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Abstract: The warming-driven increase of the vegetation season length impacts both net productivity and 

phenology of plants, changing an annual carbon cycle of terrestrial ecosystems. To evaluate this influence, tree 

growth along the temperature gradients can be investigated on various organization levels, beginning from 

detailed climatic records in xylem cells’ number and morphometric parameters. In this study, the Borus Ridge of 

the Western Sayan Mountains (South Siberia) was considered as a forest area under rapid climate change caused 

by massive Sayano-Shushenskoe reservoir. Several parameters of Siberian spruce (Picea obovata Ledeb.) xylem 

anatomical structure were derived from normalized tracheidograms of cell radial diameter and cell wall thickness 

and analyzed during 50 years across elevational gradient (at 520, 960, and 1320 m a.s.l.). On the regional scale, 

the main warming by 0.42°C per decade occurs during cold period (November–March). Construction of the 

reservoir accelerated local warming substantially since 1980, when abrupt shift of the cold season temperature by 

2.6°C occurred. It led to the vegetation season beginning 3-6 days earlier and ending 4-10 day later with more 

stable summer heat supply. Two spatial patterns were found in climatic response of maximal cell wall thickness: 

(1) temperature has maximal impact during 21-day period, and its seasonality shifts with elevation in tune with 

temperature gradient; (2) response to the date of temperature passing +9.5°C threshold is observed at two higher 

sites. Climate change yielded significantly bigger earlywood spruce tracheids at all sites, but its impact on cell wall 

deposition process had elevational gradient: maximal wall thickness increased by 7.9% at the treeline, by 18.2% 

mid-range, and decreased by 4.9% at the lower boundary of spruce growth; normalized total cell wall area 

increased by 6.2-6.8% at two higher sites but remained stable at the lowest one. We believe that these patterns 

are caused by two mechanisms of spruce secondary growth cessation: “emergency” induced by temperature drop 

versus “regular” one in warmer conditions. Therefore, autumn lengthening of growth season stimulated wood 

matter accumulation in tracheid walls mainly in cold environment, increasing role of boreal and mountain forests 

in carbon cycle. 
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Introduction 

The warming-driven increase of vegetation season length impacts both net productivity and phenology 

of plants, and these shifts in turn influence an annual carbon cycle of terrestrial ecosystems (Churkina et al. 

2005; Davi et al. 2006; Peñuelas and Filella 2009; Körner and Basier 2010; Castagneri et al. 2018). For 



example, depending on species and region, phenological events are reported to occur 2-5 days per decade 

earlier in spring and 1-3 days per decade later in autumn, probably due to photoperiod-driven restraints 

(Keeling et al. 1996; Menzel 2000; Root et al. 2003; Stinziano and Way 2014; Ma et al. 2018; Wang et al. 

2018). Longer growth season leads to an increase in annual vegetation productivity or compensates for the 

mid-summer reduction in carbon sequestration caused by rising temperatures and drought stress (Badeck 

et al. 2004; Davi et al. 2006; Keenan et al. 2014; Stinziano and Way 2014); however, divergent rates of 

warming and phenological shifts in autumn may lead to carbon losses (Piao et al. 2008). 

To evaluate impact of a temperature increase on the forest ecosystems as one of the main carbon sinks, 

different approaches can be used. Research of trees reaction in controlled conditions (e.g. in isolated 

chambers) allows to model any possible change of the environment, but such experiments as a rule are 

performed on young trees up to saplings, have time limitation of one or several years, and their results are 

often reliable only within the observation range (Peltola et al 2002; Kilpeläinen et al 2003; Wolkovich et al. 

2012; Taeger et al. 2015). On the other hand, comparative analysis of growth patterns and climatic response 

of trees observed along the temperature gradient (latitudinal or altitudinal) in the field under natural 

conditions provides an assessment of an actual climatic variation and current trends (Price et al. 2013; Case 

and Duncan 2014; Wieser et al. 2014; Schickhoff et al. 2015; Malanson 2017; Babushkina et al. 2018a); 

however, complexity of several changing environmental factors and their interaction hampers estimation of 

impact provided by any single factor, for example air temperature (Hänninen and Tanino 2011). In this case, 

the main indicators of woody plants’ productivity are radial growth, wood density, and other tree-ring 

parameters registering its dynamics during all tree lifespan (Fritts 1976; Vaganov et al. 1985, 2006; 

Schweingruber 1988). The results of experiments and observations are inconsistent; there is evidence of 

both positive changes and nonsignificant response of growth and wood density as carbon storage indicators 

(Kilpeläinen et al, 2003; Skomarkova et al. 2006; Chave et al. 2009). 

Reaction of plants on the temperature increase includes responses on several levels of organization: 

from cell through tissue and organism to population and ecosystem (Fritts 1976; Fritts and Swetnam 1989; 

Schweingruber 2006; Vaganov et al. 2006; Fonti et al. 2010). Evidently, each next level integrates results of 

the previous one (Leuzinger et al. 2011). For example, xylem cells of the tree stem record climatic conditions 

during growth season in their production (number) and morphometric parameters, and on the tissue level 

these parameters are integrated in form of annual ring width and its density (Plomion et al. 2001; Vaganov 

et al. 2006). It means that regulation of xylogenesis’ seasonal kinetics by shifts of the seasonal climatic cycle 

is also reflected throughout tree lifespan in the xylem anatomical parameters (Gričar et al. 2015; Carrer et al. 

2017; Deslauriers et al. 2017). It should be noted that with wood density, cell wall thickness or area are 

better indicators of woody biomass production than cell production or tree-ring width (Cuny et al. 2015). 

At the end of the 1970s, a great dam was built and the massive Sayano-Shushenskoe reservoir was 

created in the Western Sayan Mountains (South Siberia). It modified thermal regime of the area adjacent to 

the reservoir, especially near the dam itself. Most evident changes have concerned the vegetation season 

length extending by 8-10 days and winter temperatures increasing by ca. 4°C (comparing 40 years before 

and after 1980), the latter being more than twice of regional warming trend (Babushkina et al. 2018a). The 

Borus Ridge is located in the immediate vicinity of the dam, and most of its elevation is covered by mixed 

conifer forests ranging from the forest-steppes at the foothills (ca. 300 m a.s.l.) to the treeline ecotone at ca. 

1400 m a.s.l. This wide range of forest habitats can be applied to individual tree species too; particularly, 

Siberian spruce (Picea obovata Ledeb.) can be found from 500 m a.s.l. to the treeline. Therefore, this area 

can be considered as some long-term anthropogenic experiment of the forest exposed to rapid warming. 

Dendrochronological research showed stable radial growth and successful acclimation of the considered 

spruce stands (Babushkina et al. 2018a); however, carbon sequestration by trees may be also modulated by 

change of wood density. We expect that wood anatomy may reveal finer details of woody biomass 

production dynamics under such conditions. As latewood is the most dense zone of tree ring, we 

hypothesize that local climate change may be reflected mainly in the latewood cell wall thickness increase 

due to autumn warming. 

In this study we focused on those shifts of tree-ring anatomical structure, which: (a) have clear 

response to the warming influence of the reservoir; (b) record differences of climatic variables before and 

after the dam construction in more details; (c) are based on fundamental parameters (radial diameter and 

wall thickness of cells) of the xylem anatomical structure, adequately reflecting processes of its development; 



(d) allow to assess the warming-induced increase of the wood substance accumulation. 

1    Materials and Methods 

1.1 Study area and data sources 

The research was carried out on the Borus Ridge of the Western Sayan Mountains, which is located east 

of the dam of the Sayano-Shushenskoe reservoir and at the south boundary of the Minusinsk Depression. 

Wide altitudinal range from 300 to 2300 m a.s.l. ensures high variety of vegetation cover, but most of the 

ridge area is covered by conifer forests represented by Pinus sylvestris, P. sibirica, Larix sibirica, Picea 

obovata, and Abies sibirica. Soils are loamy, thin and stony, with numerous rock outcrops. Climate of the 

study area is sharply continental and has high daily and seasonal temperature variation. Precipitation has 

maximum in July and minimum in February–March. The temperature decreases with elevation; on the 

contrary, precipitation amount has positive elevational trend, especially in winter (in northern part of 

Western Sayan, annual precipitation increases by 100-200 mm per 100 m, Polikarpov and Nazimova 1963; 

also see Babushkina et al. 2018a for comparison of precipitation and temperature at Cheryomushki with 

Olenya Rechka station at 1400 m a.s.l.). 

Construction of the Sayano-Shushenskoe reservoir (area 620 km2; depth up to 220 m) immensely 

influenced local climate of the last decades. The dam construction started in 1968, and the bed of the 

Yenisei River was blocked in October 1975. The first three turbines of the power plant were launched in the 

end of 1979, and the rest seven turbines were launched during 1980–1985. The reservoir was filled to the 

planned mark first time in 1990 (Popov and Shatravskii 1994). 

In this study we used daily and monthly series of average air temperature observed at the 

Cheryomushki weather station (Cher, 1951-2014, 52.87°N 91.42°E, 330 m a.s.l.) located at the Yenisei 

riverbank 5 km downstream from the dam. To assess quantatively impact of the reservoir, its dam, and the 

power plant on the local climate, series from the Cheryomushki station were compared with regional series 

(Reg) calculated by averaging monthly series from two weather stations: Minusinsk (53.70°N 91.70°E, 250 

m a.s.l.) and Tashtyp (52.72°N 89.88°E, 450 m a.s.l.). These stations were chosen for two reasons: (1) 

longer series length than Cheryomushki and (2) location in the Minusinsk Depression in ca. 90-100 km 

from the reservoir on relatively similar elevations. The comparison was performed for temperatures 

averaged during warm season (April–October, when monthly T>0°C near the dam), and cold season 

(November–March, T<0°C). For detailed analysis of temperature intra-annual dynamics, daily data from 

Cheryomushki were smoothed by moving average with 21-day window width and 1-day step. 

Cores of Picea obovata trees were collected within 10 km from the dam from three sampling sites 

located at different elevations (Babushkina et al. 2018a, 2019) in vicinity of the Talovka stream (small 

tributary of the Yenisei River): LOW (52.83°N 91.45°E, ca. 520 m a.s.l.); MID (52.80°N 91.48°E, ca. 960 m 

a.s.l.); HIGH (52.81°N 91.51°E, ca. 1320 m a.s.l.). The sampling sites were selected on the territory of the 

National Park “Shushensky Bor”, which minimizes direct human impact on the forests. At the site selected 

on the lower distribution limit of spruce (LOW), the tree stand consists mainly of fir, birch and spruce (ca. 

30%) with some trees of Scots and Siberian pine; most of spruce trees grow alongside the stream and higher 

on the northern slope. The MID site is covered by Siberian pine stand with Scots pine and spruce trees (ca. 

10%) growing on the slopes of small valley on the northern macroslope. On the upper treeline (HIGH), most 

of tree stand is also represented by Siberian pine; spruces (ca. 10%) grow near the stream and on the stony 

eastern slope. 

1.2 Sampling and processing of dendrochronological data 

For sampling, dominant and subdominant mature healthy living trees were selected. Cores were 

sampled with an increment borer at the breast height (ca. 1.3 m). Cores transportation and storage were 

performed with classical dendrochronological techniques (Cook and Kairiukstis 1990). We selected 5 cores 

from each site for anatomical measurements. Selection was performed subjectively, preferring cores 

without mechanical damage and trees above 100 years old (LOW: cambial age at the breast height in 2014 is 

89-106 yr, DBH = 16-35 cm; MID: cambial age 120-131 yr, DBH = 14-22 cm; HIGH: cambial age 95-138 yr, 



DBH = 10-25 cm). It allowed us to exclude from consideration juvenile wood, minimizing size- and age-

related trends and differences between trees/sites in the anatomical parameters of tree rings during 

analyzed period (Vysotskaya and Vaganov 1989; Lei et al. 1996; Eilmann et al. 2009). Thin cross-sections 

(15-20 µm) were cut with a sliding microtome and stained with safranin (1% solution in ethanol). Then, we 

dehydrated the cross-sections using ethanol solutions with increasing concentrations, washed with xylol, 

and permanently preserved in Canada balsam. Microphotographs of prepared sections were captured with a 

digital camera mounted on an optical microscope with 200× magnification. 

Anatomical measurements were performed in Lineyka program (Silkin 2010) for 1965–2014 (the last 

50 years of tree growth). The following parameters were measured: cell number (N), lumen radial diameter 

(LD) and double cell wall thickness (DWT) of each cell to within 0.01 µm (Vaganov et al. 1985; Larson 1994), 

five radial files of tracheids were measured in each ring (Seo et al. 2014; Belokopytova et al. 2019). Then 

corresponding intra-annual series (tracheidograms) of cell radial diameter (D = LD + DWT) and single cell 

wall thickness (CWT = DWT/2) were calculated. To provide comparability of radial files and rings with 

different cell number, all tracheidograms were normalized (stretched or compressed) to the same number 

N = 15 (Online Resource 1; Panyushkina et al. 2003; Ziaco and Biondi 2016; Belokopytova et al. 2019). Then 

measurements of all five radial files were averaged for each tree ring. Maximal cell wall thickness (CWTmax) 

was determined from CWT normalized tracheidogram of each ring. Cell wall area was calculated using both 

D and CWT normalized tracheidograms under assumption of rectangular cell shape:            

       , where value T = 27 µm was applied for cell tangential diameter, because measurements for 

randomly selected rings at all three sites showed its normal distribution around this value (Online Resource 

1). After that, total cell wall area was summarized from all 15 normalized cells:            
   . Wood 

density was calculated for each normalized cell (assumed to be rectangular) as               , where 

        g/cm3 is wood matter density (Stamm 1929), and then weighted average density was calculated 

for the ring taking into account different areas of cells: 

                
           

             
       

    . Site chronologies of CWTmax,     , and       

were obtained by averaging respective series of all five trees at each site. Robustness statistics of these 

chronologies are typical for anatomical parameters (Online Resource 1). EPS is below 0.85, but it is 

expected for anatomical parameters’ chronologies even with larger sample size (e.g., 12 trees and large 

number of measured radial files in Carrer et al. 2017). 

1.3 Statistical analysis 

In this study arithmetic mean (mean) and standard deviation (stdev) were used. Closeness of 

relationships between time series was evaluated with Pearson's correlation coefficients. Also time series of 

differences between two variables were calculated and used in comparative analysis of local / regional 

temperature, tree-ring parameters’ dynamics at different elevations. When differences in means for two 

time series or two parts of one time series were analyzed, a significance level was evaluated with two-tailed 

t-test, as well as for correlations. Long-term trends were modeled with simple linear regression. 

Climate change and its influence on cell wall deposition were investigated using two approaches: (1) 

long-term trends in chronologies of anatomical traits related to this process and in climatic parameters 

important for them; (2) comparison of sub-periods before and after the dam construction by calculating 

mean ± stdev and significance of difference in means for the same anatomical and climatic series. 

2    Results 

2.1 Regional and local climatic dynamics 

Long-term warming was observed in the whole region, especially during cold period, but it occured 

substantially faster in the vicinity of the reservoir (Figure 1). Comparison of local and regional temperature 

dynamics showed that very abrupt shift of local climate happened in the cold season temperatures between 

1979 and 1980. Therefore, all period of instrumental climatic observations at the Cheryomushki station was 

divided into two sub-periods: 1951–1979 and 1980–2014. Comparison of  sub-periods showed that regional 

mean temperatures of cold season increased from -13.5 ± 1.9°C to -12.0 ± 2.0°C (mean ± stdev), whereas 



local temperatures undergone much further increase from -10.6 ± 2.0°C to -6.5 ± 1.7°C. During warm 

season, both local and regional warming was slower: from +10.6 ± 0.6°C to +11.2 ± 0.6°C in the region and 

from +11.2 ± 0.5°C to +11.9 ± 0.6°C near the dam. All differences in means between the sub-periods were 

significant at the level p<0.05. Correlations between local and regional seasonal temperature series were 

0.95-0.98 for separate sub-periods; during all 1951-2014 period the correlation remained high for the warm 

season (r = 0.95) but decreased for the cold one (r = 0.87). 

Comparison of intra-annual temperature dynamics before and since 1980 showed that warming was 

maximal in winter, summer temperatures were stable (Figure 2). At the dam elevation, onset of the 

vegetation season shifted to the earlier dates by 4-6 days, and its offset occured 4-10 days later (depending 

on temperature threshold value). Taking into account temperature lapse in mountains, seasonality shift had 

different values depending on site elevation, but persistent direction of the vegetation season lengthening 

both in spring and in autumn. 

2.2 Reaction of the spruce tree-rings structure on local climate shift 

Comparative analysis of normalized tracheidograms averaged for the two sub-periods (Figure 3) 

showed that since 1980 the spruce anatomical structure had significantly changed at all elevations. 

Earlywood tracheids became larger, especially at the LOW site, but size increase of latewood cells was 

significant only in the middle of the spruce elevational distribution range. Cell wall thickness increased in 

the upper half of the spruce range, especially in latewood. As for derivative anatomical traits, increase of cell 

wall area was observed for the most cells of tree ring at the MID and HIGH sites, whereas at the LOW site it 

occurred only in earlywood. Density dynamics also had an elevational gradient: substantial increase was 

observed for the most part of tree ring at the upper treeline; increase was significant only for last cells in the 

mid-range stand (MID); and density decreased for the most part of tree ring at the lower boundary of the 

spruce range. 

2.3 Response of the maximum cell wall thickness to the end-of-season temperature and date 
of growth season ending 

Previous research (Babushkina et al. 2019) showed that for Siberian spruce in the study area, response 

of CWTmax on the end-of-season temperature was positive across the whole elevational range of 

distribution (500-1350 m a.s.l.). These dendroclimatic correlations were calculated for 21-day moving 

average temperature series (Figure 4; see also verification of the optimal window width of the temperature 

series in Online Resource 2). Maximum correlation coefficient values were observed with elevation-driven 

temporal shift: on August 19 at the HIGH site (i.e. CWTmax had closest relationship with temperature 

averaged from August 9 to August 29, r = 0.378), on September 1 at the MID site (from August 22 to 

September 11, r = 0.393), and on September 15 at the LOW site (from September 5 to September 25, 

r = 0.291). 

There was no long-term instrumental observation of temperature at different elevations in the study 

area. Therefore, for analysis of dendroclimatic correlations, temperature series were corrected for each site 

according to their elevations and the average temperature lapse rate 0.65°С per 100 m (its verification is 

described in Online Resource 3). It should be noted that average temperature of maximum correlations’ 

intervals was about 9.5-9.6°C, and at the end of these intervals it dropped to ca. 7.7°C. 

Analysis of correlations of the CWTmax site chronologies with the dates of temperature drop below 

various threshold values as end-of-season indicators is presented in Online Resource 4. It showed the 

strongest response of CWTmax to the date of temperature crossing +9.5°С threshold: r = 0.294, 0.340, 

0.142 at the HIGH, MID, and LOW sites respectively. 

2.4 Spatiotemporal patterns in cell wall deposition and climatic variables important for it 

As it was demonstrated in the previous research (Babushkina et al. 2019), spruces growing at the LOW 

and MID sites had similar CWTmax values (4.57±0.45 and 4.61±0.53 µm, difference is not significant at 

p<0.05), whereas at the HIGH site spruce tracheids had significantly thinner walls (3.37±0.34 µm). 



Correlation pattern of CWTmax was opposite: chronologies of the MID and HIGH sites were significantly 

correlated between each other (r = 0.54) but not correlated at all with chronology of the LOW site (r = -

0.01…0.02). 

 

In regards to long-term trends, the most substantial increase of CWTmax was observed at the MID site. 

It should be noted that it was not exactly linear at this elevation: increasing was more intensive in the 

1960s–1980s, but almost stopped after achieving the same range of values as the ones observed at the lower 

limit of the spruce range (where mostly stable CWTmax decreased over the last decade). At the same time, 

increase of CWTmax was slower at the upper treeline than at the mid-range; statistical significance at 

p<0.05 was observed when comparing sub-periods’ means, but not in the long-term linear trend. Time 

series of elevational differences between site chronologies of CWTmax tended to have more pronounced 

temporal trends and differences between the sub-periods (31-152% from values of the first sub-period) than 

site chronologies per se. The sum of cell wall area in the normalized radial file increased across all 

elevational distribution range of spruce; the difference in means between the sub-periods was by 6–7% at 

the two higher sites, whereas it was not statistically significant and was much lower (1.5%) at the LOW site. 

Wood density dynamics had even more pronounced elevational differences: increase by 5.5%, increase by 

1.5%, and decrease by 6.5% at the HIGH, MID, and LOW sites respectively. 

Dynamics of CWTmax is influenced by two climatic variables: the mean end-of-season temperature 

and the date of temperature crossing +9.5°С threshold (Figure 5, Table 1). Due to the elevational 

temperature lapse, both these factors also have significant elevational shift: the period of maximum 

temperature impact on CWTmax occurs first at the HIGH site, than 13 days later at the MID site, and in 14 

days earlier at the LOW site.; the date of temperature transition under +9.5°C shifts between sites by 14-15 

days. Long-term trends in both climatic factors had common pattern (warming and prolongation of growth 

season) across all transect, but were less pronounced at the LOW site in comparison with higher elevations, 

as was shown by both approaches (trends and differences in means). Unlike long-term trends, year-to-year 

dynamics of these variables was much less in sync between different elevations. Correlations of crucial 

temperatures were 0.20 between the LOW and HIGH sites, 0.44 between the LOW and MID sites, and 0.45 

between the MID and HIGH sites; respective correlations of the threshold dates were 0.17, 0.39, and 0.46. 

3    Discussion 

We found that climate change impact on the spruce wood anatomical structure has common patterns 

for the study area as we hypothesized, but is also heavily modulated by elevational temperature gradient. It 

shows that in mountain forests of temperate continental zone, positive effect of warming on wood density 

increases from foothills to the treeline. Such observation may help us to better understand reaction of 

Siberian mountain forests to climate changes and its consequences regarding shift of annual carbon cycle. 

3.1 Spatiotemporal patterns in the local climate and their impact on spruce wood anatomy 

The large and deep-water reservoir works as an accumulator of thermal energy due to the huge volume 

of water having high heat capacity. This leads to mitigation of the continental climate (a decrease in the 

amplitude of daily and seasonal temperature variation) and hysteresis, which is the delay of the local 

temperature dynamics compared with the regional one. This effect is aggravated by the fact that the dam in 

operation (i.e. when turbines are working) transmits water from the deep horizons of the reservoir, which is 

colder than at the surface in spring and summer, but warmer in autumn and winter. In winter, this leads to 

the formation of a non-freezing polynya extending up to hundred kilometers downstream from the dam, 

additionally warming the local climate (Kosmakov 2001). Probably because of this, the sharpest jump in 

winter temperatures coincided with the launch of the first hydroelectric turbines. The beginning of the 

reservoir impact on climate in 1980 was confirmed not only by this jump in the difference series, but also by 

higher correlations of local and regional temperatures of the cold season during two separate sub-periods 

(before and after 1980) compared to the entire period of instrumental observations. 

The combination of the aforementioned effects led to the fact that summer temperatures were stable, 

whereas duration of the growth season, spring and autumn temperatures increased (more in autumn than 



in spring). At the upper treeline, an increase in heat supply was observed only at the very beginning and end 

of the growth season (since this season itself is short and most of its length accounts for the interval of 

stable temperatures), yielding the prevalence of seasonality change in regards to the dynamics of  growth–

climate relationship. As the elevation descends to the dam, the growth season extends to time intervals 

characterized by more substantial warming, leading also to the significant heat supply increase. 

Due to the elevational shift of CWTmax formation to the earlier dates from foothills to the alpine zone, 

the 21-day series of temperature crucial for CWTmax overlap only for 7–8 days between closer sites and do 

not overlap at all between the LOW and HIGH sites, which leads to a drop of correlations between these 

climatic variables (cf. inter-annual fluctuations of crucial temperature in Figure 5c). Still significant positive 

correlations between the LOW and HIGH sites can be attributed to the common warming trend. This 

spatiotemporal shift in temperature series is also at least partially responsible for the low correlations 

between the site chronologies of CWTmax, as they register temperature fluctuations of different time 

intervals during season. 

At the upper limit of spruce growth, CWT and CWA increase after transition to latewood less 

considerably than at the lower elevations. The most likely cause of this phenomenon is low heat supply 

during the entire growth season, limiting the rates of growth processes, including cell wall deposition. An 

argument in favor of this assumption is that the size of the tracheids, which is formed as a result of the less 

resource-intensive process of cell expansion (Cuny et al. 2015), suffers from temperature lapse to a lesser 

extent. On the other hand, the absence of significant differences in CWT and CWA between the MID and 

LOW sites indirectly indicates that the secondary wall deposition in the lower part of the spruce range 

reaches its limits due to internal restrictions (genetically predetermined wood structure providing trade-offs 

between efficiency and safety of water conduction, between structural strength and carbon cost; geometrical 

limitation of wall deposition by cell size CWT<D/2, etc.). 

The local climate change by the reservoir dam, as well as increase of tree age and size with time 

(leading to increase of cell/lumen size and mean CWT from pith to bark and from top to bottom, see 

Anfodillo et al 2006; Lachenbruch et al 2011; Carrer et al 2015; Rosell et al 2017), led to certain shifts in the 

wood anatomical structure, having both a common component for all elevational range of spruce 

distribution. It is difficult to distinguish between these two reasons of long-term variation in wood anatomy, 

because age- or size-related trends are close to linear beyond juvenile wood (first 5-20 tree rings from pith, 

Zobel and Sprague 1998). Moreover, meta-analysis of wood hydraulic architecture (Mencuccini et al. 2007) 

showed that unlike angiosperms, large conifer trees increase their tracheids downward only in higher part 

of tree, and have relatively constant tracheid size in lower part of trunk. It means that the same constant 

trend in mature wood may be valid for radial pattern of wood anatomical parameters. Further research of 

age/size patterns in spruce xylem architecture for the study area seems to be of interest, but it requires 

additional anatomical measurements including trees of various ages during period before current warming. 

At the upper treeline, an increase was observed in the results of both processes of the tracheids 

expansion and the secondary wall deposition. The presence of this reaction in earlywood may indicate a 

positive role not only of the later ending of the growth season, but also of its earlier onset. However, even 

under the changed conditions, CWA is not much higher in latewood than in earlywood at the HIGH site, 

due to the strong limitation of the rate of cell wall deposition by temperature. The positive effect of warming 

on D is increasing down the entire transect, while the process of wall deposition is stimulated by warming 

only up to a certain limit, apparently internal: physiological (preservation of the water transport efficiency) 

or genetic. However, since a greater amount of deposited wood matter is distributed over the larger cell 

perimeter, this leads to the fact that CWT increases to a lesser extent than CWA. As a result, a significant 

elevational gradient is observed in the impact of warming on wood density. Thus, both the switch of the 

main growth-limiting factor due to the climatic gradients in mountains and the internal limitations of the 

tracheid parameters’ values are reflected in the anatomical structure of wood and its dynamics along the 

elevational transect. 

3.2 Role of temperature in the regulation of wood matter deposition in tracheids 

 

The onset of growth processes for spruce in the study area is determined by the temperature threshold, 



since even at the lower limit of growth, where moisture availability is minimal, the arrangement of the 

spruce trees along the stream prevents this phenological event from being delayed by lack of moisture, 

which is often observed in semiarid regions (Ren et al. 2015, 2018; Ziaco et al. 2018). At the same time, 

wood formation phenology of spruce is also regulated by other factors. E.g., , for conifers in temperate and 

cold climates, close linear relationships were found both between the timing of the onset of successive 

tracheid differentiation stages and between their durations (Rossi et al. 2013). Given the relatively constant 

photoperiod-regulated date of cambial activity cessation, the earlier start of the growth season leads to an 

increase in the duration of cambial activity, and hence durations of the subsequent stages. However, at the 

end of the season, wood development cessation and dormancy can be regulated in two ways: (1) 

“emergency”, when the temperature drops below the critical threshold, or (2) “regular” growth cessation 

due to a decrease in the photoperiod length and the natural chain of completion of growth processes, which 

is regulated internally by dynamics of hormone concentration and gene expression (cf. Rossi et al. 2009; 

Tanino et al. 2010; Cooke et al. 2012); hence the relationships observed by Rossi et al. (2013) are weaker at 

the end of the season. Obviously, the shorter the  warm season, the greater the likelihood of triggering 

“emergency” growth cessation, which leads to the formation of relatively thin-walled latewood cells (the so-

called light rings; Filion et al. 1986). This is consistent with our observations of CWA and CWT reaction to 

the end-of-season temperatures/dates and the form of their tracheidograms not only at the upper treeline 

throughout the whole period under consideration, but also to some extent at the MID site, particularly 

before warming. In the lower part of the spruce range, the growth season duration is usually sufficient for 

the “regular” completion of the tree ring formation, which leads to a decrease in the cell wall parameters’ 

response to temperature and especially to the date of its transition below the crucial threshold. It should be 

noted that the threshold value of +9.5°C obtained in this study indicate rather the temperature at which the 

growth processes begin to be inhibited (since it is the average temperature for the whole crucial 21-day 

period), whereas the full growth cessation is most likely to occur at ca. +7.7°C observed at the end of this 

period (Table S3 in Online Resource 3), which converges with generalized estimation of temperature 

threshold +6-8°C for xylogenesis obtained by Rossi et al. (2008) for a wide range of conifer species and 

growth conditions. It would be of interest in the further research to verify these guesses with direct 

observations of the tree-ring formation seasonal kinetics in the same sampling sites. 

It is interesting, that CWTmax at the LOW site is almost independent of the end-of-season timing, but 

still has a significant response to the temperature in September. Possible reason is direct positive influence 

of of heat supply throughout the season (regardless of its duration) on growth, including the rate of wood 

matter deposition in cell walls. An indirect confirmation of this assumption is the increase in both D and 

CWA with climate warming at all elevations, as well as the corresponding elevational gradients in the 

average values of anatomical parameters and radial growth (Babushkina et al. 2018a, 2019). 

As previously identified, spruce stands as a whole in the study area are characterized by the absence of 

sharp growth depressions en masse and the presence of spruce saplings and young trees, both under the 

impact of only regional climate trend and after local warming of the climate (Babushkina et al. 2018a), 

which makes them stable carbon sink. However, this study showed that the dynamics of carbon fixation, 

recorded in cell production, is complicated by the impact of climate change on the later stages of xylem 

differentiation, primarily on the deposition of the secondary cell wall. Growth intensification at this stage 

leads to the formation of more dense wood, “packing” more carbon in the same volume or cross-sectional 

area. Therefore, based on radial growth estimations of biomass increment and carbon sequestration in 

forest can be refined by taking into account variation of wood density (Cuny et al. 2015). In our case, on the 

scale of one measured radial file of cells in one ring, warming-induced increase in the area of wood matter 

seems scanty: 60–260 µm2 on the average (i.e. for tree ring of mean width at respective site); however, 

when scaling to full basal area increment (BAI) of tree, the total additional area is already 0.08–0.18 cm2 on 

the average, and for local stands the additional deposition of wood matter just by spruce (comprising 10–30% 

of mixed forest stand) can be roughly estimated at average 1650–7100 cm3/ha per year (Online Resource 5). 

It was recently shown that during the last decades, despite later ending of the warm season due to 

global warming, carbon dioxide build-up in autumn has shifted to earlier dates (Piao et al. 2008). Findings 

of this study let us suggest that such a discrepancy may be caused by the predominance (in covered area and 

net productivity) of forests that are characterized by the photoperiod-regulated growth cessation of 

prevailing tree species/provenances acclimated to conditions of long warm season . In their case, warming 



in autumn is not accompanied by phenological shifts and an increase in carbon deposition in the xylem, but 

stimulates respiration (carbon loss), reducing the contribution of such a forest to carbon sequestration. On 

the other hand, for cold boreal and high mountain forests, effect of autumn carbon loss should not occur as 

long as end-of-season temperature crosses crucial threshold for growth earlier than the natural completion 

of growth, increasing their role in the global carbon balance of a rapidly warming world. 

4    Conclusion 

The revealed regularities and elevational gradients in the anatomical structure of wood and its response 

to local warming showed that an earlier start of the growth season leads to an increase of both tracheid 

radial size and cell wall thickness. At the same time, increasing temperatures at the end of the growth 

season prolongs its duration and increases carbon deposition in the most thick-walled cells of latewood only 

to a certain limit. The possible reason may be switch of spruce growth cessation to the mechanism of 

regulation by photoperiod and internally-determined duration of the tracheid differentiation stages if warm 

season is long enough. Taking into account direct regulation of the growth rates by heat supply, its increase 

in the second half of the season leads to an increase in deposition of woody matter in the walls of tracheids, 

significantly more pronounced for the upper part of the spruce distribution range, where tree ring 

formation is limited by the duration of the warm season. 
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Figure 1 Regional (Reg) and local (Cher) climatic dynamics: (a) trends of the warm (April–October) and the cold 
(November–March) season average temperature; all trends are significant at the level p<0.05; (b) difference series for 
local and regional average temperature during the same seasons; its mean ± stdev values are presented for 1951–1979 
and 1980-2014 sub-periods. On the horizontal axes, year of dam building beginning (1968, grey triangle), periods of 
reservoir filling (1975-1990, blue bar) and turbines launching (from the end of 1979 to the end of 1985, yellow bar) are 
shown; the most pronounced temperature shifts occurred after the first turbines’ launching 

 

  



  

 

Figure 2 Intra-annual local temperature dynamics before and since 1980: (a) daily temperatures at the Cheryomushki 
station smoothed by 21-day moving average and then averaged for the whole sub-periods; (b) the same, but at the 
elevations of sampling sites, accounting temperature lapse rate as 0.65°С per 100 m. According to Rossi et al. (2008), 
temperature threshold for xylogenesis of conifers usually ranges between +5°С and +10°С, these values are marked on 
all plots 
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Figure 3 Normalized tracheidograms averaged for 1965-1979 and 1980-2014 sub-periods: (a) basic traits – tracheid 
radial diameter D and cell wall thickness CWT; (b) derivative traits – cell wall area CWA and wood density ρ. Significant 
at the level p<0.05 differences in means between the sub-periods are marked with “+” and “–” signs according to 
directions of change 

 

 

Figure 4 Correlations between CWTmax site chronologies and 21-day moving temperature series from May to 
September. Markers represent maximum correlations. Dot lines mark the correlation significance level p= 0.05 
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Figure 5 Long-term linear trends in the CWTmax site chronologies and climatic variables important for its formation: 
(a) site chronologies of CWTmax; (b) differences between them; (c) mean temperature during crucial 21-day period 
(Online Resource 2); (d) date of the temperature crossing +9.5°С threshold. Equations of trends significant at the level 
p<0.05 are written in bold 
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Table 1 Spruce anatomical parameters and climatic variables (mean ± stdev) over sub-periods before and since 1980 
and over all period of anatomical measurements 

Site 
Period 

Difference between  
sub-periods 

1965-2014 1965-1979 1980-2014 value 
significance 
level, p 

Site chronologies of CWTmax (µm) 
HIGH 3.37 ± 0.34 3.20 ± 0.40 3.45 ± 0.29 +0.25(7.9%) 0.039 
MID 4.61 ± 0.53 4.09 ± 0.25 4.84 ± 0.46 +0.75(18.2%) <0.001 
LOW 4.57 ± 0.45 4.73 ± 0.40 4.50 ± 0.46 -0.23(-4.9%) 0.082 
Time series of difference between site chronologies of CWTmax (µm) 
LOW-HIGH 1.20 ± 0.56 1.54 ± 0.51 1.05 ± 0.52 -0.49(-31.5%) 0.005 
MID-HIGH 1.24 ± 0.45 0.90 ± 0.33 1.39 ± 0.42 +0.49(55.0%) <0.001 
LOW-MID -0.04 ± 0.70 0.64 ± 0.26 -0.33 ± 0.62 -0.97(-152.0%) <0.001 
Total cell wall area, ΣCWA (µm2) 
HIGH 3500 ± 240 3360 ± 310 3560 ± 180 +200(6.2%) 0.026 
MID 4000 ± 270 3820 ± 220 4080 ± 250 +260(6.8%) 0.001 
LOW 4240 ± 360 4200 ± 450 4260 ± 320 +60(1.5%) 0.625 
Mean wood density, ρmean (g/cm3) 
HIGH 0.466 ± 0.033 0.449 ± 0.035 0.474 ± 0.030 +0.025(5.5%) 0.025 
MID 0.529 ± 0.033 0.524 ± 0.027 0.531 ± 0.035 +0.007(1.3%) 0.477 
LOW 0.505 ± 0.039 0.529 ± 0.035 0.495 ± 0.034 -0.034(-6.5%) 0.004 
Mean temperature of the period crucial for cell wall thickening (°С) 
HIGH (9–29 Aug) 9.6 ± 1.2 8.8 ± 1.0 10.0 ± 1.2 +1.2 0.002 
MID (22 Aug–11 Sep) 9.5 ± 1.5 8.4 ± 1.7 9.9 ± 1.2 +1.5 0.005 
LOW (5–25 Sep) 9.6 ± 1.5 9.1 ± 2.0 9.8 ± 1.2 +0.7 0.244 
Day of temperature transition below +9.5°С threshold (day of year) 
HIGH 233 ± 10 226 ± 11 235 ± 8 +9 0.006 
MID 246 ± 8 241 ± 8 248 ± 7 +7 0.010 
LOW 261 ± 9 259 ± 10 262 ± 9 +3 0.271 

 

  



Supplementary materials 

1    Accessorial Calculations and Statistics for Anatomical Traits’ Chronologies 

1.1 Normalization of tracheidograms 

Normalization procedure operates on raw tracheidogram, which is a sequence of measured values of 

certain cell parameter for each cell in the ring radial file              , where   is cell parameter (e.g., D or 

CWT);   is number of cells in measured radial file. Before standardization, we had to select certain number 

of cells  , which serves as number of narrow zones within tree ring. Selection is performed subjectively, 

taking into account trade-off between resolution and quality. In the study area, 15 cells showed reliable 

results (Babushkina et al. 2019; Belokopytova et al. 2019). 

Procedure consists of two steps. Firstly, raw tracheidogram is stretched   times in the intermediate 

sequence    
  : 

 
   

                 
 

               
 

                 
 

            . 

Secondly, intermediate sequence is compressed into final normalized tracheidogram               , 

where 

    
 

 
   

 

   

           

  

1.2 Frequency distribution of cell tangential diameter T 

Cell tangential diameter T was measured for sub-sample of randomly selected tree rings, one ring per 

each tree (i.e., 5 rings per site, 15 rings total). In each ring, the same 5 radial files of tracheids were 

measured as in measurements of D and CWT. Total number of measurements was 1570 cells. To analyze 

frequency distribution, histogram was plotted (Figure S1). Normality was tested with Shapiro-Wilk W test 

(Shapiro et al. 2012). 

 

 
Upper boundaries (T ≤ boundary), μm 

Figure S1 Frequency distribution of T. Red line represents expected normal distribution 

1.3 Robustness statistics of site anatomical traits’ chronologies 

Mean inter-series correlation coefficient (r-bar;) and expressed population signal (EPS) were 

N
u

m
b

er
 o

f 
o

b
se

r
v
a

ti
o

n
s 

W = 0.99470, p = 0.00002 



calculated for each site chronology of CWTmax,     , and       (Table S1; Speer 2010). 

 
Table S1 Robustness statistics of site chronologies 

Anatomical 
parameter 

Site 
R-bar EPS 

CWTmax 
HIGH 0.290 0.671 
MID 0.345 0.729 
LOW 0.190 0.539 

ΣCWA 
HIGH 0.341 0.721 
MID 0.414 0.780 
LOW 0.182 0.526 

ρmean 
HIGH 0.468 0.815 
MID 0.350 0.729 
LOW 0.219 0.584 

 

References 
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association 63(324): 1343-1372. https://doi.org/10.2307/2285889 
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2    Search for Optimal Window Width of Temperature Moving Series Used in 
Dendroclimatic Analysis of CWTmax 

When using short-term moving series of climatic variables for a detailed analysis of the climate–growth 

relationships, a methodological question arises of the optimal window width W for the 

averaging/summarizing procedure. For example, we have previously successfully used W = 10, 11, 15, 20, 

and 21 days to analyze the correlations between climatic variables and chronologies of the crops yield, TRW 

and anatomical characteristics of conifers in previous studies (Demina et al. 2017; Arzac et al. 2018; 

Babushkina et al. 2018a, 2018b, 2019; Belokopytova et al. 2018, 2019). 

In order to identify the most appropriate window width in this particular case, we performed the 

exhaustive search in range W = 1...25 days, where for each W correlations between CWTmax and moving 

averaged series of temperature in August–September were calculated (Figure S2). Analysis of the 

correlation coefficients showed that at the HIGH and MID sites, the window width W = 21 days used in the 

previous study gives the best results (Table S1). It should also be noted that within the identified periods of 

the maximum temperature influence on CWTmax, high correlations are also observed with smaller window 

widths (areas between dashed lines in Figure S2). However, at the LOW site, the maximum correlation is 

reached at W = 17 days, while climate–growth relationships themselves are weaker than at other elevations. 

 
Table S2 Maximum correlations between CWTmax site chronologies and moving average temperature series 

Site Rmax* W** Period (calendar date / day of year) 
onset center offset 

HIGH 0.378 21 9  Aug / 221 19 Aug / 231 29 Aug / 241 
MID 0.393 21 22 Aug / 235 1  Sep / 245 11 Sep / 255 

LOW 
0.312 

(0.291) 
17 

(21) 
7  Sep / 251 

(5  Sep / 249) 
15 Sep / 259 

23 Sep / 267 
(25 Sep / 269) 

* All correlations are significant at the level p<0.05. 

** At the LOW site, correlations are shown not only for maximal value of Rmax, but also for W = 21 days. A value of 
Rmax at this window width is not significantly different from a value at W = 21 days, thus all further calculations are 
performed for the uniform W = 21 days for all three sites. 

 

https://doi.org/10.2307/2285889


Window width of temperature series’ averaging (days) 

 

Figure S2 Correlations of CWTmax chronologies at the LOW, MID, and HIGH sites with temperature series averaged using window widths W=1…25 days from daily data. A color gradient 
marks values of correlation coefficients (see the scale in legend); correlations significant at p<0.05 are marked with borders (□). The maximum correlation Rmax for each W is marked with bold 
borders and with a vertical bar indicating calendar period of averaging for respective temperature series. If correlations have two significant maxima for particular W, the secondary maximum is 
marked with a lighter bar. A curve of the function Rmax(W) is shown in the top part of each diagram, the highest value of Rmax corresponds to the crucial period of temperature influence 
marked with a black bar, and dates of its beginning and ending are marked with horizontal dashed lines 
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3    Verification of the Elevational Lapse Rate of Temperature for the Study Area 

The empirical research showed that the actual lapse rate of air temperature with elevation in the mountains 

may vary depending on the landscape (e.g., the configuration / orientation of the slopes, in consequence of them 

the most probable wind directions, etc.) and change with the season (Maurer et al. 2002; Hamlet and 

Lettenmaier 2005; Chae et al. 2012; Wypych et al. 2018). Therefore, when analyzing the course of temperature 

on an elevational transect with the availability of long-term data from only one weather station (i.e. one 

elevation), it is necessary to verify a temperature lapse rate before its application. 

We assumed that due to the regulation of the growth season duration by temperature, the formation of the 

most thick-walled tracheids within one population of conifer trees (meaning one ecotype of species and common 

genetic pool) should be observed at similar temperatures regardless of elevations. For open air, the average 

temperature lapse rate is ΔT100 = -0.65°С per 100 m, this value was taken as the initial one. The seasonal 

temperature dynamics at the Cheryomushki weather station was smoothed by the 21-day moving average, and 

then averaged over the period of anatomical measurements 1965-2014. A resulting curve of seasonal 

temperature variation was adjusted for each sampling site, using correction factors calculated from the lapse 

rate and the difference in elevation between the site and the weather station: 

 

ΔTsite = ΔT100·(hsite – hstation) / 100, i.e. 

ΔTLOW = -0.65·(520 – 330) / 100 = -1.24°С; 

ΔTMID = -0.65·(960 – 330) / 100 = -4.10°С; 

ΔTHIGH = -0.65·(1320 – 330) / 100 = -6.44°С. 

 

Verification was performed by comparison of corrected temperatures in the beginning, middle, and ending 

of the 21-day period when correlations between CWTmax and T are maximal at each site (Figure S3, Table S2). 

These temperatures don’t have any elevational gradients with used correction factors, which supports choice of 

the lapse rate value ΔT100 = -0.65°С per 100 m for the considered sampling sites and season (August–

September). 

 

Figure S3 Dynamics of temperature in August–September at three sampling sites averaged over period 1965-2014. 
Temperatures in the beginning (diamonds), middle (circles), and ending (triangles) of the period crucial for CWTmax are 
marked 

 

 

 
Table S3 Corrected temperature (mean ± stdev) at the sampling sites during the 21-day period of maximal correlation 
between T and CWTmax, averaged over 1965-2014 

Site Temperature T (°C) 
daily at the dates of whole  

period onset center offset 
HIGH 11.0 ± 2.9 10.2 ± 2.8 7.7 ± 3.0 9.6 ± 1.2 
MID 11.8 ± 2.8 9.5 ± 3.2 7.7 ± 3.3 9.5 ± 1.5 
LOW 11.0 ± 3.5 9.3 ± 2.9 7.7 ± 3.5 9.6 ± 1.5 



4    Analysis of the Dates of Temperature Transition Under Certain Thresholds at the End of 
the Growth Season 

Taking into account the obtained temperature estimations during the period of its maximum effect on 

CWTmax (Table S2), the analysis of the dates of temperature crossing certain thresholds was performed for the 

threshold values Tthr from +8.5 to +10.5°C with step 0.5°C. Series of the dates of this transition were obtained 

with different techniques and correlated with CWTmax site chronologies (Table S3). The widely used method for 

estimating temperature transition through the threshold by the last occurrence of T<Tthr in spring and the first 

occurrence of T>Tthr in autumn (Pedlar et al. 2015) is not applicable in the study area, because there daily 

temperatures can drop lower than these Tthr values even in the middle of the warm season (e.g. down to +4°С at 

the HIGH site in July). Therefore, we used other techniques: the day before the first 5-day period of T<Tthr 

(Frich et al. 2002), more complex official agroclimatic technique used in Russia (Rosgidromet 2010), and 

estimation of the transition date from temperature series smoothed by a 21-day moving average as the last day 

when smoothed T is above the threshold (cf. Christidis et al. 2007). 

At two of the three sites, the best correlations with CWTmax are observed for +9.5°C threshold value and 

date calculation according to the Russian technique. It should be noted, that the average date of this transition 

over period 1965-2014 is consistently 1-2 days after the middle of the period of maximum temperature influence 

on CWTmax. Also, the average temperature of this period at all sites is close to 9.5°C. It leads us to the tentative 

conclusion that a mean temperature of the period of maximum correlations between temperature and 

chronology of a certain tree-ring parameter can be used as an estimation of the temperature threshold 

regulating the corresponding physiological process. 

When using the Russian technique for obtaining series of transition dates, their standard deviations are in 

the range of 7.7–10.7 days. It means that in this study, the transition dates for +9.5°C threshold fluctuate within 

the obtained 21-day period of the maximum temperature influence in at least 67% of years. It would be 

interesting to check this pattern (the optimal window width of dendroclimatic correlation matching with the 

variation range of a threshold transition date) on other parameters of tree rings and temperature thresholds 

involved in their regulation. 

 
Table S4 Dates of temperature transition through certain thresholds calculated with different techniques, and their 
correlations with CWTmax 

Site Tthr, °C Date of transition in August-September, estimated as 
last day of Av21T>Tthr day before first 5-day 

period of T<Tthr 
in the official Russian  
agroclimatic technique* 

HIGH 10.5 224 ± 11 / 0.218 227 ± 12 / 0.018 225 ± 11 / 0.238 
10.0 229 ± 9 / 0.189 230 ± 10 / 0.130 228 ± 10 / 0.260 
9.5 232 ± 8 / 0.231 232 ± 10 / 0.148 233 ± 10 / 0.294 
9.0 235 ± 7 / 0.289 235 ± 8 / 0.178 235 ± 9 / 0.199 
8.5 
 

237 ± 7 / 0.281 237 ± 7 / 0.145 238 ± 8 / 0.091 

MID 10.5 239 ± 7 / 0.274 240 ± 9 / 0.197 239 ± 8 / 0.114 
10.0 242 ± 7 / 0.170 243 ± 9 / 0.056 243 ± 8 / 0.268 
9.5 245 ± 7 / 0.266 247 ± 10 / 0.026 246 ± 8 / 0.340 
9.0 247 ± 7 / 0.284 248 ± 10 / 0.071 248 ± 8 / 0.340 
8.5 
 

249 ± 7 / 0.207 251 ± 10 / 0.130 251 ± 9 / 0.250 

LOW 

10.5 253 ± 7 / 0.110 255 ± 11 / 0.278 257 ± 9 / 0.059 
10.0 256 ± 7 / 0.172 258 ± 11 / 0.190 259 ± 9 / 0.092 
9.5 259 ± 7 / 0.112 259 ± 10 / 0.126 261 ± 9 / 0.142 
9.0 262 ± 7 / 0.140 262 ± 10 / 0.086 264 ± 10 / 0.173 
8.5 264 ± 8 / 0.103 264 ± 11 / 0.143 267 ± 9 / 0.251 

Numerator is mean ± stdev (DOY) of date; denominator is correlation of date series with CWTmax. Bold correlations are 
significant at p<0.05. 

* The first day of the first continuous period of daily T<Tthr with Σ|T–Tthr| more than for any subsequent period of T>Tthr. 

 

  



5    Scaling of Additional Wood Matter Deposition at the Expense of Anatomical Structure 
Change 

Inventory data of spruce in the mixed stands by the end of 2010 obtained from the National Park 

“Shushensky Bor” (Table S4) were used as initial data source for calculations. As it was calculated in the 

previous study (Babushkina et al. 2018a), the average radial growth of spruce is 0.72, 0.99, and 2.25 mm per 

year at the HIGH, MID, and LOW sites, respectively. If we take as an example the average trunk radii at the sites 

according to the inventory data, we receive the basal area of 314, 531 and 616 cm2, respectively. With these initial 

data, the average radial growth will correspond to the annual basal area increment of 4.54, 8.12, and 19.95 cm2. 

 
Table S5 Inventory data of spruce in the mixed stands 

Site Area (ha) 
Mature trees of spruce 
Wood volume, (m3) Mean age (years) Mean diameter (cm) 

HIGH 29.7 119 150 20 
MID 37.7 792 200 26 
LOW 1.1 49 100 28 

 

The total cell wall area ΣCWA is calculated for a single radial file in a normalized tree ring consisting of 

15 cells, i.e. approximately rectangular area with width of average cell tangential size (27 μm) and length of 

ΣD = 15·Dmean ≈ 0.4 mm. Therefore, to estimate the increase in the amount of deposited wood matter at 

different spatial scales, a recalculation is required for actual increments and areas. Comparing the formation of 

the anatomical structure of wood under typical climatic conditions before and after 1980 (that is, using the 

average ΣCWA values for the corresponding sub-periods), we obtain the average total wall area around the 

entire circumference of the ring 1.32, 2.68 and 6.51 cm2 when it is formed under the conditions existed before 

local warming, and 1.41, 2.86 and 6.61 cm2 under the conditions existing after it. It means that, disregarding age 

trends in the radial increment (we can do it because in the study area, spruce population has a stable growth 

with a wide variety of tree ages including saplings), for an average tree at the site, the local climate change leads 

to an increase in the total cell wall area formed over the year by 0.08 cm2 at the HIGH site, 0.18 cm2 at the MID 

site, and 0.10 cm2 at the LOW site. 

Estimating the volume of spruce wood per unit of the forest area at each site (4 m3/ha at the HIGH site, 

21 m3/ha at the MID site, and 45 m3/ha at the LOW site) and the rate of its accumulation (dividing it by the 

average tree age) from inventory data, we obtain an average annual wood accumulation of 0.027, 0.105 and 

0.445 m3/ha per year just for spruce (not accounting for other tree species in the stands). When this wood is 

formed in the conditions of a changed local climate, due to anatomical changes this volume contains 1650, 7101 

and 6755 cm3 of wood matter more than under the conditions before warming, i.e. by 2.5, 10.9 and 10.3 kg per 

hectare every year. 

 


