyond this study to speculate about the generally higher
absolute radial growth in the singletons when compared to the clone
ramets, clearly, in terms of growth variability over time, clonal ramets

and the non-clonally grown singletons safely can be regarded as similar.

4. Conclusions

We found clones of White spruce growing mixed with non-clonal
White spruce at typical treeline sites in two Alaskan mountain ranges.

Clone frequency increased towards climatically more stressful sites:

More clones occurred at northern than elevational treeline sites and
generally there were more clones at local treeline than in a forest site
below. While singletons generally outperformed single clone ramets in
terms of absolute radial growth, high-frequency growth variability of
clones and non-clonal trees was very similar thus posing no problem in
including chronologies from both reproductive strategies in a classic
dendroclimatological investigation.
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Tree growth at northern boreal treelines is generally limited by summer temperature,
hence tree rings serve as natural archives of past climatic conditions. However, there
is increasing evidence that a changing summer climate as well as certain micro-site
conditions can lead to a weakening or loss of the summer temperature signal in

trees growing in treeline environments. This phenomenon poses a challenge to all
applications relying on stable temperature-growth relationships such as temperature

reconstructions and dynamic vegetation models. We tested the effect of differing

ecological and climatological conditions on the summer temperature signal of Scots

pine at its northern distribution limits by analyzing twelve sites distributed along a
2200 km gradient from Finland to Western Siberia (Russia). Two frequently used proxies
in dendroclimatology, ring width and maximum latewood density, were correlated with

summer temperature for the period 1901-2013 separately for (i) dry vs. wet micro-sites
and (ii) years with dry/warm vs. wet/cold climate regimes prevailing during the growing
season. Differing climate regimes signi cantly affected the temperature signal of Scots
pine at about half of our sites: While correlations were stronger in wet/cold than in

dry/warm years at most sites located in Russia, differing climate regimes had only
little effect at Finnish sites. Both tree-ring proxies were affected in a similar way.
Interestingly, micro-site differences signi cantly affected absolute tree growth, but had

only minor effects on the climatic signal at our sites. We conclude that, despite the

treeline-proximal location, growth-limiting conditions seem to be exceeded in dry/warm

years at most Russian sites, leading to a weakening or loss of the summer temperature
signal in Scots pine here. With projected temperature increase, unstable summer
temperature signals in Scots pine tree rings might become more frequent, possibly
affecting dendroclimatological applications and related elds.

Keywords: Pinus sylvestris , tree-ring width, maximum latewood density, micro-site, climate change, climate
regime, treeline, boreal forest
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INTRODUCTION warming period; dry soil — any of the two periods) showed no
e ect (Linderholm et al., 2014
Growth of trees at northern boreal treelines is primarily limited However, similar studies investigating both ecological and
by summer temperature due to the short and cool growinglimatological e ects simultaneously on temperature sensitivity
season prevailing in the subarcti¢irner, 1998, 20%Xoltmeier, of Scots pine from northern treelines are entirely missing, as are
2009. Consequently, annually resolved tree-ring width (TRW}tudies documenting micro-site e ects from northern treelines
and maximum latewood density (MXD) from treeline conifersoutside Fennoscandia. Further, despite the stronger summer
are regularly used as natural archives to reconstruct pdemperature signal of MXD over TRW (e.gGrudd, 2008
summer temperatures over several centuries and sometiniesovinen et al., 2009only one study has investigated micro-site
millennia (e.g.Bria et al., 1990, 2002a,lGrudd et al., 2002 e ects on MXD of Scots pine so farD{ithorn et al., 2015
Hantemirov and Shiyatov, 20p2inderholm and Gunnarson, A heterogeneous response to climate due to micro-site e ects
2005 Grudd, 2008 McCarroll et al., 201,3Porter et al., 203 might generally question the a priori suitability of Scots pine trees
Matskovsky and Helama, 20)l4However, large-scale studies ofor temperature reconstructions and other dendroclimatological
tree growth-climate sensitivity at treeline ecotone sites poimtpplications (e.gl.inderholm et al., 20L4Duthorn et al., 2015
to a non-uniform reaction of treelines to summer temperaturé-dvardsson et al., 203ellmann et al., 2016
(e.g.,Harsch et al.,, 20090hse et al., 201Hellmann et al., Here, we investigated the simultaneous e ect of ecological
2016, up to a regionally occurring complete loss of the summegmicro-sites) and climatological dierences on the summer
temperature signal — a phenomenon which has been intenségmperature signal of Scots pine TRW and MXD on a broad
discussed as the divergence problem, often attributed to changsatial scale. Over the period of 1901-2013 and along a
climatic conditions (e.g.\Wilmking et al., 2004 Driscoll et al.,, 2200 km gradient from oceanic Finland to continental Western
2005 Wilmking et al., 2005Lloyd and Bunn, 20G7D'Arrigo  Siberia, we analyzed a well replicated dataset of twelve Scots
et al., 2008Porter and Pisaric, 201 8eo et al., 203 Iuday et al., pine micro-sites, including dry and wet sites at the northern
2015. distribution limit of the species. We applied a novel approach to

Scots pine Rinus sylvestris.) is widely distributed across explore the e ect of di ering climate regimes on temperature-
the Eurasian boreal forest and survives across a broad ramgewth relationships by comparing dry/warm and wet/cold
of ecological and climate conditions (e.g., it tolerates very dgears that were equally distributed across the study period.
sites, and acidic and wet peatland conditiofglenberg and In particular, we tested if there is a dierence in strength
Leuschner, 20)0making it a popular species for temperatureand direction of temperature—growth relationships between (i)
reconstructions (e.g.Esper et al., 2002, 201&rudd et al., treeline and forest sites, (ii) dry and wet micro-sites, and (iii)
2002 Linderholm and Gunnarson, 200&rudd, 2008 Helama dry/warm and wet/cold climate regimes, and their combinations.
et al., 2009McCarroll et al., 2013Matskovsky and Helama, Assuming that temperature limits growth at our sites, we expect
2019. Despite this ability to adapt, it was shown repeatedly that strong and signi cant positive summer temperature signal at all
ecological micro-site conditions can a ect the climatic signasites, being slightly lower at forest than at treeline sites. Due to the
of Scots pine at northern boreal treelines in di erent waysgrowth-limiting role of temperature, we further hypothesize that
Previous investigations indicate that the summer temperatueeects of the climate regime are stronger than micro-site e ects,
signal of Scots pine in northern Fennoscandia was reduced and that the former are overall stronger at Russian sites than in
wet micro-sites, i.e., at lakeshores, riparian sites or peatlan&land due to higher summer temperatures as a consequence of
when compared to neighboring dry sites, with this responsés continentality.
being attributed to stressful anaerobic and nutrient poor soil
conditions (inderholm, 2001 Linderholm et al., 2002, 2014
Matskovsky and Helama, 201®ithorn et al.,, 2015, 20)6 MATERIALS AND METHODS
Conversely in northern Swedenjithorn et al. (2013have found
a weaker summer temperature signal in Scots pine growing &ite Selection and Sampling
dry sites relative to wet sites and attributed this nding to droughtWe analyzed 348 Scots pine trees from three regions at their
conditions. northern distribution limit in Eurasia: Finnish Lapland (FIN),

In addition to these ecological e ects, a climatically inducedorth of European Russia (RUS), and Western Siberia (SIB)
loss of summer temperature sensitivity in the second half @Figure 1). In each region, a treeline (“T,” located at the northern
the 20th century has been reported for Scots pine growirigeeline or northern distribution limit of Scots pine) and a
in Finnish Lapland, presumably provoked by drought strederest site (“F," located 50-140 km south of the treeline site)
in the early growing season due to high temperatures andere selected for sampling. At each treeline and forest site,
below-average precipitation sumSe€o et al., 201 Eranke et al., trees from neighboring dry (“D”) and wet (“W”) micro-sites
2017. One study points to a complex interaction of bothwere sampled, resulting in twelve di erent sampling locations
ecological and climatic e ects: Only the combination of we{Table 1). Dry micro-sites were characterized by well drained
lakeshore conditions and cold/wet climatic conditions prevailingandy soils with sparse ground cover (mair@yadoniasp.),
during the Little Ice Age led to reduced growth and a presumablyhile micro-sites with peaty soil, visibly upcoming groundwater
weak climatic signal in Scots pine from altitudinal treeline irand a high abundance of indicator species for peatland (e.g.,
central Sweden, while all other combinations (wet soil — medievdhcciniumsp.,Andromeda polifolid..) were de ned as wet sites.
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FIGURE 1 | Range ofPinus sylvestris(dark gray) and locations of treeline (triangles) and forest (circles) sites. Each triangle and circle represents one pair of dry and
wet micro-sites.

TABLE 1 | Description of the study sites and number of analyzed trees.

Region (code) Site Latitude Longitude Elevation N Mean age
(m.a.s.l)

Finland (FIN) D 6%1°N 27 06°E 200 26 190
TW 69 41°N 27 06°E 200 20 190
FD 68 28°N 27 18°E 270 20 301
FW 68 30°N 27 18°E 260 16 261

North of European Russia (RUS) TD 6®0°N 57 51°E 45 35 147
TW 66 00°N 57 40°E 60 19 182
FD 65 06°N 57 14°E 50 39 164
FW 65 05°N 57 10°E 60 31 132

Western Siberia (SIB) D 6440°N 77 41°E 45 29 123
T™W 64 40°N 77 41°E 40 27 183
FD 64 18°N 75 59°E 65 29 211
FW 64 18°N 75 59°E 65 28 140

Mean tree age was tested for signi cant difference between each pair of dry and wet micro-sites using a Wilcoxon rank-sum test or a Student's t-test (depending on
whether data was normally distributed). Signi cant differences are marked with an asterisky(< 0.05, p < 0.01, p < 0.001). Site abbreviations: T, treeline; F, forest;
D, dry; W, wet.

All Russian sites as well as the Finnish wet sites were modtige form and status used for dendroclimatology. Two increment
at, ranging between 40-65 and 200-260 m a.s.l., respectivalgres (A and B; 5.15 and 12 mm in diameter, respectively) were
while Finnish dry sites were located on slightly inclined soutkaken per tree at breast height perpendicular to each other to
or west facing slopegéble 1). All sites were free of permafrost.lower a possible bias due to irregular/eccentric growth. Diameter
Only dominant, mature and straight growing trees without visiblat breast height (dbh) and tree height were recorded for each
signs of damage or illness were selected for sampling, the typicak.
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Dendrochronological Methods climate, such as age and stand e edf(k et al., 1990 Tree

The surface of core A was smoothed using a WSL sledgzronologies were prewhitened to remove autocorrelation and
microtome Gartner and Nievergelt, 20)(n order to make Subsequently averaged into site chronologies for each micro-site
annual rings visible, and scanned visually using a conventiork§ing the biweight robust mean. Well-established descriptive
scanner. TRW was measured on the scanned image witgtistics serving as quality criteria for the homogeneity of a
0.001 mm precision using the software CooRecorder v. 7A'ge population in dendrochronology, such as the expressed
(Cybis Elektronik and Data AB). After securing core B to fopulation signal (EPS), mean interseries correlation (rbar) and
wooden holder, laths of 1.25 0.1 mm thickness were cut Gleichlaeu gkeit (glk), were calculated for all micro-sites and
out of the core using a twin-bladed circular saw (Dendrocuoth proxies Eckstein and Bauch, 1988/igley et al., 1984

2003, Walesch Electronigsand subsequently boiled for 24 h

in a Soxhlet extractor lled with 96% Ethanol to remove resin€limate Data

and other soluble substances from the wodgtifweingruber, Monthly resolved temperature means, precipitation sums and
1979. After a minimum drying and acclimatization time of the SPEI (standardized precipitation evaporation indéxente-

12 h under controlled air temperature (20) and relative Serrano et al., 203(ntegrated over 1, 3, and 6 months) were
humidity (50%) conditions, the laths were X-rayed under thebtained for each site from the CRU TS 3.22 to 3.24 datasets
same controlled conditions using an ITRAX MultiScanner (Coxt 0.5 resolution Harris et al., 201jfor the respective nearest
Analytical Systems) with an exposure time of 25 ms, an intensigyid and the period 1901-2013. This CRU data was compared
of 30 kV/50 mA, and in steps of 2@m. A standard calibration with the respective climate data from the nearest meteorological
plexi ladder was used to calibrate gray-level light intensity tetation obtained from the NOAA global databdséue to
wood density in g/crA for each X-ray scan. MXD and TRW strong correlations between modeled and station data for the
were measured on the obtained gray-scale images using tiwverlapping period (0.97 to 0.99 for temperature and 0.85 to
WIinDENDRO software v. 2014b (Regents Instruments Inc..97 for precipitation) and the overall shorter and sometimes
The mean thickness of each wooden lath was measured usiligcontinuous record of station data (station records start in
electronic calipers and subsequently used for calibration of ti936-1977, depending on the respective site) we decided to use
respective sample to account for possible deviations in thickngbe CRU dataset for climate-growth analysis in this study.

among the individual laths. All TRW and MXD series were Averaged over the 1901-2013 CRU-data period, July and
visually cross-dated in CDendro (Cybis Elektronik and Data ABylanuary were the warmest and coldest months, respectively, at all
Series from blurred images and with visible growth disturbancsites (except at Finnish forest sites where the mean temperature of
unrelated to climate, such as knotholes, were excluded frodanuary and February was identical), with the July temperatures
further analysis to avoid noise due to non-climatic e ectdeing 0.5-1.3C higher in the forest than at treelines and 1.2—
(n = 29, corresponding to on average 2.4 excluded sampl@dl C higher in Russia than in Finland. The smaller temperature
trees per micro-site). Consequently, only trees with both TRWange between the coldest and warmest months in Finland
and MXD series available were used for the subsequent analysisipared to Russia points to maritime in uence in Finland. July
(n =319). All series were truncated after 2013 to exclude e equsecipitation sums are similar across sit@éalfle 2).

from the bark/coring process on MXD (cores were taken in

2014 and 2016) and to ensure that the same period was usstatistical Analyses

for all sites and for both TRW and MXD. Cross-dating wag\|l statistical analyses were performed in the R software
veried and series were standardized using the dplR-packagavironment version 3.5.1R( Core Team, 20)8 First, to
(Bunn, 2009 in the software environment R version 3.5.1statistically validate the selection of micro-sites and to test
(R Core Team, 20)8We used a 30-year cubic smoothing splingor possible heterogeneity within micro-sites, a Principal
with a 50% frequency cut-o to remove trends unrelated taComponent Gradient Analysis (PCGMuras et al., 20)6wvas

Iwww.walesch.ch 2https://www.ncdc.noaa.gov/

TABLE 2 | Mean T_Jul, T_JA, and sum of P_Jul during the two climate regimes.

Region Site T Jul T Jul T_JA wet/cold T JA P_Jul P_Jul dry/warm
wet/cold ( C) dry/warm ( C) (C) dry/warm ( C) wet/cold (mm) (mm)
FIN TD, TW 111 13.0 10.3 11.7 86 47
FD, FW 12.5 14.5 11.7 13.1 83 46
RUS TD, TW 13.0 15.6 12.1 13.9 67 47
FD, FW 14.1 17.1 13.0 15.0 7 45
SIB TD, TW 13.4 15.5 12.6 13.6 89 41
FD, FW 13.6 16.0 12.8 14.2 87 44

The same climate data was used for neighboring dry and wet micro-sites as they were located within one 0.£RU grid. Site abbreviations: T, treeline; F, forest; D, dry;
W, wet.
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performed with the standardized tree-ring series of each pair o&rried out for each site separately in order to consider the
dry and wet micro-sites. PCGA makes use of the loadings esspective climatic span; a global classi cation of climate regimes
derived from the rst two principal components of an ordinary valid for all sites was not viable due to insu cient overlap
PCA to de ne a gradient of similarity among trees. To tesbetween sites. For subsequent analysis we selected the 25%
whether the PCGA-loadings indicate micro-site speci ¢ growtimost extreme years per climate regime and site (i.e., the 25%
signals, we applied a Wilcoxon rank-sum test. That is, we testddest/warmest and 25% wettest/coldest years per site), resulting
the similarity of locations (i.e., the non-parametric mean) of thén 28 years per climate regime and site. This was done to restrict
loadings' polar-coordinates between the respective micro-sitélse analysis to the most extreme years but at the same time keep
A signi cant test indicates a true location shift (i.e., di erencethe sample size reasonably high. Years of both climate regimes
of non-parametric means) between the PCGA-loadings of theere equally distributed across the period 1901-2013 at all sites.
di erent micro-sites. Based on empirical evidence, PCGA i&cross all sites, summer temperature was 1.9€3(0_Jul) and
able to identify micro-sites expressing di ering climate—growtt.0—2.0C (T_JA) higher in dry/warm years compared to wet/cold
relationships correctlyfehschuh et al., 201Buras et al., 20)8 years Table 2. July precipitation was overall 20—48 mm lower
Due to high accordance between micro-sites de ned in the eléh dry/warm years, corresponding to 46—70% of the precipitation
and those identi ed by the PCGA for TRW (93% of the IDs werdalling in cold/wet yearsTable 2.
correctly assigned to their micro-site on averagigure 2), we Finally, Pearson correlation coe cients were calculated for
assumed that the di erentiation between micro-sites was justi ethe relationships between TRW and T_Jul, and between MXD
and that micro-sites were homogenous in themselves. and T_JA, by selecting only those years from the TRW and

In order to identify the climate proxies and monthsMXD chronologies and the respective climate data that were
with the strongest eect on radial tree growth at ourassigned to the dry/warm and the wet/cold climate regimes. In
micro-sites, we calculated Pearson correlation coe cientthis way, correlations were performed separately for (i) years
between micro-site chronologies and each climate proxy (i.essigned to the dry/warm climate regime vs. years assigned to
temperature, precipitation and the SPEI) and month fronthe wet/cold climate regime and (ii) for dry vs. wet micro-sites.
June of the previous year until September of the yedwgain, stationary bootstrappingPplitis and Romano, 1994
of growth for the period 1901-2013, using the R-packageas applied. Additionally, Pearson correlations for the same
treeclim Zang and Biondi, 2005 Micro-site chronologies were combinations of micro-sites and climate regimes were performed
additionally correlated with seasonal summer temperature valufes individual trees in order to investigate the variability of
expressed as the mean of June-July (JJ), July—August ¢b¥)summer temperature signal within micro-sites. In order to
and June—August (JJA) temperatures. Stationary bootstrappitegt if correlations di ered signi cantly between micro-sites and
(Politis and Romano, 1994vas applied to all climate—growth between climate regimes, a pairwise Wilcoxon rank-sum test was
correlations. For further analysis, we selected July temperatwaried out using correlation values of the individual tree-ring
(hereafter T_Jul; for TRW) and the mean of JA temperatureeries. Tests were restricted to pairs where at least one correlation
(hereafter T_JA; for MXD), both of the year of growth, at all sitescore was signi cant. The Holm correction for adjustedalues
as these were the climate proxies with the strongest signal at masts appliediolm, 1979.
of the sites.

To explore whether and to what extent di ering climatic
conditions prevailing before and during the growing seasoRESULTS
aect summer temperature—growth relationships, the period
of 1901-2013 was divided into dry/warm and wet/cold yeaSlimate Signals
(hereafter called climate regimes; for the R code of the followirpth proxies, TRW and MXD, showed generally similar results:
analysis steps please refer $npplementary Data Sheet)l Correlation scores were similar in sign and of comparable
To this aim, the monthly water balance was calculated argirength across most sites and climate regimes. We observed a
averaged for April-July for each year of the period 190ltendency of somewhat stronger temperature—growth correlations
2013. Water balance was calculated by subtracting the potenfml TRW in Finland and for MXD at RUS and SIB sites
evapotranspiration (PET) from precipitation. PET was calculatedhen compared to the respective other proxy. Overall, summer
using the Thornthwaite equation Thornthwaite, 1948 in  temperature signals were strongest in Finland and Western
the R-package SPEIB¢gueria and Vicente-Serrano, 2117 Siberia and weaker to non-signi cant in the north of European
Subsequently, the period of 1901-2013 was divided into ye&usssialFigures 3 4).
with a high and a low water balance, respectively, based onlnthe majority of cases, correlation values of site chronologies
the aforementioned April-July mean. Due to signi cant positivavere stronger than the median of correlations of the individual
Pearson correlations with precipitation (0.52 to 0.g6& 0.001) trees at that site. The range covered by correlation values of
and signi cant negative correlations with temperature .49 individual trees slightly di ered between micro-sites, climate
to 0.58;p < 0.001) of the same April-July mean, years withegimes and the two proxies TRW and MXD without following
a water balance above its 1901-2013 median were de nedaaslear pattern, but with a tendency of higher variability for SIB
wet/cold climate regime, while years with a water balance belddXD compared to TRW.
its 1901-2013 median were de ned as dry/warm climate regime It is worth mentioning that correlations with precipitation
accordingly. The classi cation of these two climate regimes waser the whole 1901-2013 period, even though by far weaker
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FIGURE 2 | PCGA clearly separated the loadings of dry (treeline: red arrows and forest: orange arrows) and wet (treeline: dark blue arrows and forest: light blue
arrows) micros-sites for tree-ring width(A) and maximum latewood density(B) in FIN (left), RUS (middle) and SIB (right). Labeling values of the principal componen
(PC) refer to the amount of total variance explained by the respective PC. Signi cant separations of loadings according to micro-sites are indicated with asterisks
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FIGURE 3 | Temperature-growth correlations between MXD and T_JA are shown for each micro-site under dry/warm and wet/cold climate regimes for FIN (left),
RUS (middle), and SIB sites (right). Boxplots represent the correlation values of individual trees of a micro-site. Colored circles represent the correlation value of the
respective site chronology. Color code: red: treeline dry (TD); dark blue: treeline wet (TW); orange: forest dry (FD); light blue: forest wet (FW). Insigni cant correlatjons
of site chronologies are represented by a gray circle. Signi cant differences between dry/warm and wet/cold climate regimes, dry and wet micro-sites and between
treeline and forest are marked with an asterisk p < 0.05, p< 0.01, p< 0.001).

than correlations with summer temperature, were signi canthEffect of Micro-Sites and Treeline-Forest

positive for May of the year of growth for TRW in Finland Even though micro-site chronologies were clearly separated into
(up tor =0.36, data not shown). Correlations with precipitatiorury and wet sites by the PCGAigure 2), signi cant di erences

and the SPEll, 3 and 6 over the whole 1901-2013 periOd W%@arding the summer temperature Signa| were not found

mostly signi cantly negative for the summer months (June tgetween micro-sites. However, it is worth to mention that even

August of the year of growth) at FIN and SIB sites (but almoshough di erences were insigni cant, some correlation values

never at RUS sites) for MXD and sometimes TRW (data n@fere appreciably lower on wet compared to dry micro-sites

shown). (particularly for MXD at RUS treeline sites for both climate
_ _ regimes). The comparison of treeline-forest revealed signi cant
Effect of the Climate Regime di erences in four cases: Correlation strength was signi cantly

The eect of dry/warm and wet/cold climate regimes wasigher at the dry treeline than at the dry forest site for MXD
strongest at all Siberian siteBigures 3 4): While correlations in RUS, in both climate regimes, exemplied by dry/warm
were strong and signicant in wet/cold years, they werand wet/cold yearsHigure 3. Conversely, correlations were
non-signi cant in dry/warm years. This climate signal losssigni cantly higher at wet forest sites compared to wet treeline
between the two climate regimes in Western Siberia watgtes, for FIN MXD during wet/cold years and for RUS TRW
signi cant for all micro-sites and results were consistent foduring dry/warm years.
both proxies. In Finland, correlation strength between dry/warm In terms of absolute growth, on average, TRW was larger on
and wet/cold years varied marginally for TRW and stronger fodry sites independent of the presence and direction of signi cant
MXD: It was stronger in dry/warm years and weaker in wet/colége di erencesTables 1 3). Further, dry site trees were generally
years. However, variations between the two climate regimes wesigni cantly thicker (except at Finnish treeline sites) and taller
signi cant in only two micro-sites for MXD and one micro-site than wet site trees. Glk for both TRW and MXD was slightly
for TRW (Figures 3 4). At the central site (RUS), only MXD at higher on dry than on wet micro-sites at all but one of the Russian
the dry treeline site showed signi cant climate signals di eringsites Table 3.
between the two climate regimes with a pattern similar to SIB Summarized, in terms of temperature-growth correlations
sites. ve out of twelve or 42% (TRW) to seven out of twelve
In terms of absolute growth, on average, TRW was larger aiod 58% (MXD) of the micro-sites were signi cantly a ected
MXD was higher in dry/warm years than in wet/cold years at abby shifts of the growing season climate regime, while only
sites. one (TRW) to three (MXD) micro-site pairs were signi cantly
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FIGURE 4 | Temperature-growth correlations between TRW and T_Jul are shown for each micro-site under dry/warm and wet/cold climate regimes for FIN (left),
RUS (middle), and SIB sites (right). For details, please referfagure 3.

TABLE 3 | Tree metadata and descriptive statistics of TRW and MXD chronologies per micro-site.

Region Site dbh (cm) Tree height (m) Mean TRW (mm) glk EPS rbar
TRW MXD TRW MXD TRW MXD
FIN TD 41.2 13.3 0.91 0.73 0.71 0.97 0.97 0.61 0.54
TW 38.1 11.4 0.84 0.73 0.72 0.96 0.96 0.54 0.53
FD 49.6 211 0.70 0.69 0.67 0.96 0.95 0.58 0.49
FW 35.3 13.6 0.58 0.70 0.69 0.96 0.97 0.62 0.64
RUS TD 37.7 17.3 1.22 0.70 0.73 0.97 0.97 0.50 0.49
T™W 26.0 11.6 0.68 0.65 0.67 0.97 0.92 0.67 0.42
FD 34.8 15.4 0.92 0.72 0.68 0.98 0.97 0.50 0.47
FwW 26.5 13.7 0.82 0.68 0.64 0.98 0.94 0.64 0.36
SIB TD 34.8 12.1 1.08 0.66 0.68 0.99 0.96 0.75 0.46
T™W 31.2 9.6 0.70 0.66 0.67 0.97 0.96 0.57 0.48
FD 38.5 13.8 0.68 0.67 0.64 0.95 0.94 0.41 0.36
FwW 24.6 10.8 0.65 0.65 0.63 0.96 0.95 0.45 0.40

Glk, EPS, and rbar were calculated for the period that is relevant for climate-growth analysis (1901-2013). Dbh and tree height were tested for signi cant difference
between each pair of dry and wet micro-sites using a Wilcoxon rank-sum test or a Student's t-test (depending on whether data was normally distributed). Signi cant
differences are marked with an asterisk p < 0.05, p< 0.01, p< 0.001). Site abbreviations: T, treeline; F, forest; D, dry; W, wet.

a ected by the di erence between treeline and forest, and nsites (mostly in Russia), while di ering micro-sites signi cantly

temperature-growth correlation was signi cantly a ected bya ected absolute tree growth, but not the climatic signal. We

micro-site di erences. discuss possible reasons for this di erentiated reaction to growing
season climate in space and time and evaluate the role of
micro-site conditions.

DISCUSSION

In this study, we clearly demonstrate that the strength 0I ter-Annual Climate Variability Drives

the summer temperature signal in Scots pine is primaril patially Differing Tree-Growth

aected by inter-annually di ering climate regimes at our sitesResponses to Climate

while ecological micro-site conditions play a minor role. MoreCoupled to large-scale circulation systems, regional climate is
particularly, growing season climate variability led to signi cantlyundergoing natural inter-annual variations in temperature and
di erent temperature—growth correlations at about half of ourprecipitation within a certain range. Trees as living but immobile
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organisms are able to adapt to these variations to a certain degbge ndings of Seo et al. (2011in the same area. This positive
by reducing or enhancing radial growth under unfavorable oe ect of wet conditions in spring might counteract the
favorable climatic conditions, respectivelyifts, 1979. negative e ect of wet/cold conditions during summer months,
The present study shows explicitly that as a consequengessibly explaining the slightly stronger summer temperature
of this growth adaptation to climate, the temperature signaignal in wet/cold years in TRW compared to MXD in
preserved in annual growth rings varies accordingly across ye&island.
and has a spatially di erentiated pattern. At most sites in Russia The e ect of di ering climatic conditions was strongest at the
(RUS and SIB), wet/cold years seem to be growth limiting, leadiegsternmost site (SIB) and weakest in Finland for both tree-ring
to narrow annual rings, a low MXD and a strong summelproxies, as initially hypothesized. This is possibly related to
temperature signal. Correspondingly, dry/warm years promotesbsolutely higher summer temperatures occurring at the more
radial growth at Russian sites, leading to wider rings, a higtontinental Russian sitesigble 2, which are located further
MXD and a weak or absent summer temperature signal. Th&ast and south than the Finnish sites, following the northern
temperature-dependent growth pattern ts well with the growthdistribution limit of Scots pine Figure 1 and Table 1). Growth
limitation hypothesis for near-treeline location&drner, 1998, limiting conditions are possibly more easily and more strongly
2012 Holtmeier, 200Y, even though it is surprising that this exceeded in Russia, while in Finland both climate regimes seem to
inter-annual variation of climate regimes seems su cient tdoe closer to growth limiting climatic conditiongéble 2. Higher
trigger signi cantly di erent growth reactions. It is unlikely that summer temperatures in Russia might further explain the low
this reduction in summer temperature signal in dry/warm year$o insigni cant correlation values at all central (RUS) sites. Even
was caused by drought stress, unlike similar studies (®ap, though not being the southernmost location in this study, RUS
et al., 2011Duthorn et al., 201} as ring growth was enhancedforest sites exhibited the highest summer temperatures among
(larger TRW) during dry/warm years and correlations withall forest sites under both climate regime&akle 2, which
summer precipitation were either signi cantly negative or absergossibly lowers the e ect of temperature—growth limitation.
when correlated over the whole 1901-2013 period. Since neitfildgre reason for the missing temperature signal in TRW at
temperature nor precipitation seem to be growth limiting herdRUS treeline sites remains unclear so far and needs further
in dry/warm years, other factors might become growth limitingnvestigation.
here, such as, e.g., competition for light and nutrierfsit(s,
1976.

Correspondingly, we would have expected the same patte : : .
i.e., a stronger summer temperature signal in wet/cold thaEr'l'g,rOWth Adaptatlon to ECOIOglcaI Site

in dry/warm years also in Finland. However, we found thal-onditions Hardly Interferes With the
the climatic signal between the two climate regimes di ere®Ummer Temperature Signal
signi cantly only at few sites in Finland, being stronger duringUnlike previous assessments of micro-site e ects on Scots
dry/warm years in contrast to Russia. As summer temperatureie radial growth (e.g.Moir et al., 201} Duthorn et al.,
and correlation strength were similar between wet/cold yea#913 Linderholm et al., 2034Matskovsky and Helama, 2014
in Russia and dry/warm years in Finlandgble 2 — this was ecological site conditions only had minor e ects on the summer
possible because the two climate regimes have been de rtechperature signal of Scots pine in this study, suggesting
relative per site — we conclude that Scots pine growth that possible ecological e ects were largely removed during
limited by similar thermal conditions in Russia and in Finlandthe standardization process. Di erent standardization methods
Regarding the dierences in correlation strength between theight lead to di erent results when comparing micro-site e ects
two climate regimes in Finland particularly found for MXD though Outhorn et al., 2013, 20)5with the choice of the most
at treeline, wet, cold, and cloudy conditions during theappropriate standardization method for the respective dataset
growing season might have led to a reduction of the summdeing one of the main quality criteria for climate reconstructions
temperature signal in wet/cold years as reported in previoy&sper et al., 20)6
treeline studies, e.g., due to a late onset of cambial activity However, tree height and dbh were signi cantly reduced
caused by late snowfall and late snowméltrdyanov et al., on wet sites. This growth adaptation was likely caused by
2003, a reduced photosynthetic productivity caused by highinfavorable and stressful growing conditions, such as anaerobic
precipitation rates/high cloud coveiD{thorn et al., 201} or soils and low nutrient availability, and is in line with other studies
changed hydrological conditions in the sollifderholm et al., on Scots pine from peatlands (e.lylpir et al., 2011 Smiljanic
2019. et al., 201¥ or wet sites Duthorn et al., 2013, 20)5Just as

In contrast to MXD, ring-width formation is particularly in similar studies (e.g.Smiljant et al., 2014Blanchet et al.,
a ected by climatic conditions of the early growing seasBiogsi 2017, we experienced di culties in cross-dating ring parameters
et al., 2011, 20)2generally occurring between mid-May andfrom trees growing at wet sites due to frequently occurring
mid-June in the area of our Finnish forest siteg3o6si et al., narrow and missing rings and found a slightly lower agreement
200§ Seo et al., 2008, 2011Signi cant positive correlations of tree-ring series (i.e., glk) within wet micro-sites in Russia (e.qg.,
of TRW with May precipitation over the 1901-2013 period.inderholm et al., 20L4Edvardsson et al., 20LBl6jd et al.,
suggest a high importance of water availability during the earB017 in both TRW and MXD. Even though the PCGA clearly
growing season at our Finnish sites, which is corroboratdadenti ed di ering ecological conditions between pairs of dry and
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wet micro-sites, comparability between micro-sites across regiofpgATA AVAILABILITY STATEMENT
and with other micro-site studies cannot be assured.

Datasets are available on request: the raw data supporting the
Implications and Outlook conclusion of this manuscript will be made available by the

We Showed that d| ering Climate regimes Signi Cantly impacte(ﬁ.uthors, WIthOUt Undue reservation, to any quah ed researcher
the temperature signal of Scots pine at about half of our

sites, for both TRW and MXD, overriding micro-site e ects on
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Table S1:

Pearson correlation coefficients calculated for the relationship between modelled NRCAN
climate data and data of the meteorological station of the University of Fairbanks, Alaska
(64.857°N, 147.861°W), for growing season (May-August) means of temperature and
precipitation of the period 1901-2013. The same NRCAN climate data of the MAC site was
further correlated with data of the nearby (85 km) Inuvik meteorological station (68.30°N,
133.48°W) for the available 1957-2005 period. All station records were retrieved from the
NOAA website (https://www.ncdc.noaa.gov/cdo-web/).

NOX NUT CHA MAC
Fairbanks temperature 0.62 0.80 0.69 0.51
Fairbanks precipitation 0.33 0.49 0.41 0.33
Inuvik temperature - - - 0.94
Inuvik precipitation - - - 0.34
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Figure S1:

Trends of July temperature (left column, red) and precipitation (right column, blue) for the
period 1925-2013 per site. Vertical lines delimit the studied PDO periods (1925-1946, 1947-
1976, 1977-1998) and the time after the last analyzed PDO period until end of NRCAN
climate data availability (1998-2013).
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Figure S2:

Principal component analysis
(PCA) of standardized single tree
time series for the common
interval 1930 (youngest tree) -
1998 for (a) tree-ring width (TRW)
and cell number (CN) and (b) for
cell wall thickness (CWT) and
lumen area (LA). CWT and LA
are presented per trait (columns)
and ring sector (rows). PCA
reveals a clear differentiation
between sites for TRW and CN.
Differentiation between sites for
CWT and LA increases from first
sector (earlywood, no
differentiation) to fifth sector
(latewood, strong differentiation).
Colors represent different sites.
Color code: red: NOX, yellow:
NUT, green: CHA, blue: MAC.
Labeling values of the principal
components (PC) refer to the
amount of total variance
explained by the respective PC.

(@)
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Table S2:

Mean values (x SD) of cell wall thickness (CWT) and lumen area (LA) (both for sectors 1-5)
for the studied 1925-1998 period. Sectors 1-5 for CWT and LA are counted from earlywood
to latewood. Superscript capital letters indicate significant difference (p<0.05) between sites
according to the pairwise Wilcoxon rank-sum test. The Holm correction for adjusted p-values
was applied (Holm, 1979).

Trait \ site code NOX A NUT B CHA € MAC P

LA 15t sec. (um?)

828.8 + 149.9 BCD

581.6 + 95 ¢

696.0 + 101.2 ABD

580.3 + 46.9 A€

LA 2 sec. (um2)

773.6 + 148.1 BCD

563.6 + 96.3 A¢D

674.5 + 104.4 ABD

539.1 + 48.2 ABC

LA 3 sec. (um?)

706 + 128.5 BCP

510.8 + 89 ACP

617.5 + 102.2 ABD

473.4 + 54.1 ABC

LA 4™ sec. (um?)

591.5 + 110.3 BCP

411.2 £+ 72.6 A°P

505.2 + 94.3 ABD

357.8 + 58.2 ABC

LA 5% sec. (Lm?)

322.4 + 75.4 B¢D

211.9 £ 45.6 AP

261.9 + 59 ABD

149.1 + 35 48€

CWT 1%t sec. (um) | 3.3 +0.28¢P 3.4+ 0.2ACD 3.0+ 0.1480 3.5+ 0.248C
CWT 2" sec. (um) | 3.4 +0.2¢P 34+01°¢ 3.1+0.148D 3.5+0.24C
CWT 3 sec. (um) | 3.6 +0.2¢P 3.6+0.2¢P 3.3+ 0.248D 3.7 + 0.2 ABC
CWT 4" sec. (um) | 4.1 +0.26B¢P 3.9+ 0.24CD 3.7 £0.248D 4.2 +0.278C
CWT 5% sec. (um) | 5.1 + 0.3 BC 4.5+ 0.370 4.5+ 0.3A° 5.0+ 0.2 8¢
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Figure S3:

Climate-growth pearson correlations for the standardized (a) cell wall thickness (CWT)
(sectors 1-5), (b) lumen area (LA) (sectors 1-5), (c) mean cell number (CN) and (d) tree-ring
width (TRW) site chronologies with August PDSI (palmer drought severity index) during the
past three PDO (pacific decadal oscillation) regimes of the 20" century (numbers on the
respective x-Axis: 1=1925-1946, 2=1947-1976, 3=1977-1998). Sectors 1-5 for CWT and LA
are counted from earlywood to latewood. Correlations beyond the dotted lines are significant
(p<0.05). For color coding of the CWT and LA sectors please refer to the legend below.
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Figure S4:

Response plots showing tree-ring traits (5" sector (latewood) of cell wall thickness (CWT)
and lumen area (LA), mean cell number (CN), tree-ring width (TRW) — y-axis) plotted against
the mean growing season SPEI (May-August, x-axis) per site and period of the pacific
decadal oscillation (PDO1: 1925-1946, PDO2: 1947-1976, PDO3: 1977-1998). A linear
model was fitted to show the general trend. Relevant statistics of the linear model (ad;. r?, p-
value) are listed in the table below (sig. values with p<0.05 in bold).

The response plots show a negative relationship of CWT with the SPEI in all PDO periods
and for all sites, and a positive relationship for LA in all periods at NOX and NUT, but only in
the warm/dry PDO1 and PDO3 for CHA and MAC. The plots further show negative
relationships for CN and TRW with the SPEI in PDO1 and PDO2 in most cases, but positive
correlations in PDO3 at all sites.

CN LA CWT

TRW

NOX NUT CHA MAC

PDO1 | PDO2 | PDO3 | PDO1 | PDO2 | PDO3 | PDO1 | PDO2 | PDO3 | PDO1 | PDO2 | PDO3

CWT | adj. r? 0.236 | 0.027 | 0.514| 0.235 0.1| 0.222| 0.11| 0.068 | 0.472| 0.068 | 0.176| -0.05
p-value [0.013 | 0.19 0] 0.013| 0.049] 0.015| 0.073 | 0.089 0] 0.127] 0.012 | 0.861

LA |adj.r? 0.01| 0.09| 0.357| -0.01| 0.015| 0.433| -0.03| -0.03| 0.532| 0.085| 0.08| 0.279
p-value 0.284 | 0.059| 0.002 | 0.393| 0.239| 0.001 | 0.553| 0.734 0] 0.102 | 0.071 | 0.007

CN |adj.r? -0.02| -0.01| 0.004| -0.04| -0.02| 0.119| 0.026 | 0.054 | 0.187 | -0.04| 0.127 | 0.052
p-value 0.443 | 0.447| 0.31] 0.734| 0.559 | 0.064 | 0.225| 0.113 | 0.026| 0.689 | 0.03| 0.159

TRW | adj. r2 -0.05| -0.03| 0.102| -0.03| -0.03| 0.133| -0.01| 0.063 | 0.201| -0.05| 0.239 | 0.198
p-value 0.839| 0.693| 0.081]| 0.588| 0.65] 0.053| 0.387 | 0.097 | 0.021] 0.913| 0.004 | 0.022
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Figure S5:

Moving window climate-growth pearson correlations between the standardized cell wall
thickness (CWT) and lumen area (LA) (both for sectors 1-5, from earlywood to latewood) with
the mean growing season SPEI (May-August) per site and for the period 1925 - data
availability (NOX: 2009, NUT: 2012, CHA: 2013, MAC: 2006). A window length of 25 years
and a step size of one year were used. Correlation values are plotted in the center of the
respective window. Correlations beyond the dotted lines are significant (p<0.05). For color
coding of the respective CWT and LA sectors please refer to the legend. The plots reveal
temporally unstable SPEI-growth correlations for both CWT and LA at all sites.

Figure S6:

Moving window climate-growth pearson correlations between the mean cell number (CN)
and the standardized tree-ring width (TRW) site chronologies with the mean growing season
SPEI (May-August) per site and for the period 1925 - data availability (NOX: 2009, NUT:
2012, CHA: 2013, MAC: 2006). For further details, please refer to the capture of Fig. S5. For
color coding of the site chronologies please refer to the legend on the right. The plots reveal
temporally unstable SPEI-growth correlations for both CN and TRW at all sites.
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