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Abstract 

Picea abies and Fagus sylvatica are important tree species in Europe, and the foreseen increase in 

temperature and VPD could increase the vulnerability of these species. However, their physiological 
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performance under climate change at temperate and productive sites is not yet fully understood, 

especially in uneven aged stands.  

Therefore, we investigated tree-ring width and stable isotope chronologies (δ
13

C/δ
18

O) of these two 

species at ten sites along a climate gradient in Central Europe. In these uneven-aged stands, we 

compared the year-to-year variability of dominant and suppressed trees for the last 80 years in relation 

to the sites’ spatial distribution and climate.   

δ
18

O and δ
13

C were generally consistent across sites and species, showing high sensitivity to summer 

VPD, whereas climate correlations with radial growth varied much more and depended on mean local 

climate.  We found no significant differences between dominant and suppressed trees in the response 

of stable isotope ratios to climate variability, especially within the annual high-frequency signals. 

Additionally, we observed a strikingly high coherence of the high-frequency δ
18

O variations across 

long distances with significant correlations above 1500 km, while the spatial agreement of δ
13

C 

variations was weaker (~700 km). We applied a dual-isotope approach that is based on known 

theoretical understanding of isotope fractionations to translate the observed changes into physiological 

components, mainly photosynthetic assimilation rate and stomatal conductance. When separating the 

chronologies in two time windows and investigating the shifts in isotopes ratios, a significant 

enrichment of either or both isotope ratios over the last decades can be observed. These results, 

translated by the dual-isotope approach, indicate a general climate-driven decrease in stomatal 

conductance. This improved understanding of the physiological mechanisms controlling the short-term 

variation of the isotopic signature will help to define the performance of these tree species under future 

climate. 

Keywords: Fagus sylvatica, Picea abies, stand dynamics, stable isotopes, tree ring, drought, 

climate change. 

1 Introduction 
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The sensitivity of forest growth and physiological response to climate change and increasing 

atmospheric CO2 is highly variable between tree species and ecosystems of different climatic regions 

(Lindner et al. 2010). Nevertheless in Central Europe increasing temperature and drought events’ 

frequency and intensity have resulted in major productivity losses (IPCC 2019). Temperature increase 

and high vapour pressure deficit (VPD) have been identified globally as major tree stressors (Ficklin 

and Novick 2017; Grossiord et al. 2020), leading to both changes in transpiration demand and 

depletion of soil moisture (Eamus et al. 2008; Williams et al. 2013), with associated enhanced tree 

mortality (Adams et al. 2010; McDowell et al. 2011a; Will et al. 2013). However, growth is also 

limited by too high/low temperatures, nutrient availability, and further influenced by management or 

competition (Duquesnay et al. 1998; Peñuelas et al. 2008; Andreu‐Hayles et al. 2011; Gómez-

Guerrero et al. 2013; Rezaie et al. 2018). The interaction of all these factors leads to large uncertainties 

in the understanding of trees’ physiological mechanisms, and adaptation potentials.  

Tree rings have been widely used as proxies to assess the effect of climate variables on tree growth 

(Schweingruber 1976) and to understand the biological responses to environmental variability. Tree 

rings not only provide a unique source of information on annual radial increment, but store carbon and 

oxygen isotopes in the cellulose molecules (δ
13

C and δ
18

O) providing time-accurate information on 

tree physiological processes modulated by climatic and site conditions (McCarroll and Loader 2004; 

Saurer et al. 2014). However, our understanding of the effects of climate change on tree physiological 

responses along temperate forests’ climate gradients is still limited, as these effects are often studied at 

the edge of species ecological distribution, where growth rates are controlled by single factors, being it 

temperature (e.g. tree line sites (Friedrichs et al. 2009) or water availability (Büntgen et al. 2010)).  

Differences of year-to-year variability and climate sensitivity between canopy layers in uneven-aged 

temperate forests have been hardly investigated, although the understanding of dominant and 

suppressed trees responses is necessary to fully understand forest functioning (Buchmann et al. 1997; 

Labuhn et al. 2014; Klesse et al. 2018). It is known that in a multi-layered forest the wood and leaf 

δ
13

C signatures of the different strata are a product of light availability effects on photosynthetic 

potential (Buchmann et al. 1997), VPD canopy gradients (Barbour et al. 2004), δ
13

C‐depleted CO2
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from the forest floor respiration (Bowling et al. 2005), and decline in stomatal conductance with 

increasing tree height (McDowell et al. 2011b). Further, the δ
18

O ratios are affected by root system 

development and consequent access to deeper soil water (depleted in 
18

O) vs surface soil water 

(enriched in 
18

O through evaporation) (Roden et al. 2000). However, it is still largely unknown how 

these microclimatic factors influence the high-frequency information, intended as inter-annual or year-

to-year variation of δ
13

C and δ
18

O, recorded in tree rings. 

High-frequency chronologies of TRW, δ
13

C and δ
18

O can be a source of important information, after 

long-term trends caused by ageing, height growth and stand development (Brienen et al. 2017; Klesse 

et al. 2018) have been removed. They retain only the year-to-year variation of growth or isotope ratios, 

providing insight into species’ reaction and sensitivity to short-term climate variability. Increased δ
13

C 

values of tree rings are directly connected to water stress, as it induces stomatal closure and lower leaf-

internal CO2-concentration, leading to poorer discrimination against the heavier 
13

C (Farquhar et al.

1989). δ
18

O signatures are indicators of large-scale hydrological processes and transpiration rates 

(McCarroll and Loader 2004), as they can be affected by source water, air water vapour, and mixing of 

evaporated and unevaporated water signals during sugar and cellulose formation (Roden et al. 2000). 

Nonetheless, δ
18

O values of tree rings have proven their potential as strong climate proxy (Treydte et 

al. 2006; Treydte et al. 2007; Rinne et al. 2013; Labuhn et al. 2016), as precipitation and source water 

isotope signatures are related to temperature, and leaf water enrichment is VPD-dependent, imprinting 

the climate signal in plant biomass (O'Reilly Sternberg 2009) after known fractionation processes are 

accounted for (Gessler et al. 2014; Treydte et al. 2014; Lehmann et al. 2017).  

The isotopic variations recorded in tree-ring cellulose in temperate and mesic sites can hold a stronger 

climate signal than tree-ring width, allowing for larger-scale synchronicity, with the potential to 

extend climate reconstructions from extreme to more temperate regions (Treydte et al. 2007; Hartl-

Meier et al. 2015), and improve our mechanistic understanding of physiological responses to climatic 

changes (Scheidegger et al. 2000; Maxwell et al. 2020). Despite a broader inter-annual variability in 

growth rates at temperate sites than at the edge of species’ distribution (Schweingruber 1976), 

consistent changes in physiological performance due to environmental conditions can still be retrieved 
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from δ
13

C and δ
18

O of tree rings (Saurer et al. 1997; Schleser et al. 1999; Loader et al. 2007). Some 

examples of transect studies have shown generally good agreement among different δ
13

C chronologies 

along altitudinal (Treydte et al. 2001), latitudinal (Arneth et al. 2002) gradients; and some provided a 

comparison between species and sites at European scale (Treydte et al. 2007) and in North America 

(Guerrieri et al. 2019; Levesque et al. 2019). Nonetheless, the consistency of inter-annual variability of 

δ
13

C and δ
18

O records at large scales, and their reliability in predicting climatic or physiological 

processes for economically important tree species requires further investigation.  

Trees’ adaptation of physiological mechanisms to environmental changes can be assessed by a 

combined analysis of tree rings δ
13

C and δ
18

O through the dual-isotope model (Scheidegger et al. 

2000). This is important as our understanding of the effects and interactions of climate variables, CO2 

on stomatal conductance balance, net carbon assimilation and carbon use is far from being complete 

(Schleser et al. 1999; Gessler et al. 2014), especially when considering long time periods and large-

scale networks. The conceptual model proposed by Scheidegger et al. (2000) provides a useful tool for 

the deduction of stomatal conductance (gs) and average maximum net photosynthesis (Anet) dependent 

on these changes, and to disentangle the effects of forest stands’ structural differences and along 

environmental gradients (Roden and Siegwolf 2012), both in natural and controlled conditions (Grams 

et al. 2007).  

In Central Europe Fagus sylvatica [L.] (European beech) and Picea abies [L.] Karst. (Norway spruce) 

represent two of the most cultivated and thus economically important tree species. Both species are 

strongly impacted by climate change. Compared to spruce, beech has been shown to be less 

susceptible to summer droughts (Zang 2011; Pretzsch et al. 2013), however, sensitivity to drought 

periods have been recorded for both species in temperate forests of central Europe, especially in lower 

elevation forests, and is one of the major drivers of productivity and vitality losses in the last decade 

(van der Maaten 2012; Vitali et al. 2017; Schuldt et al. 2020). In this study, we investigated the 

information carried in the high-frequency tree-ring isotope variations of these two species, and applied 

the dual-isotope concept to a larger spatio-temporal scale to infer physiological responses of temperate 

forests to climate change. Klesse et al. (2018) showed that tree size dependent light attenuation in 
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dense forests can play a large role influencing long-term trends in δ
13

C and δ
18

O in European beech 

and Norway spruce. However, it remains unexplored whether year-to-year stable isotope ratio 

variability of trees from different canopy layers contains the same environmental information or not. 

We thus ask the following questions: 

1. Which climate factors drive year-to-year variability of tree growth and isotope ratios of Fagus

sylvatica and Picea abies across Central Europe, and how does the canopy position within the

canopy influence the responses to environmental variation?

2. How consistent is the high-frequency signal of tree ring width, δ
13

C and δ
18

O chronologies

between and within species at large scales?

3. How did climatic changes over the past century (1935-1973 compared to 1974 to 2013) affect

relationships between δ
13

C and δ
18

O, and what does this mean for tree physiological responses

to climate at different crown levels?

2 Methods 

2.1 Site and tree selection 

We selected nine sites of a European tree-ring biomass network (presented in Keel et al. 2016, Keller 

et al. 2017 and  Klesse et al. 2018; Fig. 1, Table1) with mostly uneven-aged stands dominated by 

spruce or beech, to ensure a wide range of tree sizes and ages. At all sites TRW, δ
13

C, and δ
18

O 

measurements were performed on 10-13 trees, with the exception of the site SOR (Denmark) with 

only 7 trees and the sites RIF and PHD (Germany and Slovakia) with only 5 trees. Position of 

individual trees in the forest canopy is hereafter divided into two classes: dominant and suppressed, 

where the first class includes all top canopy trees (usually >20 m), while the second class consists of 

younger and smaller trees, creating two significantly different height groups. Further sampling and 

stand structure details can be found in Klesse et al. (2018) and chronologies statistics in Table S. 2. 

The sites encompass a gradient in temperature (ranging from 1°C to 11°C mean annual temperature) 

and precipitation (from 600 to 1700 mm total annual precipitation), and consequently a gradient in 
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summer VPD (2 -10 hPa) (Table1). For an easier interpretation of the results, it should be noted that 

the majority of the spruce sites are distributed towards higher elevations (between 1200-1966 m 

a.s.l.and one site at 430 m a.s.l.) than beech (between 35-1033 m a.s.l.), which corresponds to cooler

and wetter conditions (Table 1, Fig.1). Only at the low-elevation site Riedenburg, Germany (hereafter 

RIF and RIP) both species are present. We used monthly mean temperature, precipitation totals, and 

vapour pressure from CRU TS4.03 (Harris et al. 2020) to calculate Standardized Precipitation 

Evapotranspiration Index (SPEI) with the R Package SPEI (Vicente-Serrano et al. 2010) using the 

Thornthwaite method. Monthly vapour pressure deficit (VPD) was calculated as: 

𝑉𝑃𝐷 (ℎ𝑃𝑎) = 𝑐1
(

𝑐2𝑇
𝑐3+𝑇

)
− 𝑉𝑎𝑝

where T is the average monthly temperature, Vap is the average monthly vapour pressure, c1−3 are 

constants with c1 = 6.1078, c2 = 17.08085 (at T > 0) or = 17.84362 (at T < 0), and c3 = 234.175 (T > 

0) or = 245.425 (T < 0), according to Germany’s National Meteorological Service (Deutscher

Wetterdienst (DWD) 1979). Atmospheric CO2 concentrations were derived from NOAA 

(http://www.esrl.noaa.gov/gmd) and McCarroll and Loader (2004). 

2.2 Dendrochronological and tree-ring isotope analyses 

Preparation of the tree cores for tree-ring width and stable isotope measurements followed standard 

procedures: a microtome cut was performed to obtain a plain surface suitable for TRW measurements. 

Ring widths were measured with TSAP-Win (Rinntech, Heidelberg) at 0.01 mm precision, cross-dated 

visually and with the software COFECHA (Holmes 1983), chronologies details are described in Table 

S. 2. Dated tree rings were cut with a scalpel under a binocular and analysed individually. Cellulose

was extracted using Teflon bags (Ankom Technology, Macedon, NY, USA) following the Boettger et 

al. (2007) protocol, and further homogenized with a ultrasonic homogenizer (Laumer et al. 2009). 

Cellulose samples were packed into silver capsules through pyrolysis converted to CO2 at 1450°C 

(PYROcube, Elementar, Hanau, Germany). Isotope ratios of carbon and oxygen were measured by 

mass spectrometry (IRMS) (Delta Plus XP; Thermo Finnigan Mat, Bremen, Germany) at a precision 

of ±0.15‰ for δ
18

O and ±0.12‰ for δ
13

C. Values of δ
13

C were further corrected as suggested by 
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(Woodley et al. 2012), and corrections for past changes of atmospheric CO2 were also applied on the 

raw δ
13

C data (
13

Ccorr,hereafter δ
13

C)  following (Leuenberger 2007; Belmecheri and Lavergne 2020).

For further details of sample preparation we refer to Weigt et al. (2015) and Klesse et al. (2018).  

2.3 Data analysis and statistics 

While raw 
18

O and 
13

C data were used for application of the Scheidegger model (see below), first-

order differenced (FDiff) TRW, 
13

C and 
18

O data were used to enhance the year-to-year variations 

for the climate correlation analysis. The FDiff data were calculated for each individual time series as 

the residuals of the tree-ring data of successive years to remove any long-term trends and lower 

frequencies.  

We averaged the individual FDiff time series to site chronologies using Tukey’s biweight robust 

mean. Accordingly, separate mean chronologies were constructed for the two canopy layers. Monthly 

climate data, also FDiff detrended, were used for correlation analysis, performed with the treeclim 

package (Zang and Biondi 2015). Climate correlations were calculated for the common period 1935-

2013 and for two equally long time-windows 1935-1973 and 1974-2013, between which, either or 

both δ
13

C and δ
18

O showed significant changes (Fig. S.3). We used temperature (T), precipitation (P), 

vapour pressure deficit (VPD), and standardised precipitation-evapotranspiration index (SPEI) as 

climatic variables (Harris et al. 2020). All correlation analyses between tree-ring data and climate 

variables were calculated from the start of the previous growing season (i.e., previous February) to the 

end of the current year (current December), however, the June-July-August window yielded the 

highest correlations for all variables and was selected as the focus of our analyses. The first-

differenced chronologies were used to test the correlations between sites and evaluate the signal 

degradation across increasing distances. Spatial correlation decay of the three tree-ring parameters 

within and between species was calculated using a negative exponential function. 

To investigate the effect of canopy position and time period on the relationship between δ
13

C FDiff 

and δ
18

O FDiff (i.e., the regression slope) we applied linear mixed effects models per site defined as: 

δ
13

Ci ~ β0 + β1δ
18

Oi + β2 Canopy positioni + β3Time periodi +
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β4 Time periodi * Canopy position * δ
18

Oi + S0i +S1i δ
18

Oi + εi,

where the response variable is δ
13

C FDiff for tree i, and the fixed effect variables are δ
18

O FDiff 

(continuous), canopy position (two factors) and time period (two factors). β0 to β4 are the regression 

parameters to be estimated. S0 denotes the random intercept (i.e. tree effect), and S1i is the random 

slope for δ
18

O. FDiff. ε is the gaussian-distributed error.  All computations were performed using R 

version 4.0.0 (R Core Team 2020) and the lme4 package (Douglas Bates et al. 2015). Marginal 

(without random effects) and conditional (with random effects) r
2 

were calculated with the help of the 

r.squaredGLMM function in the MuMIn package (Bartoń 2013). The significance of differences

between regression slopes was calculated with the  lstrends function from the package lsmeans (Lenth 

2016).  

2.5 Application of the Scheidegger model – recent changes of tree physiology 

The dual isotope approach proposed by Scheidegger et al. (2000), relates changes in leaf level δ
13

C 

and δ
18

O to shifts in stomatal conductance (gs) and photosynthetic rates (Anet) based on known isotope

fractionation processes (Farquhar et al. 1989; Barbour et al. 2004). Beyond its original scope, this 

model can be applied to infer physiological changes from the shifts in the mean of the isotopic 

composition recorded in tree rings between two time periods, as illustrated in Fig. 2. In our case, we 

observed significant changes in δ
18

O and δ
13

C between the two time-windows (Fig.S.3), which 

suggests significant shifts in physiological mechanisms. The mean isotope values at T0 (centre of the 

plot) represent the average for the time period 1935-1973 the T1 values (i.e. for the 1974-2013 

window) are at the end of one of the arrows. For example, increasing δ
13

C and δ
18

O values would 

indicate a decline in stomatal conductance over time (arrow n.2), while constant δ
18

O but increasing 

δ
13

C suggest an increase in photosynthesis but no change in stomatal conductance (arrow n.1). 

Here, we evaluate not only the differences between sites regarding their temporal patterns, but we also 

evaluate how physiological changes differ between canopy classes, and relate those differences to the 

dominant environmental driver derived as described above. Due to the lack of source water time 
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series, we assume that the impact is constant between our time-windows, and further conclusions are 

to be considered with the limitation of the model in mind.  

3 Results 

3.1 Climate correlations 

The FDiff δ
13

C and δ
18

O data showed very homogenous and strong responses to summer climate for 

both species, while FDiff TRW showed heterogeneous and weaker relationships. Both δ
13

C and δ
18

O 

variations of most sites were significantly (P ≤ 0.05) and positively correlated with summer season 

FDiff temperature and VPD, and negatively with precipitation and SPEI (Fig. 3 a-h), without a clear 

species-specific or mean climate-dependent response pattern. These results were similar for both 

canopy layers.  

In contrast to the stable isotope ratios, the climate correlations of TRW (Fig. 3 i-n) varied strongly 

across our sites and we found positive and negative correlations for both species. This reflects the site 

selection along a climatic gradient rather than sampling only at e.g., dry and warm sites where a 

similar climate signal could be expected for all sites. For example, tree growth at lower elevation and 

warmer sites was significantly negatively correlated with temperature and positively correlated with 

precipitation (CIM, RIE, RIP, SOR), while at the cooler and higher elevation sites we found negative 

correlations with precipitation and positive with temperature and VPD (DVN, N19, PGB, PHD). Both 

species shared the same climate signal, when growing at the same site (RIF and RIP).   

To further investigate the temporal stability of the strong correlations FDiff δ
13

C, δ
18

O, and TRW to 

VPD we split the data into two equally long periods 1935-1973 and 1974-2012. Similar to the full 

period, climate correlations of the different periods and canopy layers did not systematically differ for 

the stable isotope ratios or TRW (Fig. 4). Climate correlations between the two periods were 

considerably stable for δ
13

C and δ
18

O and, in the majority of cases, an increase in the significance can 

be observed in the later period, except for FLA and RIF. On the contrary, TRW showed a general 

decrease of correlation values with summer VPD for the dominant trees in the later time period, and 

even a significant change in sign in the suppressed trees (e.g. from +0.2 to -0.3 in FLA). We further 
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investigated the relevance of these shifts between the time periods with the help of the dual-isotope 

model in section 3.4.  



13 

3.2 Spatial relationships 

Across Europe, both δ
13

C and δ
18

O chronologies show much higher spatial correlations compared to 

TRW chronologies (Fig. 5). For all parameters, correlations showed a negative exponential decline 

with distance between sites. The FDiff TRW chronologies showed high variability at any given 

distance and the weakest overall site-to-site correlations. Even at short distances (300 km) we 

observed pairs of sites with either especially high (r
2=

0.6 DAV-N19) or especially low (r
2
=-0.2 DAV-

RIP) correlations (Fig. 5 a). δ
13

C correlations showed a strong decline with increasing distance, 

becoming insignificant (r
2
<0.25) at a distance of >1000 km. δ

18
O correlations showed the highest and 

most consistent synchronization between sites, even at large distances (>1500km). In particular, the 

two beech sites in Germany and Switzerland (FLA- RIF, both low elevation) and spruce in 

Switzerland (DVN-N19, both high elevation), showed very high correlations, even at a distance of 

~500 km, with values of r=0.79 and r=0.83 respectively. Correlations between these two site pairs 

were also very high for δ
13

C chronologies (r=0.71, r=0.62), while their TRW correlations were lower 

(0.34 and 0.60, respectively). However, also site pairs with very different elevations and with two 

different species showed high correlations, e.g. DAV-FLA with an elevation difference of ~1000m 

(1600 vs 600 m a.s.l.), where δ
18

O (r=0.80), δ
13

C (r=0.49), and also TRW (r=0.33) were significantly 

correlated. Interestingly, the inter-specific correlations were not different from the intra-specific 

correlations. Inter-specific correlations appeared to be lower for TRW compared to intra-specific 

correlations, whereas differences between spatial correlation patterns for δ
13

C and δ
18

O were very 

small for both species-specific correlations and for between-species correlations. 

3.3 High frequency relationships between 
13

C and 
18

O

High-frequency relationships between δ
13

C and δ
18

O were consistently positive across all sites and 

canopy layers for all time-windows although beech showed on average a steeper regression slope 

(0.32) compared to spruce (0.17), and on average a higher R
2
. For both species conditional R

2 

remained very similar to the marginal R
2
 (Fig. 6), indicating little variability in the isotopic 

relationship between individual trees. On average, we found a 1 ‰ increase of δ
18

O corresponds to 

only a 0.32‰ δ
13

C change for beech and a 0.17‰ δ
13

C change for spruce. In all cases, we did not 
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observe statistically significant differences between the two canopy layers in the same time period. 

However, we found significant but non-systematic differences between the two time periods at four 

sites: at two sites (N19 and FLA) the early period revealed stronger positive changes in δ
13

C for a 

given change in δ
18

O, in case of N19 for both canopy layers, and in case of FLA for the dominant trees 

only (Fig. 6). At the other two sites (CUC and SOR) the second period revealed a steeper regression 

slope, but for the dominant trees only.  

3.4 Dual isotope approach: Application of the conceptual Scheidegger model 

When examining raw instead of FDiff mean tree-level δ
13

C and δ
18

O values, differences between sites 

and species become apparent, with higher δ
13

C values for spruce compared to beech, and for dominant 

compared to suppressed trees (Fig. 7, Fig. S. 1). Considering the distribution of mean isotope ratios 

within each site (Fig. S. 2 a), δ
18

O is more consistent compared to δ
13

C with larger between-trees 

variability, also when comparing the two canopy layers, where δ
13

C values of the dominant trees were 

most variable. All sites and both canopy layers showed a similar positive relationship between mean 

tree-level δ
13

C and δ
18

O (Fig. S. 2 b), except for the suppressed beech trees at the RIF site, which 

showed a negative one.  

Both species and both canopy layers showed strong temporal changes of mean site-level δ
13

C and δ
18

O 

values between time periods (Fig. 7, Table S. 3). In all cases the derived physiological scenarios 

responses indicate an unchanged or reduced stomatal conductance. Dominant trees represent three out 

of eight possible Scheidegger model scenarios, suppressed trees showed a slightly more variable 

response, where three to four out of eight scenarios were found.  

When δ
18

O of dominant trees did not change significantly between the two time periods (PHD, PGB, 

CUC), δ
13

C showed an increase (scenario 1). This can be explained by an increase in A, with constant 

gs. In all other sites, but DAV, we interpret a simultaneous increase in δ
13

C and δ
18

O (scenario2) as a

decrease in gs, but not in A. The DAV site (scenario 3) was the only site where we see a decrease in 

both A and gs.  



15 

We observed a similar pattern for the supressed trees. Two sites (N19, PGB) showed much stronger 

increases in δ
13

C (scenario 1), suggesting an increase in A relative to unchanged gs. At three sites we

found a simultaneous increase in δ
13

C and δ
18

O (FLA, CIM, CUC) (scenario 2), hinting at a decreased 

stomatal conductance over time. A slight decrease in mean δ
13

C with simultaneous increase in δ
18

O 

(scenarios 3 and 4) at DAV and RIF can be interpreted as decrease in both A and gs over time, 

potentially with stronger reductions in A relative to gs. 

4 Discussion 

This study highlights that the inter-annual variability of stable isotope ratios carries the same climatic 

signal independent of the tree’s position in the canopy layer. We further showed the large spatial 

synchrony of δ
18

O high frequency signals across Central Europe, and identified summer VPD as the 

major climatic driver of the high frequency tree-ring isotopic signatures. Interestingly, we did not find 

distinct species-specific differences, besides spruce showing overall higher raw δ
13

C values, flatter 

high-frequency relationships and lower correlations between the two isotope ratios compared to beech. 

In addition, suppressed trees showed consistently lower δ
13

C values than dominant trees regardless of 

the species. Finally, the impact of changing climatic conditions, i.e. warmer and drier summers, 

predominantly indicated a decrease of stomatal conductance at all sites over time. Hereafter we 

discuss the physiological mechanisms driving these responses.  

4.1 Consistent impact of summer climate on isotopic composition 

Regardless of site location we found vapour pressure deficit (VPD) of the summer months June to 

August to be the strongest climate driver of both stable isotope ratios (Fig. 3 and 4), although SPEI of 

the same months was only slightly less correlated. The high sensitivity of δ
18

O to summer drought has 

been observed in other studies (Treydte et al. 2007; Labuhn et al. 2016; Levesque et al. 2017; Loader 

et al. 2020), where δ
18

O variability was attributed also to variation in source water and precipitation 

(Treydte et al. 2006; Saurer et al. 2012; Weigt et al. 2018). Also, the strong correlation of δ
13

C to 

summer drought variability - either represented by precipitation, water availability or cloud cover - has 
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been previously reported (Saurer et al. 1995; Gagen et al. 2006; Andreu et al. 2008; Kirdyanov et al. 

2008; Mölder et al. 2011; Gagen et al. 2011; Hartl-Meier et al. 2015; Schäfer et al. 2017).  

The strong response to VPD is consistent with the generally good correlation between the year-to year 

differences in δ
13

C and δ
18

O across most sites (Fig. 4). This result was independent of the trees’ 

position within the canopy and emphasizes the role of stomatal conductance in controlling leaf gas 

exchange and their strong dependency on atmospheric moisture conditions (Saurer et al. 2008; Hartl-

Meier et al. 2015; Salmon et al. 2020). Similar isotopic covariance has been reported for a 

combination of species and sites  in temperate forests across Europe (Treydte et al. 2007), for Pinus 

sylvestris in Sweden (Esper et al. 2018), and Larix decidua in Switzerland (Weigt et al. 2018), for 

multiple species across the northeastern US (Guerrieri et al. 2017), in semi-arid conifers in the 

southwestern U.S. (Szejner et al. 2016) and mesic conifer forests in China (Liu et al. 2014). However, 

correlations focusing specifically on high-frequency signals in δ
13

C and δ
18

O are rarely investigated.  

A precipitation signal recorded in tree-ring’s δ
13

C and δ
18

O that is independent of mean climate and 

species, challenges the assumption that locally drier sites record the clearest precipitation signal 

(Saurer et al. 1995; McCarroll and Loader 2004). However, it is consistent with the finding that 

isotope ratios are also sensitive to climate and soil water availability on temperate sites (Hartl-Meier et 

al. 2015), or precipitation and VPD in mesic sites (Levesque et al. 2017). Concurrently, numerous 

factors (e.g. species-specific differences) influence isotope fractionation and tree-ring formation 

making the relationship between tree growth and δ
13

C not always straightforward (Gessler et al. 2014). 

Contrary to the stable isotope ratios and as expected, TRW sensitivity to summer drought was overall 

much weaker at these temperate sites and only significant at the driest and warmest sites (RIF, RIP and 

CIM). Similar findings were also reported in other studies where the correlations between TRW and 

the climate variables were inconsistent compared to the isotopes correlations (e.g. (Andreu et al. 2008; 

Hartl-Meier et al. 2015)). The similar climate sensitivity of beech and spruce is also surprising 

considering their responses to recently increased droughts in Europe, where high vulnerability and 

mortality events of spruce were reported (Vitali et al. 2017; Vitasse et al. 2019; Bosela et al. 2020; 

Krejza et al. 2020; Schuldt et al. 2020) and forest models predict strong reduction in the distribution of 
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spruce at low elevations in coming decades (Hanewinkel et al. 2013; Kolář et al. 2017). Nevertheless, 

beech was also shown to be more susceptible to drought than previously assumed (Löw et al. 2006; 

Gessler et al. 2006; Piovesan et al. 2008; Walthert et al. 2020).  

Recent research has been focusing on the impact of increasing VPD from the leaf to the global scale, 

and on its effects on plant physiology (Breshears et al. 2013; Grossiord et al. 2020). Numerous studies, 

both in natural (Liu et al. 2008; van Mantgem et al. 2009; Allen et al. 2010; Allison 2011) and 

controlled experiments (McDowell et al. 2011a) reached the main conclusion that the impact of VPD 

is a strong trigger of metabolic feedbacks, potentially exacerbating precarious situations, when in 

concomitance with drought events. VPD as a major tree stressor, can lead to changes in tree 

physiology (Eamus et al. 2008), affecting phloem functions, increasing xylem tensions (Adams et al. 

2010; McDowell et al. 2011a), and the impact of climate-change induced VPD increase (Held and 

Soden 2006; Ficklin and Novick 2017; IPCC 2019) could lead to loss in vitality and major mortality 

events (Breshears et al. 2013).  

The strong signal recorded in our chronologies suggests that summer VPD at our sites is strongly 

regulating trees’ transpiration, stomatal conductance, and photosynthesis. The strong response implies 

an active metabolic system currently still able to cope with varying water availability at these sites. 

However, this could drastically change if increasing temperatures and atmospheric evaporative 

demand hinder photosynthesis, driving loss in primary productivity and amplifying drought 

susceptibility.  

4.2 Long distance coherence of high frequency isotope chronologies 

The inter-annual variability of δ
13

C and δ
18

O chronologies (FDiff) showed remarkably high 

correlations between sites that are hundreds of km apart, independent of local mean climate (Fig. 5). 

This is in contrast to much lower correlations between the TRW chronologies, even across short 

distances. In particular, δ
18

O records show a remarkable coherence, with correlations up to r=0.8 

between sites that are 600km apart, and only at a distance of about 1500 km, correlation values 

decrease to  r=0.3, which corresponds to the average site-to-site correlation value for TRW in this 
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network. δ
13

C shows a steeper decline than δ
18

O with increasing site distances, however it still 

performed better (mean r=0.6) than TRW in the first 1000km between sites. Considering the scale of 

this transect and that this comparison includes an evergreen conifer and a deciduous broadleaved 

species, this high degree of uniformity is striking. The low correlations between TRW chronologies 

are also partially explained by the site selection, which was not designed to maximize coherence and 

climate signals in TRW avoiding extreme sites at e.g. the dry and warm edge, and rather focusing on 

temperate sites along a climatic gradient.  Our results underline previous findings that the limiting 

environmental factors driving TRW variability may change on small scales and strongly depend on 

mean climate conditions, such as mean annual precipitation sums, mean annual temperature and their 

combination (Klesse et al. 2020). Contrary to TRW the main limiting factor controlling year-to-year 

variability in δ
13

C and δ
18

O (i.e. summer VPD) seems to be much less influenced by local mean 

climate. This can explain the much stronger and larger spatial coherence between our stable isotope 

chronologies compared to the TRW chronologies. The spatial fingerprint of high correlations mirrors 

the extent of the main climatic region, in our case central European climate dominated by westerlies. 

This is why the correlation points including CIM (central Italy) are predominantly lower compared to 

the rest, because the site is situated in a different main climatic regime (Mediterranean, Fig. 5 b and c). 

Similarly, on a larger scale Treydte et al. (2007) showed regional patterns of high synchronicity across 

Europe, with different light-demanding genera (Pinus, Quercus, Cedrus), which also showed a larger-

range reliability of δ
18

O compared to δ
13

C. Further analyses on TRW and Δ
13

C on the Treydte et al. 

(2007) dataset highlighted an increased growth synchrony across European forests, although not 

uniformly, due to warming‐induced effects of drought on leaf physiology (Shestakova et al. 2019). 

Hartl-Meier et al. (2015) emphasized high uniformity of climate sensitivity for both δ
13

C and δ
18

O in 

European beech and Norway spruce (as well as European larch) at temperate sites, although at shorter 

distances. Our study combines and extends results of such studies, merging the long-range correlations 

and the comparison of evergreen conifer and a deciduous broadleaved species, providing further 

evidence of the large-range synchrony of high frequency isotopic signals.  

4.3 Interpretation of physiological responses 
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When considering the raw isotope data, substantial differences in the range of values of the isotopic 

signatures with offsets up to ∼6‰ for δ
13

C and δ
18

O for both species were found. Spruce generally 

showed higher δ
13

C values and within a smaller range than beech, even when growing at the same site 

(RIP, RIF), indicating lower stomatal conductance of the conifer species as compared to broadleaf 

beech. Beech δ
13

C values were significantly more depleted than spruce, reflecting higher 

discrimination of 
13

C from higher stomatal conductance and/or a lower photosynthetic rate, and hence, 

lower intrinsic water use efficiency (Leavitt 1993; Lévesque et al. 2013). These differences underline 

the less isohydric behaviour of beech compared to spruce (Klein 2014), i.e. higher stomatal 

conductance, lower leaf water potentials and higher root capacity for soil exploration and access to 

deeper soil water pools than spruce, especially under drought (Pretzsch et al. 2013).  

The larger variability of beech’s raw δ
18

O records compared to spruce (Fig. 6) can be attributed to the 

differences in sites conditions (Fig. S. 1), the difference in the rooting depth of the two species and the 

large climatic range of beech species. It is known that, compared to deep soil water, surface soil water 

is enriched in 
18

O through evaporation (Roden et al. 2000). Therefore, the shallow rooting system 

typical of spruce restricts its access to surface water, and consequently will be more enriched in 
18

O 

(Boratyński et al. 2007), compared to deep rooting beech, which can show depleted 
18

O values, 

depending on water uptake (Treydte et al. 2007; Balting et al. 2020) . This can also explain the larger 

δ
18

O variability of beech at our sites (Fig. 6), as they range between wetter sites, where δ
18

O is sourced 

at shallower depths, and therefore more enriched; to drier sites, where beech has access to deeper 

water resources, resulting in more depleted and consistent values (Volkmann et al. 2016) (Fig. S. 1). 

However, when comparing different time periods, we assume changes in rooting depth at single sites 

to be negligible and resulting changes in δ
18

O to be due to tree physiological changes.  

For trees of the dominant group, we did not expect a change in canopy position over the last 80 years, 

either. Thus, we interpret that the shifts in δ
18

O and δ
13

C reliably record changes in the species-specific 

physiological responses to changing climate. We showed that the position in the canopy and age 

appear to have only small effects on the inter-annual variability of isotopic ratios. Together with recent 

findings that tree size trends play a minor role on discrimination once trees approach their maximum 
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height or are fully exposed to sunlight (Klesse et al. 2018),  inferences formulated from datasets 

predominantly based from dominant trees can be extrapolated to the stand level of uneven-aged 

forests. 

The conceptual model of Scheidegger et al. (2000) provides the means for deducing changes in gs and 

Anet through examining the isotopic shifts in tree-ring cellulose through time, although it should be 

kept in mind that it is only a semi-quantitative model (Roden & Siegwolf, 2012). It allows to interpret 

our dual-isotope results assuming that changes in δ
18

O are primarily driven by changes in leaf water 

enrichment caused by variation in air humidity, and changes in δ
13

C by shifts in stomatal conductance 

responses to evaporative demand, and consequent lower plant water-use efficiency and 

photosynthesis. We found a strong positive temporal relationship between δ
13

C and δ
18

O for both 

dominant and suppressed trees, and deduced from the conceptual model that tree physiological rates 

(i.e. stomatal conductance and photosynthetic rate) have changed significantly over the past century, 

primarily due to warmer summer temperatures and the concomitant increase in VPD. In both canopy 

layers 60% of the sites showed a scenario 2 behaviour, where both δ
13

C and δ
18

O increase, which 

translates into rather constant Anet and declining gs, and hence, increased iWUE (Soh et al. 2019), also 

supported by the high frequency results.  

Differences in mean δ
13

C values between the two canopies suggest a lower Anet in suppressed

compared to dominant trees. The most likely explanation is increased light attenuation in smaller trees, 

leading to less efficient photosynthesis (Klesse et al. 2018). In three cases, (i.e. the suppressed trees at 

RIF and both canopy layers at DAV), we observed a different trajectory of stable isotope ratios over 

time showing a decrease in Anet (scenario 3 and 4). At RIF both canopy layers have the same age and 

started roughly at comparable δ
13

C and δ
18

O values (early period). However, the decrease in δ
13

C 

together with both increases in δ
18

O and a drastic decrease in radial growth increment (c.f. Klesse et al. 

2018) nicely pictures how these trees have been outcompeted and over-shaded by surrounding, more 

competitive trees. The observed trajectory within the Scheidegger model thus clearly represents a 

decrease in photosynthesis, while simultaneously climate change induced decreased stomatal 

conductance (c.f. dominant trees at RIF).  
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In this study, no site recorded an increase in gs, and similar results are shown in other natural forests 

experiments, which recorded an increase in Anet in an old-grown high altitude larch forest (Weigt et al. 

2018). This is most likely due to the lower altitude and tendency of warmer and drier conditions 

experienced in the second time window at all sites. Even at our highest elevation spruce site N19, we 

observed a marked increase in δ
18

O and a likely climate-driven reduction of stomatal conductance; 

most likely connected to isohydric behaviour of spruce during drought periods, in which complete 

stomatal closure occurs at higher xylem water potential (Lyr 1992; McDowell et al. 2008; Weigt et al. 

2015).   

5 Conclusions 

This study brings forward our understanding of the physiology of two economically important tree 

species along a European transect, through the analyses of high-frequency patterns of climate 

sensitivity and concurrent isotope changes over time. High δ
18

O coherence of the correlations of the 

year-to-year variability between species and strong dependence on VPD, independent of canopy layer, 

and across space highlight the strength of the environmental signal in the δ
18

O chronologies, which 

paired with δ
13

C supplements important climatological and physiological information. These results 

further prove the usefulness of stable isotope ratios as a tool for reconstructing past climatic conditions 

in mid-latitude, temperate environments especially when a strong climate signal is lacking in 

conventional tree-ring width or maximum latewood density.  

Insight into differences and similarities between crown layers is important for a comprehensive 

assessment of forest ecosystem dynamics and carbon fluxes. On the one hand, our results suggest that 

all canopy layers should be included in ecological studies aimed at quantifying biomass or carbon 

sequestration rates, as structurally complex and mixed forests will hopefully become more frequent for 

climate change mitigation strategies (Dănescu et al. 2016; Vitali et al. 2018). Suppressed trees, which 

experience slow growing conditions in their juvenile stages, can slow down biomass turnover at the 

stand level and play a key role in enhancing CO2 sequestration in the long-term (Büntgen et al. 2019), 

and carbon storage (Gray et al. 2016). Therefore, understanding their reactions to climate change 

creates a more complete picture of forest functioning. On the other hand, we show that there is little to 
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no difference in the high-frequency climate signal between trees of different ages and social classes, 

therefore a stratified canopy sampling is not strictly required to adequately capture interannual climate 

variation.  

The dual isotopes approach indicated significant shifts in stomatal conductance at the majority of sites, 

when comparing two 40-year time-windows, which in concomitance with the high impact of summer 

VPD on all measured variables, indicates a trend of decreasing stomatal conductance across the whole 

transect. In light of climate projections increase in VPD, which could potentially exacerbate high 

vulnerability situations, especially in the dominant canopy layer, management actions focused on 

limiting the impact of climate change on forests, and mitigating strategies, such as mixed forest or 

uneven-aged stands to maintain forest cover, should be of high priority. 
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7 Figures and Tables

Fig. 1 Location of the study sites. Different shapes describe species sampled at each site, and site 

elevation is indicated by the symbol colour. 
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Fig. 2 Conceptual application of the Scheidegger model (adapted from Scheidegger et al. 2000), 

showing the possible scenarios in δ
13

C and δ
18

O and respective changes in Anet and gs (1-8). T0 

indicates the average isotope values of the first time window, and T1 indicates the averages from 

the second time window.  

 Fig. 3 Pearson's correlation coefficients calculated between FDiff δ
13

C (upper panels a-d), FDiff 

δ
18

O (middle panels, e-h) and FDiff TRW on one side (lower panels, i-n) and FDiff climate 

parameters of summer (JJA) precipitation, SPEI, temperature and VPD on the other side. 

Correlations span the 1935-2012 common period, and are separated for suppressed and 
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dominant trees, and finally calculated for the whole dataset for each site. Significant correlations 

are indicated by asterisks (p<0.05=*). 

Fig. 4 Pearson's correlation coefficients calculated between FDiff δ13C (a), FDiff δ18O (b) and 

FDiff TRW on one side (c) and FDiff VPD of summer (JJA) on the other side, for the two time 

windows (1935-1973 and 1974-2012), and separated for dominant and suppressed trees. 

Significant correlations are indicated by the asterisk (p<0.05=*). 

Fig. 5 Between-sites correlation of FDiff TRW (a), δ
13

C (b) and δ
18

O (c) chronologies for the 

common period (1935-20112). Distances between sites are indicated in km. Model lines are fitted 
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as y=log(x). Dashed horizontal line indicates r= p<0.05. Each analysis was done separately for 

beech, spruce, and their combination (black line). 

Fig. 6 Relationships between δ
13

C and δ
18

O FDiff across all sites, for dominant and suppressed 

species and two time periods. Significant differences in the slopes are indicated by different 

letters. No letters indicate non-significant differences in the slopes across all four groups. 

Dominant trees are indicated by capital letters, while minuscule lettering indicates the group of 

suppressed trees, e.g., “a” and “A” are statistically the same. The order of the groups follows the 

ordering of the legend. Conditional r
2 
(r

2
c) and marginal r

2 
(r

2
m) are indicated for each model.
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Fig. 3 Shift in mean isotope values per site and canopy layers between the two distinguished time 

periods 1935-1973 (dashed line) and 1973-2012 (solid line), and the two species (spruce: triangle; 

beech: circle). Arrows indicate significant changes in the raw values of δ
13

C and/or δ
18

O at 

p<0.05. Direction of shift corresponds to changes in photosynthesis (Anet) and stomatal 

conductance (gs) according to the dual isotope model after Scheidegger et al. (2000), as depicted 

in the lower panel. Colouring indicates mean June-August VPD (hPa) from low VPD (blue), over 

intermediate (green/yellow), to high VPD (red). 
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Table 1 Geographic and climatic characteristics of the sites. Climatic variables represent the 

averages means for the common study period (i.e. 1935-2012), with T= mean annual 

temperature, P =mean annual precipitation sum, VPD = average mean vapour pressure deficit 

for the summer months of June, July and August (JJA). The sample number for each site is 

indicated by number of dominant and supressed trees. The references where each site 

information were firstly published are coded as follows: K16= (Keel et al. 2016), K17= (Keller et 

al. 2017), K18= (Klesse et al. 2018). 

Site  ID Species  
Coord. Coord. Elevation T P VPD_JJA Dominant 

/suppressed 

trees 

Previously 
published in N E m a.s.l.  [°C] [mm/yr] [kPa] 

Monte Cimino CIM Fagus sylvatica 42,41 12,2 1008 11 711 10.6 5 / 5 K17 / K18 

Cucuraena CUC Fagus sylvatica 47,4 25,08 1033 5,33 790 3.6 5 / 5 K17 / K18 

Davos DAV Picea abies 46,82 9,86 1660 3,47 1004 1.8 5 / 5 K16 / K17 / K18 

Giumalau Bouriaud PGB Picea abies 47,45 25,45 1200 3,98 848 3.6 5 / 7 K17 / K18 

Hlinna Dolina PHD Picea abies 49,19 19,9 1400 2,55 1292 3.9 5 / 0 K17  

Laegern FLA Fagus sylvatica 47,48 8,37 709 8,49 1129 5.1 7 / 6 K16 / K17 / K18 

Loetschental N19 Picea abies 46,39 7,77 1966 1,33 1716 2.7 4 / 7 K16 / K17 / K18 

Riedenburg RIF Fagus sylvatica 48,92 11,78 430 8 732 5.8 5 / 5 K18 

Riedenburg RIP Picea abies 48,92 11,78 430 8 732 5.8 5 / 0 K18 

Soroe SOR Fagus sylvatica 55,42 11,59 35 8,28 595 4.0 7 / 0 unpublished 




