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Abstract

Key message Pinus sylvestris tree-ring 5'>C and §'®0 records from locally moist sites in central and northern Sweden
contain consistently stronger climate signals than their dry site counterparts.

Abstract We produced twentieth century stable isotope data from Pinus sylvestris trees near lakeshores and inland sites
in northern Sweden (near Kiruna) and central Sweden (near Stockholm) to evaluate the influence of changing microsite
conditions on the climate sensitivity of tree-ring 8'°C and §'®0. The data reveal a latitudinal trend towards lower C and O
isotope values near the Arctic tree line (—0.8%o for 8'*C and — 2.4%o for §'%0 relative to central Sweden) reflecting widely
recognized atmospheric changes. At the microsite scale, 8'°C decreases from the dry inland to the moist lakeshore sites
(—0.7%0 in Kiruna and — 1.2%o in Stockholm), evidence of the importance of groundwater access to this proxy. While all
isotope records from northern and central Sweden correlate significantly against temperature, precipitation, cloud cover
and/or drought data, climate signals in the records from moist microsites are consistently stronger, which emphasizes the
importance of site selection when producing stable isotope chronologies. Overall strongest correlations are found with
summer temperature, except for 8'30 from Stockholm correlating best with instrumental drought indices. These findings
are complemented by significant positive correlations with temperature-sensitive ring width data in Kiruna, and inverse (or
absent) correlations with precipitation-sensitive ring width data in Stockholm. A conclusive differentiation between lead-
ing and co-varying forcings is challenging based on only the calibration against often defective instrumental climate data,
and would require an improved understanding of the physiological processes that control isotope fractionation at varying
microsites and joined application of forward modelling.

Keywords 8'3C - 8'%0 - Pinus sylvestris L. - Microsite - Dendrochronology - Sweden

Introduction

Stable carbon and oxygen isotope ratios (§'°C and §'%0
values) are valuable proxies for reconstructing long-term
climatic changes at annual resolution (Leavitt 2010).
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Compared to classical tree-ring width (TRW) and maximum
latewood density data (MXD), which predominantly record
temperature changes in cold environments (Esper et al. 2014;
Luterbacher et al. 2016; Wilson et al. 2016) and hydrocli-
matic changes in dry environments (Cook et al. 2015; Esper
et al. 2007; Tejedor et al. 2017), climate signals in stable
isotopes appear to be less dependent on the ecoclimatic set-
tings of the sampled trees (Esper et al. 2016; Frank et al.
2015; Gagen et al. 2004; Saurer et al. 2008; Treydte et al.
2007). This independency enables the use of tree-ring stable
isotope records from lowland, non-boundary environments,
where classical tree-ring parameters typically fail to record
significant climate signals (Cernusak and English 2015;
Friedrichs et al. 2008; Hartl-Meier et al. 2015) to assess
long-term climatic changes at annual resolution (overview
in Treydte et al. 2007, 2014).

In their analysis of a network of 23 §!*C chronologies
from Europe, Frank et al. (2015) showed that the maximum
climatic response exhibited by that proxy encompasses
a broad range of climatic parameters including relative
humidity, potential evapotranspiration, maximum tempera-
ture, vapor pressure deficit and precipitation during differ-
ent months and seasons during the year of ring formation.
Formal reconstructions based on 8'3C include estimates of
summer temperature variability in Central Asia (Treydte
et al. 2009), winter-to-spring temperature in Turkey (Hein-
rich et al. 2013), summer drought in the European Alps
(Kress et al. 2010), and river flow in west Siberia (Water-
house et al. 2000). The climate sensitivity of tree-ring 8'%0
is typically (but not always) slightly weaker compared to
8'3C, and includes precipitation, drought and humidity sig-
nals as mechanistic drivers in addition to widely recognized
temperature signals (Saurer et al. 2008; Treydte et al. 2007).
Formal reconstructions based on §'%0 include estimates of
annual precipitation in the Karakorum mountains (Treydte
et al. 2006), May—August precipitation in northwest China
(Liu et al. 2008) and southern England (Rinne et al. 2013),
the summer standardized precipitation evapotranspiration
index (SPEI) in western France (Labuhn et al. 2016), and
April-July minimum temperatures in northwest Canada
(Porter et al. 2014). Saurer et al. (2008) suggested the combi-
nation of tree-ring 8'°C and 8'80 may enhance the common
climatic signals, an approach that was successfully carried
out in northeast Canada to reconstruct summer maximum
temperatures (Bégin et al. 2015).

In northern Europe, Scots pine (Pinus sylvestris L.) is the
most common tree species and has been used in several sta-
ble isotope studies. Seftigen et al. (2011) analyzed 8'3C and
8180 from sites in the Scandinavian mountains, and reported
positive correlations with warm season temperatures, and
reversed but weaker associations with precipitation. Simi-
larly, Hilasvuori et al. (2009) found July temperature sig-
nals in 8'°C (stronger) and 8'%0 (weaker) in northern and
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eastern Finland, as well as July precipitation signals in §'%0
of eastern Finland. More recently, §'°C chronologies from
Scandinavian pine sites were used to reconstruct sunshine
hour (Loader et al. 2013) and cloud cover changes (Gagen
etal. 2011). In all these assessments, the covariance among
temperature, precipitation, drought indices, cloud cover
and sunshine hour data was recognized as a complicating
data property that makes it difficult to differentiate between
directly environmental forcing and their co-variates (Frank
et al. 2015).

8!3C and 8'®0 interseries correlations and climatic
signals were shown to be particularly strong in the high-
frequency, inter-annual domain (Konter et al. 2014). The
proxies are good estimators for the reconstruction of extreme
events (Treydte et al. 2001; Kress et al. 2009), but typically
express less coherent lower frequency trends (Treydte et al.
2007). Work on the preservation of low frequency variance
in tree-ring 8'°C and 8'%0 of Pinus uncinata showed that
both parameters contain biological age trends beyond the
widely recognized juvenile effects over the first 2030 years
(Esper et al. 2010). This finding was recently confirmed for
8'3C using a large compilation of modern tree and sub-fossil
Pinus sylvestris samples from Finland (Helama et al. 2015),
questioning the application of such data to reconstruct low
frequency climate variability (Esper et al. 2015a).

Tree-ring stable isotopes reflect the plant physiologi-
cal response to climate and other environmental variables
(Gessler et al. 2014; Zeng et al. 2017). 813 depends on
factors affecting the photosynthetic uptake of CO, and is
primarily controlled by stomatal conductance and the rate of
carboxylation during photosynthesis (Farquhar et al. 1989).
Warm and dry conditions typically reduce stomatal conduct-
ance and discrimination against 1*C, thus producing higher
813C values (Leavitt and Long 1989; Saurer et al. 1995). In
light-limited habitats, however, carbon isotope fractionation
is dominated by photo-assimilation, and high 8'C values
may primarily be associated with high photosynthetic activ-
ity in warm and sunny conditions (Loader et al. 2013).

Tree-ring 8'%0 integrates the stomatal response to atmos-
pheric vapour pressure deficit and related climate variables,
such as temperature and relative humidity, via leaf water
80 enrichment. Transpiration also regulates source water
uptake by the roots (Barbour 2007; Roden and Ehleringer
1999), which typically originates from precipitation carrying
a specific atmospheric 8'30 signal controlled by air mass
temperature (Dansgaard 1964; Rozanski et al. 1992). This
precipitation signal can be mitigated, lagged or even masked,
depending on the temporal variation of the amount and iso-
topic composition of infiltrated water (Treydte et al. 2014),
the evaporative enrichment of soil water, and the influence of
ground water (Ehleringer and Dawson 1992). High soil water
availability in correspondence with warm and dry conditions
enhances evaporative processes at the leaf level (Darling and
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Talbot 2003), which may lead to high §'%0 tree-ring values
and partly be modified by post-photosynthetic biochemical
fractionation processes (Gessler et al. 2014).

Considering these specific sensitivities, and by employ-
ing a network of locally moist and dry Pinus sylvestris sites
in central and northern Sweden, we address the following
hypotheses:

(H1) Tree-ring 813C and 8'%0 values are lower in the colder
environment of northern Sweden due to reduced photosyn-
thesis and enzymatic fractionation (8'°C), relatively low
transpiration and temperature effects on source water isotope
fractionation (8'%0).

(H2) At both sites, 8'3C and 8'30 values are lower in lake-
shore trees due to higher soil moisture and stomatal conduct-
ance in dry periods (3'*C) and unhindered access to depleted
groundwater (8'8%0).

(H3) 8"3C and 880 records from locally moist sites con-
tain stronger climate signals because of increased metabolic
activity and hence, isotope fractionation being more closely
controlled by atmospheric weather processes. The signals
are stronger in the warmer Stockholm region with larger
implications of groundwater access, relative to Kiruna.

In this paper, we describe the microsite sampling scheme
in central and northern Sweden, the procedures of tree-ring
8'80 and 8'3C measurement, and the statistical methods
used to treat stable isotope data and compare these with
instrumental climate data. We produce maps showing the
spatial patterns of correlation between stable isotope and
climate variables, and discuss differences in climate signals
with particular focus on microsite effects. §!%0 and §'°C
chronologies are compared with TRW chronologies to sup-
port the interpretation of signal differences between locally
moist and dry sites.

Materials and methods

The Pinus sylvestris sampling sites are located near Kiruna
(hereafter, “Kir”) at 68°N and ~ 1000 km north of the Stock-
holm (“Sto”) site at 59°N (Fig. 1). Kir and Sto are underlain
by a Quaternary moraine including granite blocks of up to
1 m in size. The loose substrate is 0—25 cm thick and the
soil type is a sandy podsol covered by a thin (<3 cm) litter
layer. Both sites are situated in the rain shadow of the Scan-
des, where summer precipitation approaches only 200 mm,
but temperatures are 7-9 °C colder at the Arctic tree line in
Kir compared to Sto (Table 1). The temperature difference
affects both evaporative demand (Farquhar and Roderick
2007) and species composition, so that Kir is composed of

Kir.
20.7 20.7

Sto -25.1

Kiruna

23.1 23.1

-24.5

Stockholm

Fig.1 Tree-ring stable isotope setup in northern (Kir) and central
(Sto) Sweden. In each region, four Pinus sylvestris trees were sam-
pled in locally moist (at lakeshore) and dry (several decameters
inland) microsites. Values are the mean carbon (green) and oxygen
isotope ratios (brown) of four trees in each microsite, as well as the
difference between Kir and Sto. Standard deviations range from 0.18
(Kir-D) to 0.65 (Sto-D) for 8'%0, and from 0.09 (Kir-M) to 0.46 (Sto-
M) for 8"°C

Table 1 Kiruna and Stockholm sampling site information

Kir Sto
Location 12 km NE Kiruna 11 km N Stockholm
Lat./Lon. 67.95°N, 20.03°E 59.44°N, 18.00°E
Annual temp. -22°C 7.0°C
Summer temp. 10.0 °C 16.6 °C
Annual precip. 500 mm 560 mm
Summer precip. 200 mm 190 mm
Vegetation period 120 days 180 days

a monotonic pine forest, whereas Sto hosts a mixed forest
including Picea abies, Quercus robur, Fagus sylvatica, and
Pinus sylvestris. The vegetation period in Kir is 60 days
shorter compared to Sto (Swedish Meteorological and
Hydrological Institute, SMHI), but seasonal daylight vari-
ations are much more accentuated in northern than central
Sweden. The distances between trees range from 7 to 10 m
in Sto and from 3 to 10 m in Kir, and the hydroclimatic con-
ditions during the vegetation period are classified as “weakly
humid” in Kir (positive water balance of O to + 50 mm) and
“dry” in Sto (negative water balance of —50 to 0 mm; Swed-
ish University of Agricultural Sciences).

@ Springer
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At both sites, Kir and Sto, we used 5-mm increment
borers to sample 40 pine trees growing in moist condi-
tions within 5 m to the lakeshore (Kir-M and Sto-M) and
several tens of meters inland in locally dry conditions con-
sidering all age classes in pre-defined plots (Kir-D and
Sto-D; Diithorn et al. 2015, 2016). The dry microsites are
located 15-30 m upslope (Kir microsites in 450 and 465 m,
Sto microsites in 20 and 50 m a.s.l.) where tree roots are
detached from lake filtration and phreatic water (Fig. 1). This
change also impacts ground vegetation as Kir-M includes
90% bryophytes and 10% other species (Calluna vulgaris,
Vaccinium vitis-idaea, Arctophylos uva-ursi, Empetrum
nigrum, Vaccinium myrtillus), whereas Kir-D hosts no bry-
ophytes but 50% lichen species. Vaccinium vitis-idaea and
various lichen species are also present in Sto-D, while Sto-M
is additionally covered by Vaccinium myrtillus and Calluna
vulgaris. All increment core samples from these microsites
were cut using a microtome, TRW measured at 1/100 mm
resolution using a LINTAB station (Rinn 2005), and sam-
ples crossdated considering standard dendrochronological
techniques (Holmes 1983). Mean growth rates range from
0.83 mm/year in Kir-M to 0.97 mm/year in Kir-D, and from
1.00 mm/year in Sto-D to 1.15 mm/year in Sto-M, and mean
tree ages range from 77 years in Kir-D to 83 years in Kir-M,
and from 93 years in Sto-D to 119 years in Sto-M (for more
details see Diithorn et al. 2013).

In each microsite, Kir-M, Kir-D, Sto-M and Sto-D, four
trees (two cores per tree, pooled) were selected for stable
isotope measurement considering the criteria of homogene-
ous growth, absence of missing rings, ring width>0.01 mm,
well-defined annual rings, and minimum age of 150 years.
Hydrophilic extractives and lipophilic compounds were
removed by purging the increment cores with distilled water
and water-free ethanol for 8-24 h at 60 °C (Sidorova et al.
2008). Annual tree-rings covering the period 1901-2009
were truncated with a scalpel, and whole wood samples
(Mischel et al. 2015; Riechelmann et al. 2014, 2016) of
300-3000 pg packed in tin capsules for stable carbon isotope
measurement, and 250-300 ug samples in silver capsules for
stable oxygen isotope measurement. The tin capsules were
combusted in an elemental analyzer at 1150 °C, Beze
measured using an IsoPrime IRMS, and 8'2C expressed in
parts per thousand (%o) with respect to an established refer-
ence material (Farquhar et al. 1982). For 8'%0, the silver
capsules were pyrolized at 1450 °C, '30/'°0 quantified in an
IRMS and expressed in %o relative to the standard isotopic
composition of ocean water (Leavitt 2010). The analytical
uncertainties of these data are +0.3%o for 8'°C and +0.5%0
for 8'30, and the microsite chronologies denoted Kir®D,
Kir'*M, Kir'®D, etc.

Numerous studies have applied 8'°C and §'%0 values
in tree-ring material such as cellulose, lignin, whole wood
or lignin methoxyl groups for climatic and environmental
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studies (Barbour et al. 2001; Edwards and Fritz 1986; Gori
et al. 2013; Loader et al. 2003; Mischel et al. 2015; Riechel-
mann et al. 2016). Acknowledging the findings of Wilson
and Grinsted (1977) that tree-ring components have differ-
ent isotopic ratios, most research has been carried out on
single components, usually cellulose, and on single isotope
proxies preferentially 8'°C and §'%0 (Boettger et al. 2007).
However, the time-consuming cellulose extraction steps
are still a disadvantage particularly in view of the need to
develop long-term chronologies for climatic reconstruction.
Alternatively, in recent years a number of studies have dem-
onstrated the usefulness and effectiveness of §'3C, 8’H and
5'%0 of whole wood as a tree-ring climate proxy (Cullen and
Grierson 2006; Gori et al. 2013; Loader et al. 2003; Mis-
chel et al. 2015; Verheyden et al. 2005; Weigt et al. 2015).
Gori et al. (2013) investigated Picea abies in alpine Italy and
demonstrated that §'%0 and 8°H from whole wood samples
preserve the best temperature signals. Schleser et al. (2015)
found a high correlation between 8'3C values from whole
wood and extracted cellulose of tropical Cariniana micran-
tha over the past two and a half centuries, and Mischel et al.
(2015) report on differences between whole wood and cel-
lulose 8'C and 8'80 timeseries of Pinus sylvestris support-
ing the choice to analyse whole wood instead of cellulose.
For practical reasons and to substantially reduce costs, we
measured 8'°C and 8'80 of the bulk tree-ring material of
Pinus sylvestris.

Each 8'3C series was corrected for the Suess effect to
remove a long-term declining trend since the mid-nineteenth
century due to the combustion of fossil carbon and atmos-
pheric enrichment of depleted CO, (Farquhar et al. 1989;
Treydte et al. 2009). In addition, all isotopic data (includ-
ing 5'%0) were detrended using 30-year spline high-pass
filters (Cook and Peters 1981) to remove level differences
among single-tree isotope series and long-term trends that
are potentially unrelated to climatic forcings. We use both
versions of the data, the non-detrended (“raw”) and the
spline-detrended (“spl”) stable isotope timeseries for calibra-
tion against instrumental climate data and report the highest
agreements (Table 2). Gridded monthly mean temperatures,
precipitation sums, cloud cover changes (Harris et al. 2014),
and Palmer Drought Severity Index (PDSI; van der Schrier
et al. 2006) reaching back to 1901 were used for calibration
against tree-ring 8'80 and 8'3C using Pearson correlations.
The gridded products were accessed through the KNMI cli-
mate explorer (Trouet and van Oldenborgh 2013; van Old-
enborgh and Burgers 2005) at 0.5° X 0.5° resolution and
were employed to evaluate proxy climate signals over two
overlapping intervals: 1901-2009 and 1951-2009. The lat-
ter period is used to evaluate the influence of potentially
uncertain early instrumental data (Frank et al. 2007) as well
as changes in proxy signal strength (Briffa et al. 1998b).
Maps are produced highlighting correlations exceeding
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Table2 Best correlating seasonal instrumental data (JJA=June-
August, Jan—Aug=January—August, Jul=July) and stable isotope
data (Raw =non-detrended, Spl=spline-detrended) used in Figs. 6
and 7 for climate signal assessment

Season Detrending
Kir Sto Kir St
Temperature
813cC JJA JJA Spl Spl
5'%0 Jul Jan—-Aug Raw Spl
Precipitation
81C JJIA JJA Spl Spl
580 JJIA JIA Spl Spl
Cloud cover
s13C JJIA JIA Spl Raw
5'%0 JJIA JIA Spl Spl
PDSI
sl3C JIA JIA Spl Raw
5'%0 JJA JJA Raw Raw

p <0.05 to evaluate spatial patterns of climate signals. We
also produced crossplots and linear regressions of selected
isotope-climate associations and calculated 30-year running
correlations to emphasize temporal changes in proxy climate
signals.

Results and discussion
Average isotope ratios and covariance

On average, stable isotope ratios of tree-ring bulk wood
increase by 0.8%0 (8'3C) and 2.4%o (5'%0) from the Arctic
tree line in northern Sweden towards Stockholm ~ 1000 km
south of the ecotone, thereby verifying H1 for both proxies
(Fig. 1). For oxygen, this offset is likely reflecting the tem-
perature difference between northern and central Sweden (up
to 10 °C), which controls the isotopic composition of atmos-
pheric water supply (Kortelainen and Karhu 2004). Tree-
ring 830 does, however, not change between the moist and
dry microsites, disproving H2 on the influence of depleted
groundwater for this proxy: immediate access to lake filtra-
tion water has no effect on average oxygen isotope signatures
of pine tree-rings. Snowmelt as an important water source,
particularly for trees at dry microsites and reaching far into
the growing season (Treydte et al. 2014), likely affects the
isotopic signature and differentiation between lakeshore and
inland sites. This situation is different for 8'C, which is not
only depleted in '*C towards the artic tree line (Hilasvuori
et al. 2009; Stuiver and Braziunas 1987), but also from the
dry to the moist microsites. The large-scale change is likely
a representation of increased photosynthetic assimilation

in Sto, as reflected by wider tree-rings (average growth
rate over the first 100 years of tree age in Sto=1.10 mm,
in Kir=0.78 mm), regulating sub-stomatal CO, concentra-
tions and forcing the leaf enzyme Rubisco to catalyze more
of the heavy '*C isotope (Saurer et al. 2004). At the local
scale, the 8'3C offset is likely caused by prolonged stomatal
resistance in the dry microsites during warm season drought
periods of several days to weeks (Farquhar et al. 1989). The
effect seems to be slightly stronger in the warmer Sto site,
in which the offset between dry and wet microsites reaches
1.2%o0, compared to only 0.7%o in Kir.

The §'°C offset between wet and dry microsites is also
apparent in the annually resolved data covering the 20th and
early twenty-first centuries (Fig. 2), though particularly in
Kir-M (top panel) the differences between single trees are
additionally noticeable. Besides these offsets, the annually
resolved isotope data reveal highly coherent co-variability
among trees and microsites, a key characteristic of these
proxies building the foundation for high-resolution climate
reconstruction (Frank et al. 2015; Kress et al. 2010; Treydte
et al. 2006). Interseries correlations over 1901-2009 range
from 0.48 to 0.69 for single trees and 0.74—0.85 for micro-
site chronologies (values shown in Fig. 2) substantiating the
impact of common (climatic) forcings on inter-annual stable
isotope variations. Interestingly, the mean interseries cor-
relation is slightly higher among 8'>C and 8'%0 series from
wet microsites, though the difference is not substantial (0.08
across all sites) and not consistent (8'%0 in Sto).

To emphasize the high frequency (inter-annual to dec-
adal) patterns in the isotope data, we detrended the §'°C
and 8'%0 series using 30-year splines, and consider both
the non-detrended and spl-detrended data for covariance
and climate signal assessments. The detrending removes
multi-decadal scale variability from the data (Fig. 3), and
increases, on average, the covariance among microsites and
across proxies (i.e. between 813C and 6'%0) from 0.30 con-
sidering all non-detrended chronologies to 0.35 considering
all detrended chronologies (Fig. 4). Besides the striking cor-
relation between neighboring microsites, the matrix reveals
significant correlations between carbon and oxygen isotopes
within the study regions (Kir and Sto). Covariance between
8!C and 8'%0 is larger in Sto (r=0.39) compared to Kir
(r=0.28), and particularly strong in Sto when considering
only the spl-detrended chronologies (r=0.48; the orange
and yellow boxes in the two bottom rows of Fig. 4). The
increased covariance in Sto reveals stomatal conductance,
rather than photosynthesis, is the key driver of isotope frac-
tionation in central Sweden. In comparison, the correlation
between regions (Kir and Sto) for each proxy is relatively
low (r=0.28 for 8'0 and only 0.18 for §!°C) indicating
that the data from central and northern Sweden are con-
trolled by regionally differing climatic forcings. The overall
higher correlations among the spl-detrended chronologies

@ Springer
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Fig.2 Tree-ring 8'°C and §'®0 data 1901-2009. a §'3C series of four
trees in moist conditions (blue) and four trees in dry conditions (red)
shown together with their mean chronologies (bottom panel). Dashed
curve is the mean of only three trees excluding the data of one tree
showing substantially less depleted values (top blue curve in top
panel). Values are the inter-series correlations among trees at moist
(blue) and dry (red) sites, as well as between the microsite chronolo-
gies (black). b—d Same as in a, but for '3C from Sto (b), 5'30 from
Kir (c), and 8'%0 from Sto (d)
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Fig.4 Correlation coefficients between 8'*C and 8'80 microsite chro-
nologies from Kiruna and Stockholm using the non-detrended (Raw)
and spline-detrended (Spl) data from 1901 to 2009. Considering the
varying lag-1 autocorrelations of these data, p<0.05 is reached at
r=0.22 for the non-detrended and r=0.19 for the detrended data
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demonstrate that cross-proxy and cross-microsite variance
is most coherent at inter-annual timescale, and supports find-
ings indicating strong climate signals in the high frequency
domain across Europe (Treydte et al. 2007).

Climate signals

The removal of trends from proxy timeseries is also known
to potentially affect the climate signals estimated via the
calibration against instrumental climate data (Fritts 1976).
The modification caused by detrending can be small, such
as expressed in a spatially expanded temperature correlation
field recorded for Sto 8'°C over the late 1951-2009 calibra-
tion period (Fig. Sc, d), but might also radically change the
putative signal, from insignificant in the vicinity of the proxy
location to a noticeable temperature response after detrend-
ing (Fig. 5a, b). In this latter example of §!°C from Kir, the
recent negative trend in the raw data accidentally resulted in
the detection of inverse temperature correlations in southern
Europe, reminding of the danger of picking up spurious pat-
terns when using auto-correlated data (Esper et al. 2005; von
Storch et al. 2004).

Bearing these modifications related to timeseries
detrending in mind, we calibrated all 8'13C and 6'0 micro-
site chronologies against gridded temperature, precipita-
tion, cloud cover, and PDSI data over the 1901-2009 and
1951-2009 periods using Pearson correlations and illus-
trate the most significant fields (Figs. 6, 7). In most cases,

Fig.5 Effects of stable isotope
detrending on the calibration
against instrumental climate
data. a Spatial patterns of the
correlation of the non-detrended
Kir 8'3C site chronology

(blue curve) against gridded
instrumental JJA temperatures

a from 1901 p
=
o3

N > 5

-237

Kir §'3C

from 1%\ C from 1901
=
o <Y

£ o,

highest correlations are achieved when averaging the instru-
mental data over the summer months (JJA), expect for the
temperature-versus-8'80 pair, which is showing strongest
responses during July in Kir and January—August in Sto
(Table 2). Similarly, the spl-detrended stable isotopes more
often correlate superior with instrumental fields, i.e. in only
5 of 16 cases the non-detrended data return stronger sig-
nals. While not highly significant, this finding indicates that
the coherence with climate parameters can increase when
removing inter-decadal scale variance from stable isotope
records.

Even though the strength and spatial extent of correla-
tion differ among the climate parameters tested here, sig-
nificant fields are present for almost all proxy-climate pairs
(Figs. 6, 7). This correlation with multiple instrumental
datasets is seemingly affected by the covariance among
climate parameters, making it difficult to differentiate
between truly controlling and co-varying forcings (Biondi
and Waikul 2004; Fritts et al. 1971). Comparisons between
PDSI and Kir'*M and Kir'’D are non-significant when
calculated over the long 1901-2009 calibration period,
but the significant association evident for the 1951-2009
period (bottom-left in Fig. 6) implies potential deficiencies
in the early instrumental network over northern Sweden.
In other cases, the correlation fields do not match the tree
sites, but are situated northeast (Kir 8'°C and cloud cover)
and east (Sto 8!C and cloud cover) of the sampling loca-
tions. These spatially disconnected patterns might reflect
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Fig.6 Climate signals in 8'*C data from locally dry and locally moist
sites in Kir and Sto. Correlation fields for the periods 1901-2009 and
1951-2009 (columns) for temperature, precipitation, cloud cover, and
PDSI (rows) are shown. For each combination, only the best-correlat-
ing season and data (detrended or non-detrended) are illustrated. Sig-
nificant correlation p <0.10 displayed. See Table 2 for details

deficiencies in the cloud data network, since remote influ-
ences of cloud-controlled irradiance on tree-ring isotope
formation are unlikely. An extreme case is the tempera-
ture pattern associated with Kir 8'30 (top left in Fig. 7),
where the correlation field is centered ~ 1000 km south
of the tree site. The argument that instrumental data are
defective might be somewhat circumstantial here (since
temperature readings are typically more robust compared
to hydroclimatic and insolation parameters; Auer et al.
2007; Bohm et al. 2001), and the remote correlation field
might rather reflect a true signal related to prevailing air

@ Springer

Stockholm

Kiruna

Temperature

Precipitation

Cloud cover

PDSI

I p—
-0.6-0.5-04-0.3-02 0.2 0.3 04 0.5 0.6
Correlation

Fig.7 Climate signals in 5'%0 data from locally moist and locally wet
sites in Kir and Sto. Correlation fields for the periods 1901-2009 and
1951-2009 (columns) for temperature, precipitation, cloud cover, and
PDSI (rows) are shown. For each combination, only the best-correlat-
ing season and data (detrended or non-detrended) are illustrated. Sig-
nificant correlation p <0.10 displayed. See Table 2 for details

mass trajectories and their impact on precipitation §'%0
signatures (see next section).

After considering all proxy-instrumental data com-
binations, it is evident that the highest correlations are
recorded for warm season temperatures, except for Sto
8!80 correlating best with PDSI (Fig. 8). Importantly,
in almost all cases, the stable isotope records from moist
microsites correlate better with climate parameters com-
pared to the data from their neighboring dry sites. The
few exceptions include temperature signals in Kir'®D and
Sto'®D from 1951 to 2009 and the (overall weak) PDSI
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Fig.8 Stable isotope climate signals. a Pearson correlation coeffi-
cients of 83C and §'%0 microsite chronologies (moist sites in blue,
dry sites in red) from Kiruna (dark colors) and Stockholm (light
colors) against instrumental temperature, precipitation, cloud cover,
and PDSI data (seasons specified in Table 2) considering the best-
correlating grid-points shown in Figs. 6 and 7 from 1901 to 2009.
Considering varying lag-1 autocorrelations, p<0.05 is reached at
r~0.19. b Same as in a, but over the 1951-2009 period. p <0.05 is
reached at r~0.27

signal in Kir'*D, which are slightly stronger compared
to their moist counterparts. The correlation difference
between moist and dry microsites is mostly insignificant
and reaches, on average, 0.07 (0.12) for 8'3C and 0.05
(0.05) for 5'0 over the 1901-2009 (1951-2009) calibra-
tion period. This small, but fairly systematic, modifica-
tion between moist and dry microsites likely originates
from differentiating effects of groundwater access on the
climatic signal strength of carbon and oxygen isotopes as
formulated in hypothesis H3.

These effects appear to be stronger in Sto compared to
Kir (particularly 8'%0 from 1951 to 2009) as well as in 8'*C
compared to 8'%0. Access to lake infiltration water allows
for stronger stomatal conductance even during warm and
dry periods, a process that not only reinforces atmospheric
control of oxygen and carbon fractionation (Darling and Tal-
bot 2003; Leavitt and Long 1989; Saurer et al. 1995), but is
also more effective at the warmer Sto site in central Sweden
compared to Kir at the Arctic tree line. As a consequence,
isotope-based climate reconstructions of warm season tem-
perature (but also precipitation, cloud cover, and PDSI)
would explain more variance of the targeted climate vari-
able, if trees from locally moist microsites were considered.
When developing composite chronologies integrating iso-
topic data from living and sub-fossil trees (e.g., Hangartner
et al. 2012), it seems therefore important to avoid changes
in microsite habitats. Mixing microsites in millennium-scale
chronologies could otherwise result in temporal changes in

reconstruction skill that seem difficult to be statistically
estimated.

Correlation with TRW data

While we acknowledge the difficulty of differentiating
between leading and co-varying climate variables control-
ling stable isotope composition (Frank et al. 2015), com-
parison with TRW data from the same trees might offer
some support to our interpretation of 8'*C and §'30 records.
Figure 9 shows the correlation of Kir'°M and Kir'*M with
Kir™WM, and the anti-correlation between TRW from the
dry microsite (Sto™WD) with Sto"*D and Sto!*M from 1901
to 2009. The coherent decadal scale variance and signifi-
cant correlation between stable isotopes and TRW data in
the Arctic Kir-M environment (KirlSM/KirTRWM = 0.44,
Kir*M/Kir™WVM = 0.33; Fig. 9a) is in line with the calibra-
tion against warm season temperatures (Biintgen et al. 2011;
Esper et al. 2013, 2014; Linderholm et al. 2015). Interest-
ingly, cross-proxy correlation in this cold environment is
stronger in the moist microsite as both the lakeshore stable
isotope (Fig. 8) and TRW data (Diithorn et al. 2016) con-
tain stronger temperature signals, compared to their inland
counterparts.

This situation is different in the overall warmer Sto site,
where temperature-controlled 8'C (from moist and dry
microsites) correlates negatively with precipitation-con-
trolled TRW from the dry microsite (Fig. 9b, r = —0.38
for Sto'*M, and r = —0.45 for St013D). TRW data from
the moist microsite in Sto contains no clear precipitation
signal (compare middle and right panels in Fig. 9c), likely
because groundwater access degrades the influence of rain-
fall events on pine cambial activity (Diithorn et al. 2015,
2016). As a consequence, Sto'™""M and Sto"*"D correlate at
only r=0.42, whereas Kir™™M and Kir™™D, located north
of the Arctic Circle, correlate at »=0.84. Finally, it seems
noticeable that lag-1 autocorrelations differ systematically
between the proxies displayed in Fig. 9 ranging from < 0.05
for all isotope chronologies to 0.30 in Kir™®™M and 0.43
in Sto™VD (all after spl-detrending). High serial correla-
tion is characteristic for TRW chronologies (Matalas 1962;
Meko 1981) and limits the ability to properly assess distinct
temperature extremes (Esper et al. 2015b). This situation
is seemingly different in 8'3C and §'®0, which could offer
a pathway to improve the reconstruction of cooling events
following large volcanic eruptions and other abrupt climate
changes (Briffa et al. 1998a; Esper et al. 2013; Schneider
et al. 2015).

Temperature and cloud cover signals

Two obvious applications arising from our results would be,
first, the reconstruction of large-scale temperature patterns
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Fig.9 Stable isotope versus
tree-ring width comparison. a 19|00 19|20
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from 8'%0, and second, estimates of past changes in insola-
tion and cloud cover. The notable temperature correlation
centered over northern Germany, reflected in both Kir'*M
and Sto'*M, is coupled with significant, but inverse correla-
tion fields in the North Atlantic and west Siberia (Fig. 10).
These associations are physically meaningful as surface tem-
peratures in these regions (North Atlantic, central Europe,
west Siberia) are teleconnected via the westerlies steered by
the polar jet stream (Ahrens 2012; Flohn 1950). The prevail-
ing vectors of this planetary wind circulation (shown in grey
in Fig. 10) are closely linked with the position and strength
of the semi-permanent Icelandic low and Russian high. The
combination of §'80 data from Kir-M and Sto-M thereby
offers the opportunity to reconstruct changes in the strength
and position of these synoptic systems relevant to weather
and climate of a large fraction of the Northern Hemisphere
(Wanner et al. 2001). We assume that a stronger zonal com-
ponent of the planetary circulation would be reflected by
a weakening of the anti-correlation among the Atlantic,
European, Siberian sectors, whereas a stronger meridional
component would strengthen these teleconnections. Such
temporal changes could be studied using split calibration
windows as shown in the bottom panel of Fig. 10a, but
clearly more proxy data are needed to explore the potential
of reconstructing such atmospheric dynamics with statisti-
cal skill (Luterbacher et al. 2002; Trouet et al. 2009, 2016).

The insolation signal inherent to stable carbon isotopes
from northern Scandinavia has been thoroughly explored
by calibrating against local sunshine data recorded in
Abisko in northern Sweden (Loader et al. 2013). Loader
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et al. (2013) show that in northern boreal forests stomatal
control of CO, diffusion into the leafs is less affected by
moisture stress, but photosynthetically active radiation is
the primary limiting factor controlling carbon isotope frac-
tionation. The extremely high correlation between sunshine
hour and cloud cover (typically > 0.90; Barbaro et al. 1981;
Ododo et al. 1996; Reddy 1974) is the main justification
for merging these different observations of solar insolation
into gridded products covering global land areas (New et al.
2002). Our 8'3C data from Kir-M and Sto-M revealed that
the centers of correlation with cloud cover/sunshine hour
data are displaced and shifted towards northeast (Kir*M)
and east (Sto'*M). Interestingly, the sunshine hour data from
the Abisko climate station also correlate with gridded cloud
data centered in northwest Finland (Fig. 11a). These remote
correlation fields seen in both proxy and instrumental data
likely indicate paucities in the gridded cloud cover network
(New et al. 2002), limiting efforts to reconstruct long-term
insolation variability based on tree-ring stable isotopes. This
conclusion is supported by temporal correlation changes sig-
nifying skill deterioration in the gridded cloud cover data
before 1960 (Fig. 11b). In addition, since both Kir'*M and
8'3C from Loader et al. (2013) reveal a correlation drop
against Abisko sunshine hours centered in the 1950s, the
validation of proxy insolation signals based on the calibra-
tion against observational data remains challenging. The
main reason for this failure is likely the low and temporally
varying quality of observational cloud cover and sunshine
hour data. This being said, the previously detailed tempera-
ture and PDSI signals (Figs. 6, 7, 8) might merely appear
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Fig. 10 Large-scale 8'%0 cor-
relation patterns. a Correlation
fields of the mean oxygen-moist
chronology (Kir'®M + Sto!®M)
against gridded instrumental
JJA land and sea surface tem-
peratures (SST) from 1901 to
2009 (top panel). Bottom panel
shows the fields for 1901-1935,
1936-1972, and 1973-2009.
Significant correlations p <0.10
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superior because thermometer readings contain fewer biases
compared to cloud cover, sunshine hour, and precipitation
data (Auer et al. 2007).

Conclusions

The analysis of pine tree-ring 5'*C and §'30 data from moist
and dry microsites in Scandinavia revealed small but system-
atic differences in climate signal strength. Stable isotopes
from moist microsites correlate better (on average by 0.09
for 8'3C and 0.05 for 8'%0) against gridded climate data
compared to their dry counterparts, a finding that is largely
robust for temperature, precipitation, cloud cover, and PDSI.
Access to lake filtration water also depleted 8'°C by ~ 1%o,
but did not affect §'30. In contrast, both isotope values
increased from the warmer sampling site near Stockholm

to the colder site near the Arctic tree line located ~ 1000 km
north of the Swedish capital (5'3C by 0.8%0 and 8'%0 by
2.4%0). These large-scale gradients are caused by tem-
perature controlled changes in the isotopic composition of
meteoric water (5'80) and assimilation controlled enzymatic
fractionation processes (8'°C).

We found significant correlations between all stable iso-
tope microsite chronologies and all tested climatic param-
eters. In most microsites, 5'°C and 8'%0 agreed best with
warm season temperature. An exception is 8'30 from the
dry microsite in central Sweden, where needle aperture in
trees with limited soil water access more closely regulates
CO,, a mechanism that is best reflected in PDSI data (van
der Schrier et al. 2006). The overall strong climatic forcing
synchronized stable isotope variance among single trees and
microsites. Covariance even increased after high-pass filter-
ing the proxy data, reinforcing signal strength of tree-ring
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Fig. 11 Stable isotope cloud cover and sunshine hour signals. a Spa-
tial pattern of the correlation between Kir'>M and gridded JJA cloud
cover data from 1913 to 2006 (top panel). Middle panel shows the
correlation pattern for Sto'>M, and bottom panel shows the pattern for
JJA sunshine hour data recorded at the Abisko climate station from
1913 to 2006. The crosses indicate the grid point used for calculat-
ing running correlations shown in b. b 30-year running correlations
between Kir'>M and JJA cloud cover at 69°N and 28°E (see cross in

8!°C and 8'®0 chronologies for reconstructing abrupt cli-
matic changes. Covariance is also substantial between §'°C
and 8'80 chronologies within each region (central and
northern Sweden) underpinning that similar climate forc-
ings influence these proxies (Treydte et al. 2007; Saurer et al.
2008).

A conclusive differentiation between forcing and co-var-
ying climate parameters seemed challenging based on only
the calibration against instrumental climate data. Covariance
of '3C and §'%0 with (temperature controlled) TRW data in
northern Sweden, and 8'°C with (drought controlled) TRW
data in central Sweden, however, supported the climatic
interpretation of tree-ring stable isotopes as temperature and
PDSI proxies, particularly in the high frequency domain. On
the other hand, a physiologically perhaps more meaningful
cloud cover reconstruction appeared to be constrained by
the mediocrity of twentieth century observational data pre-
cluding signal strength assessments particularly in the low
frequency domain.
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