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A B S T R A C T   

This paper reports on a detailed dendrochronological and dendroclimatological study of juniper trees (Juniperus 
seravschanica Kom. and J. semiglobosa Regel), sampled at seven sites having different elevations (2200 – 3100 m) 
and exposures (south-north) in the Pamir-Alay mountains, north-western Tajikistan. We developed seven new, 
well-replicated ring-width chronologies extending back over the last 219–1320 years. Our results confirm that 
the main climate factor influencing radial growth in this semi-arid region is variability in precipitation. However, 
they also indicate that there is a divergence in dendroclimatic responses between low- and high-elevation sites, 
where different limiting factors play a dominant role. The radial growth of J. semiglobosa at the uppermost 
treeline locations is the most sensitive to winter precipitation. Tree-ring formation in J. seravschanica at low- 
elevation sites is strongly limited by spring-summer drought conditions and by winter temperatures. The re
sults of PCA analysis indicate that the relationships between growth and climate are linked more to elevation 
than to exposure. It was also found that negative growth extremes at low elevation sites may be triggered by 
strong dust storm events. Our findings clearly show that precisely planned selections of topographically differ
entiated sites, including elevation and exposure, are crucial for the possible reconstruction of different climatic 
elements in the high mountains of Central Asia for the last hundreds to thousands of years.   

1. Introduction 

The high mountains of Central Asia are a key region as regards the 
study of past climate variability. Unfortunately, the few time series of 
meteorological observations currently available for this region are short 
and incomplete, making it difficult to evaluate the full range of climate 
variability over the last hundreds to thousands of years or in some cases 
even at the decadal time scale. Therefore, long-term climate series based 
on high-resolution proxy data need to be developed. A growing number 
of studies from Central Asia have demonstrated that this region has a 
great potential for dendroclimatic studies owing to the existence of 
extensive forest areas supporting long-lived species such as Juniperus 
polycarpos, Cedrus deodara and Pinus gerardiana in the Himalayas (e.g. 
Bhattacharyya et al. 1988, Yadav 2009), Sabina przewalskii on the 

Tibetan Plateau (e.g. Brauning 1994, 2001, Zhang and Qiu 2007), 
Juniperus turkestanica in the Karakorum Mts (e.g. Bilham et al. 1983, 
Esper 2000) and Juniperus semiglobosa in the Pamir-Alay Mts (e.g. 
Mukhamedshin and Talancev 1982, Opała et al. 2017, Opała-Owczarek 
et al., 2018b). A recent tree-ring-based reconstruction of precipitation 
for the past two thousand years revealed a series of dry and wet stages in 
Central Asia, leading to the rapid transformation of the hydrological 
regime as well as the rise and fall of civilizations (Owczarek et al. 2018, 
Opała-Owczarek and Niedźwiedź 2019, Opała-Owczarek and Owczarek 
2019, Chen et al. 2021). 

In general, trees growing at the margins of their ecological range 
exhibit the strongest relationships between climate and tree radial 
growth. Fritts (1976) reported that the upper forest limit is controlled 
primarily by low air temperatures, whereas precipitation is more 
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influential at low elevations. However, recent studies from Central Asia 
are inconsistent with the general principles of dendroclimatology, 
implying that these relations are much more complex and dependent on 
local conditions. Many studies have demonstrated that precipitation is 
the most important factor limiting tree radial growth along the entire 
elevation gradient, also near the treeline under arid/drier site conditions 
(e.g. Wang et al. 2010, Liu et al. 2006, Yang et al. 2013, Qin et al. 2013, 
Panthi et al., 2020). By contrast, results obtained for altitudinal gradi
ents on the north-eastern Tibetan Plateau indicate that temperature is 
the major limiting factor for tree-growth at the upper treeline, although 
precipitation is the major limiting factor at lower elevation belts under 
the semi-arid site conditions of the Qaidam Basin (Yin et al. 2016). 

Owing to the broad diversity of landscape and ecological conditions, 
many signs of climatological, geomorphological, meteorological and 
geophysical threats can be found in the trees growing in the mountains 
of Central Asia (Esper et al. 2002, Solomina 2002, Opała et al. 2017, 
Owczarek et al. 2017, Chen et al. 2022). Juniper trees are one of the 
most common species in the semi-arid Pamir Alay (Rahmonov et al. 
2017). Dendroclimatological and dendrogeomorphological research 
carried out to date has demonstrated that junipers are highly sensitive to 
changes in the natural environment (Opała et al. 2017, Owczarek et al. 
2017, Opała-Owczarek and Niedźwiedź 2019, Chen et al. 2019, Opała- 
Owczarek 2019, Opała-Owczarek and Owczarek 2019). It has to be 
borne in mind, however, that those studies took place at single sites 
without any differentiation of altitudinal, climatic or landscape tran
sects. Although several individual site-specific studies have already been 
conducted across the Pamir-Alay mountains, the novel aspect of the 
present study is the analysis of climate sensitivity along an elevational 
transect. The elevational transect approach provides an opportunity for 
studying vegetation dynamics and tree growth responses to climate 
change, as climatic variables vary with altitude (Körner, 2007; Fan et al., 
2009; Panthi et al., 2018, 2020). A better understanding of tree species’ 

growth responses to climate across differing elevations is important for 
robust reconstructions of past climates, appropriate forest management 
and conservation (Zhang et al. 2012, Gaire et al. 2020). Some recent 
tree-ring studies along elevational transects from High Asia were carried 
out in the Tibetan Plateau (e.g. Liang et al. 2010, Lyu et al. 2016, Yin 
et al. 2016), the Himalayas (e.g. Panthi et al. 2020, Gaire et al. 2020), 
the Hengduan Mountains (e.g. Panthi et al. 2018), the Tianshan 
Mountains (e.g. Qi et al. 2015) and the Qilian Mountains (e.g. Yang et al. 
2013). Detailed investigations are needed for different mountain mas
sifs, especially as there is a knowledge gap regarding growth-climate 
relationships at different elevations in various regions. 

This study investigated the complex influences of elevation, aspect 
and site characteristics on climate-tree growth relationships based on 
samples of Himalayan pencil juniper (Juniperus semiglobosa Regel) and 
Afghan juniper (Juniperus seravschanica Kom.) collected along an alti
tudinal gradient in the Zarafshan Range, in the western Pamir-Alay, 
where climate variability strongly differs within short distances due to 
the extremely high and complex topography. 

The objectives of this study were: (1) to develop several tree-ring 
chronologies at different elevations and slope exposure, (2) to analyse 
the tree-ring chronology parameters within the high-elevation network, 
(3) to investigate their relationships with precipitation and temperature, 
(4) to assess variations in climatic sensitivity and detect which sampling 
situations permit maximization of the climatic signal. 

2. Study area 

2.1. General description 

This study was conducted in the Zarafshan (Zeravshan) Range, in the 
western Pamir-Alay Mts. (NW Tajikistan) (Fig. 1). The Pamir-Alay forms 
the transition zone between the Pamir and Tian-Shan Mountains. This 

Fig. 1. (A) The study area within mountain systems in Central Asia and location of 10 meteorological stations used in this study (red triangles). (B) Location of the 
dendrochronological sampling area and nearest climate stations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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mountain system used to be known as the Alai or Gissar-Alai mountains 
(Antropov 1959). To the west the mountains border the mid-latitude 
Central Asian desert system (Kyzyl-Kum, Kara-Kum) and to the east, 
through the tectonic Alay Valley and northern Pamir (trans-Alay), they 
adjoin the Tarim Basin and the Taklamakan Desert (Fig. 1). Even though 
the mountains were finally uplifted during the Alpine orogeny, neo
tectonic processes continue to be recorded (Ivanova and Trifonov 2005). 
This region is characterized by a high level of seismicity, which is a 
consequence of its position in the vicinity of the frontal Pamir thrust 
system (Schurr et al. 2014, Owczarek et al. 2017). The research area is 
located in the western part of the Zarafshan Range known as the Fann 
Mountains (Chimtarga Peak – 5487 m). 

Lower Silurian and Middle Devonian rocks, mainly limestones, do
lomites and different types of schists predominate here (Antropov 1959, 
Vlasov et al. 1991, Vinnichenko and Tadzhibekov 2010). The research 
area consists of a high-mountain relief characterized by steep slopes and 
deep valleys, which are drained by the rivers belonging to the Zarafshan 
River catchment area (Fig. 1). The highest parts are occupied by small 
valley and cirque glaciers. The lateral and frontal moraines lying at 
different altitudes along the main valleys dissecting the massif provide 
evidence of intensive glacial processes during the Pleistocene. 

The Zarafshan Mountains are characterized by large differences in 
altitude within relatively small distances. This undoubtedly has a large 
impact on pedodiversity and its mosaic-like character. High steep ridges 
and deep narrow valleys foster processes of intense downwash, which 
destroy the soil cover down to the bedrock. Specific physiogeographic 
features of the research area determine the formation of distinctive types 
of mountain soils (Kuteminskiy and Leontyeva 1966). 

Four vegetation zones can be distinguished in the Zarafshan geobo
tanical region: (1) a zone of sage and saltwort deserts with dominant 
Artemisia tenuisecta and A. porrecta (1200– 2000 m a.s.l.), 2 – a zone of 
sage desert and juniper forests, mostly Juniperus seravschanica 
(2000–2700 m a.s.l), 3 – a zone of steppe juniper forests and thorny 
vegetation with J. turcestanica, Festuca sulcata, Onobrychis echidna 
(2700–3400 m a.s.l.), 4 – a zone of cushion plants and thorny vegetation 
(3400–4000 m a.s.l.) with Oxytropis savellanica, Potentilla flabellate and 
many species from the genus Cousina (Zapryagaeva 1976, Rahmonov 
et al. 2017). 

2.2. Climatic conditions 

The Pamir region lies in the transition zone between two atmo
spheric circulation systems, the Westerlies and the Indian summer 
monsoon (ISM) (Lydolph 1977, Holmes et al. 2009, Wang et al. 2010), 
albeit a more distinct influence exerted by the Westerlies in the Pamir 
region since the Late Holocene has been proven (Lei et al. 2014). 
Weather conditions during winter are influenced by the Asiatic High 
inducing a north-easterly flow of air across Central Asia, while in sum
mer the south-eastern periphery of the Azores High causes a northerly 
and north-westerly flow of air. The high mountain ranges of Pamir-Alay 
and trans-Alay in northern Tajikistan create significant barriers to air 
flow (Lydolph 1977). 

Extreme local climatic contrasts occur depending on altitude, land
forms, the forest canopy, cold-air pooling and local water bodies. The 
climate conditions of the Zarafshan Range are diverse, depending on the 
altitude, which rises to 5489 m on the Chimtarga Peak in the Fann 
Mountains. Above the upper tree line of juniper forests (about 3300 m), 
the climate is typical of mountain tundra (ET type) according to the 
Köppen and Geiger climate classification (Kottek et al. 2006). In the 
lower parts of the mountains, the climate is cold temperate, with wet 
springs and dry summers (Dsb type). Parts of the valley bottoms and 
mountain foreland experience a cold, semi-arid steppe climate (BSk) 
(Panjakent, 1016  m) with an annual precipitation of<400 mm and four 
extremely dry months (June–September). The climate of the lowest part 
of the region (Dushanbe, 800 m; Samarkand, 724 m) is similar to that of 
Mediterranean regions (Csa) with very hot, dry summers. 

Mean temperatures are c. 15–16 ◦C (max. 25–26 ◦C) in summer and 
from − 5 to − 8◦C (min. − 25 to − 26 ◦C) in winter. There are 90–100 days 
a year without ground frost or air frost (Sadikov, 2012). The warmest 
month of the year is July (less frequently August). The vertical gradient 
of the mean warmest month temperature is − 0.69 ◦C/100 m and is 
larger than the yearly gradient. The temperature in July ranges from c. 
21 ◦C at 1700 m to 10 ◦C at 3300 m near the upper juniper forest tree line 
(Fig. 2). 

The mean yearly precipitation for the area in question is 400–500 
mm on peaks and slopes at altitudes of c. 3000–3400 m (418 mm on the 
Anzob Pass 3373 m). In basins and deep valleys (altitudes from 2200 to 
2500 m), the precipitation drops to 250–300 mm. Most precipitation 
occurs in spring (60–70 mm in April or May), while winter snowfall is 
minimal (Fig. 2). 

The results of the trend analysis presented by Aalto et al. (2017) 
show that the mean annual temperatures have risen in Tajikistan since 
the 1930 s, the average rate of change being approximately 0.1 ◦C per 
decade. For precipitation, only a weak signal of change over the entire 
country could be detected. In NW Tajikistan a weak wetting trend is 
present, significant only at two stations (Aalto et al. 2017). The CRU 
gridded data show that the temperature trends have increased signifi
cantly in both summer and winter (0.18 and 0.25 ◦C/decade), and also 
that the precipitation trends have increased significantly (12 mm/ 
decade) in winter; there is no well-defined trend in the case of summer 
precipitation data, however (Fig. 1 Supplementary Materials). Com
parison of temperature grid data (NW Tajikistan) with station data 
(Anzob Pass meteorological station, calculations made by Gulakhmadov 
et al. 2020) indicates increasing trends for annual grid data, but an 
insignificant trend for the annual temperature measured at the Anzob 
station, which has even become a decreasing one over the last three 
decades. For annual precipitation, the trend is increasing for gridded 
precipitation (23 mm/decade), but decreasing for station data (-4.8 
mm/decade). These data are purely informative and should be treated 
with some caution. It should be noted that the analysis of trends may be 
subject to an unknown error resulting from the unavailability of meta
data, limited maintenance of the meteorological network, and the fail
ure to homogenize the station data (Aalto et al. 2017). Also, trends in 
precipitation based on modelled grid data for this area are highly un
certain and subject to considerable variation, depending on micro- 
climates and the period covered by the records (Climate Risk Country 
Profile: Tajikistan, 2021). 

3. Materials and methods 

3.1. Tree-ring material 

Mountain forests in the Zarafshan Range consist of Juniperus ser
avschanica and Juniperus semiglobosa – the occurrence of which depends 
on the altitude. Juniperus seravschanica (Afghan juniper) is usually 5–10 
m tall with a dense crown, forming juniper woods in the lower and 
middle parts of the timber zone (2000–2700 m), in pure stands or mixed 
with J. semiglobosa. Juniperus semiglobosa (Himalayan pencil juniper) is a 
tree reaching heights of 10 m, with a rather loose and narrow, weeping 
crown. This species sometimes grows singly, sometimes with other ju
niper species, forming open juniper woods on dry mountain slopes, 
moraine deposits and lakeshore terraces. It occupies the higher parts of 
the timber zone up to the tree line (2500–3300 m) (Fig. 3A,B) (Adams 
2014). 

In 2014 and 2015 seven sampling sites for detailed research were 
established along an altitudinal gradient from 2200 to 3100 m (Table 1, 
Figs. 3, 4). In the very diverse terrain of the Urech River valley, five 
north-facing sites were selected at 100–250 m height intervals, 
depending on local conditions and the availability of woody material 
(Fig. 3C,D,E,F Fig. 4A,B). Additionally, at two elevations – 2500 and 
3000 m – trees from slopes with opposite exposures (south-facing vs 
north-facing) were also sampled (see: Profile 1 and 2 on Fig. 4A,B). The 
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uppermost sites (sites 5, 6, 7) were situated within the extensive Kuli
kalon basin, enclosed from the south by the rim of the Chimtarga Peak 
(Fig. 3A,B; Fig. 4). The basin consists of two large glacial cirques and a 
few smaller ones, the bottoms of which are partially filled by moraine 
lakes. Below the basin, where research sites 1, 2, 3 and 4 were situated, 
the Urech flows along a typical U-shaped valley separated by Pleistocene 
frontal moraines (Fig. 4B). 

One or two cores were extracted at breast height from each tree using 
5.15 mm diameter increment borers. At least 30 cores were taken from 
each site, yielding a total of 261 samples. Table 1 provides general in
formation relating to the sampling sites. 

All the samples were processed using standard procedures: air dry
ing, mounting the cores into wooden blocks and polishing the surface 
(Stokes and Smiley 1968). Next, the cores were scanned in a high- 
definition optical scanner EPSON Perfection V700 Photo Scanner 
(with an optical resolution 2400 DPI) and the annual ring widths (TRW) 
were measured using semi-automatic image-analysis software WinD
endro (Regent Instruments Inc. 2006). Cross-dating was performed 
among samples of a given site and the results confirmed using COFECHA 
software (Grissino-Mayer 2001). TRW series were standardized and 
transformed with ARSTAN software (Cook and Holmes 1986). The raw 
data were fitted to negative exponential curves or linear regression lines 
to remove growth trends. The measured values were divided by the 
fitted curve values to obtain standardized series. Autoregressive 
modelling was used to remove high autocorrelation within series. 
Chronologies were averaged on a site-by-site basis using the biweight 
mean. Standard and Residual versions of the chronologies were used in 
the subsequent analysis. Furthermore, descriptive statistics were 

calculated for the chronologies: expressed population signal (EPS), 
average inter-series correlation (Rbar), mean sensitivity (MS), first- 
order serial autocorrelation (AC1) and percentage variance explained 
by the first principal component (PC1). 

The correlation matrix of the TRW indices for all sites over a common 
100-year period (1915–2014) was examined to quantify the similarities 
in the signals. To elucidate patterns in the tree-ring chronologies at 
seven different sites, which are expected to reflect the variety of climate 
influences, principal component analysis (PCA) was used as a clustering 
technique. PCA was successively computed on the tree-ring chronology 
indices matrix for the 100-year period common to all populations. These 
components were rotated according to the varimax criterion. A varimax 
rotation was used to interpret the individual site loadings on each 
eigenvector. The normalized varimax method of rotating eigenvectors 
preserves the orthogonality of the factor loadings but makes them easier 
to interpret (Leal et al., 2007). Additionally, correlations between pa
rameters, i.e. number of years, mean growth rate, mean sensitivity, and 
mean series intercorrelation and elevation were calculated and illus
trated graphically. 

For analysing extreme years, those years exceeding the threshold of 
one standard deviation were selected from TRW indexed series (±1 SD). 
Next, we focused on the 10 most extreme years (characterized by the 
greatest deviation), which we tried to explain by extreme meteorolog
ical conditions. Taking into account the possible impact of dust storm 
events on tree rings, we compared the meteorological data concerning 
dust storms, dust hazes and the horizontal visibility range with growth- 
ring chronologies within our transect. In the next step, we constructed a 
composite chronology for low- and mid-elevation sites, which we 

Fig. 2. Walter-Lieth climate diagrams of four Tajik meteorological stations (1951–1990): Panjakent, Songiston, Shakhiristan Pass, and Anzob Pass showing dif
ferences in the course of basic meteorological elements and representing typical climate conditions on different altitudes from 1000 to 3330 m asl in the studied 
region. The temperature course is marked by normal line, and precipitation by bold line. Dotted areas indicate arid period, lined areas indicate humid period. Months 
are shown along the x-axis, where black box indicate months with a mean daily minimum temperature below 0 ◦C, hatched box for a “definite” frost, white bar for 
“likely” frost. The temperature vales on the left side of the graph indicate mean daily temperature of the coldest month, and absolute minimum temperature. 
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compared with dust storm events by means of correlation analysis. 
Statistical analyses were performed with the STATISTICA 13 software 
(TIBCO Software Inc. 2017). 

3.2. Meteorological data 

Weather data were obtained from five meteorological stations: 
Panjakent (1016 m), Sangiston (1502 m), Iskanderkul (2204 m), the 
Shakhristan Pass (3143 m) and the Anzob Pass (3373 m). These were the 
closest meteorological stations to the study sites and at a similar altitude 
(Fig. 1). Nevertheless, only the climate records from the Anzob Pass 
Station (50-year reliable period 1941–1990) were used for the den
droclimatological analysis, because large amounts of data were missing 
for the other stations. The limited availability of meteorological data is 

due to the political situation in the region. From May 1992 to July 1997 
the Tajik Civil War took place, as a result of which gaps appeared in the 
meteorological measurements for this period. In subsequent years, too, 
the data are discontinuous or inhomogeneous. For comparison and 
validation of the dendroclimatological analysis, we used CRU v. 4.06 
mean monthly gridded temperatures and mean precipitation totals 
(Harris et al., 2020) covering NW Tajikistan (latitude-longitude grid: 
68.25◦-39.25◦). With regard to the proximity to the sampling sites, 
elevation, and extent of climate records, we also selected data from 10 
other meteorological stations (Fig. 1) (1930–1990) in order to compile a 
regional precipitation series (Opała-Owczarek and Niedźwiedź 2019) 
which was then used for comparisons with extreme years. The monthly 
mean, maximum and minimum temperatures and precipitation totals 
were obtained from the Central Asia Temperature and Precipitation 

Fig. 3. General view of the sampled juniper trees in the study sites: (A) – the uppermost site near Maria Glacier (Site 7_KGL), (B) – view on the Bib-Jihonat Lake and 
Chimtarga Peak with location of the Site 6_KBJ and Site 5_KPU, (C) – dry open forest in the southern slope of the Urech river valley (Site 4_ISP), (D) – relatively wet 
juniper forest community near Kuczurak Lake (Site 3_ KUC), (E) – juniper forest in the middle (Site 2_BAC) and (F) the lowest part of the study section of the Urech 
river valley (Site 1_IGU). 
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Database (Williams and Konovalov 2008). Besides temperature and 
precipitation datasets, Palmer Drought Severity Index (PDSI) data were 
employed to detect whether regional moisture conditions influenced 
tree-ring growth. Pearson’s correlation analyses were used to explore 
the climate-growth relationships. A 99 % confidence level criterion was 
used to determine the statistical significance of the correlations. These 
analyses between residual tree-ring chronologies and climate variables 
were examined for 15 months beginning in June of the previous growth 
year to August of the following growth year. Calculations were also 
made for grouped months and seasons. For seasons, only the results with 
the highest correlations are presented, different for temperature and 
precipitation. For the sake of clarity, not all the results are given in the 
text. Data on dust storms, dust haze and horizontal visibility range were 
taken from the Agency on Hydrometeorology of Tajikistan, after 
Abdullaev and Sokolik (2019) and the Ogimet database (Valor and 
López 2017). 

4. Results 

4.1. Tree-ring chronologies 

The tree-ring material from 261 trees enabled the construction of 
seven site chronologies from sites located along the elevational transect 
(Table 2, Fig. 5). Three chronologies from the highest-altitude sites 
covered more than 1000 years. The longest chronology was built for the 
7_KGL site spanning 1320 years, from A.D. 696 to 2015. Chronologies 
from mid- and low altitudes (2200–2500 m) had a shorter time range, 

spanning about 100–200 years. Junipers from the lowest site had the 
widest annual rings, while those from the highest sites had the slowest 
growth rate resulting from the exceptional age of the trees. The age of 
the trees, and thus the average width of increments, correspond strictly 
to the elevation, as can be seen in Fig. 6. Other parameters, like sensi
tivity, do not seem to be strictly related to elevation. 

Comparison of the long-term variations of the seven chronologies 
yielded a number of similarities and differences. The main similarities 
are discernible in the periods of slow growth, i.e. the first half of the 20th 
century, the 1860 s and the 1640 s, and of fast growth, i.e. the end of the 
19th century, the 1790 s and the second half of the 17th century. 
Interestingly, the period of cooling known as the Maunder Minimum 
(1645–1717) was not conspicuous in these chronologies: this period was 
characterized by a series of rather wide growth rings, whereas there was 
a distinct decline in growth only in the first decade of the 18th century. A 
significantly different course can be seen in the KPU chronology, which 
was characterized by slow growth in the first half of the 11th century, i. 
e. the period of the Oort Minimum. The drought-sensitive KBJ chro
nology is characterized by a series of very wide rings in the second half 
of the 11th century and very narrow ones during the second half of the 
14th century, not present in other chronologies. Analysis of the early 
part of the chronology should be treated with caution as it is based on a 
small number of trees. However, such long records are unique and can 
be useful for later comparisons and further development of this research. 
In both the low- and high-elevation chronologies, the clear transition 
from very wide increments (especially evident for sites 3_KUC and 
5_KPU) in the 1990 s to narrow rings in the successive years of the 21st 

Table 1 
General description of the sampling sites along the elevational gradient in the Urech Valley.  

Site 
code 

Site name Elevation (m 
a.s.l.) 

Geographical 
coordinates 

Slope 
inclination (◦) 

Aspect Number of 
cored trees 

Site characteristics 

1_IGU Iguroz 2200 39◦16′58.47 
68◦07′04.85 

35,2 N 40 Type of soil: Cambisols, brown mountain soil 
Relief: straight slope without traces of mass movements 
Geology: Silurian limestones and dolomites covered by 
Holocene coarse-grained slope deposits 
Type of forest: dense with domination of J. seravshanica 

2_BAC Base Camp 2300 39◦16′13.45 
68◦08′02.83 

30,4 N 30 Type of soil: Cambisols, brown mountain soil 
Relief: lateral moraine with large angular rock blocks 
Geology: Silurian limestones covered by Pleistocene unsorted 
glacial deposits 
Type of forest: dense with domination of J. seravshanica 

3_KUC Kuczurak Lake 2500 39◦15′43.44 
68◦08′02.46 

28,9 N 35 Type of soil: Cambisols, brown mountain soil 
Relief: steep stable slope with inactive erosional channels 
Geology: Silurian schists, limestones, dolomites covered by 
Holocene coarse-grained unsorted slope deposits 
Type of forest: open with domination of J. seravshanica 

4_ISP Isputa 2500 39◦16′54.96 
68◦08′29.22 

27,8 S 40 Type of soil: Cambisols, brown mountain soil 
Relief: stepped slope with flat and steep sections, small 
bedrock outcrops 
Geology: Silurian limestones, dolomites, schists covered by 
coarse-grained Holocene unsorted slope deposits 
Type of forest: open with domination of J. seravshanica 

5_KPU Kulikalon 
plateau 

2850 39◦15′12.55 
68◦11′33.69 

2,3 N 46 Type of soil: Regosols, initial skeleton-humus soil 
Relief: ground moraine with irregular topography 
Geology: Silurian limestones and dolomites covered by 
Pleistocene unsorted glacial deposits with large rock blocks 
Type of forest: open with domination of J. semiglobosa 

6_KBJ Kulikalon Bibi- 
Jonat 

3000 39◦15′29.55 
68◦12′00.56 

32,6 SW 30 Type of soil: Regosols, isolated initial skeleton-humus soil 
Relief: straight slope 
Geology: Silurian limestones and dolomites covered by 
Pleistocene and Holocene unsorted glacial and slope 
deposits 
Type of forest: open with domination of J. semiglobosa, tree 
line 

7_KGL Kulikalon 
glacier 

3100 39◦14′44.70 
68◦11′51.91 

15,7 N 40 Type of soil: Regosols, isolated initial skeleton-humus soil 
Relief: degraded lateral moraine partly covered by talus 
cones deposits 
Geology: Devonian limestones covered by Pleistocene 
unsorted glacial deposits 
Type of forest: open with domination of J. semiglobosa, tree 
line  
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Fig. 4. (A) 3D visualization of the study area and location of the study sites in the upper part of the Urech River catchment along longitudinal and cross-sections 
profiles (source of map: Google Earth, Landsat/Copernicus, 2019), (B) Longitudinal and cross-sections profiles showing the location of sample collection points. 
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century indicates deteriorating growth conditions. However, the 
magnitude of these changes is different at every site, particularly at the 
ISP site where, in contrast to the other sites, this transition is gradual and 
gentle (Fig. 5). 

The correlation matrix between the seven chronologies for the well- 
replicated common 111-year period (1903–2014) reflects differences 
caused by vertical distance among sites and is associated with ecological 
differences (Table 3). The mid- and low-elevation juniper chronologies 
(1_IGU, 2_BAC, 3_KUC, 4_ISP) exhibit high between-site correlations (r 
= 0.80, P < 0.01). The three high-elevation site chronologies (5_KPU, 
6_KBJ, 7_KGL) are more heterogeneous and display slightly lower cor
relations between sites. The correlation coefficient between the plateau 
(KPU) and the site with a northerly exposure (KGL) is higher than for the 
one with a southerly exposure (KBJ). Principal component analysis was 
performed for a deeper understanding of the observed clustering. The 
first principal component explained 56.8 % of the variance, whereas PC2 
and PC3 contributed 23.4 % and 7.3 %, respectively. Ordination along 
the two axes revealed certain patterns: the low- and high-elevation 
chronologies are clearly separated. Four sites are loaded positively on 
the first component, showing that PC1 represents common information 
spanning the low elevation chronologies. The high elevation chronolo
gies are grouped around PC2, and the two chronologies for the highest- 
altitude sites are especially consistent (Fig. 7). 

4.2. Relationships between climate and tree-ring widths 

The largest positive r-value (0.78, p < 0.01) was obtained between 
the chronology from site 6_KBJ and winter precipitation sums from the 
Anzob Pass station (Fig. 8), and the 5_KPU chronology was significantly 
positively correlated with winter precipitation (0.71, p < 0.01). A pos
itive correlation with winter precipitation was found for another high- 
elevation site (7_KGL) and also the mid-elevation 4_ISP site, but the 
signal was less pronounced. At the low elevation sites 1_IGU and 2_BAC, 
spring/summer precipitation was important for growth, the highest 
correlation being with precipitation in June and July. Most outliers are 
the results for site 3_KUC, where there are no clear relationships between 
growth and precipitation, and weak correlations only for October and 
November of the previous growing season. 

For temperature, we found particularly strong positive correlations 
between the low elevation sites 1_IGU, 2_BAC, 3_KUC and 4_ISP, and the 
temperature in December of the previous year. For the highest lying 
sites, the temperatures in November of the previous year and in June of 
the current year were more important. However, only at site 7_KGL was 
there a clear positive impact of the May-August temperature on growth. 
Furthermore, we found a significant impact of drought stress at site 
4_ISP, where the previous September’s precipitation had a positive 
impact but temperature a negative one. There was a similar den
droclimatic reaction at the two lowest sites (1_IGU and 2_BAC) in June 
and July, which indicates strong drought stress at those sites during the 
summer months (Fig. 8). We also investigated the correlations between 
seven chronologies and the seasonally averaged PDSI: the strongest one 
had mean May-September PDSI for sites 4_ISP and 6_KBJ which have a 
southern exposure. 

Furthermore, in order to validate and support the results for recent 
decades, we checked climate-sensitivity analyses against gridded CRU 
data for the 74 years between 1941 and 2015 (Fig. 8D and 8F). The 
results of the correlation analysis betrayed slight differences between 
the data from the meteorological stations and the grid data. However, 
the general pattern of climate sensitivity was confirmed, i.e. the 
importance of seasonal (the previous June to the current August) sums 
of precipitation for juniper growth, and especially of winter precipita
tion for tree growth at high elevations. At low elevations, spring pre
cipitation was important for growth. The same applies to the 
relationship between TRI and gridded mean temperature. Apart from 
minor differences (the importance of May temperatures instead of June/ 
July temperatures at low elevations), the results for gridded data 
covering a more recent period confirm the results for a single station 
located in the sampling area. At low elevation sites, the correlation be
tween TRI and December temperatures is positive but the influence of 
summer temperatures is negative. Summer temperatures have a positive 
influence at high elevation sites, with higher values at sites with a 
northern exposure. 

4.3. Extreme weather conditions 

According to our TRW chronologies, negative years in common were 
2014, 2011, 2008, 2001, 2000, 1975, 1950, 1948 and 1939. There were 
some negative years in low- and mid-elevation chronologies (1944, 
1957 and 1971), while others were present only in high-elevation 
chronologies (1979, 1987 and 2013). Analysis of post-1930 s meteoro
logical data shows that most of the extremely negative years occurring in 
the TRW chronologies were caused by extremely dry conditions: 1939 
(the driest year in the Zarafshan Mts., 50 % of the annual mean, the 
driest spring and previous June to the current September season), 1944 
(a very dry summer), 1975 (a very dry summer), 1971 (the driest year in 
the Samarkand meteorological series), 2000 and 2001 (two consecutive 
very dry years, with an exceptionally dry spring, very dry summer and 
dust storm in 2001). Some of the negative years can be related to very 
low winter temperatures, as in 1957, 1984 and 2008 (the coldest winter 
in the last 25 years), or very low spring temperatures (1979). One of the 
negative years present in the high elevation chronologies, for which 
meteorological causes are hard to find, is 1987; in this case, the research 
should be extended to include a thorough analysis of daily data. Some of 
the extreme years occurred in the years in which strong dust storms were 
recorded: 1950, 1989, 2001, 2008, 2011. Analyses relating the occur
rence of dust storms to ring-width indices showed a statistically signif
icant negative correlation (r = -0.45, p < 0.01, over the period 
1985–2014). 

5. Discussion 

5.1. Tree-ring chronologies 

The slow growth of juniper trees at high altitudes is due mainly to 
their extremely old age, but as the trees in the different sites are not the 
same age, their growth rates cannot be compared. The decrease in 

Table 2 
Statistical characteristics of juniper tree-ring data along the elevational gradient.  

Site 
code 

Chronology length 
(number of years) 

EPS greater 
than 0.85 
since 

Number of 
trees 

Mean 
series 
length 

Mean correlation 
between series 

Average ring-width 
in mm (standard 
deviation) 

Mean 
sensitivity 

Percentage of 
absent rings 

Autocorrelation 
Unfiltered / 
filtered 

1_IGU 1795–2014 (219) 1879 20 103  0.598 1.47 (0.767)  0.295  0.00 0.295/-0.011 
2_BAC 1796–2014 (218) 1903 20 124  0.536 0.98 (0.500)  0.312  0.81 0.668/-0.009 
3_KUC 1597–2014 (418) 1880 17 209  0.560 0.66 (0.337)  0.363  0.00 0.603/ 0.005 
4_ISP 1770–2014 (245) 1893 15 129  0.549 1.01 (0.474)  0.303  0.15 0.660/-0.014 
5_KPU 900–2014 (1115) 1531 35 423  0.456 0.28 (0.128)  0.266  0.40 0.750/ 0.006 
6_KBJ 1004–2014 (1011) 1506 23 364  0.542 0.35 (0.174)  0.270  0.68 0.794/ − 0.013 
7_KGL 696–2015 (1320) 1343 29 626  0.504 0.27 (0.125)  0.258  0.32 0.776/-0.006  
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Fig. 5. Seven juniper tree-ring standardized chronologies (red line) with their associated 11-year running averaged series (black line) and corresponding samples 
replication, compiled with increasing altitude. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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average growth rates with increasing elevation is probably due to dif
ferences in tree age. Changes in the age of trees with altitude can be due 
to human influences. Trees from the lowest elevations are used for 
building and fuel, especially from sites near human settlements. It is also 
thought that wind exposure, shallow soil, low nutrient availability, low 
temperatures and limited access to water may retard physiological 
processes such as photosynthesis and respiration rates, which are 
responsible for tissue formation (Körner 2003, Liang et al. 2010). 

In western Central Asia, cold and dry conditions near the upper 
treeline are responsible for the exceptional longevity of trees. Junipers 
are one of the species older than 1000 years. In addition to our research 
demonstrating junipers to be 1320 years old (Opała-Owczarek 2019), 
investigations of other 1000-year old specimens in different areas of 
high Central Asia clearly indicate that such ancient trees occur mainly at 
the upper edge of the forest (Maksimov and Grebenyuk 1972, Mukha
medshin 1978, Mukhamedshin, and Sarbaev 1988, Esper 2000, Bräun
ing 2001, Zang et al. 2003, Yadav et al. 2006). On the other hand, recent 
research on junipers in Tajikistan enabled a dendrochronological record 
covering the last few centuries to be constructed (Chen et al. 2019, Yang 
et al. 2020, Fan et al. 2021). This clearly indicates the importance of 
detailed research taking into account different locations, with their 
diverse topographic and topoclimatic conditions. 

5.2. Climate sensitivity 

It is generally hypothesized that tree growth at the upper treeline is 
normally governed by temperature whereas at the lower treeline it is 
precipitation-limited (drought signals embedded in tree-ring data) (e.g., 

Fig. 6. Comparison of altitude-related effects on standardized tree ring series parameters: series length (A), mean tree-ring width (B), mean sensitivity (C) and mean 
series intercorrelation (D). 

Table 3 
Correlation matrix between the seven standard chronologies over the common 
reliable period of CE 1903–2014.   

1_IGU 2_BAC 3_KUC 4_ISP 5_KPU 6_KBJ 7_KGL 

1_IGU x 0,81 0,80 0,80 0,19 0,31 0,20 
2_BAC  x 0,77 0,73 0,20 0,41 0,22 
3_KUC   x 0,81 0,23 0,32 0,21 
4_ISP    x 0,16 0,27 0,16 
5_KPU     x 0,46 0,69 
6_KBJ      x 0,40 
7_KGL       x  
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LaMarche 1974, Fritts 1976). Our results do not fully confirm this 
concept. The implication of the present results is that moisture condi
tions are much more strongly correlated with growth-ring widths in 
junipers than temperature, particularly at high-elevation sites. Similar 
relationships have been demonstrated for junipers from arid and semi- 
arid regions of Central Asia (e.g., Tian et al. 2007, Davi et al. 2009, 
Liang et al. 2010, Liu et al. 2006, Yang et al. 2013, Gou et al. 2015), and 
were also confirmed in our recent and previous studies in the western 
Pamir-Alay (Opała et al. 2017, Opała-Owczarek and Niedźwiedź 2019). 
Following the general assumption of changing climate sensitivity with 
elevation, a clear difference can be found in the dendroclimatic reaction 
of trees at sites from high elevations and mid- to low-elevation sites in 
the studied region. Our study of junipers from low-elevation sites 
showed significant positive correlations with current June-July precip
itation and a negative correlation with the temperatures in June-July. 
Chen et al. (2019) presented similar results from low-elevation juniper 
sites in the Kuramin Range (N Tajikistan) but highlighted a wider win
dow of dendroclimatic response: April–July for precipitation and 
May–June for temperature. Also, Seim et al. (2016), investigating the 
dendroclimatic reaction of low-elevation junipers from the Turkestan 
range (E Uzbekistan), found a mixed signal: negative correlations for 
June-July temperatures, and positive associations with precipitation 
from April to September. For mid-elevation sites, the signal is more 
complex and strongly dependent on local site conditions. Analysis of 
J. turkestanica samples from Shahristan (N Tajikistan) highlights the 
weak influence of the previous and current year’s precipitation (Yang 
et al. 2020). 

The results obtained by Fan et al. (2021) are more difficult to 
compare in terms of changing climate sensitivity with elevation, as those 
authors averaged site chronologies from the north-western Pamir-Alay 
from different elevations (1175–3249 m) into one chronology. However, 
the climatic signal obtained was similar to that in other low-elevation 
studies. 

Further comparisons with high-elevation chronologies from the 
Pamir-Alay Mountains, Tajikistan, are impossible because there is no 
comparative material. The records from the Zarafshan Range are the 

only high-elevation chronologies available for this area. The nearest 
high-elevation chronologies of juniper, developed by Esper (2000) and 
Esper et al. (2002, 2007) from Tien Shan and Karakorum, were not 
calibrated against climate because of the lack of reliable high-elevation 
observational data. It could only be confirmed that the junipers from the 
lower-elevation sites showed mixed growth-climate associations, while 
the annual growth of high-elevation trees was predominantly influenced 
by summer temperature (Esper et al. 2003), in contrast to the Pamir- 
Alay sites, where precipitation in winter is extremely important for 
growth at high elevation sites. 

The latest dendroclimatic research along altitude transects in the 
European Alps emphasizes the advantage of maximum latewood density 
over tree-ring width, as its temperature sensitivity is more stable (Hartl 
et al. 2022). Future research in the Pamir-Alay Mountains should thus be 
expanded to include other tree-ring parameters. 

5.3. Influence of topography 

Our results of dendroclimatological studies from seven sites across 
the topographical transect clearly indicated the great importance of 
altitude, aspect and local ecological conditions on the climate response 
of junipers from the Fann Mountains. This issue was addressed earlier 
with respect to other regions across the world, e.g. the French Alps 
(Desplanque et al. 1999, Saulnier et al. 2019), the central European Alps 
(Oberhuber and Kofler 2000, Leonelli et al. 2009), the Tibetan Plateau 
(Liang et al. 2006), the White Mountains of California (Salzer et al. 
2014), the eastern Carpathians (Romania) (Sidor et al. 2015), western 
Uzbekistan (Seim et al. 2016), south-western United States (Klesse et al. 
2018), the Sudetes Mountains (Opała-Owczarek et al., 2018a), the 
Western Sayan Mountains (Zhirnova et al. 2020) and the Jalisco 
Mountains in Mexico (Guerrero-Hernández et al. 2022). On the other 
hand, the study by Yang et al. (2013) from the northern Tibetan Plateau 
demonstrated that altitude had no influence on tree growth-climate 
associations. 

Our results from the Fann Mountains show clearly that appropriate 
site selection can emphasize the embedded climate signal in the tree- 

Fig. 7. Principal component analysis (PCA) (after Varimax rotation) scatterplots of the loadings derived from each standard chronology of the PC1 and PC2 over the 
common reliable period of CE 1903–2014. Axis labels report the percentage of variance expressed by each component. 
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Fig. 8. Correlations between monthly and seasonal climate data and seven STD chronologies at different elevations. Presented correlations were calculated against 
data from Anzob Pass meteorological station (A, B, C, E) over the most reliable common period (1941–1990) and CRU data (D, F) over the period 1941–2015. The 
bold values denote the statistically significant values (p < 0.05). Numbers in the columns correspond to months of the previous (p) year and the growth year. 
Abbreviations in the column names on the right panel correspond to the grouped months). 
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ring width record. Junipers from the southern exposed mid-elevation 
site 4_ISP, which was exceptionally dry with shallow soil cover, 
exhibited the strongest drought response of all the sites investigated: the 
positive influence of precipitation in the previous year’s September and 
the negative influence of temperature in the previous year’s September 
(rPrecip_pSep = 0.50, rTempmean_pSep = -0.45) made the trees from this site 
suitable for a drought reconstruction. In contrast, trees from the oppo
site, northern exposed site 3_KUC from the same mid-elevation, dis
played a very weak climatic signal, as this stand is not influenced by 
thermal or precipitation stress. Comparison of the southern (site 6_KBJ) 
and northern (7_KGL) aspects from high elevations shows that the dif
ferences in dendroclimatic signal become ever starker. The site exposed 
to the south showed the strongest, statistically significant, response to 
precipitation (rDJF = 0.78) from the previous year’s November to the 
current year’s March. Because of the high level of solar radiation, trees 
growing on a steep south-facing slope combined a low water storage 
capacity with extreme sensitivity to precipitation, which is available 
mainly in the winter months. This was discussed in detail by Opała- 
Owczarek and Niedźwiedź (2019). At the same altitude but from a 
different aspect (N), juniper growth at 7_KGL is more dependent on 
summer and annual temperatures: as the strongest temperature signal is 
recorded within the investigated transect, a temperature reconstruction 
can be attempted (Opała-Owczarek 2019). Despite these significant ef
fects of the local factors, our results of PCA grouping (Fig. 7) and cor
relation analysis (Fig. 8) for the entire transect indicate that the shift in 
relationships between growth and climate conditions is related more to 
elevation than to exposure. 

5.4. The influence of dust storms 

The arid zones of Tajikistan are constantly exposed to dust particles 
resulting from dust storm and dust haze events extending over thou
sands of kilometres. The well-known aridity of the Tajikistan region is a 
major factor promoting such storms. These are favoured by prolonged 
dry periods, the presence of loess soils in the foothills, loose sand in the 
desert and frequent gales. The main local sources of dust are the Kyzyl- 
Kum, Kara-Kum, and Aral-Kum Deserts (Romanov 1960, Mack-Cynon 
1993). In Tajikistan, the so-called “Afghan”, a strong dust storm that 
occurs in the warm seasons, has diverse impacts on the region’s envi
ronment and climate, mainly by reducing direct solar radiation and 
thereby significantly attenuating photosynthesis in the vegetation. Dust 

storms can reduce daytime temperatures by up to 16℃ and increase 
night-time temperatures by up to 7℃ compared to a clear day (Nazarov 
et al. 2016, Abdullaev and Sokolik 2019). 

These additional factors were particularly important in the years 
when it was difficult to pinpoint extreme weather conditions that could 
have had an impact on the formation of narrow rings. The occurrence of 
some negative years, despite normal meteorological conditions during 
the year, can be associated with strong dust storms. This was the case in 
1950, when the horizontal visibility range was<1 km for 16 % of the 
year. Also, in 2011, a “normal year”, the slow growth rate could have 
been the result of a strong dust storm, which decreased the horizontal 
visibility range to 200 m in July-August 2011 (also in August 2010) 
(Fig. 9). After the end of a dust haze event, there is no rainfall and dust 
particles remain in the surface layer of the atmosphere for a long time, 
reducing photosynthesis (Farmer 1993). Other strong dust storms 
occurred in September 1989 and October 1990 (subsequently followed 
by precipitation), and in the summer-autumn of 2001 (the dust haze in 
Dushanbe persisted for a record 29 days), August 2008 and August 2009, 
when after prolonged dust haze episodes, dust particles were deposited 
on the ground without any precipitation. Interestingly, dust storm 
events are recorded as a sharp decline in the incremental curve only at 
low and mid-elevation sites; they are less pronounced at the highest sites 
above c. 3000 m (Fig. 9), as this may be related to the height of the 
inversion layer. The temperature inversion at an altitude of 3400 m (for 
Dushanbe) becomes more pronounced and “locks up” the aerosol dis
tribution (Abdullaev and Sokolik 2019). 

The statistically significant relationships and logical link between 
TRW and dust storm occurrence would allow the frequency of dust 
storms in western Tajikistan to be reconstructed back in time on the 
basis of tree-ring signals. However, these analyses require further 
detailed investigation of wood formation. To the best of our knowledge, 
the only study which reports on the effect of dust storms on growth rings 
and the anatomical properties of wood relates to Persian oak from Iran. 
Najia and Taherpoura (2019) demonstrated a clear reduction in annual 
ring width in simulated conditions within a dust chamber. Cambial ac
tivity and wood cell formation are closely related to the accessibility of 
photo-assimilates. By inducing environmental stresses such as dust 
storms, the photosynthesis rate is decreased and assimilate translocation 
is adjusted, which ultimately impacts on cambial activity (Eilmann et al. 
2006). Dust deposition affects the availability of light for photosynthesis 
and clogs the stomata for air exchange, thus increasing the level of stress 

Fig. 9. Linkage between the occurrence of strong dust storms and negative extreme years at seven altitude chronologies from Pamir-Alay, northern 
Tajikistan (1930–2014). 
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on plant metabolism (Keller and Lamprecht 1995). 

6. Conclusions 

The material presented here is the most detailed study yet of the 
relationship between climatic conditions and the set of juniper tree-ring 
width chronologies from the Pamir-Alay region, including different 
topographic conditions. Within the juniper transect, a significant 
elevation-dependent variation in the climatic sensitivity was demon
strated. Our study highlights the fact that the highest correlations are 
found at the upper treeline. The influence of temperature is more 
important at the site with a northern exposure, but correlation co
efficients with rainfall are higher at those exposed to the south. Summer 
precipitation and also summer temperature are important for growth at 
low elevations, indicating the importance of the water balance. In 
addition, a warm winter is beneficial for juniper growth, especially at 
low-elevation sites. Elevation is thus responsible for stronger differences 
in the climatic response than slope exposure. 

Our results indicate that junipers growing in the study region can be 
a suitable source of paleoclimatic information about drought during 
growing seasons, deduced from low-elevation juniper records, as well as 
winter precipitation and summer temperature from high-elevation 
chronologies. Owing to the documented very high potential of this 
material, further field campaigns are recommended to collect dead 
wood and timber samples from different elevations in order to extend 
the length of dendroclimatic reconstructions for Tajikistan and the 
Pamir-Alay Region. 

Aalto et al. (2017) are of the opinion that, by the end of this century, 
the multi-model mean air temperature will be from c. 2 ◦C (RCP2.6) to 
7 ◦C (RCP8.5) higher compared to 1961–1990, and precipitation sce
narios anticipate increases in the eastern part of the country but de
creases in the west. Analyses of historical time series covering the last 
80 years show that temperatures in Tajikistan have increased by 0.1 ◦C 
per decade, the change being the most prominent at low elevations. This 
increase in the average temperature is significantly impacting not only 
the state of the region’s glaciers and water resources but also conditions 
in the forests. Tree-ring sampling conducted along elevational transects 
could be useful for acquiring an understanding of species’ ecological 
amplitudes in the conditions of ongoing/future climate change. In the 
light of current and predicted climate changes in Tajikistan, it can be 
assumed that such temperature increases could favour tree growth, but 
if rainfall levels decrease further, growth may decline, a situation which 
would be especially detrimental at low-elevation sites. Our results also 
show that dust storms as a source of environmental pollution can 
adversely affect juniper growth. This is an important finding for further 
research on the state of forests affected by dust storms arising from local 
and external sources. 
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Opała, M., Niedźwiedź, T., Rahmonov, O., Owczarek, P., Małarzewski, Ł., 2017. Towards 
improving the Central Asian dendrochronological network - new data from 
Tajikistan, Pamir-Alay. Dendrochronologia 41, 10–23. 

Opała-Owczarek, M., 2019. Warm-season temperature reconstruction from high- 
elevation juniper tree rings over the past millennium in the Pamir region. 
Palaeogeography, Palaeoclimatology, Palaeoecology 532, 109248. 
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