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Abstract 

Understanding to what extent the species mixture modifies the growth of trees and their 

responses to climate, in comparison with monospecific stands, is important to support forest 

adaptation and mitigation strategies. Trees are able to record and store information useful to 

identify, assess and reconstruct the environmental factors influencing their growth and 

adaptation capacity. This paper aimed at (i) defining the tree growth trends, then analysing 

possible correlations with the climatic trends (Standardised Precipitation-Evapotranspiration 

Index; SPEI), and (ii) evaluating the intrinsic Water Use Efficiency (WUEi) of two important 

tree species, occurring in pure and mixed forest stands through the support of isotopic 

analysis. Three sites with similar pedo-climatic conditions were identified in the Italian Alps. 

The first two are characterized by monospecific stands, respectively dominated by European 

beech (Fagus sylvatica L.) and Scots pine (Pinus sylvestris L.). The third site refers to a 

mixed stand of both the previous species. In particular, in order to assess the annual changes 

in WUEi, we analysed δ13C in tree rings. The influence of the stomatal conductance was also 

investigated through δ18O. Our results indicated that: (i) Basal Area Increments (BAI) 

consistently increased in all stands (except for pure stand of Scots pine), in the 1994-2003 

period; (ii) SPEI highlighted a drought period between 1991 and 2007; and (iii) the WUEi 

values were generally higher in pure than in mixed stands. The divergence between BAI and 

SPEI values in the 90s and early 00s may be explained as consequence of moderate thinning. 



Indeed, our findings showed how past forest management (namely thinning) might be more 

influent on tree growth than current climatic oscillations (temperature and precipitation).  

 

Introduction 

European mountain forests play a very important role as providers of ecosystem services, 

functions and goods (Stenger et al., 2009). However, climate change and increased demands 

on forests and forest products pose threats on the quantity or quality of these services 

(Schröter et al., 2005). Climate change has large impacts on short-term forest functioning 

(Anderegg et al., 2016) and long-term ecosystem dynamics (Millar and Stephenson, 2015), 

yet our physiological understanding of the mechanisms leading to improvements in 

adaptation of tree species is still limited. In particular, global change exerts a growing 

pressure on the sensitive mountain regions and, therefore, the resilience of existing forests to 

climate change and natural disturbances is an important issue to identify locally appropriate 

climate-adaptive strategies.  

Mixed-species forests are considered more resistant to disturbances and extreme events than 

mono-specific stands (Pretzsch et al., 2013) and may provide higher levels of multiple 

ecosystem services (Gamfeldt et al., 2013; Loreau and Hector, 2001). These results could be 

attributed to the niche complementarity, which reduces the competition for resources in 

mixed stands (Morin et al., 2011), and in favourable interaction between the two populations 

of plants within a mixed stand (Yachi and Loreau, 2007). Differences between species in 

shade tolerance, crown phenology, canopy structure and root depths have been associated to 

increased productivity in mixed stands (Brassard et al., 2013; Forrester and Albrecht, 2014; 

Toïgo et al., 2015). However, mixed-species forests are not always more productive and 

stable than mono-specific stands (Epron et al., 2013; Grossiord et al., 2014; Merlin et al., 

2015), which suggests the need for carefully considering the reciprocity of species 

assemblages and the specificity of site conditions (del Río et al., 2016). Understanding 

dynamics (growth, resistance, productivity, etc.) of mixed forests is very important to define 

proactive management measures towards sustainable adaptation to and mitigation of climate 

change (Condés and del Río, 2015). In particular, a better understanding of the 

exceeding/decreasing productivity of mixed stands in comparison with pure stands is 

essential for both ecology and management of forest ecosystems. 

Although climatic signals are often confounded with management effects, warming 

temperatures are likely to induce changes in species distribution and community composition 

in mountain regions by altering physiological thresholds and disturbance regimes (Gonzalez 



et al., 2010). In this context, extreme climatic events are very useful pointers to highlight the 

reactions of forest ecosystems to disturbance patterns and to allow in-depth study of growth-

climate relationships (Pretzsch et al., 2013). Drought, in particular, is one of the most relevant 

indicators for response analyses of forest ecosystems in terms of tree growth (Pretzsch and 

Dieler, 2011), allometric modification (Pretzsch et al., 2012), water-use efficiency (Tognetti 

et al., 2014) and plant mortality (McDowell et al., 2008). Tree responses to drought depend 

on species, age, and size, as well as within-stand competition for resources and other issues 

associated with stand structure (Cavin et al., 2013; Lloret et al., 2011; Pretzsch and Dieler, 

2011; Zang et al., 2012). The sensitivity of plants to drought varies according to the severity 

and duration of stress, and the combination with other stress factors (Niinemets, 2010). 

Increasing drought exposure could alter the competitive hierarchy between tree species with 

distinct drought tolerance, resulting in shifts in tree species composition in mixed forest 

stands (Cavin et al., 2013).  

Stable carbon and oxygen isotopes from tree rings (δ13C, δ18O) provide a continuous, 

annually resolved record of environmental conditions and show stronger correlations between 

tree individuals and environmental variables than annual growth rings that are laid down 

during each growing season (McCarroll and Loader, 2004). Tree-ring δ13C is controlled by 

the balance between stomatal conductance (i.e., supply of CO2) and photosynthetic rate (i.e., 

demand for CO2), and is often used to calculate intrinsic water-use efficiency (WUEi) and 

differences in water use between trees (McCarroll and Loader, 2004). Restrictions in water 

availability generally reduce stomatal conductance and intercellular CO2 concentration (ci), 

leading to an increase in δ13C, though light limitation of photosynthesis increases ci. 

Conversely, tissue δ18O is not strongly influenced by photosynthetic rate, being controlled by 

the source water δ18O, and land-plant water exchange, so that combined measurements of 

δ13C and δ18O allow stomatal and photosynthetic effects on δ13C to be teased apart 

(Sheidegger  et al 2000; Barnard et al., 2012; Tognetti et al., 2014). 

Below-ground and above-ground mixing effect can change over time, productivity and 

stability advantages of mixed vs. pure stands becoming weaker, due to changes in resource 

acquisition and species interactions with stand development (Cavard et al., 2011, Battipaglia 

et al 2017). In this study, we considered two important tree species, Scots pine (Pinus 

sylvestris L.) and European beech (Fagus sylvatica L.), which are widely distributed 

throughout Europe (Pretzsch et al., 2015). Scots pine and European beech growing in mono-

specific and mixed-species stands allow for inferring the effects of admixture on functional 



traits and tree growth, comparing an early and light-demanding conifer and a late-

successional and shade-tolerant broad-leaves (del Río et al., 2016). This mixture was found to 

show significant mixing effects in terms of productivity and structural heterogeneity 

(Pretzsch et al., 2016, 2015).  

Our main objectives were: (i) to investigate whether there exist differences in WUEi of Scots 

pine and European beech growing in mixed-species and mono-specific stands, and their 

response to drought periods; (ii) to elucidate if mixing tree species of contrasting 

physiological traits increases stand productivity; (iii) to detect the seasonal climatic signals 

that control tree-ring δ13C and δ18O in the studied species. Aiming at better understanding the 

inter-specific dynamics of European beech and Scots pine under a global warming scenario, 

we hypothesized that: (i) differences in productivity between mixed-species and mono-

specific stands decrease over time, due to the temporal dynamics of resource partitioning and 

the species differences in functional traits; (ii) WUEi is higher in mixed-species than in 

mono-specific stands, because of complementarity effects; (iii) European beech is more 

sensitive to climate than Scots pine. 

 

 

Materials and Methods 

Study area 

The study area is located near the village of Ranzo (Trento, Northern Italy), at an altitude of 

about 1000 m a.s.l.. The site morphology is flat or gently sloping, with moderately deep soil, 

high organic matter content in the surface and bedrock mainly dominated by limestone. Three 

plots were identified, as hereinafter described. The first two plots are characterized by 

monospecific stands, dominated respectively by European beech (PF) and Scots pine (PP). 

The third plot refers to a mixed beech-pine stand (MFP). The plots have similar site 

conditions in terms of geographical location, topography, aspect, climate, soil substrate, and 

soil type. The pure stands are used as the reference for the mixed stands and for the 

quantification of mixing effects. The pure stands were selected when the corresponding 

species represented ̴ 90% of the stand basal area. The mixed stand was defined as the stand in 

which the two species of interest together represented at least ̴ 80% of the total stand basal 

area, and the sum of the basal area of other species was lower than that of each of the two 

species studied. 

 



Meteorological data and drought index 

The climatic data available for the study area cover only a short period and they are also 

spatially fragmented. For this reason, interpolated climatic data were here used, deriving 

them from a spatial downscaling of European climate data. In particular, a downscaled 

version of E-OBS in combination with WorldClim climate surfaces to obtain a 0.0083° 

(about 1 × 1 km grid) resolution climate data set (Moreno and Hasenauer, 2015) was used. 

Monthly minimum, mean and maximum temperatures, as well as total monthly precipitation 

from 1951 to 2012, were considered.  

In order to assess climatic anomalies through time and their effects on water availability for 

tree growth, a multi-scalar drought index (Standardized Precipitation Evapotranspiration 

Index; SPEI) based on climatic data was calculated 

(https://climatedataguide.ucar.edu/climate-data/standardized-precipitation-

evapotranspiration-index-spei). The SPEI uses the monthly difference between precipitation 

and potential evapotranspiration (PET) at different time scales (Di = Pi -PETi) and have been 

proved useful to detect and monitor drought episodes across timescales in a global warming 

scenario (Vicente-Serrano et al., 2010). It merges the sensitivity of Palmer Drought Severity 

Index (PDSI) (Palmer, 1965) to changes in evaporation demand with the advantages of the 

Standardized Precipitation Index (SPI; Mckee et al., 1993). The multi-scalar features of SPEI 

allow identifying different drought types, their duration and intensity, as well as the time lag 

of drought episodes (http://sac.csic.es/spei/home.html).  

 

Tree sampling and ring-width chronologies  

The three study sites were fully inventoried in order to derive the dendrometric state variables 

at the stand level. Furthermore, in each plot 20 dominant trees were sampled, and two 

increment cores at breast height were collected from each tree. In order to avoid the effect of 

wood alteration and exogenous disturbances on ring growth, only trees without abrasion scars 

or other visible evidence of injury were selected. The summary of structural data is reported 

in Table 1. 

Ring widths were measured with a resolution of 0.01 mm using the LINTAB measurement 

equipment (Frank Rinn, Heidelberg, Germany) fitted with a Leica MS5 stereoscope (Leica 

Microsystems, Germany); tree ring widths were visually cross-dated and statistically verified 

with the software TSAP software package and COFECHA (Holmes, 1983). Once all 

measurement series had been validated, tree-ring chronologies were developed for the three 

stands. The ARSTAN program was used to process the tree ring data into final chronologies 



(Cook et al., 1990) and the standard deviation (SD), the expressed population signal (EPS) 

and the mean RBAR were calculated for the three chronologies (Table 2). Ring width was 

converted into tree basal area increment (BAI) according to the following standard formula: 

BAI ~ π·(r2n-r2
(n-1)) (1) 

where r is the radius of the stem at breast height and n is the year of tree-ring formation. In 

order to examine the mean growth trend for the dominant trees, BAI for each year was 

averaged over all the individuals, to remove variation in radial growth attributable to 

increasing circumference. We worked with mean not-standardized BAI values to preserve the 

long-term cumulative effects of climatic events on tree growth. 

 

Stable isotope analysis 

The five best cross-dated trees per site and species (i.e., those showing the highest correlation 

with the residual ring-width chronology) were selected for carbon and oxygen isotope 

measurements. Then, tree cores from these selected trees were extracted only for the stable 

isotope analyses. 

Rings corresponding to the same year were pooled into a single sample before analysis. 

Every ten years, however, tree rings were individually handled and analysed (1951, 1961, 

etc.) to have an estimate of between-tree variability in the isotopic signal. The resulting 

samples were homogenized to a fine powder with a ball mixer mill (Retsch MM301, Haan, 

Germany). 

The stable isotope compositions (C and O) were measured at the IRMS Lab (SUN, Caserta, 

Italy) by continuous-flow isotope ratio mass spectrometry (Delta V plus Thermo electron 

corporation, Bremen Germany), using 0.06 mg of dry matter for 13C measurements, 0.3-0.6 

mg for 18O determinations.  

The δ13C series were corrected for the Suess Effect (decrease in δ13C of atmospheric CO2 

since the beginning of industrialization), resulting from the emission of fossil carbon dioxide, 

which is depleted in 13C (Francey et al., 1999; McCarroll and Loader, 2004). 

The isotopic compositions are expressed in delta notation (‰) relative to accepted reference 

standards: Vienna Pee Dee belemnite (VPDB) for carbon isotope values and Vienna Standard 

Mean Ocean Water (VSMOW) for oxygen isotope values. The standard deviation for the 

repeated analysis of an internal standard (commercial cellulose) was better than 0.2‰ for 

carbon and better than 0.4 ‰ for oxygen. 

 

Intrinsic water use efficiency (WUEi) 



We used the δ13C measured in tree rings to calculate the WUEi; since: 

δ13
C plant = δ13

Catm-a-(b-a)·(ci/ca) (2) 

where ci is the internal leaf CO2 concentration, ca is the atmospheric CO2 concentration, a is 

the fractionation factor due to CO2 diffusion through stomata (4.4‰) and b is the 

fractionation factor due to Rubisco enzyme during photosynthesis (27‰). 

Deriving ci from equation 2, the formula reported by Ehleringer and Cerling (1995) was used 

to calculate WUEi: 

WUEi = A/gs = (ca-ci)/1.6 (3) 

where 1.6 is the ratio of diffusivities of water and CO2 in the atmosphere. 

The carbon isotope discrimination ∆ represents the difference between the carbon isotopic 

ratio of atmospheric CO2 (δ13
Cair) and of plant organic matter (δ13

Cplant), calculated as: 

∆ = (δ13
Cair – δ13

Cplant)/(1+δ13
Cplant) (4) 

We used δ13
Cair estimated values for the period 1960–2003 from McCarroll and Loader 

(2004), and measured values for the period 2004-2012 available online 

(http://www.esrl.noaa.gov/gmd/), while δ13
Cplant were the values measured in the rings of our 

samples. 

Combining equation 2 and equation 4, we derived ci as: 

ci = ca·[(∆–a)/(b–a)] (5) 

Inserting ci from equation 5 into equation 3, we obtain: 

WUEi = (ca-ci)/1.6 = [ca–ca (∆-a/b-a)]·1/1.6 = ca·[(1-(∆-a/b-a))·1/1.6] (6) 

Again, a and b are known values and ca is the concentration of CO2 in the atmosphere, 

estimated for each year and obtained by NOAA (http://www.esrl.noaa.gov/, Mauna Loa 

station). 

 

Data treatment and statistical analysis 

In order to extract the climatic data within each sampling plot, a multi-step method was 

developed starting from the European climate data grid proposed by Moreno and Hasenauer 

(2015). 

At first, a R-script was settled to automatically identify, for each inventory plot (X, Y 

coordinates), the corresponding 1 km2 cell from the climatic data grid. The climatic 

information at local scale were extracted from the grid and then organized using a specifically 

built C# program. Finally, a R-script was developed using the R-Package ‘SPEI’ for 

calculating the SPEI from the climatic data sets within each plot. 



The BAI and stable isotope values were, therefore, correlated with the monthly precipitation 

and temperature. In order to simplify and explore the large amount of data, a PCA approach 

was applied. Multiple correlation analyses were then used and the relations between the 

considered variables were highlighted using the Pearson’s correlation coefficients.  

The SPEI was used as composite index of climate data (temperature and precipitation) in 

order to further clarify the relations between growth-climate variables. The SPEI was 

calculated for the period ranging from October of the previous year to September of the 

current year (SPEI12sep). This methodological approach avoids correlating the tree growth-

trend to climate parameters in the months following the cessation of the seasonal growth. The 

correlations were realized within the same species (beech and pine), occurring both in the 

pure and mixed stands.  

A generalized linear mixed model (GLMM) was used taking into consideration the 

differences in terms of stand and species, incorporating BAI and SPEI, as fixed effects 

(constant across individuals). Sites were regarded as random effects (varying across 

individuals). The GLMM makes it possible, incorporating the random effects in the model 

and allowing the non-independence of the observations (Zuur et al., 2013). Moreover, the 

intercept and slope of the model were analysed considering the site’s random effects. Again, 

we used the GLMM to assess the impact of forest management on the tree growth trends, 

taking into account the fixed climate effect and the random site effect. The information on 

past management options (1992-2009) applied on the three stands was provided by the Corpo 

Forestale della Provincia Autonoma di Trento. Values of the model output were considered 

significant at a probability level of 5% and R-squared values were used to assess the impact 

of random effects (Nakagawa et al., 2013). Afterwards, correlation and time series analyses 

were carried out using XLSTAT 2013 (Microsoft Corp., Seattle, WA, USA), while the 

GLMM was carried out using the R software. 

 

Results 

BAI, WUE i, δδδδ13C and δδδδ18O 

Tree chronologies refer to the period 1886-2014; however, since the climatic data were 

available for a shorter time period, only the time-span 1951-2012 was used for further 

analyses.  

Tree ages varied significantly among the investigated stands: as average (years ± standard 

deviation), 124±5 in PP and 55±8 in PF; in MFP, tree ages were of 86±31 and 63±9 for Scots 



pine and European beech, respectively (Table 1).  

Trees, in general, showed higher BAI values (cm2 ± standard error) in FP and PP than in 

MFP. However, BAI of European beech in MFP was lower than that of the same species 

when growing in PF. Until mid-80s, Scots pine revealed higher BAI when growing in PP 

then in MFP; later, an opposite trend was observed. Furthermore, a consistent increase of 

BAI in all stands (except for PP) in the period 1994-2003 was observed (Fig. 1a,b). 

Tree-ring δ13C-derived WUEi values (µmol mol-1 ± standard error) in PF (89±8 µmol mol-1) 

and PP (84±7 µmol mol-1) (Fig. 2a,b, respectively), were higher than those obtained for the 

corresponding species in MFP (European beech = 67±10 µmol mol-1; Scots pine = 71±11 

µmol mol-1). Moreover, WUEi showed a slight uptrend over the investigated time-span for all 

the studied species-stand combination.  

European beech showed mean δ13C values (‰ ± standard deviation) higher in PP (-25.02±1) 

than in MFP (-27.06±1), p<0.001 (Fig. 3a). Again, mean δ13C values for Scots pine were 

higher in PP (-25.33±1) than in MFP (-26.60±1), p<0.001 (Fig. 3b). 

European beech showed mean δ18O values (‰ ± standard deviation) similar in PF and MFP 

(Fig. 4a). On the contrary, mean δ18O values for Scots pine were higher in PP (26.70±2 ‰) 

than in MFP (25.20±1 ‰), p<0.001 (Fig. 4b). 

 

Drought index, growth-climate correlations, and GLMM 

Exploratory climate data analysis for the three stands revealed a period of low precipitation 

between 1991 and 2007 (467 mm per year, on average), while the overall time-span of 1951-

2012 was characterized by mean precipitation of 750 mm per year. Details are reported in 

Figure 5. Temperatures showed a significant increase from 80’s onwards, both for maximum 

and minimum values. 

The values of SPEI highlighted a drought period between 1991 and 2007, according to the 

lower amount of precipitation recorded in the same period (Fig. 1a,b and Fig. 5).  

Furthermore, multiple correlation analyses were applied to highlight the relationships 

between WUEi, BAI, SPEI and δ18O. In MFP, a significant and positive correlation between 

WUEi and δ18O was found, with p-value <0.001 for European beech (r=0.363) and <0.005 for 

Scots pine (r=0.351). In FP and PP, no significant correlations between WUEi and  δ18O were 

found. A significant and negative correlation between WUEi and BAI was found in PP 

(r=0.365; p<0.005), while correlations were not significant in FP. A significant and positive 



correlation between WUEi and BAI was found in MFP, but only for European beech 

(r=0.449; p<0.001).  

We didn’t find any significant correlation between SPAI and BAI in all the plots. However, 

we reported for European beech a negative relation between SPEI and BAI, both in PP and 

MFP, while Scots pine showed a negative relation between SPEI and BAI, in MFP only. On 

the contrary, Scots pine showed a positive relation between SPEI and BAI (r=0.348), in PP 

only.  

Finally, the GLMM model was used to consider the management as variable, taking into 

account its effect on tree growth, together with the natural variability of the site and climatic 

conditions (SPEI12sep). Results highlighted a significant role of forest management (i.e. 

thinning) in influencing the tree growth across the investigated years. In detail, forest 

management was significantly related with tree growth (p<0.05), while the effect SPEI was 

not significant. The marginal R squared (R2m) values took into account the fixed effects, 

while the conditional ones (R2c) considered the fixed effects plus the random effects. In our 

case, the random effects increased the R squared (from 0.12 to 0.39), as reported in Table 3. 

 

Discussion 

The results obtained on the growth dynamics showed that European beech did not get benefit 

from growing mixed with Scots pine in MFP, European beech showing consistently higher 

growth across the examined period in FP than in MFP. Conversely, Pretzsch et al. (2015) 

highlighted a general overyielding in mixed stands of European beech and Scots pine. 

However, these authors showed also a large variability in relative productivity from case to 

case. The mixture of species appeared favourable in terms of tree productivity and radial 

growth also in other studies (Morin et al., 2011; Hans Pretzsch et al., 2013; Vallet and Pérot, 

2011). The reasons for the lack of complementarity effects of ecological traits in the case of 

European beech are complex (Condés et al., 2013; Kelty, 1992). The late-successional 

European beech, in our study site, dominated by the close proximity of the Garda Lake and 

the influence of the Mediterranean Sea, might suffer from the competition with the pioneer 

Scots pine, when growing in mixed forests, in comparison with central European regions, 

rarely experiencing prolonged and severe drought (Metz et al., 2016). Nevertheless, MFP 

with a larger proportion of European beech stand basal area might negatively affect the 

growth of Scots pine, closing the canopy and excluding the species that is less shade-tolerant. 

In order to investigate this hypothesis, we explored the climatic conditions across the 

examined years, portrayed by SPEI that integrate precipitation and evapotranspiration signals. 



Target trees, whose competitive ground consisted of neighbouring stands, were characterized 

by similar climate conditions. Forrester (2014) demonstrated that increasing resilience and 

resistance to climatic stress were inferred by the interactions between European beech and 

Scots pine. However, optimal growth induced by mixtures is also a matter of stand structure 

other than of species proportion only (Manso et a., 2015). Indeed, visible differences in 

European beech growth between PF and MFP in the present study might be related to 

management legacy and sampling bias (we sampled dominant trees). It is worth noting that 

dominant Scots pine, starting from mid-80s, limited their growth to a larger extent in PP than 

in MFP. Complementarity processes might have a role in this behavior, Scots pine probably 

benefiting from improved water availability and the contiguity with the drought sensitive 

European beech. The stress-gradient hypothesis theorizes that complementarity in 

belowground resources uptake should become manifest in water limited sites (Bertness and 

Callaway, 1994), namely under conditions of scarce water supply (Pretzsch et al., 2013). 

Nevertheless, starting from the 90s, the growth of Scots pine declined in PP in comparison 

with MFP. The pattern of SPEI (1991-2007 time-span) revealed relatively adverse climatic 

conditions. According to the drought classification system of Mckee et al. (1993), SPEI (i.e., 

SPEI12sep) highlighted only two years as severely dry (i.e., 2000 and 2003); while most of 

the remaining years of the period 1991-2007 were identified as moderately dry or mild dry. 

These levels of water stress alone hardly decreased the growth performance of Scots pine, 

which rather experienced the negative decrease of radiation intensity once the canopy closed, 

as opposed to the very shade-tolerant European beech.  

Although the sensitivity of European beech, in terms of growth trends, under climatic 

oscillations and water deficits is well known (Nielsen and Jørgensen, 2003; Rose et al., 2009; 

Metz et al., 2013; Cavin and Jump, 2016), also in this species we did not observe a collapse 

of tree growth in severe dry years. Several studies highlighted high resistance of European 

beech to drought episodes, both in pure and mixed stands (e.g., Tegel et al., 2014). Moreover, 

the extreme drought of 2003 in Central Europe did not result in a substantial radial growth 

reduction for European beech (Leuzinger et al., 2005).  

The only positive relation between BAI and SPEI (despite not significant) was observed for 

the Scots pine in PP. Indeed, the analysis of BAI highlighted growth trends above average 

during the period 1994-2003, though this was not the case for Scots pine in PP. These results 

induced to consider the human-induced disturbances (e.g., forest management) as focal 

determinant of differences in growth patterns between tree species and amid forest types. The 

GLMM used to assess the impact of forest management on tree growth, considering the years 



interested by customary thinning (thinning from below of moderate intensity), showed a 

significant and positive correlation between management interventions and growth trends, for 

the time-span 1991-2007. Indeed, the shift in the relationship between BAI and SPEI, in the 

90s and early 00s, could be explained with more resources becoming available to the 

remaining trees. The legacy of forest management was more influent in determining shift in 

tree growth than climatic variation, across the considered time period and in the local 

environmental condition.  

Differences between pure and mixed stands were more clearly defined by WUEi. An increase 

in WUEi, due to variation in δ13C might potentially lead to higher tree growth and 

productivity (e.g., Duquesnay et al., 1998; Peñuelas et al., 2008; Battipaglia et al., 2013; 

Tognetti et al., 2014; Giammarchi et al., 2016). Higher δ13C-derived WUEi values were 

observed for European beech in FP than in MFP, while a positive correlation between WUEi 

and BAI was found in MFP only, which questions the effect of increased photosynthetic 

capacity on stem radial increment (Silva et al., 2009). However, changes in δ13C might be 

also induced by additional factors, such as drought, high temperature and nutrient limitation 

(Peñuelas et al., 2011; Silva et al., 2010; Switsur and Waterhouse, 1998). Accordingly, Scots 

pine showed a decrease of BAI in PP, since the 90s, while the corresponding WUEi values 

increased. As the correlations between BAI and SPEI were not significant, the reason of this 

contrasting trend could be attributed to factors other than strictly climatic, such as nutrient 

limitation (Cavard et al., 2011). Furthermore, forest management did not affect Scots pine in 

PP, as opposed to the same species in MFP. The increase in WUEi, without univocal effect on 

tree growth, poses issues on whether WUEi reflected actual physiological responses to 

changing climate conditions; indeed, nitrogen deposition and other drivers potentially 

affecting gas exchange might also have an impact on WUEi. 

In general, WUEi (as well as δ13C) remained higher in FP and PP than in MFP throughout the 

investigated period. Conversely, other studies showed opposite WUEi patterns, with greater 

values in mixed than in monospecific stands (Forrester, 2015; Pretzsch et al., 2012). This 

divergence could depend on the site-specific conditions (Forrester, 2014). In particular, 

climate at our site was moderately moist, without prolonged episodes of extreme drought. 

The lack of coupling amongst climatic, physiologic and growth indices is consistent with 

oscillating climate patterns (Tognetti et al., 2014). Therefore, the investigated species, 

generally, did not need to enable all the complementary resource use mechanisms (Kelty, 

2006; Richards and Schmidt, 2010), resulting in increased water use efficiency, as shown in 



other climatic contexts (González de Andrés et al., 2016). 

Fluctuations of δ13C in tree rings are associated with both variations in stomatal conductance 

and photosynthetic capacity, making it difficult to discern whether differences between stands 

in WUEi were due more to changes in the photosynthetic capacity or stomatal conductance. 

Indeed, δ13C in tree rings reflect ci/ca, which depends on photosynthetic capacity and the 

response of stomatal conductance to water availability (Farquhar et al., 1989). Variation in ci 

(and stomatal conductance), this reduction inducing enrichment in 13C, would impact δ13C 

variability across tree rings, although certain variance in δ13C might eclipse long-term trends 

of ci regulation (Cullen et al., 2008). However, in contrast to δ13C, δ18O is insensitive to 

photosynthetic capacity, reflecting the isotopic signature of source water taken up during its 

formation and the effects of evaporation and diffusion during transpiration (Gessler et al., 

2014; Roden and Farquhar, 2012; Scheidegger et al., 2000). No significant changes in δ18O 

were observed for European beech (FP vs. MFP), while δ18O of Scots pine was higher in PP 

than in MFP.  

Overall, the relationship between δ13C and δ18O was weak (not shown), across tree species 

and forest types, suggesting that variation in photosynthetic capacity exerted a major 

influence on ci and δ13C (Tognetti et al., 2014). Therefore, according to the conceptual model 

developed by Scheidegger et al. (2000), the variation of WUEi was mainly attributable to an 

increase in the photosynthetic rate, and stomata operated over a limited range (e.g., Chang et 

al. 2016). Conversely, a positive relationship between δ13C and δ18O would occur if stomatal 

conductance is more limiting to photosynthesis than photosynthetic capacity, all else being 

equal. Given that photosynthetic capacity controlled tree-ring δ13C signatures, photosynthetic 

capacity could be a dominant driver of carbon source-sink dynamics in these forest 

ecosystems. 

Water use of Scots pine appeared to be more conservative in PP than in MFP. However, 

Scots pine in PP was affected by the drought period, recorded as SPEI. This confirmed that 

the mixing of the two species had positive effects on Scots pine water relations. However, 

attention must be paid when interpreting WUEi and δ18O results, since the role of forest 

management was also an important driver of tree growth and physiological behaviour. In 

addition, uncertainties in the interpretation of the dual-isotope conceptual model might derive 

from partial decoupling between the leaf signals (recording instantaneous gas exchange and 

the response to climate) and the wood or cellulose signals (storing historic ecophysiological 

records) (Gessler et al., 2014). 



 

Conclusion 

Many studies showed that mixed forests are more productive and resistant to disturbances 

than corresponding mono-specific stands. Other studies explained that this is not always true. 

In general, our results showed that pure stands had higher growth performance than the 

mixed one, at least in the current site conditions, without decreasing over time. Contradicting 

our initial hypothesis, WUEi was found to be higher in pure stands of both species. 

Complementarity effect provided a positive contribution only to Scots pine and only in the 

drought period, as identified by SPEI. European beech was not affected by this level of 

drought, and showed higher BAI in the pure stand. Furthermore, we found that during the 

drought period, BAI showed higher values (except for Scots pine in the pure stand). This 

could be associated to moderate thinning, affecting tree growth more than environmental 

variables.  

The complexity of the relationships between the two species, but also the contrasting results 

here obtained when compared with other studies, suggest caution in addressing questions on 

the adaptive capacity of mixed forest stands to climate change. The availability of detailed 

information on site-specific environmental conditions, but also on legacies associated with 

silvicultural treatments, is fundamental to assess the interactions between the investigated 

species and possible impacts of climate change. 
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Tables 

Table 1. Stand characteristics of the triplet of pure and mixed-species stands. Tree number, N 
(trees ha-1); stand basal area, BA (m2 ha-1); standing volume, V (m3 ha-1); mean tree diameter, 
DBH (cm); mean tree height, H (m); mean tree age, Ma (years +/- std. dev.); tree age range, 
AR (years). 
 

  Pure stand (PP) Pure stand (PF) Mixed stand (MFP) 

  Scots pine European beech Scots pine  European beech 

N (trees ha-1) 410.0 370.0 139.0 322.0 

BA (m² ha-1)  52.0 23.0 12.0 10.0 

V (m3 ha-1)  456.0 240.0 84.0 66.0 

DBH (cm) 40.2 28.2 33.0 20.0 

H (m) 18.1 19.2 13.8 13.6 

Ma (years+/-std.dev.) 124±5 55±8 86±31 63±9 

AR (years) 106-135 44-74 47-128 41-77 

 
 

 
 
 
 

Table 2. Descriptive statistics for the raw tree-ring chronologies. Standard deviation (SD); 
the expressed population signal, EPS; the average correlation between all series, RBAR. 
 
 

  Pure stand (PP) Pure stand (PF) Mixed stand (MFP) 

  Scots pine European beech Scots pine European beech 

Time span 1886-2014 1942-2014 1887-2014 1938-2014 

SD 1.04 0.81 0.7 0.66 

EPS 0.91 0.94 0.85 0.92 

RBAR 0.35 0.53 0.33 0.41 

  
 
 

 



Table 3. Summary of the GLMM (Generalized linear mixed model), after programming with. 
SPEI12sep relates to the time scale (12 months from October of the previous year to 
September of the current year); Management is related to the Boolean variable of 
management; R2m: marginal R squared; R2c: conditional R squared. 
 

  Intercept SPEI12sep Management 

Estimate 6.9691 -1.1638 1.9603 
Stardard Error 0.6348 0.8662 0.7783 

t value 10.978 -1.344 2.519 
Pr(>|t|) 0.00125** 0.26863 0.01245* 

R2 GLMM 
 R2m R2c 
 0.1218021 0.319571 
  

 



Figures 

Figure 1a. SPEI (SPEI12sep - grey line) and BAI in cm2 with standard error for European 
beech in PF (dotted black line) and MFP (dashed grey line). The dark grey line indicates the 
SPEI threshold of −1.5 (indicative of severe drought). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 1b. SPEI (SPEI12sep - grey line) and BAI in cm2 with standard error for Scots pine in 
PF (dotted black line) and MFP (dashed grey line). The dark grey line indicates the SPEI 
threshold of −1.5 (indicative of severe drought). 

 

 

 

  



Figure 2a. Mean WUEi values in µmol mol-1 with standard deviation for European beech in 
PF (black line) and MFP (grey line).  
 

 

 

 

 

Figure 2b. Mean WUEi values in µmol mol-1 with standard deviation for Scots pine in PF 
(black line) and MFP (grey line). 
 

 

  



Figure 3a. Mean δ13C values in ‰ with standard deviation for European beech in PF (black 
line) and MFP (grey line).  
 

 

 

 

 

Figure 3b. Mean δ13C values in ‰ with standard deviation for Scots pine in PF (black line) 
and MFP (grey line). 
 

      

  



Figure 4a. Mean δ18O values in ‰ with standard deviation for European beech in PF (black 
line) and MFP (grey line). 
 

 

 

 

 

Figure 4b. Mean δ18O values in ‰ with standard deviation for Scots pine in PF (black line) 
and MFP (grey line). 
 

 

 

 

 

 

 



Figure 5. Mean annual precipitation in mm for the period 1951-2012. Original data set 
available at ftp://palantir.boku.ac.at/Public/ClimateData (Moreno and Hasenauer, 2015). 
 

 

 

 


