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Abstract 

The roles of slope orientation and elevational temperature gradient were investigated for Scots 

pine (Pinus sylvestris L.) growth in the middle of its growth range, where these factors can 

significantly modulate microclimate and thus plant growth. We assumed that slope orientation causes 

more complex and severe effects than elevation, because it influences all three main factors of plant 

growth: light, heat and moisture. In addition to the total ring width, the earlywood and latewood width 

and latewood ratio were considered as variables that contain information about tree ring growth during 

the season and wood structure over all tree lifespan on three sampling sites at different elevations and 

opposite slopes. 

Despite the observed dependence of pine growth rate on temperature and solar radiation, the 

mean latewood ratio is stable and similar between all sampling sites, being presumably defined by the 

genotype of individual trees. The seasonality of the climatic response of trees growth is bound to 

spatiotemporal variation of the vegetative season timing due to the elevational temperature lapse and 

local warming. However, its direction is primarily defined by slope orientation, where southern slope 

is moisture-limited, even at adjacent sites, and divergent climatic reactions of earlywood (weak 

moisture-limited in the last decades) and latewood growth (temperature-limited) was revealed on the 

northern slope. 
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Introduction 

The reaction of forests to climate change at the scale of an ecosystem is not uniform because it 

can be modified by the influence of nonclimatic factors. In mountain ecosystems, this influence is 

more variegated (Price et al. 2013); thus they can be considered as indicators of the environmental 

consequences of climatic change (Becker and Bugmann 2001; Anderson and Goulden 2011; Kelsey et 

al. 2018). Large elevation differences in mountains are inextricably linked to climatic gradients, i.e., 

the temperature lapse and frequent increase in precipitation with elevation (Barry 1992; Price et al. 

2013). In addition, due to the heterogeneous mosaic landscape in mountains, microclimate can 

drastically vary, which affects the growth and development of mountain vegetation (McCutchan 1983; 

Barber et al. 2000; Kulagin et al. 2006; Körner 2009; Monnier et al. 2012; Babushkina and 

Belokopytova 2014). The climatic response of plants depends on the slope spatial orientation 

(Kirchhefer 2000; Cai and Liu 2013; Zhang et al. 2015; Montpellier et al. 2018). The aspect and the 

steepness of a slope regulate the received direct solar radiation, which is an essential heat source 

(Deng et al. 2013; Tognetti and Palombo 2013; Wypych et al. 2018). This leads to changes in thermal 

and water balances at the site despite the same air temperature: direct sunlight increases the surface 

temperature, thus increasing moisture loss via evapotranspiration (Chen et al. 1999; Karlsson and 

Pomade 2013; Kirkham 2014). Therefore, it is possible in mountain ecosystems to expect ambiguous 

reactions of vegetation to temperature and precipitation on slopes of different orientations, even at 

very close distances (Lyi et al. 2016; Latreille et al. 2017). 

Tree ring width integrates the influence of the entire complex of environmental conditions. 

However, three basic factors – light, heat and moisture – primarily define the kinetics of plant 

physiological processes, including respiration, photosynthesis and growth (Fritts 1976; Schulze et al. 

2005; Schulze and Mooney 2012). Exact assessment of tree ring formation kinetics during the season 

is possible only by direct observations of xylogenesis (Rossi et al. 2009; Balducci et al. 2016). The 

labor-intensity of such research, the difficulty of its execution in mountains, and the impossibility of 

retrospective analysis are practical restrictions on its use. On the other hand, the variables of radial 

growth measured by a simple standard technique, such as widths of earlywood and latewood and their 

ratio (portion in the tree ring), are easy indicators of the influence of climatic factors on the growth of 

trees during the entire duration of their lifespan (Lebourgeois 2000; Miina 2000; Oberhuber and 

Kofler 2000; Lebourgeois et al. 2010). The formation of earlywood and latewood clearly is temporally 

divided during the season. This transition is regulated by temperature and photoperiod directly 

(Bauerle et al. 2012; Drew and Downes 2015) or indirectly, via redirection of soluble carbohydrates to 

the formation of more resource-intensive thick-walled latewood cells (Rossi et al. 2009; Carteni et al. 

2018) at the completion of shoot primary growth (Gyllenstrand et al. 2007; Cooke et al. 2012); 

however, it also depends on intrinsic genetic factors (Zobel and Jett 2012). Earlywood and latewood 



widths thus contain information about external conditions before and after this transition, as well as 

about process of the transition itself. 

In Southern Siberia, the largest area of forests is located in mountains because of the lack of 

moisture for tree growth on plains (Tupitsyna 2016). However, most of forest area is not under the 

extreme dry or cold conditions of the forest boundaries but has a milder environment where tree 

growth – climate relationship is less studied. Therefore, understanding of the reaction of trees to 

climate change between their upper and lower distribution limits is especially relevant for regional 

forest management (Tchebakova et al. 2003, 2010). In this research on the example of Scots pine 

(Pinus sylvestris L.), one of the widespread species in the region, the investigated question was how 

climatic reactions of tree growth in the middle of a species range are modified by the specific 

landscape conditions of elevation and slope orientation. We assumed that in our study region, the 

change of solar radiation due to slope orientation can modulate microclimate and tree growth much 

more than elevational temperature gradient. To test this supposition, we compared the strength and 

seasonality of pine climatic response of tree growth variables at different elevations and opposite 

slopes. 

 

Materials and Methods 

The study was conducted on the northern margin of the Western Sayan Mountains (Online 

Resource, Fig. S1a) in the range of elevations from 500 to 950 m a.s.l. (the  distribution range of Scots 

pine in this area is from ~250 to 1350 m a.s.l.). Soils are loamy, thin and stony. The climate is sharply 

continental (Alisov 1956). In the foothills (300-350 m a.s.l.), temperatures are negative from 

November to March, with an average temperature of 5-11°C below zero and 50-90 mm of 

precipitation. During the warm season (April–October), the average temperature is 11-13°C above 

zero, with 360-540 mm of precipitation. With elevation increase, temperature lapses approximately by 

0.6°C per 100 m during period of positive temperatures, but the lapse rate decreases in winter due to 

temperature inversion occurrences (Monserud and Tchebakova 1996; Stepanov 2006). Precipitation 

has opposite gradient: approximately three times more precipitation occurs at the treeline (1300-1400 

m a.s.l.) than at the foothills, with an approximate increase of 100-200 mm per 100 m (Polikarpov and 

Nazimova 1963). During the period of instrumental climatic observations, precipitation did not 

significantly change, but a temperature increase was observed of 0.2 and 1.1°C per decade during 

warm and cold seasons, respectively. Comparison of climatic series from regional weather stations 

showed that local climate was influenced by dam construction and the filling of the Sayano-

Shushenskoe Reservoir during 1976-1990, which lead to an enhanced increase of winter temperatures 

(Fig. S1b; Kosmakov 2001; Babushkina et al. 2018). 



For this study we used mean temperature and amount of precipitation retrieved from the 

Cheryomushki weather station (52.87° N, 91.42° E, 330 m a.s.l.), which is located in the foothills near 

the Yenisei River. Additionally, temperature series from another station, Olenya Rechka (52.50° N, 

93.15° E, 1400 m a.s.l.), were compared with those of the Cheryomushki station over the period 1951-

1975 (before dam building) to assess the seasonal dynamics of elevational temperature lapse. This is 

possible despite the distance between them (~ 100 km) due to the uniformness of the air temperature 

spatial field, i.e., the very high correlations between the two stations’ series (above 0.9 both for daily 

and monthly data; also sf. Babushkina et al. 2018), and because they are at the same latitude, in the 

same mountain range, and located on gentle (<10°) eastern slopes near riverbanks. On the basis of the 

daily data, moving climatic series with a 21-day window and 1-day step were developed. To make a 

middle ground between the necessity to consider rapid local climatic change and the low reliability of 

correlations between short time series, we used two overlapping 40-year subperiods, 1951-1990 and 

1976-2015, in addition to the entire period of instrumental observations, 1951-2015. 

Daily received direct + diffuse solar radiation was estimated in ArcGIS software 

(www.esri.com) on the base of the SRTM v3 digital terrain model at four points: in the middle of each 

sampling site and on the horizontal surface of the ridge top between slopes. 

Wood samples (cores) were collected from living adult trees in the National park ‘Shushensky 

Bor’ at three sampling sites 3.5-4.5 km southeast of the weather station (Online Resource, Fig. S1b): 

in the bottom part of the south-facing slope (ShB_500S, 52.83° N, 91.45° E, 500-550 m a.s.l. ~20-25° 

slope angle), near the top of the same slope (ShB_900S, 52.84° N, 91.46° E, 900-950 m a.s.l., ~30-35° 

slope angle), and at the top of adjacent north-facing slope (ShB_900N, 84° N, 91.46° E, 900-950 m 

a.s.l., ~25-30° slope angle). The history of the study area ensured minimization of human impact 

except for local climatic change. Poor logistic availability and historically low density of population 

made this area less convenient to use than other forested areas of the region. Therefore, logging and 

other forest management activities were not registered, and human activities were limited to hunting 

and gathering by local nomads before the 20
th

 century and to tourism since the mid-1960s after 

establishment of several settlements in the vicinity and the beginning of dam building (personal 

communication from Tolmachev V.A., national park director; see also Myglan 2010 and references 

there). The National Park was established in 1995 to regulate touristic activities. 

Tree stands at the sampling sites are represented by Scots pine, Siberian larch (Larix sibirica 

Ledeb.), and common aspen (Populus tremula L.), with the addition of Siberian fir (Abies sibirica 

Ledeb.) on the northern slope. The undercover on the southern slope has a density of 20-30% and is 

represented by Cotoneaster melanocarpus, Caragana arborescens, Spiraea media et al. at both 

elevations. On the northern slope, the undercover of 30-40% density is composed of Viburnum opulus, 

Salix caprea, Cotoneaster melanocarpus, Padus avium, Ribes rubrum, Rubus idaeus et al. Both slopes 

www.esri.com


have herb layers of 55-75% density consisting of mesophytic forbs and graminoids. The soil is alfisol 

with 4-9% and 8-12% of humus on southern and northern slopes, respectively. The typical snowpack 

is approximately 40 cm at the bottom of slopes and 70–80 cm at both top-slope sites. At both sites on 

the southern slope, snowmelt lasts approximately two weeks and ends at an average air temperature of 

2.5–3°C (ca. April 15 and April 25 at the bottom and top of the slope, respectively), whereas on the 

northern slope, it develops more slowly, ending on approximately May 5 at an average air temperature 

of ca. 4.5°C (personal communication from employees of the National park ‘Shushensky Bor’). 

Collection, transportation and preparation of the cores were performed using standard 

techniques of dendrochronology (Cook and Kairiukstis 1990). Measurement on the LINTAB station, 

cross-dating and standardization of total ring width (TRW), earlywood width (EWW), and latewood 

width (LWW) individual series were performed with the specialized software TSAPWin, COFECHA, 

and ARSTAN (Holmes 1983; Rinn 2003; Cook and Krusic 2005). Transitions between earlywood and 

latewood were visually assessed (Meko and Baisan 2001). During standardization, long-term 

nonclimatic trends were fitted as cubic smoothing splines with a frequency response of 0.50 at 67% of 

the individual series length and then removed (Online Resource, Fig. S2). Cross-dated standard 

individual TRW series are shown in Online Resource, Fig. S3. Latewood ratio (LWR) series were 

calculated for each sample as ratios of LWW to TRW. These series have approximately linear trends 

(stable or slowly increasing) and were thus standardized using linear functions. Site chronologies of 

the four growth variables (TRW, LWW, EWW, and LWR) were developed from individual series 

with bi-weighted means. 

In this study, we used the following statistical characteristics (Table 1): arithmetic mean; 

standard deviation; mean coefficient of sensitivity (the ratio of the modulus of two successive values’ 

difference to their arithmetic mean, averaged over the entire length of the chronology); mean inter-

serial correlation coefficient (correlation coefficient calculated between every pair of individual series 

at the site with a 50-year window and 25-year step and then averaged); and first-order autocorrelation 

coefficient. Additionally, the signal-to-noise ratio (SNR=(N∙R)⁄(1-R), where N is the sample size) and 

expressed population signal (EPS) were used to estimate common signal characteristics of 

chronologies (Wigley et al. 1984; Cook 1985; Shiyatov 1986; Cook and Kairiukstis 1990). The 

climatic response of tree growth was estimated by Pearson's paired correlation coefficients with the 

climatic series. 

Results 

The sampling sites were located at different elevations and slope aspects, which provides 

certain patterns of local environmental conditions for tree growth. The main difference between 

different elevations is in the air temperatures due to temperature lapse (Fig. 1). Seasonal lapse rate 

dynamics from comparison of two weather stations supports literature data about the Western Sayan 



climate (Monserud and Tchebakova 1996; Stepanov 2006). Note that lapse rate has a larger variation 

in winter than in the warm season (April–October). The top of the slope is 2-3°C colder than its 

bottom during the warm season, a difference less pronounced (1-2°C) during the cold season. Another 

consequence of the temperature lapse is a shorter period of tree growth at higher elevations, as 

temperature rises above the threshold of +5°C ~14 days later in spring and drops below it ~8 days 

earlier in fall. At the same time, the intra-annual dynamics curve of air temperature has the same 

shape as solar radiation at the latitude of the study area. Correlations between these curves are 0.883-

0.901 without lag and a maximum of 0.971-0.993 with a lag of 25 days (similar to Huang et al. 2008). 

Slope aspect and angle (steepness) drastically change insolation. For example, a steep northern slope 

does not receive direct solar radiation during winter (Buffo et al. 1972) but only diffuse and reflected 

light, which leads to 68% less insolation compared with adjacent site on the southern slope. Even at 

the summer solstice, when solar radiation is maximal, it is approximately 16% less on the northern 

slope than on the top of the southern one. A comparison of the two subperiods 1951-1990 and 1976-

2015 shows the persistence of correlations and a lag between air temperature and solar radiation. The 

average length of the season of air temperature above +5°C is ~8 days more for the second subperiod 

at both elevations, with an approximately 5-day earlier onset and a 3-day later ending. 

Scots pine site chronologies and their statistical characteristics are shown in Online Resource, 

Fig. S5, and Table 1, respectively. At all three sites, sampled pine trees are less than 110 years old, 

with average ages of trees ~20 years greater on the northern slope (94 years) and approximately even 

in the top and bottom parts of the southern slope (75 and 72 years). Despite similar tree age, mean 

TRW, EWW, and LWW are quite different. Even after exclusion of the most juvenile wood by 

limiting statistics to the 1951-2015 period, pine grows 22-28% slower on the northern slope than on 

the southern one at the same elevation; with elevation, the growth rate of trees decreases by 15-19%. 

The proportion of earlywood and latewood in the ring is stable (Fig. 2a, b), with 69-72% of earlywood 

and 28-31% of latewood at the site scale. Regarding individual trees, EWW and LWW relationships 

with TRW are also best-fitted by simple linear regressions with a zero intercept (R
2
>0.9 for earlywood 

and R
2
>0.4 for latewood). Slopes of these regression equations for individual trees represent the mean 

ratio of the respective zone in the ring; they are in ranges of 61-80%, 62-78%, and 65-82% for 

earlywood (20-39%, 22-38%, and 18-35% for latewood) at the ShB_500S, ShB_900S, and ShB_900N 

sites, respectively. Other statistics of standard chronologies do not have very high values. However, 

during period of instrumental climatic observations EPS is above the threshold of 0.85 and SNR is 

sufficient for using chronologies in dendroclimatic analysis. LWW has the largest standard deviation 

and sensitivity coefficient and the lowest autocorrelation values among the width variables. 

Within-site correlations (Online Resource, Table S1) show that total ring width has more 

contribution from earlywood (r=0.82-0.94) than from latewood (0.66-0.84), whereas the widths of 



these two zones have much less similarity between themselves (0.17-0.63). LWR has high 

correlations with LWW (0.65-0.77) and weak negative relationships with EWW (from -0.44 to 0.02). 

Between-site correlation analysis (Online Resource, Table S2) demonstrates that relationships 

between chronologies are closer on the same slope at different elevations (0.54-0.72) than at one 

elevation on opposite slopes (0.33-0.59). Differences in both slope aspect and elevation lead to the 

lowest correlation coefficients (0.17-0.23) between chronologies of width variables; however, 

latewood ratio chronologies remain positively correlated (0.54). 

Climatic influence during the current warm season on pine growth is shown in Fig. 3. It is 

evident that climatic responses in EWW and LWW are separate and that TRW contains a weakened 

combination of both responses with the dominance of EWW. Correlations between LWR and climatic 

factors also show the distinctive impact of environment.  

In the bottom part of the southern slope, earlywood growth positively reacts to precipitation 

from the beginning of April to the beginning of June; its positive response from the end of June to the 

first half of July is insignificant. Latewood growth is also stimulated by precipitation, for the most part 

in July-August. As a result, total ring width positively responds to precipitation both in spring and in 

the first half of July. Increase of elevation leads to the weakening of EWW and TRW reaction to the 

precipitation in spring; however, the responses of both latewood width and ratio are only shifted to the 

earlier dates by ~10-15 days. On the other hand, pine growing on the northern slope is almost 

independent from precipitation. The only significant reaction is the decrease of the latewood ratio by 

precipitation in April. 

Reactions of pine growth to the warm season temperatures are negative on the southern slope. 

In earlywood, it starts from the beginning and third decade of May at the bottom and top of the slope, 

respectively, and ends at approximately the summer solstice. Latewood growth is restricted by 

temperatures in the second and third decades of August at both sites, with stronger reaction at the top. 

TRW registers mostly a negative influence of early spring temperatures. Regarding ring structure, the 

latewood ratio on the southern slope has a positive relationship with May-July temperatures at both 

elevations. A negative reaction to warmth in the second and third decades of August is significant 

only on the top of the slope. For the northern slope, temperature impact is less significant. The most 

prominent positive relationship is observed between LWW and temperature from the end of July to 

the beginning of August, with similar but weaker reaction of LWR. Additionally, LWR has slightly 

positive correlations with temperatures from May to the beginning of June. 

The comparison of pine growth reaction to the warm season climatic conditions over two 

subperiods (1951-1990 and 1976-2015) showed some notable shifts in climate-growth relationships, 

both for earlywood and latewood (Online Resource, Fig. S6). Maximal response of EWW and TRW 

to precipitation moved to the earlier dates (from mid-July to the end of June) and became stronger at 



all three sites; their response to temperature strengthened slightly in the second half of May at the 

bottom of the southern slope. In regards to latewood width, its response to May–July temperatures 

became less positive for both slopes; correlations between LWR and both climatic factors shifted to 

more negative values in this part of the season. Closer to the end of the ring development, a shift in 

timing to later dates occurred in the climatic influence on LWW and LWT (~5 days for temperatures, 

10-20 days for precipitation). 

Discussion 

Scots pine is an evergreen conifer, and is thus expected to have photosynthesis in needles 

formed during previous years in early spring at 2–3°С above zero (cf. Suvorova et al. 2005, 2011). 

The beginning of cambial activity is expected when average daily air temperature reaches the 

threshold of 5–9°С (Rossi et al. 2007, 2009; Kraus et al. 2016); at the sampling sites this threshold is 

observed usually after snowmelt even on the northern slope (Fig. 1b). The ending of tracheid 

differentiation probably occurs at a similar temperature threshold at the end of the season (Rossi et al. 

2008). Therefore, we considered the period of average daily air temperatures above 5°С as the pine 

vegetative season with its widest boundaries (without possible input of other factors such as spring 

droughts or snowmelt timing in the case of an unusually heavy snowpack; e.g., Vaganov et al. 1999; 

Ren et al. 2015, 2018). 

It has not yet been defined which of the two factors of heat supply more limits tree growth in 

mountains, the duration of the vegetative season (dates of its beginning and termination) or 

temperatures during its first half (Bouriaud et al. 2005; King et al. 2013b; Jochner et al. 2018). 

However, both of these factors undoubtedly depend on the elevational temperature gradient. On the 

other hand, although in the study area the amount of precipitation generally increases with elevation, 

this effect is the most noticeable at scales from 5-10 km due to advection and other physical 

mechanisms (e.g., Daly et al. 2017). Another factor making estimation of precipitation at fine 

spatiotemporal scales more difficult is its stochastic distribution (Krajewski et al. 2003; Buytaert et al. 

2006). Therefore, the large distance between available weather stations and the absence of direct 

instrumental observations does not allow for quantitative estimation of precipitation differences 

between sampling sites. Nonetheless, indirect assessment of moisture availability in general on the 

sampling sites is possible. Vegetation cover is similar on both sites of the southern slope, including 

the undercover and grass, which indicates the similarity of environments (sf. Dorji et al. 2014; Gao et 

al. 2017); the presence of more drought-sensitive species (e.g. Abies sibirica, Rubus idaeus and Ribes 

rubrum) and the absence of the more xeric Spiraea media and Caragana arborescens on the northern 

slope indicates a higher moisture supply there than on the southern slope (cf. Nazimova and 

Polikarpov 1996; Chytry et al. 2008; Kharuk et al. 2013). Therefore, the main elevational gradients of 

microclimate in the study area are the vegetative season timing and air temperatures. In contrast, the 



most substantial differences between adjacent opposite slopes are in received direct solar radiation 

(Fig. 1c). Its consequences are lower surface temperatures and lower potential evapotranspiration 

(King et al. 2015) on the shadowed northern slope than on the sunlit southern slope (because sunlit 

surfaces can overheat by up to 10°С; Ermida et al. 2014), despite possible similarities of precipitation 

and air temperatures (cf. King et al. 2013a; Daly et al. 2017; but Krajewski et al. 2003; Strachan and 

Daly 2017). 

The actual influence of these distinctions on microclimate and tree growth depends on the 

amount of available moisture. If received moisture is sufficient, the actual evapotranspiration 

corresponds to the potential evapotranspiration. Plants at that point have sufficient resources to 

increase the speed of photosynthesis, which leads to the higher concentration of carbohydrates and 

growth hormones and thus to the stimulation of growth processes on the southern slope. If soil 

moisture is insufficient, the soil dries up, plants begin to suffer from water stress, and transpiration 

speed decreases. On the other hand, the temperature of foliage without cooling by transpiration can 

increase up to the point of heat stress, despite moderate air temperatures (Jackson et al. 1981). These 

negative effects reduce the speed of photosynthesis and slow down growth. In comparison, one should 

expect slower but more stable tree growth on the shadowed northern slope due to a lesser water deficit 

and lower temperatures of tree tissues. 

The landscape-driven distinctions of a microclimate are reflected in the characteristics of tree 

growth. The ratio of growth rates (mean values of tree ring width) between sites of the southern slope 

reflects a temperature gradient (Vaganov et al. 1996; Di Filippo et al. 2015; Körner 2016). Since trees 

on a northern slope have significantly slower growth, it is possible to draw a conclusion about the 

regulation of tree growth rate mainly by the direct influence of solar radiation and the surface 

temperature, and it also indicates the relatively low impact of a moisture deficit, which is typical for 

the middle of a growth range. In general, patterns in the growth rate and age of trees correspond to 

other observations in mountain ecosystems (King et al. 2013a; Babushkina et al. 2018). 

The latewood ratio as a tree growth variable has interesting variability patterns. This variable is 

rather stable for each individual tree because interrelations of EWW and LWW with TRW are close to 

linear functions (Fig. 2c). Significant differences of mean LWR between trees within one site can be 

caused both by microconditions for an individual tree, and by the genetically caused internal patterns 

of tree ring formation (cf. Darikova et al. 2013 for distinction of the anatomical structure in the scion 

and rootstock of heterografts, forming under identical external conditions). However, differences in 

conditions between sites are much more drastic compared with within-site microconditions variation, 

although they do not cause further variation of LWR values. On the other hand, as shown in the work 

of King et al. (2013a), the genetic composition of a tree population has no elevational gradients or 

dependence on slope orientation. Therefore, individual trees have different genotypes, but stands are 



of the same genetic composition on all three sites. This similarity in patterns of variability support the 

assumption that the average ratio of earlywood and latewood in a ring is primarily defined by a tree 

genotype, probably via regulation of the transition process between them (Fukatsu and Nakada 2018). 

However, its deviations from the mean value still contain information on environmental conditions 

during the specific season. 

Low values of standard deviations and coefficients of sensitivity for all variables of pine 

growth in the study area are also typical for habitats in the middle of the distribution range where 

climatic fluctuations do not approach boundaries of species tolerance during the majority of seasons, 

and tree growth is complacent. Similar statistics were earlier noted in the study area for Siberian 

spruce (Babushkina et al. 2018). Higher sensitivity and low autocorrelation of LWW are caused by its 

lesser dependence on the previous season conditions in comparison with EWW (Oberhuber et al. 

1998; Lebourgeois 2000, 2007). 

Both between-site correlations and dendroclimatic analysis show that the elevational gradient 

influences the strength and seasonality of climatic response but the slope orientation modulates it 

more significantly. On the southern slope, tree growth has a positive response to precipitation and a 

negative one to temperature, typical for moderate moisture limitation (Fig. 3; cf. Babushkina and 

Belokopytova 2014). The timing of this response is completely divided in earlywood and latewood, 

which indicates the key periods during their formation. The shift of this timing with elevation 

corresponds to a difference in the vegetative season duration due to temperature lapse. On the northern 

slope, loss of moisture at the expense of transpiration is much lower; therefore, significant correlations 

between growth variables and climatic factors are practically absent for the entire period of 

observations, except for the stimulation of growth of latewood by temperatures. It is interesting that 

LWR is positively correlated with the temperatures of May-June and negatively reacts to August 

temperature at all three sites. On the southern slope it is connected with the limitation of growth by 

moisture deficit (because of its coupling with the positive reaction to July-August precipitation). 

However, the presence of the temperature response on the northern slope can also be caused by other 

factors; for example, Carteni et al. (2018) assumed that the earlywood-to-latewood transition under 

sufficient water supply is regulated by the availability of carbohydrates, that is, indirectly by 

temperature via the rate of transpiration and photosynthesis processes. 

In the region, a significant trend of temperature increase is observed during the entire year. 

Acceleration of this process after construction of the Sayano-Shushenskoe Reservoir (Babushkina et 

al. 2018) makes the study area especially interesting because it allows prediction of forest reactions to 

further warming in the rest of the region. In terms of the environmental consequences of climate 

change, warming yielded an increase in the duration of the vegetative season and in heat supply. 

Combining this factor with a constant amount of precipitation observed in the study area led to a 



decrease in the water availability for plants and the possibility of an increase in drought frequency and 

intensity in moisture-limited habitats (Tchebakova et al. 2011; IPCC 2013; Cook et al. 2014; Zhang et 

al. 2016). Indeed, the maxima of climatic reactions shifted at all sites, which showed the binding of 

their seasonality to the local climatic trends. On the southern slope, moisture limitation became more 

pronounced both in earlywood and in latewood. On the northern slope, earlywood in the course of 

warming also began to register signs of a moisture deficit. However, the climatic reaction of latewood 

(developing during the period of maximum precipitation) remained stable and closer to temperature-

limited habitats. However, these shifts of sensitivity may not only be attributed to climatic trends 

alone, but also to other long-term changes accompanying it, such as the maturation of forest stands 

leading to the increased climate sensitivity of radial growth (e.g., Schuster and Oberhuber 2013), 

competition, and changes of microclimate due to feedbacks from transpiration and snowpack 

evolution, among other factors. These concerns may be addressed in future research, e.g., by 

comparison of the considered sites with forest stands of similar structure and landscape position but 

located far from the reservoir. Moreover, detailed investigation of microclimate (daily dynamics of air 

and various surface temperatures, soil moisture at different depths and so forth) performed directly at 

the sampling sites may be beneficial to a deeper understanding of the mechanisms of its formation and 

relationships with tree growth in the study area. 

Conclusions 

The performed research revealed the following patterns of Scots pine growth in relatively 

comfortable environmental conditions between its growth range boundaries: 

1. The growth rate of trees in the study area depends on the local microclimate, including 

temperatures and solar radiation. At the same time, the proportion of earlywood and latewood seems 

to depend more on the genotype of individual trees within population than on local growth conditions. 

Joint research with geneticists may help prove this hypothesis. 

2. EWW and LWW as separate indicators of growth have temporally separate climatic 

responses, which are stronger in comparison to TRW. The deviation of LWR from its mean value also 

contains indirect information about climatic conditions. 

3. The seasonality of the climatic response of tree growth is regulated by dates of air 

temperature meeting xylogenesis’ threshold in spring and autumn, determined by the elevational lapse 

of temperature. Slope orientation significantly modulates solar radiation (the difference between 

considered opposite slopes varies during the year from 17 to 68%) and thus changes surface 

temperatures and potential evapotranspiration. As a result, slope orientation plays the main role in the 

definition of the direction of this response: moisture-limited on the southern slope and mixed on the 

northern slope. 



4. Climate change in the recent decades led to a shift of seasonality of climatic reactions 

regardless of landscape. On the moisture-limited southern slope, strengthening of this climatic 

response was observed. On the northern slope, long-term change of climatic response diverged in 

earlywood and latewood, probably due to greater moisture supply during the second half of the 

vegetative season. 
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Table 1 Statistic characteristics of Pinus sylvestris site chronologies 

Statistics 
ShB_500S ShB_900S ShB_900N 

TRW EWW LWW LWR TRW EWW LWW LWR TRW EWW LWW LWR 

Samples 

number of trees / cores 17/26 20/36 12/23 

total cover period, years 1916-2015 1908-2015 1907-2015 

total length, years 100 108 109 

mean value 
ab

 2.41 1.71 0.71 0.30 1.98 1.38 0.60 0.31 1.51 1.07 0.43 0.28 

Standard chronologies 

standard deviation 
a
 0.124 0.125 0.170 0.106 0.105 0.117 0.163 0.131 0.140 0.137 0.193 0.144 

mean sensitivity 
a
 0.104 0.115 0.172 0.112 0.104 0.113 0.191 0.149 0.116 0.111 0.172 0.118 

inter-serial correlation 
a
 0.277 0.233 0.283 0.219 0.303 0.303 0.319 0.344 0.273 0.241 0.263 0.297 

first-order autocorrelation 
a
 0.407 0.373 0.209 0.128 0.257 0.271 -0.029 -0.037 0.539 0.553 0.377 0.434 

signal-to-noise ratio 
a
 9.96 7.90 10.26 7.29 15.65 15.65 16.86 18.88 8.64 7.30 8.21 9.72 



a
 Statistics calculated over period of dendroclimatic analysis (1951-2015). 

b
 mean values of width variables are in mm, mean values of LWR are unitless. 

  



 

Fig. 1 Assessment of the intra-annual dynamics of air temperature and solar radiation in the 

study area: (a) intra-annual dynamics of the daily amount of direct + diffuse solar radiation (SR; lines) 

at the sampling sites and on the horizontal surface of the ridge top (~1000 m a.s.l.) between sites 

ShB_900S and ShB_900N compared with intra-annual dynamics of daily air temperature at the 

Cheryomushki station (averaged for 1951-2015; dots); (b) intra-annual dynamics of air temperature at 

sampling site elevations (solid lines) derived from the Cheryomushki station monthly series (averaged 

for 1951-2015; dashed line) with monthly elevational lapse rates (mean ± standard deviation; dotted 

line) estimated from comparison of temperatures at the Cheryomushki and Olenya Rechka stations 

before the reservoir building; average vegetative season (T > 5°C; dash-dotted line) is assessed at 

sampling site elevations (light and dark shades); triangles under horizontal axis mark average dates of 

the end of snowmelt: April 15 at ShB_500S, April 25 at ShB_900S, and May 5 at ShB_900N 
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Total ring width (mm) 

Fig. 2 Relationships between raw measurements of Pinus sylvestris earlywood width (EWW), 

latewood width (LWW), and total ring widths (TRW): (a) relationship between EWW and TRW at 

each site; (b) relationship between LWW and TRW at each site; (c) schematic ranges of earlywood 

ratio or latewood ratio within-tree (top), within-site (middle), and between sites within the study area 

(bottom). Dots represent individual tree rings, lines represent linear regressions for individual trees, 

and shaded areas represent 95% ranges of earlywood ratio or latewood ratio 
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Months 

Fig. 3 Correlations between Pinus sylvestris site chronologies of TRW, EWW, LWW, and 

LWR with moving series (21-day window, 1-day step) of temperature (a) and precipitation (b) from 

April to September, derived from daily data of the Cheryomushki station for 1951-2015. Significance 

level p=0.05 is shown with thin dashed horizontal lines. Horizontal shaded bars indicate average 

timing of the vegetation season (T > 5°) at the bottom (light shade) and top of the slope (dark shade) 
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Table S1 Correlations between Pinus sylvestris standard site chronologies of different growth variables 

within sites over the period of dendroclimatic analysis (1951-2015) 

Growth variables ShB_500S ShB_900S ShB_900N 

TRW EWW 0.920 
*
 0.818 

*
 0.938 

*
 

TRW LWW 0.776 0.661 
*
 0.838 

*
 

TRW LWR 0.114 0.055 0.271 
*
 

EWW LWW 0.485 
*
 0.174 0.625 

*
 

EWW LWR -0.244 -0.443 
*
 0.016 

LWW LWR 0.673 
*
 0.773 

*
 0.647 

*
 

* Significant at p<0.05 correlation coefficients. 

 

Table S2 Correlations between Pinus sylvestris standard site chronologies of the same growth variables  

but different sites over the period of dendroclimatic analysis (1951-2015) 

Sites TRW EWW LWW LWR 

ShB_500S ShB_900S 0.609 
*
 0.544 

*
 0.647 

*
 0.722 

*
 

ShB_500S ShB_900N 0.165 0.227 0.207 0.533 
*
 

ShB_900S ShB_900N 0.371 
*
 0.330 

*
 0.500 

*
 0.594 

*
 

* Significant at p<0.05 correlation coefficients. 
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Fig. S1 The study area: (a) position of the study area in the Asian part of Russia; (b) locations of sampling sites 

(rectangles) and the Cheryomushki weather station (flag); (c) climatic diagram of monthly mean temperatures 

(lines) and amount of precipitation (bars) averaged over periods under consideration (dashed, 1951-1990; solid, 

1976-2015) at the Cheryomushki weather station 

 

 

Fig. S2 Automatic standardization (detrending) of individual TRW time series in the ARSTAN program using 

cubic smoothing splines with a frequency response of 0.50 at 67% of the individual series length as long-term 

nonclimatic trends 
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Fig. S3 Cross-dated standardized TRW individual series (white & yellow) and site chronologies (green) 

in the TSAPWin program 
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Fig. S4 Scatter plots of relationships between daily solar radiation on the horizontal surface and air temperature 

at the Cheryomushki station averaged for 1951-2015 (see Fig. 1a): (a) without lag; (b) with a 26-day lag of 

solar radiation (delay of its impact) 

 

 
Years 

Fig. S5 Standard site chronologies of Pinus sylvestris (only 1950-2015): (a) total ring width (TRW, solid lines) 

and earlywood width (EWW, dashed lines); (b) latewood width (LWW, solid lines), latewood ratio (LWR, 

dashed lines), and sample depth (shaded areas), i.e., number of cores for each year 
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Fig. S6 Correlations between Pinus sylvestris site chronologies of TRW, EWW, LWW, and LWR with moving series (21-day window, 1-day step) of temperature (a) and 9 

precipitation (b) derived from daily data of the Cheryomushki station over the 40-year subperiods 1951-1990 (dashed lines) and 1976-2015 (solid lines) from April to September. 10 

Significance level of correlations (p=0.05) is shown with thin dashed horizontal lines; significance level of differences between correlations over two subperiods are shown with 11 

dark (p=0.05) and light (p=0.10) vertical lines 12 
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