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Abstract: Existing high-resolution reconstructions of hydroclimate variability in the Caucasus are
lacking tree-ring data from Armenian Plateau, the most continental part of the region. Our research
presents the first dendrochronological investigation in Armenia. Juniper and oak tree-ring width
chronologies were constructed, the longest spanning the last 140 years. The positive influence of
spring-summer precipitation and the negative influence of temperature suggest drought stress
at the investigated sites. Moving correlation analysis indicated a significant change over time in
the sensitivity of investigated trees to climatic variability; juniper, previously sensitive to both
temperature and precipitation, has shown especially strong precipitation signals in the recent decades
since the local climate has turned more arid. Ongoing climate change increases drought stress
in juniper, which may have further consequences on semiarid ecosystems. Our results reveal
multiannual droughts recorded by tree rings, emerging in most parts of the Black Sea—Caspian
Sea region.

Keywords: dendroclimatology; drought; tree-ring width; juniper; oak; Armenia; Lesser Caucasus

1. Introduction

The Armenian Plateau and the Lesser Caucasus region are vulnerable to climate
change and its impact on hydrological balance [1]. In the 20th century, there was a signif-
icant air temperature increase in this region; the annual mean temperature increased by
1 °C between 1935 and 2012. The opposite trend was observed in precipitation, which de-
creased by almost 10% between 1935 and 2012. Thus, over recent decades, the climate in
the Ararat Valley, a central region of the country, has turned more arid and, consequently,
most agricultural areas have undergone a process of desertification [2]. The Armenian
Plateau is relatively well isolated from marine influences, being the most continental part
of the Caucasus [3]. As nearly half of the arable land in Armenia requires irrigation, the pro-
jected temperature rise, intensification of evaporation, and precipitation decrease will
further worsen the desertification problem and opportunities for Armenian agriculture [4].
The negative consequences will also include public health and sectors that depend on the
climate and changes in the biodiversity of natural ecosystems.

Available instrumental meteorological records do not provide an adequate temporal
scale for investigating the long-term patterns of the emergence of dry/wet events and the
possible causes. Good quality climate station data, with a relatively low number of gaps,
exist only for the period 1961-2012 and for a limited number of stations [1,2,5]. Single
station data can go back to the 19th Century in exceptional cases—Yerevan from 1885;
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however, there are occurrences of missing data in the early part of this data series. As the
climate change rate varies both in spatial and temporal scales, it is crucial to investigate
climate variability in the period before the availability of instrumental records.

In this context, the major challenge for assessing climate change in the Lesser Caucasus
region is the development of a proxy series for climate reconstruction to evaluate the history
of past droughts and wet periods. Unfortunately, few paleoclimate data are available for
the Armenian Plateau and the Lesser Caucasus region. Existing climatic reconstructions are
based on lacustrine sediments [6,7], travertine deposits [8], or pollen-based records [9] and
relate to environmental changes during the Holocene or for even longer time scales with
low temporal resolutions. Past climatic variations over the last millennium or hundreds of
years remain unclear. It seems that dendrochronological data from this region can reveal
potentially useful climatic signals. Dendroclimatological records are some of the most
important natural archives for studies of the Holocene climate in high resolution [10].
Centennial-length records of precipitation can be developed based on dendrochronological
records from the regions where precipitation is the main limiting factor [11]. It is well
known that tree radial growth indices can be valuable long-term measures of tree condi-
tions and can thus serve as an indirect drought indicator [12,13]. Tree-ring data from arid
and semiarid regions have been extensively used in paleoclimate reconstructions of precip-
itation and drought conditions in many parts of Asia: Mongolia [14,15], Tien Shan [16,17],
Pamir-Alay [18-20], and Zagros Mountains [21,22]. Dendroclimatological studies have
also been accomplished in the northern Caucasus, where tree-ring width [23], density [24],
stable isotopes [25], and blue intensity data [26] were utilized for dendroclimatic recon-
struction of summer temperatures. Tree-ring width chronologies from single sites from
the western Lesser Caucasus in Georgia and the eastern Pontic Mountains in Turkey were
utilized to reconstruct spring temperatures [27] and spring precipitation [28]. The floating
tree-ring series for Armenia was developed based on Bronze Age oak charcoals from the
archaeological site at Gegharot [29]. However, to our knowledge, no dendrochronological
and dendroclimatological data from living trees in Armenia have been developed so far.

To determine past climatic variability and to place current hydroclimatic conditions
in a broader context, we addressed the following research questions: (1) Which climatic
factors affect the radial growth of Juniperus polycarpos and Quercus macranthera? (2) What
is the spatio-temporal stability of the obtained dendroclimatic signal? (3) What is the
potential for palaeoclimatological reconstruction in the Armenian Plateau and the Lesser
Caucasus region based on tree rings?

2. Study Area

The Republic of Armenia is located in the northeast of the Armenian Highlands, at
the border of the Caucasus and western Asia. The study area is located in the Lesser
Caucasus mountains belonging to the large and morphologically and geologically diverse
Black Sea—Caspian Sea region (Figure 1A). This area is largely determined by its position
between the Eurasian and Africa—Arabian lithosphere plates, within a wide collision
zone [30,31]. The Lesser Caucasus (max. elev. Aragats, 4090 m a.s.l.) is situated between
the Transcaucasus in the north and the Armenian Upland in the south, stretching from the
Black Sea to the Araks river valley for a distance of about 600 km. The mountains have fold
and fault-block structures consisting of a series of parallel mountain ranges and tectonic
depressions. The research sites are located in the central part of the Lesser Caucasus: the
Geggham Mountains (max elev. Azhdahak 3997 m a.s.l.) and the Tsaghkunyats Mountains
(max elev. Teghenis 2851 m a.s.l.) (Figure 1B). These mountain ranges are built of Tertiary—
Quaternary subaerial volcanic rocks, which create a high elevated plateau, lava domes,
and cinder cones cut by deep valleys with steep slopes [32,33].
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Figure 1. Map of the Armenian Plateau and the Lesser Caucasus region between the Black Sea and the Caspian Sea showing
the location of previously published chronologies (A): 1—Abies nordmanniana [27]; 2—Pinus pinea, Pinus sylvestris, Quercus
petraea [28]; 3—Pinus sylvestris [34]; 4—Pinus sylvestris [35]; 5—Pinus sylvestris [36], and new sampling sites in Gegham
Mountians (B). General view of the study area covered with open woodlands dominated by juniper trees (C).

Armenia has a wide variety of climatic conditions, caused mainly by its location
between the Black Sea and the Caspian Sea and the country’s complex and rough topog-
raphy, which affects the composition and direction of air masses. A westerly circulation,
which penetrates from the Eastern Mediterranean and the Black Sea, brings moist air over
the Caucasus and provides snowfall in winter and rainfall in spring. These dynamics
are affected by two main anticyclones: centered in western Russia in winter and over
Scandinavia and western Europe during spring [37].

Mountainous relief and aspects are correlated with the distribution of dominant air
masses within the country that influence the formation and modification of the temperature
field. Significant climate diversity over even a small territory is observed because of the
intricate terrain. The country has almost all types of climate, from arid subtropical to cold
high mountainous climates. The average annual air temperature is 5.5 °C. The average
annual temperature is below zero at altitudes above 2500 m. The warmest month is July
with an average temperature of 16.7 °C, while in the Ararat Valley it has a range of 24-26 °C.
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January is the coldest winter month, with an average temperature of —6.7 °C. The absolute
temperatures range from —42 to 43.7 °C [38] (Figure 2).
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Figure 2. Regional climate diagram of the central Lesser Caucasus Mountains based on Yerevan Merdzavan meteorological

station data over 80 years (1938-2017): (A) monthly mean temperature and precipitation, (B) long-term annual mean

temperature, and (C) annual precipitation. Dashed lines represent trends in climatic data.

The average annual air temperature in Armenia increased by 0.9 °C in the 1961-2012
period and by 0.6 °C during 1990-2012 [2,39]. Two clearly distinguished periods of long-
term trends can be revealed: temperature trends were nearly zero at most stations in
Armenia for the 1961-1994 period but positive and statistically significant for 1979-2012
in most cases. A very clear signal of warming was detected at most stations in Armenia
for spring, summer, and autumn seasons for 1979-2012 (statistically significant). Negative
temperature trends have been found in south-western part of Armenia for the winter
season, as a result of an increase in the occurrence of near-surface inversions. The higher air
temperatures in the warm season would be expected to increase evaporation and therefore
reduce the availability of water [40].

Rainfall patterns in the region are affected by the dynamics of the North Atlantic
Oscillation (NAO), east Atlantic/western Russia (EA/WR), and North Sea Caspian (NCP)
atmospheric teleconnections patterns [41,42]. The Armenian Plateau, which induces a
local high-pressure system in winter and a low-pressure system in summer, is relatively
well isolated from marine influences, being the most continental part of the Caucasus [3].
The average annual precipitation amounts to 592 mm. The most arid zones are the Ararat
Valley and the Meghri region, with annual precipitation of around 200-250 mm. Maximum
precipitation is recorded in the high mountainous areas at around 1000 mm per year. In the
annual course of precipitation, the minimum is observed in the summer months (in the
Ararat Valley it does not exceed 35 mm), while the maximum occurs in the spring (Figure 2).
However, the precipitation gradient is very variable and complicated from one slope to
another, as a result of the steepness of the slope and the diverse orography in relation to
the incoming air masses [3]. Precipitation change has been observed since the 1990s over
most of the territory of Armenia. The precipitation has a positive trend in relatively low
areas and valleys below 2000 m, but it has a negative trend in almost all high mountainous
areas above 2000 m [43].

The Lesser Caucasus is included in the Caucasus and Irano-Anatolian biodiversity
hotspots. Biomes range from a semidesert in the Ararat Plain to subalpine and alpine in
the high mountainous areas. The samples were taken from two sites within the Khosrov
Forest State Reserve, which covers the south-western part of the Geggham Mountains,
and the Tezharuyk site located in the Tsaghkunyats mountain (Figure 1B). There is a great
diversity of soil cover associated with the vertical zonation of lithological and bioclimatic
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conditions. In the study sites, Mollic Umbrisols (brown mountainous-steppe soils) and
Albic Luvisoils (grey forest soils) transitioning to Phaeozems (black mountainous-forest
soils) are the most common. The vegetation of this area is strongly limited by humidity and
temperature relations. Arid sparse forest with juniper (Juniper communis, J. polycarpos and J.
oblonga) and oak (Quercus macranthera) can be found at the altitude of 1400-2300 m a.s.l. The
southern steep sunny and dry slopes are covered by juniper trees, which often form open
woodlands with specific xeric vegetation, while the northern and western mountainous
slopes are overgrown by oak forest [44] (Figure 1C).

3. Materials and Methods
3.1. Site Description

The tree samples of juniper were taken from the Khosrov area, which was established
in 1958 as the first national forest reserve in Armenia. This reserve was designed to protect
valuable or rare trees species—e.g., juniper (Juniperus policarpos K. Koch, |. sabina Georgi,
J. foetidissima Wild) [45]. The juniper forest only covers 2.5% of the total forest area in
Armenia [46]. Old-growth forest is scarce despite the protection of this area by Armenian
kings. The Khosrov reserve is located in easily accessible areas in the middle of the Ararat
Plain, which was converted for agricultural use a long time ago [46]. Oak samples were
cored from trees in the Tsaghkunyats mountain range that borders the Ararat Plain to the
north. The sampling site is located on the north-eastern slope of the Marmarik River valley
in the vicinity of the Arzakan-Meghradzor Sanctuary protected area. The strong human
impact, especially due to husbandry and overexploitation for industrial and domestic uses,
has affected the age of the trees, which are relatively young and rarely exceed 120 years.

3.2. Field Sampling and Laboratory Methods

The samples were collected from three research sites (Table 1). Juniperus policar-
pos samples were taken from two sites at elevations of 1450-1550 m a.s.l. (Khosrov 1)
and 1460-1650 m a.s.l. (Khosrov 2) in the Geggham Mountains (Figure 1). In the study
areas, J. policarpos formed a tree and shrub habit with a maximum height of 10-15 m.
A typical crown is pyramidal in young trees and broad and irregular in mature indi-
viduals (Figures 1C and 3). Dense and spreading first-order branches are a characteristic
feature of the sampled trees. Quercus macranthera samples were collected at an elevation
of 1820-1880 m a.s.l. in the vicinity of the Tezharuyk Monastery. The oak forest forms a
homogeneous and compact community here, which is rare in central Armenia. It is part of
a larger forest complex called the Hrazdan forest.

Table 1. Main site characteristics located in the Gegham Mountians and Tsaghkunyats Mountains.

. Latitude/ Elevation m ‘e Slope Type of
Site Longitude a.s.]. Exposition (Medium) Geology Vegetation
Khosrov 1 39°56/57" N 1450 sw 2 . diﬁiﬂ?ﬁ‘iwa open juniper
(Gegham Mts) 44°55'31" E —1550 forest
flow (Quaternary)
Khosrov 2 40°07'16" N 1460 SW 18° - dg?giﬁi fé‘cdlava open juniper
(Gegham Mts) 44°46'03" E —1650 forest
flow (Quaternary)
Tezharuyk onelenl! Volcanic and
(Tsaghkunyats 4073552 N 1820 SE 25° volcanoclastic rocks dense oak forest

o / /! —
Mts) 44738407 B 1880 (Miocene-Pliocene)
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Figure 3. Tree-ring chronologies from Khosrov 1 (A), Khosrov 2 (B), and Tezharuyk (C).

A total of 90 trees (30 trees at each site) were sampled during the fieldwork in 2018.
In general, one core was extracted from each tree using a Pressler borer due to the lack
of access to the tree trunks. In the cases of distorted and irregular tree trunks, two cores
were taken per tree to support cross-dating. Each tree was sampled at a height of 0.8-1.3 m.
The sampling strategy was dependent on the shape and density of the branches in the
lower part of the tree trunk. In the laboratory, each core was air dried, mounted in a holder,
and the surface of the cross-section was cut with a razor blade. Next, all cores were scanned
at a resolution of 1200 dpi and the annual ring widths were measured with an accuracy of
0.01 mm using WinDENDRO software. The quality of the dating and measurement was
checked by the COFECHA program [47]. To remove nonclimatic trends resulting from age,
size, and stand dynamics, the cross-dated raw ring widths were detrended using a negative
exponential curve. The detrended individual time series of ring widths were averaged
into a standard tree-ring width chronology and indexed using the ARSTAN program [48].
The same procedure was repeated for each sampling site. A reliable period of chronology
was defined as a period with more than five samples and EPS (The Expressed Population
Signal) above 0.85.

3.3. Climate Data and Dendroclimatological Analysis

For comparison with climate factors, meteorological data (mean, minimum and max-
imum monthly average temperature, monthly total precipitation) from the Yerevan and
Arabkir meteorological stations were used. Due to gaps in data and different time ranges of
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the meteorological series from Yerevan, the average mean of Merdzavan (1891-2018 with
missing data in the early part of the series), Zvartnoc (1970-2007), and Agro (1961-2012)
was calculated. Monthly values for the common period 1920-2018 were used in the analysis.
We also used the gridded 0.5° x 0.5° CRU (Climatic Research Unit) data: mean temperature,
maximum temperature, precipitation, cloud cover, self-calibrating Palmer Drought Sever-
ity Index (scPDSI), and CSIC (Consejo Superior de Investigaciones Cientificas) monthly
Standardized Precipitation-Evapotranspiration Index (SPEI) from the nearest grid (40.0° N,
44.5° E) and Black Sea—Caspian Sea region (35-45° N, 38-53° E).

Climate—growth responses were analyzed for the period when both climate data
(mean, min, max temperature, precipitation, cloud cover, scPDSI and SPEI) and tree-ring
data were available—1920-2016. The calculations were carried out for the period of the
previous and current growing seasons (previous year June to current year September).
The importance of the dormant season (prior to the current growing season) is highlighted
in many previous dendroclimatological studies [49,50]. The relationships between tree-ring
chronology and climate were calculated using a correlation analysis and response func-
tion. All the calculations and significance tests were performed with the DENDROCLIM
2002 program, which enabled calculation of the bootstrap correlation coefficient using
1000 replicates for each data point in a random resampling [51]. Stability of climate-growth
correlations were assessed by moving correlations which were calculated using 20-year
moving intervals. The spatial pattern of climate-growth correlations were analyzed using
gridded 0.5° x 0.5° climate data over the period 1960-2000 for the Black Sea—Caspian Sea
region and standard chronologies from our research sites. The influence of extreme climatic
conditions on juniper and oak growth were described based on available meteorological
records during the negative and positive years or characteristic periods. Negative and
positive years were defined as calendar years when at least 75% of investigated trees were
narrower or wider than the mean of the previous five years [52].

4. Results and Discussion
4.1. Characteristics of Juniperus Polycarpos and Quercus Macranthera Tree-Ring
Width Chronologies

The tree-ring chronologies of juniper for both sites were similar by visual com-
parison and also by the statistical metrics (Table 2, Figure 3). From the 90 trees cored,
only 69 sequences were successfully dated, even though additional samples from the same
trees were also taken and used to support the cross-dating procedure. Due to the distorted
and irregular tree trunks, missing rings and compression of wood occurred. In total, 21 in-
dividuals were excluded from further dendroclimatic analysis due to an irregular growth
course resulting in a low interseries correlation. Juniperus polycarpos chronologies were
developed, and their reliable lengths (>5 samples and EPS > 0.85) were at 104 (1914-2018)
and 94 years (1924-2018), respectively. The oak chronology was based on 21 samples with
a relatively good mean interseries correlation (r > 0.45). Reliable records with EPS > 0.85
and >5 samples cover 99 years (1919 to 2018 CE) (Table 2). Collected older individuals were
characterized by growth disturbances and thus were not integrated into the chronologies.
A strong biological lag effect was indicated by the high first-order auto-correlation value
of 0.565-0.768 in the raw chronologies. Interestingly, no very high correlation was found
between juniper chronologies (r = 0.66 for the whole common period of 1920-2018, r = 0.51
for 1920-1968, and r = 0.59 for 1969-2018, p < 0.01). Slightly lower were the correlations
between the oak and the two juniper sites (r = 0.51 and r = 0.53 for whole common pe-
riod of 1920-2018, p < 0.01; ¥ = 0.26 and r = 0.21 for 1920-1968, statistically insignificant;
r =0.45 and r = 0.39 for 19692018, p < 0.01; for the Khosrov 1 and 2 sites, respectively).
These results may indirectly indicate the increasing role of temperature in recent years,
which is similarly unfavorable for both species. The ring width time-series indicate com-
mon periods with low (1949, 1961, 1998-2003, 2012-2018) and high (1952, 1988) growth
variations or high variability (1941-1952).
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Table 2. Statistical characteristics of juniper chronologies from Gegham Mountains and oak chronology from Tsaghkunyats

Mountains.
. Nu{nber of Chronology Rell.able Rehfxble Mean Value Series Inter- Mean
Site Series Sam- Time Span Period Period (mm) correlation Sensitivit
pled/Date P (>5 Samples)  (EPS > 0.85) y
Khosrov 1 30/25 1877-2018 1890-2018 1914-2018 2.280 0.457 0.310
Khosrov 2 30/23 19122018 19122018 19242018 1.510 0.513 0.316
Tezharuyk 30/21 1902-2018 1908-2018 1919-2018 1.890 0.446 0.202

Even though developed tree-ring records for the Armenian part of the Lesser Cau-
casus are relatively short, covering the last 140 years, the obtained results are important
for developing dendrochronology in the Black Sea—Caspian Sea region. Our new data are
the first tree-ring width (TRW) chronologies for the central Lesser Caucasus. Little is also
known for the eastern part of this region, where only a short record of Afghan pine was
developed (1932-2010) for a single site in the Azerbaijan Republic [53]. Encouraging results
from dendroclimatologial studies from the Greater Caucasus (Pinus sylvestris data from
Baksan valley, Russia (1578-2006)) studied by [25], Pinus sylvestris data from Irik Valley,
Russia (1800-2009) investigated by [23], from the Lesser Caucasus (Quercus petrea chronol-
ogy (1651-2013)) from Turkey [35,36], and Pinus sylvestris chronology (1767-2006) from
Georgia [34], indicate that it will be possible to obtain longer records. Additionally, results
of studies from northern Iran showed the possibility of developing long, climate-sensitive
tree-ring records based on the Juniperus polycarpos (1134-2016) TRW record developed
by [54] and 1515-2015 5180 data by [55] and Cupressus sempervirens (1615-2010 [56]) from
the Alborz Mountain Range. Due to the current limitation and inaccessibility of the other
sites in Armenia resulting from fire hazard, it was only possible to collect samples from
the border zones of the nature reserves; however, in the future, it is possible to obtain tree
samples from more distant parts of the reserves, extending to 400-500 years.

4.2. Climate and Tree-Growth Relationships

Correlation function analysis results show that May precipitation and May—-June
temperatures have dominant control on the tree-ring formation of juniper in the Ararat
Valley area (Figure 4). The results of the dendroclimatological analysis show that tree
growth has a similar response to climatic factors at the two juniper sites, but almost all of the
higher responses were found at the Khosrov 1 site. The positive influence of precipitation
(r = 0.50) and the negative influence of temperature (r = —0.51) suggest drought stress at
the investigated sites. These results are confirmed by the result of the correlation analysis
between tree-ring data and drought indexes. In fact, the highest correlation was obtained
for scPDSI from May to September and SPEI from April to June (Figure 4). Climatic
conditions during the dormant period are of less importance. Oak growth ring chronology
has a positive response to May precipitation, as well, but the correlation value is lower
(r = 0.32) than those for juniper. The positive response to summer temperature is shifted to
June-July (v = 0.39-0.40). Similar to juniper, oak TRW showed distinct associations with
drought indexes at monthly and seasonal scales (Figure 4).

In the western part of Lesser Caucasus (Turkey and Georgia sites), Pinus sylvestris and
Quercus petrea trees show a distinct May—June precipitation signal [28,57], which is similar
to our results from the central part of Lesser Caucasus where May precipitation signal
dominates both in Juniperus and Quercus sites. In the Armenian sites, mean temperatures
are more highly correlated with the juniper chronology than maximum or minimum
temperatures, resulting from rising minimum temperature and reducing the temperature
amplitude. This relation is less clear for Quercus. Differently, in the western Lesser Caucasus
region, a strong negative correlation with temperature was observed only for Quercus and
was not the case for other species [57]. Junipers from the lower location in northern Iran
are sensitive to spring precipitation and PDSI during the spring and summer months [58].
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At the upper treeline site in the Alborz Mountains, mean temperature in the March—July
period had the highest correlation with the juniper chronology [54]. Growth rates of cypress
from Alborz highlands are limited by annual moisture conditions, expressed by the aridity
index of De Martonne [56].
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Figure 4. Correlation (bars) and response function (dots) coefficients between the juniper (Khosrov 1 and 2) and oak
(Tezharuyk) chronologies and climate variables and drought indexes (A-D) from June of the previous year to September of
the current year over the period 1920-2018. Dark bars and dots indicate s