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A B S T R A C T   

Although tree-ring stable carbon (δ13C) and oxygen (δ18O) isotopes are increasingly used for climate re-
constructions, it remains unclear whether isotopic ratios from the two chemical elements and different tree 
species exhibit age-related trends that require removal prior to any paleoclimatic interpretation. Here, we pre-
sent 2,355 δ13C and 2,237 δ18O decadal measurements of living and relict Scots pines (Pinus sylvestris L.) from 
northern Fennoscandia to investigate the occurrence of isotope-specific age trends at both the individual tree and 
chronology level between 941 and 2010 CE, together with total-ring width and maximum density data. We show 
that δ13C values increase by ~0.035‰ per 10 years of tree age, and therefore require detrending, which is not the 
case for δ18O that only contains minor changes related to age. This study provides independent evidence for the 
unique paleoclimatic value of stable δ18O isotopic ratios from the cellulose of living and relict pine wood to 
reconstruct high-to low-frequency climate variability. Conversely, caution is advised when information from 
diverse tree-ring parameters, species and regions is combined in multi-proxy climate reconstructions.   

1. Introduction 

Tree-ring stable isotope (TRSI) records are increasingly used to assess 
past environmental changes. Due to the high cost and labor intensities, 
TRSI records are not as common as traditional tree-ring variables such as 
tree-ring width (TRW) or maximum latewood density (MXD). However, 
stable carbon (δ13C) and oxygen (δ18O) ratios have been shown to 
contain important information on past climatic conditions (e.g., Gagen 
et al., 2011; Hartl-Meier et al., 2015). Multi-centennial δ13C and δ18O 
chronologies have been used as predictors in reconstructions of drought 
(Büntgen et al., 2021; Kress et al., 2010; Labuhn et al., 2016), cloud 
cover (Helama et al., 2018; Loader et al., 2013; Young et al., 2012), 
sunshine hours (Hafner et al., 2014), temperature (Esper et al., 2015; 

Szymczak et al., 2012; Treydte et al., 2009), relative humidity (Edwards 
et al., 2008; Haupt et al., 2011), and precipitation (Rinne et al., 2013; 
Treydte et al., 2006; Young et al., 2015). When used together with TRW 
or MXD data, isotope-based reconstructions can provide a more 
comprehensive understanding of the interaction between different 
climatological parameters (Linderholm et al., 2018; McCarroll and 
Loader, 2004). Joint analyses of past temperatures reconstructed from 
TRW and MXD (Esper et al., 2012a; McCarroll et al., 2013) with local 
and regional cloud cover reconstructions based on δ13C measurements 
(Gagen et al., 2011; Loader et al., 2013; Young et al., 2012) have dis-
entangled the coexistence of opposing cloud-cover temperature feed-
backs at short- and long-term timescales in northern Fennoscandia and 
advanced our knowledge of cloud cover forcing (Young et al., 2019). 
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Equally important, TRSIs may hold insights to certain spectral properties 
of climate variability that are omitted from other tree-ring proxies 
because of methodological limitations. 

A source of uncertainty that continues to persist in dendroclimato-
logical reconstructions is the challenging task of separating and retain-
ing low-frequency climatic variability or trend (here considered 
representing timescales of one to several centuries) from non-climatic 
variance that is embedded in the tree-ring data. Age-related trends are 
inherent to TRW and MXD data and must be removed prior to climate 
analysis (Bräker, 1981; Cook and Peters, 1981), potentially resulting in 
loss of low-frequency variability. Even though methods have been 
developed to preserve the original ratio of high-to-low frequency vari-
ability (Briffa et al., 1992; Melvin & Briffa, 2008, 2014), most 
detrending approaches remove the low-frequency component inten-
tionally as its interpretation is ambiguous (Cook et al., 1995; Esper et al., 
2004). Some studies have suggested that isotopic ratios are not influ-
enced by tree age and thus require no detrending (Büntgen et al., 2021; 
Gagen et al., 2007; Young et al., 2011), which would mitigate the loss of 
low-frequency variability in the standardization process. No agreement 
on this hypothesis exists, however. 

There is a long line of studies on age trend in tree-ring δ13C, covering 
a wide range of tree species and study regions (for a comprehensive 
review see Leavitt, 2010). Lower δ13C values during juvenile growth 
have been reported, yet the described depletion phase varies between 
10- and 80-years following tree establishment (Bert et al., 1997; Daux 
et al., 2012; Duquesnay et al., 1998; Freyer, 1979; Gagen et al., 2008; 
McCarroll et al., 2020; Raffalli-Delerce et al., 2004; Saurer et al., 1995). 
Other studies outlining prolonged age trends throughout the trees’ 
lifespan (Esper et al., 2010; Helama et al., 2015) or even a lack of such 
effects completely (Büntgen et al., 2021; Kilroy et al., 2016), further 
distort a conclusive assessment. Likewise, significant age-related trends 
have also been noted in δ18O (Esper et al., 2010; Treydte et al., 2006; 
Yamada et al., 2018), but also the lack thereof (Büntgen et al., 2020; 
Nagavciuc et al., 2019). These disagreements may be due to differences 
in species and/or location but could also be a result of methodological 
choices involving series truncation prior to analysis (Gagen et al., 2011; 
Loader et al., 2013) or the pooling of samples (Lavergne et al., 2017; 
Leavitt, 2008; Szymczak et al., 2012; Xu et al., 2019). The extent of 
age-related trend or its absence becomes critically important in cases 
where tree-ring isotope chronologies are extended back in time through 
subfossil materials, for which only the innermost segments of trunks are 
available due to decay and weathering (Duffy et al., 2017). 

Northern Fennoscandia houses some of the most important dendro-
chronological records globally, combining living and subfossil wood 
samples for the last millennia (e.g., Esper et al., 2012a; Linderholm et al., 
2010). The resulting annually resolved temperature reconstructions 
have had significant implications for our understanding of long-term 
climate variability (e.g., Esper et al., 2012b). In respect to the applica-
tion of TRSI of Scots pine (Pinus sylvestris L.) from the region, contrasting 
evidence exists on age-related trends in δ13C. Changes limited to the 
juvenile growth phase (Gagen et al., 2007) and trends throughout the 
life of trees (Helama et al., 2015) have been reported. A thorough 
analysis of trends in Fennoscandian δ18O records has yet to be 
conducted. 

Here we present a new collection of 70 δ13C and 66 δ18O measure-
ment series of Scots pine from northern Fennoscandia, including both 
living and subfossil material covering the last millennium. The data are 
of annual and decadal resolution and were produced from trees with a 
heterogenous age structure, as well as different germination and end 
dates. As such, they represent an ideal setup to assess potential effects of 
long-term biological trends on raw measurements of TRSI over a crucial 
period of climate variability and together with TRW and MXD mea-
surements from the same trees, represent a comprehensive approach to 
long-term variability in tree growth. We investigate the temporal 
persistence, stability, and magnitude of trends in all four variables and 
identify varying age-related effects on these important paleoclimatic 

proxies. 

2. Materials and methods 

2.1. Study site and tree-ring sample selection 

In this study, we combine previously established TRW and MXD data 
from the N-SCAN network (Esper et al., 2012b) in the northern boreal 
forest biome of Finnish and Swedish Fennoscandia (Fig. 1a, Table 1) 
with newly produced δ13C and δ18O measurements of an N-SCAN subset. 
59 (δ13C) and 55 (δ18O) subfossil pine trees collected in lakes at five sites 
were used to achieve a continuous replication and a heterogeneous age 
structure throughout the past millennium (Fig. 1b, Esper et al., 2016; 
Klesse and Frank, 2013). The subfossil data, spanning between 861 and 
1891 CE, were complemented with δ13C and δ18O measurements from 
eleven living trees sampled during a more recent update of the N-SCAN 
network in 2010 and 2012. All subfossil disc samples were collected 
from submerged logs, while core samples were taken from living trees 
growing at the lake shore ensuring signal homogeneity (Hartl et al., 
2021). 

2.2. Sample measurements 

All annual TRW and MXD data (covering 14,670 and 10,715 annual 
rings, respectively) were processed following standard techniques and 
derived from high-resolution density profiles using WALESCH X-ray 
radiographic techniques (Schweingruber et al., 1978; Björklund et al., 
2019). Stable isotope measurements were performed following two 
varying approaches and temporal resolution. Isotope values of annual 
resolution were measured from whole wood (n = 2,278), and decadal 
resolved measurements (n = 2,314) were obtained from α-cellulose. 

Isotope ratios of whole wood samples were measured for each tree 
separately at annual resolution (Fig. S1), from subfossil trunks of the late 
9th to late 15th century CE. δ13C measurements were obtained from ten 
subfossil trunks, and δ18O measurements were obtained from nine 
subfossil trunks. Tree rings were separated with a razor blade under 
magnification and samples were milled using a Retsch ultra-centrifugal 
mill (Riechelmann et al., 2016). For δ13C measurements, 1–2 mg and for 
δ18O measurements 200–250 μg were weighed into tin foil capsules. The 
δ13C samples were combusted in a Vario EL III elemental analyzer at 
1150 ◦C and measured with an IsoPrime isotope ratio mass spectrometer 
(IRMS). The δ18O samples were pyrolyzed in a high-temperature con-
version elemental analyzer at 1450 ◦C, and values were obtained with an 
Isoprime IRMS. The precision of measurements is ±0.3‰ for carbon and 
±0.5‰ for oxygen. 

Stable isotope ratios were measured on 10-year wood blocks 
(2001–2010, 1991–2000, …) from eleven living and 49 (δ13C)/46 
(δ18O) subfossil trees (Table 1). Thin sections were cut from the wood 
perpendicular to the fibers using a microtome (Gärtner and Nievergelt, 
2010) before decadal blocks were split under magnification using a 
scalpel. The blocks were pulverized and homogenized using a Retsch 
ultra-centrifugal mill. The α-cellulose was extracted by removing resins, 
lignin, and other whole wood components with NaOH and NaClO2 so-
lutions (Loader et al., 2003). For δ13C, 0.85–0.95 mg cellulose (or 
alternatively 0.2–0.3 mg when the total sample amount was low) was 
packed into tin foil capsules and combusted to CO2 using a EURO EA 
Elemental Analyzer. For δ18O, 200–250 μg cellulose was weighted into 
silver capsules and pyrolized to CO using an IsoPrime IRMS. The mea-
surements precision is ±0.3‰ for carbon and ±0.8‰ for oxygen. All 
δ18O ratios were measured in duplicates, with the arithmetic mean 
representing the final value. Isotope ratios are expressed as per mil de-
viations (‰) using the delta notation (δ) relative to Vienna Pee Dee 
Belemnite standard (VPDB - δ13C) and Vienna Standard Mean Ocean 
Water (VSMOW - δ18O) (Coplen, 1995; Craig, 1957). 
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2.3. Data homogenization and chronology development 

Annually resolved data were averaged for each decade to account for 
differences in temporal resolution by calculating 10-year means of the 
annual TRW and MXD measurements, as well as of the annually resolved 
δ13C and δ18O data. Offsets due to higher δ13C and δ18O values in 
α-cellulose, compared to whole wood, were handled by scaling the data 
of the subfossil whole wood samples to the mean and standard deviation 
of the data of the subfossil α-cellulose samples (Esper et al., 2005). 
Additionally, all values since 1850 CE were corrected for the industrial 
δ13C decline known as the Suess effect (Keeling, 1979; Suess, 1955). We 
applied a mathematical correction scheme after Leuenberger (2007), in 
which δ13C values can be expressed relative to the pre-industrial base 
value. We assume that for detection of age effects the use of different 
correction approaches (McCarroll et al., 2009; McCarroll and Loader, 
2004; Treydte et al., 2009; Wang et al., 2011) is negligible because all 
germination predates 1820 CE (Fig. 1b) and the occurrence of significant 
differences among the corrections are reported to start in the 20th 
century (Konter et al., 2014). Negative exponential curves were fitted to 
individual δ13C series and averaged to produce an alternative 
chronology. 

Coherence between individual isotope series was assessed for each 
isotope variable using the mean inter-series correlation (Rbar) and the 
expressed population signal (EPS; Wigley et al., 1984). Coherence be-
tween δ13C and δ18O was assessed by calculating moving-window cor-
relations between the decadal chronologies. Additionally, the resulting 
mean stable isotope chronologies were correlated with other regional 
tree-ring records. 

2.4. Age trend analysis 

Age trends were analyzed using individual series and the mean 
chronologies of all four tree ring parameters (TRW, MXD, δ13C, δ18O). 
Individual measurement series were normalized by subtracting the time 
series mean and then dividing the difference by the series’ standard 
deviation (Z-transformed). The normalized series were aligned by bio-
logical age, taking into account the number of estimated rings absent to 
the first year of growth (pith offset) for each sample (Fig. 1b) determined 
at annual resolution subsequent to TRW measurements (Düthorn et al., 
2013; Esper et al., 2012a). Age trends were assessed by fitting linear 
regressions through the arithmetic mean of all age aligned series, the 
so-called regional curve (Esper et al., 2003) and the significance of linear 
relationships was tested at p ≤ 0.05 using a Mann-Kendall test (Kendall, 
1975). Due to ranging autocorrelation in the data (Table S1), 
pre-whitened series were also tested to avoid spurious trends (Yue et al., 
2002). The same procedure was performed over different time intervals 
using (i) 50-year regression windows and shifting these by one decade 
and (ii) windows of variable length with a sequential increase by ten 
years. The analysis started at a biological age of eleven due to low 
sample replication of δ13C and δ18O in the first ten years compared to the 
subsequent decades (8 vs. > 40 series) and to avoid the risk of a 
replication-induced trend distortion. As a result, the initial window only 
covers 40 years. Steepness of the slope was compared between TRW, 
MXD, δ13C and δ18O, in windows of different lengths between the 
growth years 11–280 (the longest window for which overall n ≥ 5). 

3. Results 

Substantial differences between whole wood and cellulose-based 

Fig. 1. Map of the sampling locations (a). Green symbols refer to sites with living trees and blue symbols to subfossil trees collected in lakes. Temporal coverage of 70 
δ13C and 66 δ18O time series (b). Each black bar represents an individual sample where δ13C and δ18O measurements were performed, red bars denote additional δ13C 
samples, grey bars indicate the estimated pith offset, and asterisks series with annual resolution. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

Table 1 
Site and data information.   

Site Longitude Latitude No. Series Period 

(◦E) (◦N) TRW MXD δ13C δ18O (CE) 

Living Ail 28.57 69.52 2 0 2 2 1701–2010  
Jou 27.40 69.26 2 0 2 2 1721–2010  
Kar 27.31 68.83 5 0 5 5 1561–2010  
Kir 20.03 67.95 2 0 2 2 1801–2000 

Subfossil Kom 28.00 68.50 20 20 20 18 861–1900  
Kul 23.00 68.50 14 14 14 14 981–1580  
Luo 28.00 68.50 9 9 9 7 1161–1880  
Näk 23.50 68.70 5 5 5 5 1011–1590  
Rie 26.56 68.16 11 11 11 11 941–1690     

70 59 70 66   
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isotope measurements were found with a mean offset of 1.3‰ and 4.3‰ 
for carbon and oxygen, respectively. These shifts are in line with pre-
vious reports (Loader et al., 2003; Riechelmann et al., 2016; Weigt et al., 
2015). After adjusting the whole wood measurements for these differ-
ences, mean values for living trees (δ13C = − 24.70‰, δ18O = 24.88‰) 
are not significantly different from those of subfossil trees (− 24.99‰ 
and 24.88‰ respectively), suggesting that the subfossil material is not 
affected by any decay effects. 

The mean segment lengths for the isotope records are 174 (δ13C, n =
70) and 166 (δ18O, n = 66) years. These results are therefore focused on 
the first 160/200 years of growth (individual series/mean respectively), 
for which replication is deemed robust (n > 20). Variance in the δ13C 
measurements is higher than in δ18O (Fig. 2) but the inter-series corre-
lation is similar for both records, with notable changes present in both 
variables during the 16th century (Fig. 2c). Correlation between non- 
detrended δ13C and δ18O measurements of individual trees is positive, 
with mean r = 0.48 and median r = 0.51 (individual outliers range from 
r = − 0.42 to 0.92). The correlation between non-detrended chronolo-
gies (r = 0.57 for the 941–2010 period) suggests significant independent 
variability in the two records, with two of thirds of the variance 
unexplained. 

3.1. Individual series age trends 

The majority of TRW series displays strong negative trends over their 
respective lifespans, as is the case for the vast majority of open-growing 
trees in the Northern Hemisphere mostly due to the diminishing rela-
tionship between circumference and volume (Cook and Peters, 1981). 
This decline in ring-width is, however, not present in all Scandinavian 
series, as competition and/or understory suppression likely hindered 
growth within the first 50–70 years. For these trees, the trend of growth 
within the initial 70 years is non-significant with a few TRW series 
indicating positive slopes, in contrast to the vast majority (Fig. 3e). 
Conversely, many MXD measurements display positive trend for the first 
decades of growth, but this change weakens, prior to becoming negative, 
and no significant trends are present beyond the 100-year mark. A larger 
portion of the individual MXD series display the same direction of slope 
as the mean MXD chronology, compared to individual and mean TRW 
series. 

Over two-thirds of the raw δ13C series display positive linear slopes 
over the maximum age window (Fig. 3g). The age-related trend is not 
apparent for the first two windows (11–50 and 11–60 years), but 

significant trends are present for most trees from 11 to 70 years and 
beyond (e.g., 11–160). Few of the raw δ18O series show any significant 
trends (positive or negative), with the exception for a limited number of 
series that display negative trends for the 11–50-year window. Even 
fewer display trend when considering windows beyond the 90-year 
biological age range (Fig. 3h). There is no increase in the number of 
series with a negative slope after the 50-year mark, which indicates a 
lack of long-term age-related effects after the tenth year of growth in 
δ18O. 

3.2. Mean age trends 

The linear change is − 0.029 mm per decade over the first 200 years 
of growth after reconversion of indices to TRW (Fig. 4a). As a result, the 
average ring after 200 years is less than half in width of that of years 
during the first decade of growth. A linear change of 0.02 g/cm3 per 
decade over the first 50 years of growth is found for the averaged MXD 
series. This increase is lost when regressing the first 200-year period and 
the slope is negative with a change of − 0.001 g/cm3 per decade. 

The mean regional curve of age-aligned δ13C series suggests a clear 
age-related trend, with low values in biologically younger rings (Figs. 3g 
and 4c). Low values persist over the first 50 years of growth, and sub-
sequently increase with age. Mean δ13C values are − 25.05‰ and 
− 24.47‰ for the biological ages 1–50 and 111–250 years respectively 
(Fig. 3c). Linear regression fits to the regional curve over 50-year in-
tervals demonstrate that changes of the mean are significant for the first 
100 years of growth (Fig. 4e). Existing level offsets in δ13C between 
young and older rings result in substantial slope changes throughout the 
trees’ life spans (Fig. 4f). The age dependence corresponds to a linear 
change of 0.059‰ per decade over the first 100 years of growth and a 
change of 0.035‰ per decade for the first 200 years of growth (Fig. 4cf). 
Age effects are still present when limiting the comparison to the ten 
living trees (Fig. S2). The magnitude of age trend for the living trees is, 
however, slightly weaker compared to the average of the entire datasets 
(0.027‰ vs 0.035‰ per decade for the first 200 years of growth). No 
significant trend could be observed in the mean δ18O regional curve over 
the initial 200 years (Fig. 4d), by values decreasing with − 0.09‰ per 
century. 

4. Discussion 

The high sample replication and multi-parameter approach of this 

Fig. 2. Time series of 70 δ13C (a) and 66 δ18O (b) measurements of decadal resolution; 100-year moving Rbar (c) and sample replication (d) of δ13C (red) and δ18O 
(blue). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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study provides important insight into age-related trends in Scots pine 
tree-ring variables from northern Fennoscandia. The greater effects of 
age on TRW than MXD measurements are in line with the scientific 
literature (e.g., Esper et al., 2012b; Grudd, 2008). The relatively low 

Rbar calculated for both long isotope series (Fig. 2) is likely due to the 
decadal resolution of measurements, as evident by the significantly 
higher correlation values of the series that are annually resolved. 
However, this degradation of common signal among individual trees 

Fig. 3. Cambial age aligned time series (light grey) from 70 TRW (a), 59 MXD (b), 70 δ13CATM (c), and 66 δ18O (d) measurements. Colored lines in the upper panel of 
a-d indicate the arithmetic mean with n ≥ 5 samples and colored lines in the lower panel the corresponding sample size. Single series age trend comparison of raw 
TRW (green, e), MXD (black, f), δ13CATM (red, g) and δ18O (blue, h) data. Boxplots (e–f) represent all slopes derived from age-aligned single series over the ring 
numbers 11–160 and slopes (per decade) are derived from least-square linear regressions through the age-aligned individual series. Linear regressions were fitted 
over different time intervals displayed as cambial age range classes (upper panels, e-f); the number of time series with a negative (solid line) or positive (dotted line) 
slope are shown in the bottom panels for each tree-ring parameter. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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does not affect the results on age-related trends. The alignment of series, 
which was performed based on the absolutely dated and annually 
resolved TRW records, anchors all data to their biological age. 
Furthermore, the significant trends recorded for δ13C (and likewise the 
lack of significant trends in δ18O) are beyond the length for which the 
decadal resolution of measurements could have an impact. As such, the 
information on age-related trends presented here should be considered 
as robust as if it was based on annually resolved measurements. 

4.1. Fennoscandian stable isotope age trends in the context of previous 
studies 

Our results on δ13C age trends are in agreement with Helama et al. 
(2015), also studying Scots pine trees in northern Fennoscandia, for 
which the authors report persistent age-dependent trends in δ13C and 
linear changes of 0.030‰–0.065‰ per decade. Gagen et al. (2007, 
2008) and Young et al. (2011) attest juvenile effects in Scots pine over 
the first 50 years of growth but a lack of age signals beyond that period. 
Since these results (and the new data presented here) are of the same 
tree species and from the same study region, differences are likely 
related to varying measurement parameters: Gagen et al. (2007, 2008) 
and Young et al. (2011) processed latewood only for extraction of 
α-cellulose while Helama et al. (2015) considered cellulose from the 
whole ring. Presence or absence of trend is therefore unlikely to be 
dependent on changing proportions of the wood constituent, as our re-
sults are in line with those of Helama et al. (2015). A comparative study 
including all data from these studies is, however, needed to conclusively 
explain these differences. 

Potential impacts of early/latewood use are suggested due to sys-
tematic seasonal variations in carbon isotope fractionation with an 
amplitude of around 2–3‰ (Helle and Schleser, 2004; Schulze et al., 
2004), and age-related changes to early/latewood ratios could cause 
trend in isotopic values. While Gagen et al. (2007, 2008) and Young 
et al. (2011) focus on living trees only, Helama et al. (2015) restrict their 

analysis to subfossil samples. Our approach is a combination of both 
living and subfossil trees, with no significant difference in absolute 
isotope values recorded between the two. Investigations further differ in 
their accuracy of pith-offset estimation and subsequently of the regional 
curve. Gagen et al. (2007) sampled felled trees, which allows for the 
precise development of a regional curve because no values need to be 
estimated towards the pith. Studies that use increment cores or partly 
rotten subfossil trunks require such estimates (Esper et al., 2003). 
Additionally, the sample size varies greatly among studies (n = 12 for 
Gagen et al., 2007; n = 182 for Helama et al., 2015; and n = 70 for this 
study). Although our results suggest that the δ13C age trend is present 
when restricting the analysis to only living trees, roughly 25% of the 
series from the subfossil materials display negative (albeit 
non-significant) slopes. Consequently, the differences between results 
could be due to low sample sizes. 

Studies on δ18O are less numerous than for δ13C and our results 
represent the most comprehensive analysis of age-related trends in Scots 
pine from northern Scandinavia. The only other available study attests 
to a lack of age-related trend but was limited to data for which the first 
50 years of growth had been truncated (Young et al., 2011). Clear im-
prints of age trends in δ18O records of other conifer species have, how-
ever, been recorded elsewhere. Pinus uncinata in the Spanish Pyrenees 
(Esper et al., 2010) and Pinus cembra in the Swiss Alps (Arosio et al.,), as 
well as juniper trees in northern Pakistan (Treydte et al., 2006), have 
been shown to contain negative trends and suggest that the absence or 
presence of such changes could be related to local/regional climatology. 
The occurrence of prolonged summer droughts and soil aridification in 
seasonally dry locations (such as Spain or Pakistan) increases evapora-
tion in the topsoil layer. This process induces 18O enrichment in surficial 
water, and therefore in cellulose, through enrichment in xylem and leaf 
water (Drake and Franks, 2003; Gangi et al., 2015; Hsieh et al., 1998). 
Furthermore, trees of different ages access more or less 18O depleted soil 
water from different soil depths depending on the development of their 
root systems (Treydte et al., 2006; Hartl-Meier et al., 2015). Therefore, a 

Fig. 4. Age trends in the mean regional curve of TRW (a); MXD (b); δ13CATM (c); and δ18O (d). The regional curves are based on Z-transformed individual series. 
Values displayed in (a–d) are changes in absolute units after back-transformation. Slope [per decade] derived from least-square linear regressions through the 
regional curves shown for: 50-year moving windows (e); and varying window lengths starting at the biological (estimated) age of 11 years (f). Shaded colors display 
non-significant and bold colors significant slopes at p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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combination of both factors may also mitigate age-related trends in δ18O 
in drought-prone environments. Conversely, the minor importance of 
leaf evapotranspiration, stomatal conductance, and soil evapotranspi-
ration in humid conditions (McCarroll and Loader, 2004) may cause the 
absence of age trends in central Europe and Scandinavia, including the 
data presented here. 

4.2. Recommendations and implications for low-frequency climate 
information 

The retention of low-frequency signal variability remains one of the 
greatest challenges to dendroclimatic reconstruction exercises. If not 
limited by the same detrending constraints, isotope time-series from tree 
rings can offer additional spectral information to that gained from TRW 
and MXD. However, age-related trends in isotope records vary greatly 
across the world. These differences are likely due to a range of factors, 
including stand dynamics such as competition (Klesse et al., 2018), 
species-specific biochemical fractionation, and local climatology (e.g., 
McCarroll and Loader, 2004). Furthermore, methodological choices may 
influence the absence or presence of trend (Borella et al., 1999; Daux 
et al., 2018; Duffy et al., 2019). Pooling of measurements (Leavitt, 2010) 
and the truncation of data (Bégin et al., 2015; Labuhn et al., 2016; 
Loader et al., 2013) can make comparisons difficult, and low or 
temporally uneven sample sizes may further increase uncertainties. All 
these factors should be considered on a dataset-by-dataset basis, as is 
done with TRW and MXD, in order to maximize the potential of den-
droisotope data in the reconstruction of pre-instrumental climate vari-
ability, and likewise, to limit misinterpretation of trend that may stem 
from non-climatic sources. 

The δ18O results presented here from Fennoscandian pine suggest a 
lack of age-related trend after the first 10 years of growth, and no 
application of standardization is deemed necessary. These data are 
therefore of key importance in exploring the multi-centennial to 
millennial-scale climatic trends that have been suggested elsewhere 

(Esper et al., 2012b; Kaufman et al., 2009). Both isotope records display 
significant variability over the past millennium (Fig. 5abc), despite the 
decadal resolution of measurements. 

The relationship between the two isotopic parameters remains 
relatively stable over the past 1,000 years (Fig. 5d). During the 13th 
century moving-window correlations (m = 310 years) between δ13C and 
δ18O decline, which could point to potential uncertainties associated 
with the combination of α-cellulose and whole wood samples. However, 
since the decline is still present when only using the α-cellulose samples, 
we assume additional imprints of a decoupling of otherwise co-varying 
forcings. The decline is greater for the detrended chronology, suggesting 
that the loss in correlation may be connected to low-frequency vari-
ability. Isotope series from northern Scandinavian pines have been 
shown to contain climate signals (e.g., Esper et al., 2018) and further 
work should focus on testing how these signals may be used to under-
stand interactions between multiple climate variables (e.g., temperature 
and precipitation), over pre-historic times. Such analyses should, pref-
erably, be based on annually resolved records. 

Direct comparisons between the two stable isotope records presented 
here and other proxies or proxy-based reconstructions are constrained 
by the coarser temporal resolution. The relatively low inter-sample 
agreement, likely in part due to the 10-year averages, may further 
restrict such exercises. However, previous studies have highlighted the 
potential information that can be gained from tree ring-based isotope 
records at courser resolution (Arosio et al.,; Ziehmer et al., 2018). The 
decadal δ13C and δ18O series presented here are significantly correlated 
with previous regional reconstructions when the latter are averaged in 
the same way, e.g., the non-detrended δ18O chronology and the TRW 
chronology from Torneträsk (Melvin et al., 2013) display r = 0.45 for 
941–2010 CE. Furthermore, the positive anomaly in the δ18O chronol-
ogy during early 15th century CE coincides with a warm period iden-
tified in previous studies from northern Sweden and Finland (e.g., 
Christiansen and Ljungqvist, 2011; Esper et al., 2012a). Although the 
purpose of this study is to assess the age-related trend in individual 

Fig. 5. Non-detrended tree-ring δ18O (blue, a) and δ13C (red, b) records (grey n < 5) plotted at decadal resolution. Corrections of the influence of decreasing at-
mospheric δ13C values on tree-ring cellulose values due to fossil fuel burning (δ13CRAW) were applied according to Leuenberger (2007) (δ13CATM) after CE 1850. 
Detrended (negative exponential) δ13CATM chronology (c). 310-year moving inter-series correlation between non-detrended δ18O and δ13CATM chronologies (solid 
line) and between non-detrended δ18O and detrended δ13CATM chronologies (dotted line) over the period 941–2010 (d). (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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isotope series from living and subfossil pine trees in Fennoscandia, the 
internal variability of the chronologies and the relationship with other 
records indicate that paleoclimate information could be extracted. 
Combined with the lack of trend related to biological age in the δ18O 
series, we suggest that these records should be tested for new informa-
tion on multi-centennial and millennium-scale climatic trends in the 
future. 

5. Conclusions 

The identification of potential age-related trends in TRSI time series 
and the removal of low-frequency noise is crucial prior to compiling 
mean chronologies for climate reconstruction. In this study we show that 
δ13C series from Scots pine tree rings from northern Sweden and Finland 
exhibit significant changes with age, which require the application of 
statistical detrending prior to the use as a climate proxy as routinely 
performed with TRW and MXD measurements. Age trends range beyond 
the widely described juvenile phase of the first 50 years and remain 
present throughout the tree’s lifespan, albeit weakened. In contrast, no 
indication for age-related trends in the δ18O records beyond the juvenile 
phase were found in pines from Fennoscandia. Because there is no 
consensus about the potential mechanisms behind age-related trends in 
dendroisotope time series we recommend testing each site and species 
before further processing as is common practice for TRW and MXD data. 
Furthermore, we suggest that robust replication is required to assess the 
presence of age-related trend with confidence. The lack of any signifi-
cant juvenile effect or persistent age trend suggests that the oxygen time 
series can be used reliably in paleoclimate analysis without any 
detrending or truncation of juvenile rings. δ18O tree-ring records from 
northern Fennoscandia thus have the potential to retain climate infor-
mation at all temporal frequencies, including multi-centennial 
periodicities. 
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