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Abstract

Lagochilus inebrians is a significant medicinal semi-shrub native to Central Asia and is one of many
species that have recently been added to the endangered species list in Uzbekistan. Grazing and human
harvesting negatively affect this species, but the role of climate remains less clear. We hypothesized that
populations of L. inebrians are under more stress due to drought. To assess climate effects on
Lagochilus inebrians, we analyzed: (1) population structure at three sites across a climatic aridity
gradient over five years; (2) stable carbon isotope ratios (§'3C) of leaf tissues from historical and current
herbarium samples as an indicator of drought stress over time and space, and (3) the Standardised
Precipitation Evapotranspiration Index (SPEI) to assess aridity over the past 120 years across the study
sites. Within our five years of observation, L. inebrians populations rapidly shifted to an older structure
with few young individuals. 6'3C values increased with temperature and decreased with precipitation
indicating greater drought stress. Our results suggest that warming and drying conditions in Uzbekistan
are contributing to L. inebrians stress and decline. Given the expected drier and hotter climate in Central
Asia in the upcoming decades, prioritizing the conservation of L. inebrians populations should be crucial.
While assisted migration of arid-adapted populations may help preserve this species, it is important to
note that population declines were observed across sites.

1. Introduction

Climate change is one of the most pressing issues of the 21st century. The impact of human activity on
Earth's climate is becoming increasingly evident. Climate observations demonstrate a trend of global
warming: the global average temperature has gone up by 0.8°C since 1900 [1] and while the temperature
continues to rise [2]. The years 2015-2025 were the warmest years on record [3].

[4; 5]. Recent global analyses suggest that rising atmospheric evaporative demand, driven by warming,
has intensified drought severity by approximately 40% since the early 1980s [6]. Climate extremes, such
as droughts, are expected to increase in frequency and intensity due to global changes [7; 8]. Rising
global temperatures and extended droughts are projected to make drylands increasingly arid and saline
[9]. Central Asia is particularly vulnerable to climate change impacts [10] due to fragile ecosystems,
frequent natural hazards, limited water resources, and rapid glacier melting. In Central Asia,
temperatures have increased in recent decades, with the greatest increases in winter and spring.
Precipitation has slightly increased in much of the year, but decreased in spring [11].

In Central Asia in the past 70 years, temperatures have increased of 1.2°C causing a 20% decrease in
snow depth, longer summers, and a 20 more frost-free days per year [7; 12]. These changes have placed
unprecedented stress on the components of Central Asia's climate system [13]. Climate projections for
Uzbekistan indicate a 5-10% decline in mean annual precipitation and a 3.5°C rise in mean temperature
by the end of this century [14; 15]). Further, projections for Central Asia suggest increasingly extreme
precipitation patterns, featuring intensified rainfall events alternated with extended dry periods, which
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are expected to pose challenges for water management and ecosystem resilience throughout the region
[16].

Climate change affects individuals, populations, species, communities, ecosystems, and biomes [17; 18].
In arid environments water limits plant growth and changing aridity conditions are likely to have
contributed to the increase in the number of endangered plant species from 163 to 324 in the past 30
years [19; 20]. Twenty-three of the 324 endangered species are in the Lamiaceae family and these 23
species represent 11% of the Lamiaceae in Uzbekistan [21]. The genus Lagochilus belongs to the
economically most important genera of the Lamiaceae. In Uzbekistan, the genus Lagochilus contains
13-18 species, of which four - Lagochilus inebrians Bunge, Lagochilus olgae Kamelin, Lagochilus
proskorjakovii Ikramov, and Lagochilus vvedenskyi Kamelin & Tzukerv.

- are listed in the Red Book of the Republic of Uzbekistan [22]. Lagochilus species are primarily
distributed in Central Asia and are commonly used in traditional medicine as sedatives and
haemostatics. The leaves of this genus contain various substances, including alcohols, lagochilin
(ranging from 0.6% to 2%), essential oils (0.03%), and vitamin K [23]. Most members of the genus also
contain narcotic and haemostatic compounds, and compounds used to treat prostate cancer [24].

A previous study investigated the climate sensitivity and population dynamics of endemic and rare
Lagochilus species in Uzbekistan [20]. That study found decreased regeneration of Lagochilus
populations in low precipitation in recent years. Six Lagochilus species have been declining in abundance
across Uzbekistan [20]. While drought is likely to be decreasing Lagochilus regeneration, overgrazing,
harvesting for fodder and fuel, collecting medicinal raw materials, and trampling also affect Lagochilus
growth [25].

Stable isotope analyses provide a powerful tool for understanding climate effects on plant ecology,
distribution, and resource use efficiency [26; 27; 28; 29]. For example, plant §'3C values provide a water
stress indicator. This is because, under well-watered conditions, plants preferentially fix '2CO, relative to
13C0, resulting in low 8'3C values. However, in drought conditions, plants close stomata and fix a higher

proportion of all 12C0, and 3C0, molecules, resulting in high §'3C values [30; 31; 32].

The goal of the research is to study the climate sensitivity and population dynamics of L. inebrians in
Uzbekistan. Lagochilus inebrians, an endemic species to Central Asia, is a subshrub [21]. In this study, we
combined a geobotanical approach with climate and stable carbon isotope analyses to examine the
long-term effects of climate change on L. inebrians in Uzbekistan. This study was conducted over five
consecutive years on populations of L. inebrians species at three sites that represent an aridity gradient
in Uzbekistan. Leaf samples of L. inebrians were measured for §'3C and compared to historical samples
from herbarium collections, some of which are over 100 years old. We hypothesized that L. inebrians
populations are experiencing increased drought stress, indicated by (1) a decrease in regeneration and

(2) a decrease in '3C discrimination, resulting in less negative 6'3C values. Such physiological and
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demographic responses may indicate a decrease in water availability in the natural habitats of the
species.

2. Materials and methods

2.1. Study sites and climate

Field sampling was conducted during the growing seasons from 2019 to 2023, and this research
expands on Akhmedov [20]. The selected study areas are situated in three elevational sites: desert,
foothill, and mountain, as previously classified by Zakirov [33]. Within each zone, we chose different
study areas that vary in their soil and climatic conditions (Fig. 1; Fig. S1). Study site characteristics and
climate are reported in Table 1. The Nuratau ridge and Tomditau belong to the central part of the Kyzyl-
Kum desert. The Nuratau ridge is located at the northwestern edge of the Pamir-Alai mountain range.
The plant community was determined according to Braun-Blanquet [34]. Below are geobotanical
descriptions of each of the three sites and their larger regions.

2.1.1. Tomditau: It is represented by a low-elevation mountain range located in the Central part of the
Kyzyl-Kum desert in Uzbekistan. On the low mountains of the Kyzyl-Kum desert, the prevailing type of
soil is grey-brown and sandy soil (arenosols). The average elevation of the low mountain is 400-500 m
a.s.l, the climate of the area is characterized by low annual rainfall and high air temperature (maximum
temperature 48°C), (Fig. 2). The average annual temperature fluctuates within 15°C, and annual rainfall
does not exceed 125 mm per year. The plant community, represented that the total projected cover of
the grass stands reaches 20%, and the projected cover of the studied species in this community does
not exceed 1%. Here, we noted 30 species of vascular plants belonging to different life forms. Dominated
by Ferula kyzylkumica, Artemisia juncea, and Artemisia turanica in the plant cover. and Ferula kyzylkumica
are subdominant. (Table S1), where the L. inebrians population was recorded, is characterized by a
relatively rich botanical composition.

2.1.2. Gubdintau: This area is located in the southern part of the Nuratau mountain range in Samarkand
region. It has similar climatic and soil conditions to Nuratau (Fig. 2). but has a lower elevation, ranging
between 700-750 m a.s.l. The floristic composition of the Iris-Artemisia community, where this
population was studied, is poor. The total projected cover of the grass stands reaches 25-30%, and the
share of the studied species does not exceed 1%. It consists of only 10 species of vascular plants (Table
S1).

2.1.3. Ukhum, Nuratau: The Nuratau mountain ridge, together with the low mountains of the Kyzyl-Kum
desert, represents a western link of the mountains of Central Asia and stands out due to a rich flora
(1285 species) and higher endemism (29 species). The highest point of Nuratau reaches 2169 m above
sea level. The climate is Mediterranean, the average minimum temperature is 13.3°C and the average
maximum temperature is 43°C (Fig. 2). Annual rainfall is 206 mm. Soils are grey-brown, sandy, and
brown [33], and are cambisols according to the international soil type classification. The botanical
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composition of the communities consists of 15 species of flowering plants. The total projected cover of
the grass stand does not exceed 30—-35%. The projected cover of the studied species is about 2-3%.
Alhagi pseudalhagi dominates the vegetation cover, with co-dominants being Goebelia pachycarpa, Carex
pachystylis, and Cynodon dactylon (Table S1).

Long-term meteorological data are not available in Uzbekistan. Therefore, mean monthly precipitation
and temperature data were obtained from the Climatic Research Unit (CRU) TS3.10 datasets [35],
(Table 1). The characteristics of these sites and their climate are detailed in Table 1. Data of the
Standardised Precipitation Evapotranspiration Index (SPEI), [36] were retrieved from
https://spei.csic.es/database.html [37]. For the period 1901—2023, the following variables were
computed on a monthly basis: annual means, annual minima, and annual amplitudes (difference
between the months with the highest and the lowest SPEI), and the respective variables for the
vegetation periods (April—September).

Table 1
Characteristics of the L. inebrians study sites. MAP, mean annual precipitation; MAT, mean annual
temperature
Region MAP MAT Soil Landscape N E M.AS.L.
mm yr- R
o)
Tomditau 125 15.7  Grey- Desert 41°41'008" 64°33'160" 417
brown
Gubdintau 201 14.6  Grey- Foothill 40°51'192" 66°18°112" 705
brown
Nuratau 206 13.3  Grey- Mountain 40 66°80°289" 785
brown, °55'109"
Sandy and
brown

2.2. Studied species

This study focuses on the red-listed species L. inebrians, which is endemic to Central Asia. It is a semi-
shrub, growing 20-60 cm in height (Fig. 1). Lagochilus inebrians blooms from June to August, fruiting in
July and September. This species mainly reproduces by seeds but has a low germination rate and slow
individual development, yet rapid transition to flowering [21]. Locally, it is primarily used for medicinal
purposes, such as blood-stopping and herbal tea. The Red List category is Il according to Uzbekistan's
Red Book, which is a state document that lists rare and endangered species of animals, plants, and fungi
found within Uzbekistan's territory. “Rare species” (category Il) are not currently under direct threat of
extinction, but they exist in such small numbers or in limited and specific habitats that they can quickly
become endangered. Therefore, careful monitoring is essential.

2.3. Population structure
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Assessment of population structure was carried out using population traits [38]. At each of the sites, we
set out five transects, starting from a common random point. From this point, one transect was
established to the north, one to the south, and one to the east. Each transect was 1 m wide and 10 m
long and was subdivided into ten squares of 1 m2. In each of the squares, the number of individuals in
each ontogenetic stage was counted (s - seedlings, j - juvenile, im - immature, v - virginal, g1 - young
generative, g2 — mature generative, g3 - old generative, ss - subsenile, s — senile), [39; 40; 41]. The
ontogenetic spectrum of the population was then determined according to the standard method by
Uranov and Smirnova [42]. Four types of ontogenetic spectra can be distinguished [38], (Table S2).

2.4. Ontogenetic stages of L. inebrians

The seedling (s) of L. inebrians is a single-shoot plant with cotyledonous and green leaves, a well-defined
hypocotyl, and a main root. Cotyledon leaves are elliptical, 0.3-0.5 cm long (with petiole) and 0.2 cm
wide. After yellowing of the cotyledons, the individuals pass into the juvenile (j) ontogenetic state.
Growing monopodially, 6—8 metameric, elongated shoots 1.5-2.5 cm tall are formed in the plants. In the
second half of summer, individuals pass into the immature state (im). Part of the leaves gradually turn
yellow and die. The length of the leaf blade (together with the petiole) is 2-3 cm, the leaf width is 0.5-
0.8 cm (6-8 pairs) and the leaves die in fall. The main root is 6-8 cm long; 1-2 lateral roots are formed
in its apical part. In the second year, individuals move into the virginal (v) state. Monopodial growth is
replaced by sympodial. The main root is more than 30—40 cm long and branches up to the 3rd order in
the apical part. In the third year, individuals bloom. The bush is formed by 1-3 generative (g1) and 3-5
monocyclic elongated vegetative shoots. The generative shoot consists of 4 shortened and 6—-8
elongated metameres. In the mature generative state (g2), individuals reach their maximum size. The
bush consists of 4-6 (8) winter monocyclic elongated branched generative shoots, from 10 to 60 cm of
length, with green leaves of a trifoliate-lobed shape. In the old generative state (g3), complete
disintegration (particulation) of individuals occurs and a compact clone is formed, consisting of two or
more parts. Gradually, part of the shoot axes in the particle is destroyed, and the number of particles in
the clone is reduced due to their death. Individuals of the senile states (ss, s) are formed by 1-3
elongated shoots that unfold from dormant buds preserved on the living areas of the axes. The shoot
bears 4-6 pairs of juvenile-type leaves. Part of the main root is preserved. The post-generative period
lasts 2—3 years. Thus, under the conditions of Uzbekistan, the duration of the ontogeny of L. inebrians
individuals is at least 25 years (Table 2).

Table 2
The ontogenetic stages of L. inebrians
Ontogenetic stage  j im v g1 g2 g3 ss s
Duration (year) 0.08 1 1 5-6 10-12 2-3 2-3 1-2

2.5. Historical herbarium specimens and current samples

Plant measurements were recorded at three populations of L. inebrians within three environmental
zones. We collected samples of green and healthy leaves of current fresh specimens and from historical
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of L. inebrians and prepared them for 6'3C isotope analyses. Specimens were collected between 1914
and 2021 (Table 3). Specimens were obtained from two herbarium sources: 1. The National Herbarium
of Uzbekistan, located in Tashkent, 2. The herbarium collection of Samarkand State University.

Table 3
Historical and present herbarium samples of L. inebrians

Ontogenetic stages Collection date  Sampling location  Environmental zone
G1 1914/4/4 Tomditau Desert
G1 1915/5/28 Tomditau Desert
G2 1921/6/9 Tomditau Desert
G2 1927/6/3 Tomditau Desert

G1 1928/5/13 Tomditau Desert

G1 1954/5/30 Gubdintau Foothill
G1 1956/5/25 Nuratau Mountain
G2 1964/6/5 Nuratau Mountain
G2 1975/7/20 Tomditau Desert

G1 1992/5/6 Nuratau Mountain
G2 2015/6/18 Gubdintau Foothill
G2 2021/8/9 Nuratau Mountain

2.6. Isotopic analysis of 573C in historical and current leaf
samples

Isotopic analyses for §'3Cwere conducted at the Department of Plant & Environmental Sciences,
Weizmann Institute of Science in Rehovot, Israel, using a Cavity Ring Down Spectroscopy (CRDS)
method. An amount of 1 mg was mounted onto a combustion module equipped with an auto-sampler
(ECS 4010, Costech Analytical, Valencia, CA, USA). The resultant CO, gas product was analyzed with
cavity ring-down spectroscopy (Picarro G2131i, Picarro, Santa Clara, CA, USA), which was directly
interfaced to the combustion module. Results were expressed as parts per thousand (%) deviations
from the international C isotope standard (Vienna Pee Dee Belemnite, VPDB). Samples were measured
and averaged. An international standard (IAEA-CH-3, Cellulose, International Atomic Energy Agency,
Vienna, Austria) was used, and internal standards (homogeneous Spirulina powder with a §'3C of
-29.2%) and Glucose (Sigma) were used every 12 samples.

2.7. Statistical analysis
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All statistical analyses were conducted using JMP statistical analysis software (version 1.8; SAS, Cary,
NC, USA). We used ANOVA to test for differences among years (five years of measurements) in each of
the developmental stages of the population and to account for site conditions (precipitation,
temperature). In addition, a t-test was applied to test §'3C differences between historical and current
samples, and P-values were calculated for the correlation coefficients between the percent of young
plants (g1) in each population in a specific year and the precipitation amount in that year. We tested time
courses of the SPEI variables on significant trends using the Mann—Kendall trend test (t-value) of the R-
package ‘trend’ and the 'sens.slope’ function [42]. The segmented package in R [43] was utilized to
examine whether there were breaks in the time series of these variables at those two sites, which could
indicate a change in trends during the studied period (Table 4).

3. Results

3.1. Climatic trends over the study sites in the past 120
years

The Tomditau site has an arid climate, whereas Gubdintau and Ukhum have a semi-arid climate (Table
1). Over the past 120 years, the minimum annual precipitation recorded across sites was 74.8 mm in
Tomditau, Kyzyl-Kum desert in 1917, while the maximum was 615 mm in Ukhum pass, Nuratau in 1969
(Fig. 2). Mean annual precipitation did not change across the 120-year dataset. The Tomditau site was
warmer than the other sites (Table 1). The minimum and maximum annual mean temperatures recorded
over the past 120 years were 13.2°C and 16.4°C, respectively, with the highest temperature observed in
Tomditau in 2016. Across sites, temperatures increased since the 1970s (Fig. 2).

Mean and minimum SPEI values decreased at the desert site, indicating that the climate has become
drier since 1901 (Table 4). Further, the amplitude in SPEI values increased indicating larger differences
between dry and moist months within a given year or season. The same trends were observed for the
minimum SPEI and amplitude variables at the semi-arid and mountain sites; there, however, the mean
SPEI values did not change over time (Table 4). At both of these sites, a breakpoint was identified in the
year 1993. Following this breakpoint, the tested variables showed a significantly decreasing trend,
indicating that the climate has become drier since 1993. However, there is an exception for the annual
mean SPEI at Nuratau (foothill), which did not demonstrate a decreasing trend from 1993 onwards
(Table 5).
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Table 4

Results of analyses of temporal trends in SPEI variables (1901—2023) at the L. inebrians desert, semi-
arid, and Mountain sites in Uzbekistan.

SPEl variable Desert Semi-arid Mountain

™ z P T z P T z P
Annual mean -0.287 -4.698 < -0.019 -0.310 0.756 -0.010 -0.157 0.875

0.001

Annual -0.507 -8.108 < -0.199 -3.154 0.002 -0.221 -3.517 <
minimum 0.001 0.001
Annual 0.402 6.485 < 0.244 3.914 < 0.338 5.410 <
amplitude 0.001 0.001 0.001
Mean April- -0.265 -4.321 < -0.068 -1.102 0.271 -0.066 -1.080 0.280
September 0.001
Minimum -0.416 -6.667 < -0.173 -2.773 0.006 -0.137 -2.193 0.028
April- 0.001
September
Amplitude 0.243 3.917 < 0.160 2.564 0.010 0.203 3.260 0.001
April- 0.001 ™ ™
September ™

* Tau is a test statistic of the Mann-Kendall trend test and the breakpoint analysis. z is the test statistic
derived from the standard z-distribution and P, the probability.
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Table 5

Results of breakpoint analyses of temporal trends in SPEI variables (1901—2023) at the L. inebrians
Gubdintau and Nuratau study sites in Uzbekistan and of trends in the period after the breakpoint.

SPEI variable Gubdintau Nuratau
Annual Mean April- Annual Mean April-
mean September mean September
Breakpoint + standard 1993+7.3 1993+ 5.7 1993+ 6.6 1993+5.6
error (years)
P of breakpoint 0.020 0.042 0.009 0.032
P of Davies test 0.006 <0.001 0.001 <0.001
Mann-Kendall’s t after -0.261 -0.414 -0.245 -0.400
breakpoint
Mann-Kendall’s z after -2.041 -3.248 -1.921 -3.129
breakpoint
Mann-Kendall’s P after 0.041 0.001 0.055 0.002
breakpoint

3.2. Changes in population structure of L. inebrians

All studied populations exhibited a centred ontogenetic spectrum with mature generative plants (g2)
forming the largest fraction [38; 20]. However, the percentage of regenerating individuals decreased
across the five years of observation (Fig. 3). The peak found in the spectra of the studied populations
belonged to a group of middle generative (g2) plants in Tomditau. The percentage ratio of these mature
(g2) and old generative stages (g3) was 83%, increased to 95%, and the percentage ratio of young plants
(j, im, v) was very low at 1% in Tomditau. In Gubdintau, the percentage ratio of these middle and old
generative stages was 61.1%, increased to 94.5%, and the percentage ratio of young plants was 6%
through 39% (Table S3). The spectra of the studied populations showed a distinct peak associated with
a group of mature generative plants in Nuratau. The percentage of mature and old generative stages was
59.1%, which increased to 84%. In contrast, the percentage of young plants was from 9% to 41% in
Nuratau.

3.3. 8'3C analysis of historical and current leaf samples

The 6'3C values of 12 herbarium samples of plant leaves collected from the past and present reveal
physiological differences among the plants over the years (Fig. 4a). There was no linear correlation
between sampling year and 8'3C (Table 3). The leaf samples studied were from the desert, foothill and
mountain region (Table 3). Focusing on these samples, 63C increased with mean annual temperature
(Fig. 4b). Indeed, when looking at the relationship between 6'3C and annual precipitation, a negative
effect emerged (Fig. 4c).
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4. Discussion

This study investigated the climate sensitivity and population dynamics of L. inebrians in Uzbekistan. The
results confirmed our hypotheses that L. inebrians populations face an increasing risk. This risk is
evident through two main findings: (1) a decline in regeneration, correlating with lower precipitation
levels in recent years, and (2) a high physiological sensitivity to drought, indicated by less negative §'3C

(a decrease in '3C discrimination) during dry years compared to wet years. SPEI showed a significant
downward trend, indicating that the climate has become drier across the sites since 1993.

Although warming at this temperature range (13—-17°C) is typically considered beneficial for plant growth
and development, the increase in 8'3C might indicate the associated effect of drying.

By examining a single species across a large aridity gradient, we show that both the population structure
and physiological responses to drought are primarily influenced by local climatic conditions rather than
by the specific traits of the species. This finding enhances our understanding of the relationships
between climate, population dynamics, and isotopic data. It also provides stronger evidence that
increasing aridity poses a direct threat to the long-term viability of L. inebrians populations throughout
Uzbekistan.

4.1. Lagochilus inebrians populations under a changing
climate

In this study, the mature stages of L. inebrians were relatively tolerant to drought. This species has a
caudex, and it occurs as a form of vegetative reproduction [44]. The caudex of L. inebrians becomes
more pronounced in older individuals, helping it survive in arid habitats. The absence of a young fraction
in the populations and the peak in the middle generative plant range was probably connected to the
biology of the species, as it has low seed germination. Middle and old generative individuals are
preserved; they have a powerful root system that penetrates deep into the soil [45]. However, the species
is negatively affected by the dryness of the climate, high temperature, and constant winds, which blow
plant seeds over remote distances.

Anthropogenic disturbances may have contributed to a reduction in the duration of the middle generative
state in L. inebrians, leading to a quicker transition to the old generative state and resulting in their rapid
death. Specifically, the loss of a young fraction in this population of Tomditau in 2022-2023 was due to
the irregularity of seed renewal. This was caused, on the one hand, by dry climate and relatively high
temperature (MAT 15.6-16.1°C in 2022-2023), and on the other hand, by a constant wind (mean wind
speed of 6.8 m s™ '; https://globalwindatlas.info) blowing plant seeds beyond the boundaries of the
population. Temporal trends were significant for all SPEI indices tested for Tomditau and breakpoint
analyses showed some SPEI drying trends after 1993. It is likely that SPEI can be associated with the
Tomditau population of L. inebrians'loss of the young population fraction (seedlings and juveniles)
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because they could not survive under the highest temperature (or heightened water stress) during the
critical April-September period.

Our 6'3C measurements indicated that plants were more water limited in warmer and drier conditions
(Fig. 4b, c). Higher 6'2C values occur when plants close their stomata due to water stress resulting in the
fixation of a larger fraction of leaf-internal CO,. Higher 6'3C values, therefore, provide a physiological /
mechanistic link between aridity and decreased L. inebrians growth. Our results are in line with previous
studies in related ecosystems, e.g., a meadow steppe [46]. Similarly, studying four alpine plant species in
the Swiss Alps, herbarium records collected since 1889 revealed that trait distributions have shifted
along elevational gradients due to a century of climate warming [47].

Populations of Lagochilus species are increasingly affected by human activities, such as overgrazing,
harvesting for fodder, fuel, and medicinal purposes, as well as trampling. These factors have contributed
to the reduction of their natural habitats [25]. Lagochilus setulosus is a medicinal plant in Kazakhstan,
and its population density has decreased due to anthropogenic pressure and climate stress [48]. The
populations of several rare endemic species in the Navoi region of Uzbekistan are currently facing
serious challenges due to negative ecological factors and significant human impact (collecting
medicinal plants, grazing) [49]. Distinct temporal periods (annual, semi-annual, and seasonal) from 1982
to 2020 have been identified, which are reflected in the population dynamics of the critically endangered
Moluccella bucharica, a Lamiaceae species endemic to Uzbekistan. The findings of that study provide
evidence that the factors contributing to the M. bucharica crisis, including alterations in the reproductive
phase and seed damage by insects, also were related to climate change impacts [50]. Our results
suggest that L. inebrians and related species are likely to continue to decline in Uzbekistan in the coming
decades if warming and precipitation changes continue [20]. While it is reasonable to expect that more
arid-adapted populations may be suitable for assisted migration, our results suggest that all populations
are realizing decreasing growth with climate change and are becoming more drought resistant.

4.2. Implications for conservation

Shifts in precipitation regimes can profoundly influence plant growth in terrestrial ecosystems [51; 18],
particularly within arid and semi-arid landscapes [52]. Rare and endangered species are especially
susceptible to such environmental stresses [53]. In regions where L. inebrians populations occur, factors
including global climate change, geological exploitation, and unregulated grazing practices have
accelerated the decline of natural populations. International experience demonstrates that expanding
networks of protected natural areas is among the most effective measures for safeguarding vulnerable
species [53;54;55;56;57;58;59]. However, in Central Asia, such protected territories currently encompass
less than 5.3% of the nation’s total area [60].

To ensure the conservation of L. inebrians populations, several key steps are required:

(1) Strengthening the protection of natural populations by mitigating human-induced pressures through
public awareness initiatives and by promoting the cultivation of economically valuable species;
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(2) Enhancing ecological understanding of the species’ environmental requirements;

(3) Prioritizing the maintenance of existing populations and reserves while developing ex situ
collections; and

(4) Establishing a long-term, nationwide monitoring framework for L. inebrians within Uzbekistan.

This study suggested highlighting the climatic risks threatening endemic plant species in Central Asia.
We hope that this critical information can support stakeholders in executing the above conservation
steps.
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Figure 1

The studied L. inebrians populations and sampling sites across Uzbekistan. Colours on the map specify
the mean annual precipitation (mm yr™).
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.Climate conditions (mean annual precipitation and temperature) in L. inebrians sites in Uzbekistan over
the past 120 years.
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a. 8'3C of herbarium leaf samples of L. inebrians from the study sites. b. Relationships between 6'3C and
annual temperature. c. Relationships between 6'3C and annual precipitation.
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