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Abstract  Ecological and anthropogenic changes have 
reduced the area of Central Asian riparian forests (tugai), 
involving dieback of Populus pruinosa Schrenk, one of 
the tugai’s principal tree species. In a tugai forest on the 
Zarafshon River, Central Uzbekistan, we investigated the 
role of environmental factors in P. pruinosa dieback by 
comparing one healthy and one proximate declining stand. 
We measured the widths of tree rings of the past 25 years 
(1999–2023), analyzed their carbon isotope ratios (δ13C; 
2004–2023), determined physical and chemical soil vari-
ables, and retrieved data on groundwater depths and SPEI 
(Standardised Precipitation Evapotranspiration Index). Over 
the 25-year period, radial growth did not differ between 

healthy and declining trees, but tree growth of the declining 
stand decreased, and in the last 6 years (2018–2023), during 
and after 2 exceptionally dry years (2018 and 2019), radial 
increment was significantly smaller. Correlations between 
radial growth, δ13C and SPEI, indicative of drought stress, 
were only found in the declining stand’s trees. Soil of the 
declining stand had a higher clay content in the subsoil 
(30–60 cm), higher salt concentrations in the uppermost 
layer (10 cm) and in the subsoil, and a lower field capac-
ity across the entire soil profile. There was no groundwater 
decline during the study period. For the first time, evidence 
is provided that a drought spell in combination with predis-
posing unfavorable soil conditions can cause tree dieback 
in Central-Asian tugai forests at a relatively short distance 
from the water table. Our study may also contribute to initi-
ate further research for analyzing interrelationships between 
hydrological, edaphic, ecophysiological and meteorological 
factors in dieback processes of Central-Asian riparian for-
ests, especially in regions that are strongly underrepresented 
in ecological research.
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Introduction

In Central Asian deserts and semi-deserts, riparian forests, 
called tugai or tugay, grow along riverbanks on floodplains 
at slightly elevated sites that can be flooded for certain peri-
ods of the year (Walter and Box 1983; Walter and Breckle 
1994). The canopies of these forests mainly consist of the 
poplar species Populus pruinosa Schrenk (Salicaceae) and 
P. euphratica Oliv. (syn. P. diversifolia Schrenk) (Walter and 
Box 1983; Pfadenhauer and Klötzli 2014). Populus pruinosa 
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occurs from north-western China (Xinjiang) to the Caspian 
Sea (Kew Royal Botanical Gardens 2025) and is assessed 
as “near threatened” in the IUCN Red List (IUCN 2025). 
Populus pruinosa is moderately salt tolerant but less drought 
tolerant than P. euphratica (Zhai et al. 2022).

In many Central Asian regions, the survival of ripar-
ian forests is threatened by overuse for fuel, timber, and/
or fodder, by decreasing groundwater due to irrigation of 
agricultural fields, and by severe salinization (Thomas and 
Lang 2021). In the longer term, the effects of climate change 
on regional hydrology enhance these threats as the Central 
Asian climate becomes warmer (Lioubimtseva and Henebry 
2009; Sorg et al. 2014; IPCC 2023). A warming trend in 
Central Asia in 1960–2000 has been confirmed (Yu et al. 
2020). Severe reductions in the areas of riparian forests 
due to land use changes or to alterations in the hydrologi-
cal regime have been reported from north-western China 
(Wang et al. 1996; Feng et al. 2005; Geist 2005; Arkin et al. 
2025), Kazakhstan (Rakhimzhanov et al. 2021; Dukenov 
et al. 2023), Tadjikistan (Vtorova et al. 1993) and Uzbeki-
stan (Treshkin 2001; Tupitsa 2010). The Uzbek tugai forests 
are expected to be particularly affected by climate change 
due to ongoing reduction of their habitats (UN/ECE 2020)

In arid regions of Central Asia, the riparian forest pop-
lar species (P. pruinosa, P. euphratica) benefit from access 
to groundwater (Thomas 2013; Thomas and Lang 2021). 
To a certain extent, these poplar species can cope with an 
increasing depth to groundwater upon a drop in the water 
table or wind-driven sand accumulation (Wang and Jia 
2013) through height growth (Gries et al. 2003). However, 
there are limits to the growth and survival of the trees when 
the water table depth becomes extensive. Populus pruin-
osa grows and regenerates well at a groundwater depth up 
to 4 m and under low salinity (Vtorova et al. 1993), but 
along a transect of groundwater depths of 3.4–7.9 m that 
covered the range of natural P. pruinosa forests, hydraulic 
conductivity of the xylem and net photosynthesis decreased 
(Zhang et al. 2024). In the closely related P. euphratica, a 
decline in hydraulic conductivity due to greater water table 
depths resulted in a lower, more negative, leaf water poten-
tial, decreased stomatal conductance and lower radial stem 
growth (Gries et al. 2003).

Atmospheric drought stress can cause cavitation and 
embolism in the water conducting xylem (Tyree and Sperry 
1989). Hydraulic failure of the xylem due to drought stress 
is a common occurrence in drought-induced tree mortal-
ity (Adams et al. 2017) and also a drought-stress effect on 
poplars of Central Asian riparian forests (Zhou et al. 2013).

Compared to hydrological conditions and drought, the 
effects of soil features, and physical variables in particular, 
have received less attention in studies on the decline of tugai 
forests. However, in an emerging riparian forest of central 
California, flood-induced sedimentation along riverbanks 

and the development of the sediment’s texture had a deci-
sive role in the colonization by Populus fremontii S. Watson 
(Stella et al. 2011). In a P. euphratica tugai vegetation along 
the Tarim River, north-western China, soil texture decisively 
controlled the water supply to the roots, with a coarse texture 
in the topsoil being more favorable (Grashey-Jansen et al. 
2014). In P. pruinosa, higher soil bulk density, lower poros-
ity and increased soil salinity hampered clonal growth (Gai 
et al. 2020), an important mechanism for the propagation of 
poplars in Central Asian riparian forests (Thomas and Lang 
2021). However, the interplay between meteorological and 
edaphic factors has not been studied in the occurrence of 
riparian forest decline in Central Asia.

The Zarafshon (Zeravshan) River is an 870-km-long 
endorheic river, one without an outflow to a sea or ocean. It 
rises in the mountains of North Tajikistan and seeps away 
in the Kyzyl Kum Desert northeast of the City of Bukhara, 
Uzbekistan before it reaches the Amu Darya River (Groll 
et al. 2015). The Samarkand section of the river, located in 
Central Uzbekistan, is part of its middle reaches. Here, the 
river has water throughout the year. Outside of settlements, 
farmland and industrial facilities, remnants of tugai forests 
exist with canopy layers mainly composed of the two typical 
tugai poplar species. Approximately 15 km to the north-
east of the City of Samarkand and close to the Zarafshon 
River, the Zarafshon National Natural Park harbors extensive 
stands of P. pruinosa tugai forest. Recently, tree dieback 
in parts of the forest has been observed that resembled the 
decline of poplars in other Central-Asian tugai forests. As 
the Natural Park is protected from anthropogenic distur-
bances, it constitutes an ideal setting for investigating the 
causes of poplar dieback in a near-natural tugai forest in 
both healthy and declining stands with a similar distance to 
the river. In several previous studies, tugai stands of varying 
vigor have been investigated that already differed markedly 
in their distance to a river or to groundwater and/or in tree 
age (Westermann et al. 2008; Huang and Pang 2010; Aishan 
et al. 2013, 2015; Li et al. 2013; Thomas et al. 2017).

Against the background of these environmental factors 
that are involved in the decline of tugai forests, we aimed 
to test the following hypotheses: (1) drought has triggered 
dieback in the declining P. pruinosa stand at the Zarafshon 
River, alternatively: (2) a severe decline in the groundwater 
during the past ten years has triggered tree decline; (3) in 
the declining stand, the trees were predisposed to dieback 
by unfavorable edaphic conditions, in particular by high con-
centrations of fine particles and salt. To test these hypoth-
eses, growth analyses were carried out using annual rings, 
the stable carbon isotope ratios of the tree rings determined 
to detect indications of drought stress, soil analyses under-
taken and climate and groundwater data evaluated. The 
results may lead to further research for analyzing interrela-
tionships between hydrological, edaphic, ecophysiological 
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and meteorological factors in dieback processes of Central 
Asian riparian forests.

Materials and methods

Study site and sampling

Sampling was conducted in a P. pruinosa forest of the 
Zarafshon National Natural Park close to the shore of the 
Zarafshon River, Central Uzbekistan. The Natural Park was 
established in 1975, but the area was covered with a typi-
cal riparian forest earlier. The climate is warm-temperate 
with hot and dry summers (Csa type according to Köppen; 
cf. Kottek et al. 2006; Fig. S1 of the Supplementary Mate-
rial). Besides P. pruinosa saplings, the woody understory 
contains Tamarix hispida Willd. and T. ramosissima Ledeb. 
(Tamaricaceae), Elaeagnus angustifolia L. and Hippophaë 
rhamnoides L. (Elaeagnaceae), Berberis integerrima Bunge 
(syn. B. iliensis Popov; Berberidaceae), Crataegus turke-
stanica Pojark. (Rosaceae), Clematis orientalis L. (Ranun-
culaceae), Sophora L. sp. (Fabaceae) and the introduced 
Maclura pomifera (Raf.) C.K. Schneid. (syn. M. aurantiaca; 
Moraceae). The soil surface is densely covered with grass, 
including conspicuous tufts of Tripidium ravennae (L.) 
H.Scholz (syn. Erianthus ravennae [L.] P.Beauv.). There 
are also numerous specimens of Colchicum kesselringii 
Regel (Colchicaceae), a species that is listed as “declining” 
in the Republic’s Red Book (Red Book of the Republic of 
Uzbekistan 2019). On the sampling dates, there were no 
signs of flooding.

Long-term meteorological data are unavailable in Uzbeki-
stan. Thus, mean monthly precipitation and temperature 
data were obtained from the Climatic Research Unit (CRU) 
TS3.10 datasets (Harris et al. 2014; Central Uzbekistan). 
Values of the Standardised Precipitation Evapotranspiration 
Indices (SPEI; Vicente-Serrano et al. 2010) were used as an 
indicator of the intensity of dry conditions at the study site. 
They are calculated with the Penman–Monteith approach 
and were retrieved on a monthly basis from https://​spei.​
csic.​es/​datab​ase.​html (Beguería et al. 2010; last accessed 
on November 07, 2024).

The study site consisted of healthy P. pruinosa forest 
and portions with several declining trees and dead trees. 

Signs of pests or disease were not present in the trees. For 
this study, one stand of approximately 2 ha of the healthy 
forest and one of about 1 ha of the declining portion were 
selected that exhibited a homogeneous structure and were 
representative of the respective forest parts with regard 
to canopy height, stand density and fraction of declining 
trees. The distance between the healthy and the declining 
plots was 620 m on average. The declining trees, which 
only occurred in small numbers in the healthy stand, 
exhibited considerable defoliation and twig loss. From 
both stands, ten trees were randomly chosen for sampling 
(healthy stand: eight trees at N 39°40.03’, E 67°5.60’, 
719 m a.s.l., two trees at N 39°39.98’, E 67°5.70’, 720 m 
a.s.l.; declining stand: 10 trees at N 39°40.25’, E 67°5.37’, 
716 m a.s.l.). The elevation of the river shore (in direct dis-
tance to the study plots) was 713–716 m a.s.l. The eleva-
tions were retrieved from Google Earth Pro (last accessed 
on April 1, 2025) as that data can be considered more 
accurate than GPS data measured with a mobile device 
on one single occasion in the field. The distances of the 
sample locations to the river were approximately 700 m 
for the healthy and about 800 m for the declining stand. 
The location of the study plots is shown in Fig. S2 of the 
Supplementary Material.

Height, diameter at breast height (dbh: 1.3 m above 
ground) and height/diameter ratio (h/d) of the selected 
trees did not differ significantly between the healthy and 
the declining stand (Table 1). In autumn 2023, after the 
cessation of the growth period, two increment cores were 
taken from each tree with a 5-mm-diameter Haglöf borer at 
breast height from the eastern and the western side of the 
stems. We restricted the number of cored trees to ten per 
stand type to keep the amount of destructive sampling in the 
Natural Park to a minimum. In their pioneering work, Fritts 
and Swetnam (1989) stated that chronologies from ten trees 
fulfill the requirements for adequate chronologies, at least 
for non-mesic sites (see also Speer 2010). More recently, ten 
trees or less have been found sufficient for analyzing growth 
and stable carbon isotope ratios in broadleaved trees from 
different forest ecosystems, including P. euphratica (e.g., He 
et al. 2005; Härdtle et al. 2013a, 2013b; Walter et al. 2016; 
Duan et al. 2025). The core samples were fixed on card-
board and kept dry until further processing in the Geobotany 
Department of Trier University.

Table 1    Features of the stands 
and sampled trees (n = 10 per 
stand; means ± 1 SE) at the 
Populus pruinosa site on the 
middle reaches of the Zarafshon 
River, Central Uzbekistan

dbh diameter at breast height (1.3 m), h/d height/diameter ratio. The morphological variables did not differ 
significantly between the two stand types (t-test; cf. Statistical analyses section).

Stand category Number of 
healthy
(ind ha−1)

Number of 
declining
(ind ha−1)

Tree height
(m)

dbh
(cm)

h/d
(m m−1)

Healthy 620 80 8.1 ± 0.6 25.8 ± 1.5 31.4 ± 1.7
Declining 60 550 8.0 ± 0.5 22.5 ± 1.3 36.0 ± 1.8

https://spei.csic.es/database.html
https://spei.csic.es/database.html
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Monthly data on groundwater depth were obtained from 
Samarkand Hydrogeologic Station, Samarkand, for ground-
water well #11 (N 39°40.76’, E 67°6.92’; 725 m a.s.l.) for 
the 2010–2022 period. The distance of the well was approxi-
mately 2300 m to the healthy plots, 2400 m to the declining 
stand and 2700 m to the river shore. The study plots were 
situated between the well and the river. The location of the 
well is indicated in Fig. S2 of the Supplementary Material.

To determine soil morphology and soil type, one soil pro-
file per stand was made down to the gravelly C horizon at 
35–37 cm depth. From each stand, five soil samples were 
taken in September 2024 with soil augers from three layers 
of depth (0–10 cm, > 10–30 cm, > 30–60 cm) and layer- and 
stand-wise pooled to give one bulk sample per soil layer 
and stand.

Tree‑ring analyses and stable carbon isotope ratios

One core of each tree was used for measuring tree-ring 
widths after smoothing by cutting the uppermost 0.5 mm 
with a microtome (Swiss Federal Research Institute WSL, 
Birmensdorf, Switzerland). The tree-rings were measured 
using a stereo microscope (Carl Zeiss, Jena, Germany), con-
nected to a moveable object table (Lintab 5, Rinntech, Hei-
delberg, Germany) interfaced directly with a computer for 
measurements to the nearest 0.01 mm. The oldest measur-
able ring had been formed in 1980, but ring series that were 
coherent in all trees started in 1999. Therefore, this year was 
selected as the starting point in calculating the increments 
in diameter growth. However, one tree of the healthy stand 
and up to nine trees (in 2023) of the declining stand had not 
formed rings in the most recent years (Tables S1–S3 of the 
Supplementary Material). The values of the growth vari-
ables were set to zero in those cases and were not considered 
in calculating correlations with δ13Ccorr and with climate 
variables. To eliminate age effects, the individual tree-ring 
chronologies were detrended on the basis of regional curve 
standardization (RCS; Esper et al. 2003) with a moving aver-
age of ten years using TSAP-Win Scientific software (ver-
sion 4.64; Rinntech). We added the mean of the respective 
trend series as an offset to the individual values to make all 
values positive (Lang et al. 2015). These ring-width data 
are named “indexed ring widths” hereafter. In addition, by 
assuming a circular perimeter of the stem, we calculated 
the annual basal area increment (BAI), which is suitable 
for removing age-related growth trends (Biondi and Quedan 
2008; Speer 2010). The BAI was computed from the trees’ 
original ring widths by year-wise subtracting the stem cross-
sectional area of year t-1 from year t (cf. Speer 2010):

(1)BAI = �

(

(dbh∕2−B)2
t
−(dbh∕2−B)2

t−1

)

where dbh is the stem diameter at breast height and B the 
bark thickness. To calculate the inner cross-sectional areas, 
annual ring widths were subtracted year-wise from the stem 
radii (dbh/2 – B), proceeding step-wise from the last sam-
pling year (2023) to the earliest one.

The stable carbon isotope ratios 13C/12C (δ13C; ‰) of 
the tree rings were determined by the Department of Geo-
botany, Trier University, according to Loader et al. (1997) 
in α-cellulose extracted from the other core taken from each 
target tree. From the healthy stand, only eight out of the ten 
trees sampled could be used for δ13C analyses due to the lack 
of sufficient material. The individual tree rings were dis-
sected year-wise with a scalpel from the sampling year 2023 
back to 2004. For those years which covered a representative 
time span of the last two decades, the material was sufficient 
to construct coherent δ13C time series. Each tree ring (or cut 
pieces in cases of wider rings) was placed in a separate Tef-
lon bag, marked, sealed, and subjected to a successive and 
repeated sodium hydroxide/sodium chlorite treatment (Ho 
et al. 2020). The δ13C ratios of the extracted and dried cel-
lulose were measured with an isotope ratio mass spectrom-
eter (DeltaV Advantage, Thermo Fisher Scientific, Waltham, 
MA, USA) against IAEA standard cellulose with a precision 
of 0.05‰. To account for the negative temporal trend in the 
atmospheric δ13C in CO2 due to continuing anthropogenic 
fossil fuel combustion, the δ13C values of the tree rings were 
corrected (hereafter, δ13Ccorr) according to McCarroll and 
Loader (2004) by year-wise subtracting correction values 
from the raw data (from 2023 backwards) on the basis of 
a list of recent atmospheric CO2 concentrations issued by 
NOAA (https://​gml.​noaa.​gov/​webda​ta/​ccgg/​trends/​co2/​co2_​
mm_​gl.​txt; accessed on September 19, 2024).

Soil analyses

Physical and chemical soil analyses were conducted in the 
Department of Soil Science, Faculty of Biology, National 
University of Uzbekistan, Tashkent. The particle sizes 
were assigned to the following classes (Kachinsky 1965; 
Sadovski and Ivanova 2020): > 0.25 mm, 0.25 – > 0.1 mm, 
0.1 – > 0.05 mm, 0.05 – > 0.01 mm, 0.01 – > 0.005 mm, 
0.005  – > 0.001  mm, ≤ 0.001  mm. To make the clas-
sification of the major texture classes similar to the 
internationally used standard, we attributed the classes 
of > 0.25 – > 0.05 mm particle size to the sand fraction, the 
classes of 0.05 – > 0005 mm to silt, and ≤ 0.005 mm to the 
clay fraction. In addition, the soil bulk density and the field 
capacity were determined.

Chemical soil analyses included measurements of pH 
(measured in H2O and KCl), the concentrations of humus, 
total nitrogen (N), and water-soluble nitrate–N (NO3

−–N) 
as well as the determination of the carbon:nitrogen (C:N) 
ratios. In addition, the concentrations of the following 

https://gml.noaa.gov/webdata/ccgg/trends/co2/co2_mm_gl.txt
https://gml.noaa.gov/webdata/ccgg/trends/co2/co2_mm_gl.txt


Populus pruinosa decline in a riparian tugai forest on the Zarafshon River, central Uzbekistan:… Page 5 of 16      6 

water-soluble ions that are most important for assessing 
salinity were determined: carbonate (CO3

2−), hydrogen car-
bonate (HCO3

−), chloride (Cl−), sulfate (SO4
2−), calcium 

(Ca2+), magnesium (Mg2+), and sodium (Na+). We estimated 
the soil water potential at field capacity generated by salt 
(ΨSalt) from the water content and the concentrations of 
soluble salts:

where c is the concentration of all measured salt ion charge 
equivalents in the water at field capacity, R the universal gas 
constant, and T the temperature (set to 293.15 K). The ΨSalt 
values indicate the theoretical minimum soil water potential 
at field capacity, under the assumption that all water-soluble 
inorganic salts are dissolved in the soil water but ignore the 
soil matric potential. Since in current ecophysiological lit-
erature, water potentials are given as negative values when 
they deviate from zero, we provide the ΨSalt values with 
a negative sign although they just are rescaled concentra-
tions according to Eq. 2. Such negative values also make 
comparisons with values of leaf water potentials from trees 
more comprehensible.

Statistical analyses

The results are means ± 1 standard error (SE) if not indi-
cated otherwise. Differences in the investigated variables 
between the two stand types were tested for significance 
with SigmaPlot for Windows version 13.0, Build 13.0.0.83 
(Systat Software, Inpixon, Palo Alto, CA, USA). Tests on 
significant deviations from normality were conducted with 
the Shapiro–Wilk test, and on deviations from variance 
homogeneity with the Brown-Forsythe test. Differences in 
the values of tree morphology between the stand types were 
determined with t-tests, as the respective data sets passed the 
above-stated tests on deviations from normality and variance 
homogeneity. In cases of non-significant deviations from 
homogeneity of variances, we tested differences between the 
stand types in their time courses of indexed tree-ring widths, 
BAI and δ13Ccorr using repeated measurement analysis of 
variance (rmANOVA) of SigmaPlot’s General Linear Model 
(GLM) package. In cases of significant deviations from 
variance homogeneity, year-wise mean values were calcu-
lated from the trees of each stand type, and the difference 
between the stands across years was tested for significance 
with paired t-tests in the case of non-significant deviations 
of those mean values from a normal distribution, or with 
the paired U-test if the data sets differed significantly from 
normality. Time courses of the growth variables, δ13Ccorr, 
SPEI and groundwater distances were tested on significant 
trends using the Mann–Kendall trend test (τ-value) of the 
R-package ‘trend’ and the ‘sens.slope’ function (Pohlert 

(2)Ψ
Salt

= c ⋅ R ⋅ T(MPa)

2023). Pearson correlation coefficients were calculated 
between the growth variables and δ13Ccorr as well as between 
these variables and SPEI, provided that the residuals did not 
differ significantly from normality as determined with the 
Shapiro–Wilk test. Otherwise, the non-parametric Spearman 
correlation test was applied. Additional correlations were 
computed between growth variables and δ13Ccorr on the one 
hand and temperature, precipitation, and SPEI on the other. 
For these correlations, temperature and precipitation values 
of the individual months of the current year were considered 
(except for October, November and December, which could 
not affect the current year’s growth increment) as well as the 
values of late winter (January–March), spring (April–June), 
summer (July–September), growing season (April–Sep-
tember), the entire year and the preceding winter (Octo-
ber–March). One-tailed correlation tests were conducted 
when one-sided expectations could be formulated, as was the 
case, e.g., for SPEI. To detect breakpoints (slope changes) in 
the time courses of the investigated variables, we applied the 
‘strucchange’ package of R and used the recursive cumula-
tive sum (Rec-CUSUM) as the test statistic (Zeileis et al. 
2024). Effect sizes of the statistical tests (η2) were calcu-
lated according to https://​www.​psych​ometr​ica.​de/​effek​tstae​
rke.​html. The statistical power of the respective tests was 
taken directly from the software output or computed with 
G*Power (3.1.9.7) (Faul et al. 2007) using f-values derived 
from the η2 values (Cohen 1988).

Results

Growth and stable carbon isotope ratios

Over the entire period of the growth analyses (1999–2023), 
neither the indexed tree ring widths nor the BAI differed 
significantly between the healthy and the declining stands 
(Table 2). However, trees in the declining stand showed 
decreasing growth during this time period and in the years 
2018–2023, when growth of trees dropped in both stands, 
growth of the trees from the declining stand was significantly 
weaker (Fig. 1, Table 2). In the indexed ring widths and BAI 
of the declining stand’s trees, a significant breakpoint was 
detected in 2018 (S > 1.04; P < 0.025), when growth started 
to decline more steeply for the rest of the study period. No 
breakpoint was found in the growth curves of trees in the 
healthy stand.

From 2004 through to 2023, the δ13Ccorr ratios of trees 
from the declining stand increased and were significantly 
higher (less negative) than the ratios of trees of the healthy 
stand (Fig. 2, Table 2, Table S4). The year-wise averaged 
δ13Ccorr ratios were significantly correlated with the indexed 
tree-ring widths and BAI in the trees of the declining stand 
(P < 0.001; Fig. 3), but not for those of the healthy stand 

https://www.psychometrica.de/effektstaerke.html
https://www.psychometrica.de/effektstaerke.html
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(P > 0.385). No breakpoints were found for the δ13Ccorr ratios 
of trees from the healthy or the declining stand.

Climate variables and correlations with growth 
and stable isotope ratios

Over the study period, the minimum SPEI values of the year 
showed a significant decrease and annual SPEI amplitudes, 
a significant increase, both indicating a climate trending 
towards drier conditions (Fig. 4). No significant breakpoints 
were detected in the time courses of the SPEI variables, but 
the year 2018, when the declining stand’s trees started to 
grow significantly less, (cf. Figure 1), and the subsequent 
year were particularly dry. In P. pruinosa trees of the declin-
ing stand, BAI was positively correlated with monthly mini-
mum and average SPEI of the year and negatively with the 
annual SPEI amplitudes (Fig. 5). In these cases, we used 
one-tailed significance tests as we could expect a decrease in 
growth with lower SPEI values and with larger annual SPEI 
differences. No significant correlations between growth and 
SPEI were found in trees of the healthy stand.

Likewise, δ13Ccorr of trees of the declining stand was 
positively related to the annual amplitude of monthly SPEI 
values and negatively to the annual average SPEI values 
(Fig. 6), whereas there were no significant correlations 
between δ13Ccorr and SPEI in trees of the healthy stand.

The growth variables derived from trees of the declining 
stand were more sensitive to average monthly temperature 
values and precipitation sums than the similar variables 

of trees in the healthy stand. The indexed tree-ring width 
and the BAI of the declining stand’s trees were negatively 
related to mean temperatures of July, the July–September 
period and to the annual mean temperature; their BAI was 
also negatively correlated with the average temperature of 
the growing season (April–September). In contrast, trees of 
the healthy stand showed no significant relationships of their 
indexed tree-ring widths with temperature, but their BAI 
was negatively correlated with mean March temperatures. 
With regards to precipitation, the only significant and nega-
tive correlation was between indexed tree-ring width and the 
precipitation of May in the trees of the declining stand. All 
correlation coefficients with their P-values are provided in 
Table S5 of the Supplementary Material.

In trees of the healthy stand, δ13Ccorr values were posi-
tively correlated with spring temperatures of individual 
months (April, May, June) as well as with temperatures 
of the period April–June and of the entire growing season 
(April–September), but negatively with winter tempera-
tures (January, January–March, preceding October–March). 
They were also negatively correlated with spring precipi-
tation (April, April–June) and all of the growing season 
(April–September) as well as with the precipitation of the 
preceding year. In trees of the declining stand, δ13Ccorr was 
positively related to summer temperatures (July–September) 
and to precipitation in March and May (Table S5).

Table 2    Results of statistical tests on significant differences and trends between Populus pruinosa trees of the healthy and the declining stand

Significant values are printed in bold
+ higher mean value in the named stand, ↘ significantly decreasing trend, ↗ significantly increasing trend. —, no significant difference or trend

Variable Number of trees 
per stand

Statistical test Statistical parameter P Effect size η2 Statisti-
cal power 
(α = 0.05)

Result

Healthy Declining

Indexed ring width, 
1999–2023

10 10 rmANOVA F = 3.013 0.100 0.143 0.269 —

Indexed ring width, 
2018–2023

10 10 rmANOVA F = 34.907  < 0.001 0.660  > 0.999  + healthy

Trend indexed ring 
width 1999–2023

10 Mann–Kendall z = 0.163 0.870 0.001 0.500 —
10 z = −3.62  < 0.001 0.524  > 0.999  ↘ declining

BAI, 1999–2023 10 10 Paired t-test 
(2-tailed)

t = −1.956 0.062 0.100 0.467 —

BAI, 2018–2023 10 10 rmANOVA F = 11.529 0.003 0.391 0.866  + healthy
Trend BAI, 

1999–2023
10 Mann–Kendall z = −1.518 0.129 0.092 0.857 —

10 z = −4.227  < 0.001 0.715  > 0.999  ↘ declining
δ13Ccorr, 2004–2023 8 10 Paired t-test 

(2-tailed)
t = −8.735  < 0.001 0.722  > 0.999  + declining

Trend δ13Ccorr, 
2004–2023

8 Mann–Kendall z = 0.357 0.721 0.006 0.502 —
10 Mann–Kendall z = 2.239 0.025 0.251  > 0.999    ↗ declining
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Soil analyses and groundwater depths

The soil of the study area is a salt-influenced alluvial Fluvi-
sol with an xC horizon of coarse fluviatile gravel intermixed 
with fine material. In the healthy stand, the soil shows an 
Ah-xC profile, in which the dark-gray Ah horizon of sandy-
clayey to silty loam extends down to approximately 37 cm. 
In the declining stand, the clayey-loamy Ah horizon in 
the upper 14 cm turns into a sandy-loamy Ah/Bv horizon 
at > 14–35 cm depth, under which the xC horizon lies. The 
declining stand had a substantially higher clay content in the 
C horizon and a lower field capacity across the entire profile. 
Soil bulk density increased slightly from the uppermost layer 
to the subsoil and was only marginally higher in the healthy 
than in the declining stand. The results of the physical fea-
tures of the individual sampling depths are shown in Table 3.

Concentrations of total nitrogen were low in both stands, 
but NO3

–-N levels were moderately high and peaked in the 
upper 10 cm soil layer in the healthy stand, where humus 
content also was generally high. C:N ratios were rela-
tively low but highest in the subsoil of the declining stand 
(Table S6).

The pHH2O values were in the alkaline range in all depths 
of both stands. In the healthy stand, they decreased from 7.8 
in the uppermost 10 cm to 7.5 in the subsoil and were 7.6 

Fig. 1     a stand-wise averaged indexed tree-ring width and b basal 
area increment (BAI) for each ten trees of the healthy and the declin-
ing Populus pruinosa stands from 1999 through 2023. Over the 
period, growth variables did not differ significantly between stands. 
For 2018–2023, indexed tree-ring width and BAI were significantly 
higher in the healthy stand. Black lines show significantly decreas-
ing trend in trees of the declining stand (Mann–Kendall trend tests; τ, 
Mann–Kendall’s tau-value)

Fig. 2     Stand-wise averaged δ13Ccorr ratios in trees of the healthy 
(n = 8) and the declining (n = 10) stands near the shore of the Zaraf-
shon River from 2004 to 2023. Across the period, δ13Ccorr ratios were 
higher in the declining stand. The black line indicates increasing 
trend in the trees of the declining stand (Mann–Kendall trend test; τ, 
Mann–Kendall’s tau-value)

Fig. 3     Significant correlations in the Populus pruinosa trees of the 
declining stand between the year-wise averaged δ13Ccorr ratios and 
a the indexed tree-ring widths, and b the basal area increment (BAI). 
r, Pearson correlation coefficient
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across all soil layers of the declining stand. The pHKCl values 
were higher than pH(H2O) by 0.3–0.4 units.

The fraction of the water-soluble anions was dominated 
by SO4

2– in the uppermost 10 cm of the soil and by Cl– in 
the subsoil (> 30–60 cm) (Table 4). The predominant cati-
ons were Ca2+ and Mg2+ with only a small contribution of 
Na+. In all soil depths, the equivalent sums of the ions were 
higher in the declining than in the healthy stand. This dif-
ference was particularly obvious in the uppermost soil layer 
and in the subsoil. According to the regional classification 
of saline soils (Bazilevich and Pankova 1969), the topsoil of 
both stands is the chloride-sulphate type and the subsoil, the 
chloride type; the salinity is considered moderate. However, 
in each soil layer, the ΨSalt values were distinctly lower in the 
declining than in the healthy stand.

During 2010–2022, monthly values of the groundwa-
ter distances in vicinity to the poplar stands were between 
2.2 m and 3.8 m (Fig. S3). Over the years, annual mean 
groundwater distances showed neither temporal trends 
nor significant breakpoints (Fig.  S4). This absence of 
trend and breakpoints was valid for the annual averages 
as well as for various months and periods of the growing 
season (April–September, June–September, July–Septem-
ber, June–July, July–August, June, July; τ < 0.37, z < 1.66, 
P > 0.09 for trends; S < 0.72, P > 0.23 for breakpoints).

Fig. 4    Temporal trends of a annual minimum Standardised Precipi-
tation Evapotranspiration Index (SPEI) and b the annual SPEI ampli-
tude during the 25  years of the study period (1999–2023). Straight 
lines show significant SPEI trends (Mann–Kendall trend tests; τ, 
Mann–Kendall’s tau-value)

Fig. 5    Significant correla-
tions (one-tailed) in Populus 
pruinosa of the declining stand 
between basal area increment 
(BAI) and a the annual monthly 
minimum of the Standardised 
Precipitation Evapotranspira-
tion Index (SPEI); b the annual 
SPEI amplitude (monthly 
maximum-minimum) and c the 
mean annual SPEI. r, Pearson 
correlation coefficient
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Discussion

Overview

The results suggest that in the P. pruinosa stands, edaphic 
conditions (high salt and clay contents, especially in the 
subsoil) have predisposed the trees of the declining stand 
to dieback, which was ultimately triggered by two severely 
dry years (2018, 2019).

Growth, δ13Ccorr and climate

Significant differences in growth between trees of the 
healthy and the declining stand were only found for the last 
six years (2018–2023) of the study but not across the entire 
period (1999–2023). This suggests that a particular event 
triggered growth decline. Most possibly, and supporting our 
first hypothesis, this event was the occurrence of specific 
dry years of 2018 and 2019. Accordingly, in the trees of the 
declining stand, a breakpoint in the time series of tree-ring 
width and BAI was detected for 2018 that indicated a steeper 
decrease in those variables in and after that year than before. 

Fig. 6    Significant Spearman 
correlations (one-tailed) in 
Populus pruinosa of the declin-
ing stand between the stable 
carbon isotope ratios (δ13Ccorr) 
and a the annual amplitude 
of the Standardised Precipita-
tion Evapotranspiration Index 
(SPEI), and b mean annual 
SPEI. Straight gray lines illus-
trate the correlation. ρ, Spear-
man correlation coefficient

Table 3    Physical soil features 
of the healthy and the declining 
stand at the middle reaches of 
the Zarafshon River, Central 
Uzbekistan

Soil depth
(cm)

Sand
(%)

Silt
(%)

Clay
(%)

Soil texture Soil bulk den-
sity (g cm–3)

Field capacity
(%)

Healthy stand
0–10 27.3 47.7 25.0 Sandy-clayey loam 1.3 27.5
 > 10–30 26.5 50.9 22.6 Silty loam 1.4 26.8
 > 30–60 33.0 49.1 17.9 Sandy loam 1.4 25.8
Declining stand
0–10 26.7 44.7 28.6 Clayey loam 1.3 21.6
 > 10–30 26.8 49.5 23.7 Sandy loam 1.3 25.7
 > 30–60 23.0 45.9 31.1 Clayey loam 1.4 23.2

Table 4    Concentrations of water-soluble salt ions related to unit soil dry matter and calculated salt-generated soil water potential at field capac-
ity (ΨSalt) in different soil depths of the healthy and the declining Populus pruinosa stands

Soil depth
(cm)

CO3
2–

(mmolc kg–1)
HCO3

–

(mmolc kg–1)
Cl–
(mmolc kg–1)

SO4
2–

(mmolc kg–1)
Ca2+

(mmolc kg–1)
Mg2+

(mmolc kg–1)
Na+

(mmolc kg–1)
Sum of ions
(mmolc kg–1)

ΨSalt
(MPa)

Healthy stand
0–10 4.3 21.0 36.9 50.6 17.5 24.7 7.8 162.8 −1.44
 > 10–30 11.3 23.0 33.0 34.3 37.4 25.5 5.7 170.2 −1.55
 > 30–60 5.0 16.9 34.4 9.8 5.0 32.9 4.8 108.8 −1.03
Declining stand
0–10 14.0 46.1 45.6 73.3 22.4 9.9 8.3 219.6 −2.48
 > 10–30 20.3 3.8 36.9 36.4 29.9 42.8 9.1 179.2 −1.70
 > 30–60 24.3 2.6 40.6 11.0 24.9 30.5 7.0 140.9 −1.48



	 A. Akhmedov et al.    6   Page 10 of 16

However, our alternative second hypothesis of a decline in 
the water table as a cause of tree dieback must be rejected 
as no significant changes in the groundwater depth were 
observed before and during the dieback. On the other hand, 
the δ13Ccorr ratios of the tree rings of the declining stand 
were higher (less negative) than those of the healthy stand’s 
trees over the last two decades of the study period. This 
is indicative of a continually diminishing water supply and 
subsequent stress due to drought to the trees of the declin-
ing stand (Loader et al. 2007; Galle et al. 2010; Jansen et al. 
2013; Metz et al. 2016; Timofeeva et al. 2017; Zhang et al. 
2025), whereas under less stressful conditions or with more 
resilient trees, growth can be uncoupled from 13C discrimi-
nation during carbon assimilation (Härdtle et al. 2013a). In 
contrast to the same species in the healthy stand, trees of the 
declining stand exhibited decreasing growth and increasing 
tree-ring δ13Ccorr, which was paralleled by significant trends 
in SPEI. This indicated a change towards drier conditions in 
the past 25 years of the period under investigation. This find-
ing agrees with observations of an increase in the occurrence 
of hot weather and drought in Central Asia (IPCC 2023).

In the long-living evergreen Pinus sylvestris L. in cold 
regions, a “juvenile effect” of lower δ13C ratios until up to 
50 years has been found (Gagen et al. 2008; Torbenson et al. 
2022), whereas no such effect was detected in the deciduous 
Larix decidua Mill. (Kilroy et al. 2016), in Quercus spp. 
after the first five years (McCarroll et al. 2020), and in Fagus 
sylvatica L. (Wieland et al. 2022) from temperate regions, or 
the effect was not consistent (Pinus cembra L.; Nagavciuc 
et al. 2020). A possible juvenile effect has been attributed 
to the uptake of 13C-depleted CO2 by young trees growing 
under a dense canopy and at reduced mixing of the sur-
rounding air (Treydte et al. 2009). However, such conditions 
did not prevail in the relatively sparse stands of our study 
sites with relatively small trees. Moreover, a juvenile effect 
should have been visible in the trees of both stands, which 
was not the case. In addition, the stands were established in 
the 1980s; thus, the trees of this fast-growing species were 
not particularly young. For these reasons, we did not correct 
for any juvenile effects on δ13C.

Correspondingly to the trends in growth and δ13Ccorr of 
the declining stand’s trees, significant correlations between 
tree-ring δ13Ccorr and growth, SPEI and growth, and SPEI 
and δ13Ccorr were only found for trees of the declining stand. 
Carbon isotope discrimination in photosynthesis is linked 
to water use efficiency (WUE): leaves with stomata that are 
less wide open will transpire less water per unit carbon fixed 
but 13C discrimination will be lower during photosynthesis, 
resulting in higher WUE and higher (less negative) δ13C 
ratios (Farquhar et al. 1989). Hence, the higher δ13C ratios 
in the trees of the declining stand could also be seen as an 
adjustment to a reduced water supply in the form of less 

stomatal opening for a prolonged time during the growing 
season but at the expense of carbon fixation.

As the climatic conditions of both stands were similar 
due to their proximity, it can be assumed that the impact of 
drier weather conditions on trees of the declining stand has 
been intensified by specific site characteristics. Given the 
similarity of both stands in canopy height and density, the 
most prominent candidate for such site characteristics is the 
edaphic conditions.

A limitation to the interpretation of our data is the rela-
tively large distance between the groundwater well from 
which the water table depths were retrieved, and the loca-
tions of the study plots. Nevertheless, our conclusion about 
a distinct lack of groundwater effects on the performance 
of the trees is justified. This is based on the absence of a 
decline of the groundwater level during the time of decrease 
in tree growth, on the close proximity of the healthy and the 
declining plots, the location of the plots between the ground-
water well and the river that prevents underestimation of the 
groundwater depth in the plots, and the comparable average 
elevations of the plots and the well.

Edaphic conditions

Soil samples were taken on one sampling date as we did not 
assume distinct changes in edaphic conditions over time: 
the poplar stands are located in a Natural Park established 
50 years ago and have not been subjected to major anthro-
pogenic interventions, and the stands had also been part of 
a typical riparian forest before the establishment of the Park. 
The samples can be considered representative of the respec-
tive plots due to their homogeneous structure.

The stands differed in their physical soil variables: the 
declining stand had a higher clay content, especially in the 
subsoil, and a lower field capacity. Due to stronger capil-
lary forces, high clay contents lower soil water potential 
and impede water uptake through roots. In addition, the 
formation of fine roots, which contribute the largest part to 
water uptake by trees, is constrained in such soil layers. This 
has been found, for instance, in the deciduous tree species 
Quercus robur L., a keystone species of the hardwood ripar-
ian forests of Central and Eastern Europe and resulted in a 
lowered water content of the leaves (Thomas and Hartmann 
1996, 1998). A comparable situation may be assumed for the 
declining poplar stand of the present study, but a destructive 
intervention to investigate root systems was not possible due 
to the protective status of the forest.

Soil water potential could be lowered further by higher 
salt concentration in the declining stand, especially in the 
uppermost soil layer and the subsoil. Low soil water poten-
tials due to high salt concentrations can severely hamper 
water uptake (Li et al. 2023). Salt levels in the topsoil were 
similar to those in a healthy P. pruinosa stand on the Vakhsh 
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River in bordering South Tadjikistan (Vtorova et al. 1993) 
but were lower in sodium. In this study, however, we refer 
to the property of salt to decrease soil water potential rather 
than to its immediate toxicity. Generally, the more easily 
soluble chloride salts accumulate in the uppermost soil layer 
which, in the present study, is valid at least for Cl– con-
centrations, they can be redissolved upon precipitation and 
circulate between topsoil and subsoil over the course of 
the year (Blume et al. 2016). Salt accumulation in the soil 
can be attributed to the long-term influence of river water. 
Although—according to measurements conducted in the 
recent past (Olsson and Manig 2011)—the salt concentration 
in the Samarkand part of the Zarafshon River is well below 
the critical threshold for drinking water on an annual aver-
age, salt can accumulate in the soil above river-influenced 
groundwater through evaporation during long periods in 
arid climates (Franzen 2007). Such a process is favored in 
climates with distinct dry and humid seasons (Schaetzl and 
Anderson 2005) as is at our study site. Upward movement of 
salt-containing soil water can even be enhanced by relatively 
strong capillary forces in the clay-rich soil layers.

Our calculation of ΨSalt on the basis of water content at 
field capacity and salt concentration can only be an approxi-
mate estimation and indicates the minimum (most negative) 
soil water potential under the assumption of complete dis-
solution of the soluble salts. However, ΨSalt becomes even 
more negative due to an increase in concentration by evapo-
transpiration. Thus, the considerably negative ΨSalt values 
in the declining stand (down to –2.5 MPa), in combination 
with its higher clay content, severely impedes water uptake 
by the trees. In the closely related P. euphratica species, leaf 
water potential did not fall below –2.5 MPa, even in the dri-
est period of the year (Thomas et al. 2008). In P. pruinosa, 
such a minimum leaf water potential would render a continu-
ous water uptake difficult at low soil water potentials. Such 
soil-born drought stress will be aggravated by atmospheric 
drought (low SPEI values) in the growing season. Never-
theless, easier water uptake may still be possible from the 
groundwater that can be tapped from 2–4 m below surface, 
a depth considered ideal at least for P. euphratica (Fan 2006; 
Li et al. 2013). However, in most probability, water supply 
is restricted in the declining stand, which is indicated by the 
continuously higher δ13Ccorr ratios of the tree rings. Hence, 
our results support our third hypothesis of less favorable 
edaphic conditions in the declining stand as a predisposing 
factor in the dieback process.

Nitrogen concentrations and their decrease from the sur-
face to the subsoil are in a range typical of arid regions (West 
1981). The C:N ratios and humus levels are characteristic 
for dark-gray soils of Central Asia (Breckle 2021), albeit the 
humus concentrations were lower than 3%–4% typical of 
Central Asian floodplain vegetation (Walter and Box 1983). 
However, low C:N ratios are indicative of fast mineralization 

rates. It is unlikely that lower humus in the uppermost soil 
layer and the wider C:N ratio in the subsoil of the declining 
stand have critically contributed to tree growth decline as 
growth in both stands was similar for almost 20 years before 
the onset of decline.

With the alkaline pH values of the soil and its large sand 
fractions that facilitate good aeration under non-flooding 
conditions, NO3

− may be regarded as the almost exclusive 
source of mineral N for plant uptake. The NO3

– concentra-
tions in the present study are similar to those measured in 
P. pruinosa/P. euphratica tugai stands along the Syr-Darya 
River, Kazakhstan (Vesselova et al. 2022). Lower soil water 
availability due to drought or low (strongly negative) ΨSalt 
values result in impeded N uptake (Geßler et al. 2005) and in 
lower N levels in the plants (Massonnet et al. 2024; Thomas 
et al. 2024). In contrast, increased salinity in hydroponics 
had no effect on NO3

– uptake (Dluzniewska et al. 2007). 
In P. euphratica at the southern fringe of the Tarim Basin, 
dry matter-related leaf N concentrations were positively cor-
related with their δ13C ratios (Arndt et al. 2004). This is 
caused by enhanced photosynthesis through higher foliar 
N concentrations, which would—at comparable relative air 
humidity—result in lower intracellular CO2 concentrations 
and thereupon reduced 13C discrimination (Scheidegger 
et al. 2000). At our study site, however, tree-ring δ13C, which 
reflects the δ13C ratios of the leaves (Loader et al. 2007), 
was higher in the declining stand than in the healthy one, 
which—on the basis of the relationships found by Arndt 
et al. (2004)—would not be indicative of a lesser N sup-
ply. In general, poplars are characterized by intense internal 
N cycling that renders them less dependent on short-term 
alterations in N supply (Rennenberg et al. 2010). Floodplain 
forest poplars exhibit continuous growth during the grow-
ing season which makes N limitation of growth unlikely 
(Rennenberg et al. 2010). Although it cannot be completely 
excluded that a reduced supply and uptake of N is a contrib-
uting factor to poplar decline at our study site, it is improb-
able that it played a significant role.

Edaphic and weather conditions as predisposing 
and triggering factors in the decline of P. pruinosa

Our results support our hypotheses that unfavorable edaphic 
conditions, consisting of high clay and salt contents and rela-
tively low field capacity, predispose trees of the declining 
stand to dieback, which is ultimately triggered by extremely 
dry weather conditions. This study shows that drought in 
combination with unfavorable soil conditions can cause tree 
dieback in Central Asian tugai forests, even at sites with an 
ideal distance to groundwater (2–4 m). However, the evi-
dence for this scenario is somewhat circumstantial as more 
intense measurements of soil parameters (soil water poten-
tial, soil water retention curves) and of ecophysiological 
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variables of the tree (e.g., sap flow, leaf water potential) were 
not possible due to the protective status of the forest and the 
limited local research facilities. Nevertheless, our conclu-
sions are reasonable against the background of several other 
studies. The growth of the North American Populus bal-
samifera L., a typical component of riparian forests, showed 
low resistance to air-born drought stress (Marchand et al. 
2025). Soil texture played a decisive role in water availabil-
ity and thus, the growth and survival of riparian P. euphra-
tica stands (Grashey-Jansen et al. 2014). A combination of 
harmful changes in the hydrological regime and salinization 
has been responsible for the decline of P. pruinosa forests 
in Tadjikistan (Vtorova et al. 1993). Soil salinization is also 
a crucial factor in the decline of tugai forests in Uzbeki-
stan (Kuzmina and Treshkin 1997) and in northwest China 
(Peng et al. 2022). In this study, we provide evidence for the 
combination of edaphic conditions, including soil salinity, 
and atmospheric drought as causal factors in the decline of 
a tugai forest.

Changes in the hydrological regime and riparian forest 
decline in Central Asia

In large parts of Central Asia, a decline in the groundwater 
due to intense withdrawal of water for irrigation of agricul-
tural land has been identified as the principal cause of the 
dieback of riparian forests of P. pruinosa and/or P. euphra-
tica. Reports have been published on the Tarim Basin of 
north-western China (e.g., Feng et al. 2005; Chen et al. 
2011; Li et al. 2013), the Amu-Darya region of Uzbekistan 
(Treshkin 2001), and the south-eastern part of Tadjikistan 
(Vtorova et al. 1993). These regions are in a hyper arid 
or arid climate in which many perennial plants are phrea-
tophytes, i.e., they rely partly or completely on access to 
groundwater (Thomas 2013). In some regions, the pressure 
on the hydrology of the riparian forests is also caused or 
intensified by the construction of embankment dikes (e.g., 
in the Tarim Basin; Halik et al. 2006), or by dams for res-
ervoirs or hydroelectric power plants (Treshkin 2001). The 
construction of dams and reservoirs has also been responsi-
ble for the decline of riparian P. euphratica forests in south-
eastern Kazakhstan in combination with anthropogenic 
pressures of recreational activities and related expansion 
of infrastructure as well as grazing (Rakhimzhanov et al. 
2021). Dukenov et al. (2023) also consider the regulation of 
river flow and the subsequent decrease in the duration and 
intensity of flooding in combination with climate change 
responsible for the decline of the riparian forests.

Without question, changes in river flow and a decline in 
groundwater are major—and often even exclusive—causes 
for the decline of Central Asia’s riparian forests. This has 
also been confirmed in our studies on P. euphratica stands 
in the Tarim Basin (e.g., Lang et al. 2016; Thomas and 

Lang 2021). However, the case of the P. pruinosa decline 
discussed here differs from the previous studies in several 
points: (1) according to our data, the water table at our study 
site was not deeper than 4 m throughout the year and in the 
periods before, during and after the onset of tree decline. 
Populus pruinosa grows and regenerates at a groundwater 
depth of 4 m and under low salinity (Vtorova et al. 1993), 
and P. euphratica only shows degradation when the depth 
exceeds 6 m (Li et al. 2013). This makes a groundwater-
related decline of P. pruinosa at our study site improbable, 
especially with regard to the proximity of the healthy and 
the declining stand and their similar distances to the ground-
water well and to the river shore; (2) In contrast to other 
river courses with riparian forests, the Zarafshon River in 
the study region carries water throughout the year and is 
not regulated by dams, and floods at the study site have been 
observed in recent years. Hence, drastic changes in the water 
regime are not probable causes of the onset of tree decline in 
parts of the forest in 2018; (3) In contrast to the Tarim Basin, 
the lower Amu-Darya region and south-eastern Tadjikistan, 
the Samarkand region has a semi-arid climate which exerts 
a lower transpirational demand on the vegetation. In such 
areas, unusual dry spells as in 2018–2019 can present a more 
intense stress on trees than in arid regions where riparian 
forests may be better adapted to a continuously dry climate 
but still have access to groundwater.

Therefore, although we cannot completely exclude the 
possibility that changes in the hydrological regime have con-
tributed to the P. pruinosa decline at our study site, the most 
reasonable explanation for the onset of the decline—against 
the background of our results and the above-stated reasons—
is the combination of climatic and edaphic factors.

Conclusion

Despite some similarities, the combination of a (semi-)arid 
continental climate, a continuing anthropogenic impact on 
the hydrological regime, a relatively low (phyto)diversity 
and overuse of biological resources, differentiate the unique 
Central Asian tugai forests from the riparian forests of Cen-
tral Europe and (semi-)arid regions of North America that 
also contain poplar species as constitutive elements (Webb 
and Leake 2006; Thevs et al. 2008; Stromberg et al. 2010). 
This combination renders the tugai forests even more sus-
ceptible to disturbances and requires extensive protection 
measures. The expected warmer climate in Central Asia may 
further enhance the risk of poplar dieback in tugai forests 
at sites with unfavorable edaphic conditions, and of a con-
tinuing decrease in forest areas. Our study encourages the 
establishment of further integrative research that combines 
hydrology, hydrogeology, soil science, ecophysiology, and 
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meteorology (Wilkening et al. 2024) to develop appropriate 
protection and management strategies, especially in Cen-
tral Asian regions that are underrepresented in ecological 
research.

Acknowledgements  We want to thank Dorothee Krieger, Geobotany, 
Trier University, for helpful assistance in preparing the tree increment 
cores for tree-ring analyses; Dipl.-Biogeogr. Philipp Schäfer, Geobot-
any, Trier University, for measuring and indexing tree-ring widths; and 
Bernhard Backes, Geobotany, Trier University, for conducting stable 
isotope analyses. Sampling was conducted based on a contract between 
Samarkand State University and Serafshan National Natural Park of 
Samarkand, contract number 92 29012022 from January 29, 2022.

Author contributions  Akbar Akhmedov and Frank M. Thomas 
developed the research concept and selected the study site. Akbar 
Akhmedov and Nodirjon Bobokandov selected the study plots, took the 
samples, and processed and analyzed them. Kholmurod Zhalov curated 
groundwater data. Frank M. Thomas conducted data evaluation and 
statistical analyses and wrote the manuscript. All authors contributed 
to the manuscript and approved its final version.

Funding  Open Access funding enabled and organized by Projekt 
DEAL.

Data availability  Original data not presented in the main text are 
provided in the Supplementary Material.

Declarations 

Conflict of interest  The authors declare no conflict of interest.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Adams HD, Zeppel MJB, Anderegg WRL, Hartmann H, Landhäusser 
SM, Tissue DT, Huxman TE, Hudson PJ, Franz TE, Allen CD, 
Anderegg LDL, Barron-Gafford GA, Beerling DJ, Breshears DD, 
Brodribb TJ, Bugmann H, Cobb RC, Collins AD, Dickman LT, 
Duan HL, Ewers BE, Galiano L, Galvez DA, Garcia-Forner N, 

Gaylord ML, Germino MJ, Gessler A, Hacke UG, Hakamada 
R, Hector A, Jenkins MW, Kane JM, Kolb TE, Law DJ, Lewis 
JD, Limousin JM, Love DM, Macalady AK, Martínez-Vilalta 
J, Mencuccini M, Mitchell PJ, Muss JD, O’Brien MJ, O’Grady 
AP, Pangle RE, Pinkard EA, Piper FI, Plaut JA, Pockman WT, 
Quirk J, Reinhardt K, Ripullone F, Ryan MG, Sala A, Sevanto S, 
Sperry JS, Vargas R, Vennetier M, Way DA, Xu CG, Yepez EA, 
McDowell NG (2017) A multi-species synthesis of physiological 
mechanisms in drought-induced tree mortality. Nat Ecol Evol 
1(9):1285–1291. https://​doi.​org/​10.​1038/​s41559-​017-​0248-x

Aishan T, Halik Ü, Cyffka B, Kuba M, Abliz A, Baidourela A (2013) 
Monitoring the hydrological and ecological response to water 
diversion in the lower reaches of the Tarim River, Northwest 
China. Quat Int 311:155–162. https://​doi.​org/​10.​1016/j.​quaint.​
2013.​08.​006

Aishan T, Halik Ü, Betz F, Tiyip T, Ding JL, Nuermaimaiti Y (2015) 
Stand structure and height-diameter relationship of a degraded 
Populus euphratica forest in the lower reaches of the Tarim 
River, Northwest China. J Arid Land 7(4):544–554. https://​doi.​
org/​10.​1007/​s40333-​015-​0046-8

Arkin A, Yusup A, Halik Ü, Abliz A, Ainiwaer A, Tian AL, Mijiti 
M (2025) Unveiling population structure dynamics of Populus 
euphratica riparian forests along the Tarim River using terrestrial 
LiDAR. Forests 16(2):368. https://​doi.​org/​10.​3390/​f1602​0368

Arndt SK, Foetzki A, Adams MA (2004) Carbon and oxygen stable iso-
topes of leaf organic matter of perennial species in the hyperarid 
Taklimakan Desert. In: Runge M, Zhang X (eds) Ecophysiology 
and habitat requirements of perennial plant species in the Takli-
makan Desert. Aachen, Germany, Shaker, pp 91–107

Bazilevich NI, Pankova EI (1969) Classification of soils according to 
their chemistry and degree of salinization. Agrokem Talajtan 
18:219–226

Beguería S, Vicente-Serrano SM, Angulo-Martínez M (2010) A mul-
tiscalar global drought dataset: the SPEIbase: a new gridded 
product for the analysis of drought variability and impacts. Bull 
Amer Meteorol Soc 91(10):1351–1356. https://​doi.​org/​10.​1175/​
2010b​ams29​88.1

Biondi F, Qeadan F (2008) A theory-driven approach to tree-ring stand-
ardization: defining the biological trend from expected basal area 
increment. Tree-Ring Res 64(2):81–96. https://​doi.​org/​10.​3959/​
2008-6.1

Blume HP, Brümmer GW, Fleige H, Horn R, Kandeler E, Kögel-
Knabner I, Kretzschmar R, Stahr K, Wilke BM (2016) Scheffer/
Schachtschabel - Soil science. Springer. https://​doi.​org/​10.​1007/​
978-3-​642-​30942-7

Breckle SW (2021) Ökologie der Erde Band 3: Spezielle Ökologie der 
Gemäßigten und Arktischen Zonen Euro-Nordasiens, 3. Aufl. 
Stuttgart, Germany: Schweizerbart’sche Verlagsbuchhandlung. 
(in German)

Chen YN, Ye ZX, Shen YJ (2011) Desiccation of the Tarim River, Xin-
jiang, China, and mitigation strategy. Quat Int 244(2):264–271. 
https://​doi.​org/​10.​1016/j.​quaint.​2011.​01.​039

Cohen H (1988) Statistical power analysis for behavioral sciences. 
Lawrence Erlbaum Associates, Mahwah, NJ, USA

Dluzniewska P, Gessler A, Dietrich H, Schnitzler JP, Teuber M, Ren-
nenberg H (2007) Nitrogen uptake and metabolism in Populus × 
canescens as affected by salinity. New Phytol 173(2):279–293. 
https://​doi.​org/​10.​1111/j.​1469-​8137.​2006.​01908.x

Duan XY, Liu Y, Song HM, Ren M, Cai QF, Sun CF, Li Q, Ling 
HB, Zhang TW, Ye M, Liu NJ (2025) Human-induced water-
environment changes recorded in tree rings in the lower Tarim 
River. J Hydrol 661:133665. https://​doi.​org/​10.​1016/j.​jhydr​ol.​
2025.​133665

Dukenov Z, Utebekova A, Kopabayeva A, Shynybekov M, Akhmetov 
R, Rakymbekov Z, Bekturganov A, Dosmanbetov D (2023) Influ-
ence of climatic changes on the dendrochronological features of 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41559-017-0248-x
https://doi.org/10.1016/j.quaint.2013.08.006
https://doi.org/10.1016/j.quaint.2013.08.006
https://doi.org/10.1007/s40333-015-0046-8
https://doi.org/10.1007/s40333-015-0046-8
https://doi.org/10.3390/f16020368
https://doi.org/10.1175/2010bams2988.1
https://doi.org/10.1175/2010bams2988.1
https://doi.org/10.3959/2008-6.1
https://doi.org/10.3959/2008-6.1
https://doi.org/10.1007/978-3-642-30942-7
https://doi.org/10.1007/978-3-642-30942-7
https://doi.org/10.1016/j.quaint.2011.01.039
https://doi.org/10.1111/j.1469-8137.2006.01908.x
https://doi.org/10.1016/j.jhydrol.2025.133665
https://doi.org/10.1016/j.jhydrol.2025.133665


	 A. Akhmedov et al.    6   Page 14 of 16

Tugai forests along the Syr Darya and Ili Rivers in the territory 
of Kazakhstan. Int J des Nat Ecodyn 18(4):975–982. https://​doi.​
org/​10.​18280/​ijdne.​180425

Esper J, Cook E, Krusic P, Peters K, Schweingruber F (2003) Tests of 
the RCS method for preserving low-frequency variability in long 
tree-ring chronologies. Tree-Ring Res 59(2):81–98

Fan Z (2006) Determining ideal groundwater depths for ecological 
purposes in the Tarim River Valley. In: Hoppe T, Kleinschmit 
B, Roberts B, Thevs N, Halik Ü (eds) Watershed and floodplain 
management along the Tarim River in China’s arid northwest. 
Aachen, Germany, Shaker, pp 213–220

Farquhar GD, Ehleringer JR, Hubick KT (1989) Carbon isotope dis-
crimination and photosynthesis. Annu Rev Plant Physiol Plant 
Mol Biol 40:503–537. https://​doi.​org/​10.​1146/​annur​ev.​pp.​40.​
060189.​002443

Faul F, Erdfelder E, Lang AG, Buchner A (2007) G*power 3: a flexible 
statistical power analysis program for the social, behavioral, and 
biomedical sciences. Behav Res Methods 39(2):175–191. https://​
doi.​org/​10.​3758/​bf031​93146

Feng Q, Liu W, Si JH, Su YH, Zhang YW, Cang ZQ, Xi HY (2005) 
Environmental effects of water resource development and use 
in the Tarim River basin of northwestern China. Environ Geol 
48(2):202–210. https://​doi.​org/​10.​1007/​s00254-​005-​1288-0

Franzen D (2007) Managing saline soils in North Dakota. North 
Dakota State University. SF Series - Soils & Fertilizers SF-1087 
(revised): 1–11. http://​hdl.​handle.​net/​10365/​5441

Fritts HC, Swetnam TW (1989) Dendroecology: a tool for evaluating 
variations in past and present forest environments. Adv Ecol Res 
19:111–188. https://​doi.​org/​10.​1016/​S0065-​2504(08)​60158-0

Gagen M, McCarroll D, Robertson I, Loader NJ, Jalkanen R (2008) 
Do tree ring δ13C series from Pinus sylvestris in northern Fen-
noscandia contain long-term non-climatic trends? Chem Geol 
252(1–2):42–51. https://​doi.​org/​10.​1016/j.​chemg​eo.​2008.​01.​013

Gai Z, Li X, Zhai J, Chen X, Li Z (2020) Effects of river bank soil 
physical and chemical factors on Populus pruinosa Schrenk 
clonal growth. Appl Ecol Environ Res 18(3):4791–4806. https://​
doi.​org/​10.​15666/​aeer/​1803_​47914​806

Galle A, Esper J, Feller U, Ribas-Carbo M, Fonti P (2010) Responses 
of wood anatomy and carbon isotope composition of Quercus 
pubescens saplings subjected to two consecutive years of summer 
drought. Ann for Sci 67(8):809. https://​doi.​org/​10.​1051/​forest/​
20100​45

Geist H (2005) The causes and progression of desertification. Ashgate, 
Aldershot, UK

Geßler A, Jung K, Gasche R, Papen H, Heidenfelder A, Börner E, Met-
zler B, Augustin S, Hildebrand E, Rennenberg H (2005) Climate 
and forest management influence nitrogen balance of European 
beech forests: microbial N transformations and inorganic N net 
uptake capacity of mycorrhizal roots. Eur J for Res 124(2):95–
111. https://​doi.​org/​10.​1007/​s10342-​005-​0055-9

Grashey-Jansen S, Kuba M, Cyffka B, Halik Ü, Aishan T (2014) Spa-
tio-temporal variability of soil water at three seasonal floodplain 
sites: a case study in Tarim Basin, Northwest China. Chin Geogr 
Sci 24(6):647–657. https://​doi.​org/​10.​1007/​s11769-​014-​0717-y

Gries D, Zeng F, Foetzki A, Arndt SK, Bruelheide H, Thomas FM, 
Zhang X, Runge M (2003) Growth and water relations of Tama-
rix ramosissima and Populus euphratica on Taklamakan desert 
dunes in relation to depth to a permanent water table. Plant Cell 
Environ 26(5):725–736. https://​doi.​org/​10.​1046/j.​1365-​3040.​
2003.​01009.x

Groll M, Opp C, Kulmatov R, Ikramova M, Normatov I (2015) Water 
quality, potential conflicts and solutions—an upstream–down-
stream analysis of the transnational Zarafshan River (Tajikistan, 
Uzbekistan). Environ Earth Sci 73(2):743–763. https://​doi.​org/​
10.​1007/​s12665-​013-​2988-5

Halik Ü, Kurban A, Mijit M, Schulz J, Paproth F, Coenradie B (2006) 
The potential influence of embankment engineering and ecologi-
cal water transfers on the riparian vegetation along the middle 
and lower reaches of the Tarim River. In: Hoppe T, Kleinschmit 
B, Roberts B, Thevs N, Halik Ü (eds) Watershed and floodplain 
management along the Tarim River in China’ arid northwest. 
Aachen, Germany, Shaker, pp 221–236

Härdtle W, Niemeyer T, Assmann T, Aulinger A, Fichtner A, Lang A, 
Leuschner C, Neuwirth B, Pfister L, Quante M, Ries C, Schuldt 
A, von Oheimb G (2013a) Climatic responses of tree-ring width 
and δ13C signatures of sessile oak (Quercus petraea Liebl.) on 
soils with contrasting water supply. Plant Ecol 214(9):1147–
1156. https://​doi.​org/​10.​1007/​s11258-​013-​0239-1

Härdtle W, Niemeyer T, Assmann T, Baiboks S, Fichtner A, Friedrich 
U, Lang AC, Neuwirth B, Pfister L, Ries C, Schuldt A, Simon 
N, von Oheimb G (2013b) Long-term trends in tree-ring width 
and isotope signatures (δ13C, δ15N) of Fagus sylvatica L. on soils 
with contrasting water supply. Ecosystems 16(8):1413–1428. 
https://​doi.​org/​10.​1007/​s10021-​013-​9692-x

Harris I, Jones PD, Osborn TJ, Lister DH (2014) Updated high-reso-
lution grids of monthly climatic observations–the CRU TS3.10 
dataset. Int J Climatol 34(3):623–642. https://​doi.​org/​10.​1002/​
joc.​3711

He JS, Zhang QB, Bazzaz FA (2005) Differential drought responses 
between saplings and adult trees in four co-occurring species 
of New England. Trees 19(4):442–450. https://​doi.​org/​10.​1007/​
s00468-​004-​0403-2

Ho LT, Schneider R, Thomas FM (2020) Growth of the tropical Pinus 
kesiya as influenced by climate and nutrient availability along 
an elevational gradient. J Plant Ecol 13(1):97–106. https://​doi.​
org/​10.​1093/​jpe/​rtz046

Huang TM, Pang ZH (2010) Changes in groundwater induced by water 
diversion in the Lower Tarim River, Xinjiang Uygur, NW China: 
evidence from environmental isotopes and water chemistry. J 
Hydrol 387(3–4):188–201. https://​doi.​org/​10.​1016/j.​jhydr​ol.​
2010.​04.​007

IPCC (2023) Climate Change 2023: Synthesis Report. Contribution 
of Working Groups I, II and III to the Sixth Assessment Report 
of the Intergovernmental Panel on Climate Change. Geneva, 
Switzerland: IPCC. pp. 169.

IUCN (2025) The IUCN Red List of Threatened Species. Version 
2024–2. Accessed on February 26, 2025. https://​www.​iucnr​
edlist.​org/​search?​query=​Popul​us%​20pru​inosa​&​searc​hType=​
speci​es

Jansen K, Sohrt J, Kohnle U, Ensminger I, Gessler A (2013) Tree 
ring isotopic composition, radial increment and height growth 
reveal provenance-specific reactions of Douglas-fir towards 
environmental parameters. Trees 27(1):37–52. https://​doi.​org/​
10.​1007/​s00468-​012-​0765-9

Kachinsky NA (1965) Soil Physics. Publ. Higher School, Moscow, 
USSR ((in Russian))

Kew Royal Botanical Gardens (2025) Plants of the world online. 
Accessed on February 26, 2025. https://​powo.​scien​ce.​kew.​org

Kilroy E, McCarroll D, Young GHF, Loader NJ, Bale RJ (2016) 
Absence of juvenile effects confirmed in stable carbon and 
oxygen isotopes of European larch trees. Acta Silvae Ligni 
111:27–33. https://​doi.​org/​10.​20315/​asetl.​111.3

Kottek M, Grieser J, Beck C, Rudolf B, Rubel F (2006) World map of 
the Köppen-Geiger climate classification updated. Meteorol Z 
15(3):259–263. https://​doi.​org/​10.​1127/​0941-​2948/​2006/​0130

Kuzmina Z, Treshkin S (1997) Soil salinization and dynamics of 
Tugai vegetation in the southeastern Caspian Sea region and in 
the Aral Sea coastal region. Eurasian Soil Sci 30(6):642–649

Lang P, Jeschke M, Wommelsdorf T, Backes T, Lv CY, Zhang XM, 
Thomas FM (2015) Wood harvest by pollarding exerts long-
term effects on Populus euphratica stands in riparian forests 

https://doi.org/10.18280/ijdne.180425
https://doi.org/10.18280/ijdne.180425
https://doi.org/10.1146/annurev.pp.40.060189.002443
https://doi.org/10.1146/annurev.pp.40.060189.002443
https://doi.org/10.3758/bf03193146
https://doi.org/10.3758/bf03193146
https://doi.org/10.1007/s00254-005-1288-0
http://hdl.handle.net/10365/5441
https://doi.org/10.1016/S0065-2504(08)60158-0
https://doi.org/10.1016/j.chemgeo.2008.01.013
https://doi.org/10.15666/aeer/1803_47914806
https://doi.org/10.15666/aeer/1803_47914806
https://doi.org/10.1051/forest/2010045
https://doi.org/10.1051/forest/2010045
https://doi.org/10.1007/s10342-005-0055-9
https://doi.org/10.1007/s11769-014-0717-y
https://doi.org/10.1046/j.1365-3040.2003.01009.x
https://doi.org/10.1046/j.1365-3040.2003.01009.x
https://doi.org/10.1007/s12665-013-2988-5
https://doi.org/10.1007/s12665-013-2988-5
https://doi.org/10.1007/s11258-013-0239-1
https://doi.org/10.1007/s10021-013-9692-x
https://doi.org/10.1002/joc.3711
https://doi.org/10.1002/joc.3711
https://doi.org/10.1007/s00468-004-0403-2
https://doi.org/10.1007/s00468-004-0403-2
https://doi.org/10.1093/jpe/rtz046
https://doi.org/10.1093/jpe/rtz046
https://doi.org/10.1016/j.jhydrol.2010.04.007
https://doi.org/10.1016/j.jhydrol.2010.04.007
https://www.iucnredlist.org/search?query=Populus%20pruinosa&searchType=species
https://www.iucnredlist.org/search?query=Populus%20pruinosa&searchType=species
https://www.iucnredlist.org/search?query=Populus%20pruinosa&searchType=species
https://doi.org/10.1007/s00468-012-0765-9
https://doi.org/10.1007/s00468-012-0765-9
https://powo.science.kew.org
https://doi.org/10.20315/asetl.111.3
https://doi.org/10.1127/0941-2948/2006/0130


Populus pruinosa decline in a riparian tugai forest on the Zarafshon River, central Uzbekistan:… Page 15 of 16      6 

at the Tarim River, NW China. For Ecol Manage 353:87–96. 
https://​doi.​org/​10.​1016/j.​foreco.​2015.​05.​011

Lang P, Ahlborn J, Schäfer P, Wommelsdorf T, Jeschke M, Zhang 
XM, Thomas FM (2016) Growth and water use of Populus 
euphratica trees and stands with different water supply along 
the Tarim River, NW China. For Ecol Manage 380:139–148. 
https://​doi.​org/​10.​1016/j.​foreco.​2016.​08.​049

Li WH, Zhou HH, Fu AH, Chen YP (2013) Ecological response 
and hydrological mechanism of desert riparian forest in inland 
river, northwest of China. Ecohydrol 6(6):949–955. https://​doi.​
org/​10.​1002/​eco.​1385

Li S, Lu S, Wang J, Chen ZC, Zhang Y, Duan J, Liu P, Wang XY, 
Guo JK (2023) Responses of physiological, morphological 
and anatomical traits to abiotic stress in woody plants. Forests 
14(9):1784. https://​doi.​org/​10.​3390/​f1409​1784

Lioubimtseva E, Henebry GM (2009) Climate and environmental 
change in arid Central Asia: impacts, vulnerability, and adap-
tations. J Arid Environ 73(11):963–977. https://​doi.​org/​10.​
1016/j.​jarid​env.​2009.​04.​022

Loader NJ, Robertson I, Barker AC, Switsur VR, Waterhouse JS 
(1997) An improved technique for the batch processing of 
small wholewood samples to α-cellulose. Chem Geol 136(3–
4):313–317. https://​doi.​org/​10.​1016/​S0009-​2541(96)​00133-7

Loader NJ, McCarroll D, Gagen M, Robertson I, Jalkanen R (2007) 
Extracting climatic information from stable isotopes in tree 
rings. In: Dawson TE, Siegwolf RTW (eds.), Isotopes as indi-
cators of ecological change. Elsevier, pp 27–48. https://​doi.​org/​
10.​1016/​b978-​01237​3627-7/​50005-6

Marchand W, Depardieu C, Campbell EM, Bousquet J, Girardin MP 
(2025) Long-term temporal divergence in post-drought resil-
ience decline between deciduous and evergreen tree species. 
Glob Change Biol 31(7):e70330. https://​doi.​org/​10.​1111/​gcb.​
70330

Massonnet C, Chuste PA, Zeller B, Tillard P, Gerard B, Cheraft 
L, Breda N, Maillard P (2024) Does long-term drought or 
repeated defoliation affect seasonal leaf N cycling in young 
beech trees? Tree Physiol 44(6):tpae054. https://​doi.​org/​10.​
1093/​treep​hys/​tpae0​54

McCarroll D, Loader NJ (2004) Stable isotopes in tree rings. Quat 
Sci Rev 23(7–8):771–801. https://​doi.​org/​10.​1016/j.​quasc​irev.​
2003.​06.​017

McCarroll D, Duffy JE, Loader NJ, Young GH, Davies D, Miles 
D, Bronk Ramsey C (2020) Are there enormous age-trends 
in stable carbon isotope ratios of oak tree rings? Holocene 
30(11):1637–1642. https://​doi.​org/​10.​1177/​09596​83620​
941073

Metz J, Annighöfer P, Schall P, Zimmermann J, Kahl T, Schulze ED, 
Ammer C (2016) Site-adapted admixed tree species reduce 
drought susceptibility of mature European beech. Glob Change 
Biol 22(2):903–920. https://​doi.​org/​10.​1111/​gcb.​13113

Nagavciuc V, Kern Z, Ionita M, Hartl C, Konter O, Esper J, Popa I 
(2020) Climate signals in carbon and oxygen isotope ratios of 
Pinus cembra tree-ring cellulose from the Călimani Mountains, 
Romania. Int J Climatol 40(5):2539–2556. https://​doi.​org/​10.​
1002/​joc.​6349

Olsson O, Manig N (2011) Index-based assessment of the river water 
quality and quantity status at the lower Zerafshan River. Paper 
presented at the IWA 1st Central Asian Regional Young and 
Senior Water Professionals, Almaty, Kasachstan. https://​doi.​org/​
10.​13140/2.​1.​1088.​0802

Peng Y, He GJ, Wang GZ (2022) Spatial-temporal analysis of the 
changes in Populus euphratica distribution in the Tarim National 
Nature Reserve over the past 60 years. Int J Appl Earth Obs 
Geoinf 113:103000. https://​doi.​org/​10.​1016/j.​jag.​2022.​103000

Pfadenhauer JS, Klötzli FA (2014) Vegetation der Erde: Grundlagen, 
Ökologie, Verbreitung. Springer-Spektrum, Berlin, Germany ((in 
German))

Pohlert T (2023) Trend: non-parametric trend tests and change-point 
detection. R package version 1.1.5. (Accessed on 19.02.2025). 
https://​CRAN.R-​proje​ct.​org/​packa​ge=​trend

Rakhimzhanov AN, Ivashchenko AA, Yu Kirillov V, Aleka VP, 
Stikhareva TN (2021) Assessment of the current status of the 
Turanga forests in the south-east of Kazakhstan. Eurasian J Ecol 
67(2):85–96. https://​doi.​org/​10.​26577/​eje.​2021.​v67.​i2.​09

Red Book of the Republic of Uzbekistan (2019) Plants and Fungi. 
Uzbekistan, Chinor ENK Publishing House, Tashkent, p 256

Rennenberg H, Wildhagen H, Ehlting B (2010) Nitrogen nutrition of 
poplar trees. Plant Biol 12(2):275–291. https://​doi.​org/​10.​1111/j.​
1438-​8677.​2009.​00309.x

Sadovski A, Ivanova M (2020) Transformation of soil texture schemes 
and determination of water-physical properties of soils. Eurasian 
J Soil Sci 9(4):306–313. https://​doi.​org/​10.​18393/​ejss.​760201

Schaetzl RJ, Anderson S (2005) Soils: genesis and geomorphology. 
Cambridge University Press, Cambridge, UK. https://​doi.​org/​10.​
5860/​choice.​43-​2816

Scheidegger Y, Saurer M, Bahn M, Siegwolf R (2000) Linking stable 
oxygen and carbon isotopes with stomatal conductance and pho-
tosynthetic capacity: a conceptual model. Oecologia 125(3):350–
357. https://​doi.​org/​10.​1007/​s0044​20000​466

Sorg A, Mosello B, Shalpykova G, Allan A, Hill Clarvis M, Stoffel M 
(2014) Coping with changing water resources: the case of the Syr 
Darya river basin in Central Asia. Environ Sci Policy 43:68–77. 
https://​doi.​org/​10.​1016/j.​envsci.​2013.​11.​003

Speer JH (2010) Fundamentals of tree-ring research. Tucson, AZ, USA: 
University of Arizona Press, 368 pp. ISBN: 978–0–8165–2684–0

Stella JC, Hayden MK, Battles JJ, Piégay H, Dufour S, Fremier AK 
(2011) The role of abandoned channels as refugia for sustaining 
pioneer riparian forest ecosystems. Ecosystems 14(5):776–790. 
https://​doi.​org/​10.​1007/​s10021-​011-​9446-6

Stromberg JC, Tluczek MGF, Hazelton AF, Ajami H (2010) A cen-
tury of riparian forest expansion following extreme disturbance: 
spatio-temporal change in Populus/Salix/Tamarix forests along 
the Upper San Pedro River, Arizona, USA. For Ecol Manage 
259(6):1181–1189. https://​doi.​org/​10.​1016/j.​foreco.​2010.​01.​005

Thevs N, Zerbe S, Peper J, Succow M (2008) Vegetation and vegeta-
tion dynamics in the Tarim River floodplain of continental-arid 
Xinjiang, NW China. Phytocoenologia 38(1–2):65–84. https://​
doi.​org/​10.​1127/​0340-​269x/​2008/​0038-​0065

Thomas FM, Hartmann G (1996) Soil and tree water relations in 
mature oak stands of northern Germany differing in the degree of 
decline. Ann for Sci 53(2–3):697–720. https://​doi.​org/​10.​1051/​
forest:​19960​247

Thomas FM, Hartmann G (1998) Tree rooting patterns and soil 
water relations of healthy and damaged stands of mature oak 
(Quercus robur L. and Quercus petraea [Matt.] Liebl.). Plant 
Soil 203(1):145–158. https://​doi.​org/​10.​1023/A:​10043​05410​905

Thomas FM, Lang P (2021) Growth and water relations of riparian 
poplar forests under pressure in Central Asia’s Tarim River 
Basin. River Res Appl 37(2):233–240. https://​doi.​org/​10.​1002/​
rra.​3605

Thomas FM, Foetzki A, Gries D, Bruelheide H, Li XY, Zeng FJ, Zhang 
XM (2008) Regulation of the water status in three co-occurring 
phreatophytes at the southern fringe of the Taklamakan Desert. 
J Plant Ecol 1(4):227–235. https://​doi.​org/​10.​1093/​jpe/​rtn023

Thomas FM, Jeschke M, Zhang XM, Lang P (2017) Stand structure and 
productivity of Populus euphratica along a gradient of ground-
water distances at the Tarim River (NW China). J Plant Ecol 
10(5):753–764. https://​doi.​org/​10.​1093/​jpe/​rtw078

Thomas FM, Preusser S, Backes B, Werner W (2024) Leaf traits of 
Central-European beech (Fagus sylvatica) and oaks (Quercus 

https://doi.org/10.1016/j.foreco.2015.05.011
https://doi.org/10.1016/j.foreco.2016.08.049
https://doi.org/10.1002/eco.1385
https://doi.org/10.1002/eco.1385
https://doi.org/10.3390/f14091784
https://doi.org/10.1016/j.jaridenv.2009.04.022
https://doi.org/10.1016/j.jaridenv.2009.04.022
https://doi.org/10.1016/S0009-2541(96)00133-7
https://doi.org/10.1016/b978-012373627-7/50005-6
https://doi.org/10.1016/b978-012373627-7/50005-6
https://doi.org/10.1111/gcb.70330
https://doi.org/10.1111/gcb.70330
https://doi.org/10.1093/treephys/tpae054
https://doi.org/10.1093/treephys/tpae054
https://doi.org/10.1016/j.quascirev.2003.06.017
https://doi.org/10.1016/j.quascirev.2003.06.017
https://doi.org/10.1177/0959683620941073
https://doi.org/10.1177/0959683620941073
https://doi.org/10.1111/gcb.13113
https://doi.org/10.1002/joc.6349
https://doi.org/10.1002/joc.6349
https://doi.org/10.13140/2.1.1088.0802
https://doi.org/10.13140/2.1.1088.0802
https://doi.org/10.1016/j.jag.2022.103000
https://CRAN.R-project.org/package=trend
https://doi.org/10.26577/eje.2021.v67.i2.09
https://doi.org/10.1111/j.1438-8677.2009.00309.x
https://doi.org/10.1111/j.1438-8677.2009.00309.x
https://doi.org/10.18393/ejss.760201
https://doi.org/10.5860/choice.43-2816
https://doi.org/10.5860/choice.43-2816
https://doi.org/10.1007/s004420000466
https://doi.org/10.1016/j.envsci.2013.11.003
https://doi.org/10.1007/s10021-011-9446-6
https://doi.org/10.1016/j.foreco.2010.01.005
https://doi.org/10.1127/0340-269x/2008/0038-0065
https://doi.org/10.1127/0340-269x/2008/0038-0065
https://doi.org/10.1051/forest:19960247
https://doi.org/10.1051/forest:19960247
https://doi.org/10.1023/A:1004305410905
https://doi.org/10.1002/rra.3605
https://doi.org/10.1002/rra.3605
https://doi.org/10.1093/jpe/rtn023
https://doi.org/10.1093/jpe/rtw078


	 A. Akhmedov et al.    6   Page 16 of 16

petraea/robur): effects of severe drought and long-term dynam-
ics. For Ecol Manage 559:121823. https://​doi.​org/​10.​1016/j.​
foreco.​2024.​121823

Thomas FM (2013) Ecology of phreatophytes. In: Progress in botany. 
Springer, pp 335–375. https://​doi.​org/​10.​1007/​978-3-​642-​38797-
5_​11

Timofeeva G, Treydte K, Bugmann H, Rigling A, Schaub M, Siegwolf 
R, Saurer M (2017) Long-term effects of drought on tree-ring 
growth and carbon isotope variability in Scots pine in a dry envi-
ronment. Tree Physiol 37(8):1028–1041. https://​doi.​org/​10.​1093/​
treep​hys/​tpx041

Torbenson M, Klippel L, Hartl C, Reinig F, Treydte K, Büntgen U, 
Trnka M, Schöne B, Schneider L, Esper J (2022) Investigation 
of age trends in tree-ring stable carbon and oxygen isotopes 
from northern Fennoscandia over the past millennium. Quat Int 
631:105–114. https://​doi.​org/​10.​1016/j.​quaint.​2022.​05.​017

Treshkin SY (2001) The Tugai forests of floodplain of the Amu-
darya River: ecology, dynamics and their conservation. In: 
Breckle S-W, Veste M, Wucherer W (eds.), Sustainable land 
use in deserts. Springer, pp 95–102. https://​doi.​org/​10.​1007/​
978-3-​642-​59560-8_9

Treydte KS, Frank DC, Saurer M, Helle G, Schleser GH, Esper J (2009) 
Impact of climate and CO2 on a millennium-long tree-ring car-
bon isotope record. Geochim Cosmochim Acta 73(16):4635–
4647. https://​doi.​org/​10.​1016/j.​gca.​2009.​05.​057

Tupitsa A (2010) Photogrammetric techniques for the functional 
assessment of tree and forest resources in Khorezm, Uzbekistan. 
In: Vlek PLG, Denich M, Martius C, Manschadi A, Bogardi J 
(eds.), Ecology and Development Series No. 71. Göttingen, Ger-
many: Cuvillier. pp. 87–103.

Tyree MT, Sperry JS (1989) Vulnerability of xylem to cavitation and 
embolism. Annu Rev Plant Physiol Plant Mol Biol 40:19–36. 
https://​doi.​org/​10.​1146/​annur​ev.​pp.​40.​060189.​000315

UN/ECE (2020) Environmental performance reviews: Uzbekistan, 
Third Review, Environmental Performance Reviews Series. 
Geneva, Switzerland: United Nations. pp. 451.

Vesselova P, Makhmudova K, Makhmudova K, Kudabayeva G, 
Osmonali B, Mikhalev V (2022) Current growth conditions of 
Populus diversifolia Schrenk and Populus pruinosa Schrenk in 
the Syr-Darya valley. OnLine J Biol Sci 22(4):425–438. https://​
doi.​org/​10.​3844/​ojbsci.​2022.​425.​438

Vicente-Serrano SM, Beguería S, López-Moreno JI (2010) A multisca-
lar drought index sensitive to global warming: the standardized 
precipitation evapotranspiration index. J Clim 23(7):1696–1718. 
https://​doi.​org/​10.​1175/​2009j​cli29​09.1

Vtorova VN, Kholopova LB, Puzachenko YG (1993) Tolerance range 
of Populus pruinosa on saline soils of South Tadjikistan. In: 
Lieth H, Al Masoom AA (eds.), Towards the rational use of high 
salinity tolerant plants. Springer Netherlands, 225–237. https://​
doi.​org/​10.​1007/​978-​94-​011-​1860-6_​29

Walter C, Pérez CA, Thomas FM (2016) Weather or weathering? 
Growth of Nothofagus dombeyi on volcanic soils differing in 
nitrogen and phosphorus concentrations. J Plant Ecol 9(5):596–
607. https://​doi.​org/​10.​1093/​jpe/​rtv079

Walter H, Box EO (1983) Middle Asian deserts. In: West NE (ed.), 
Ecosystems of the World, Vol. 5: Temperate Deserts and Semi-
Deserts. Amsterdam, The Netherlands: Elsevier. pp. 79–104.

Walter H, Breckle SW (1994) Ökologie der Erde. Band 3: Spezielle 
Ökologie der gemäßigten und arktischen Zonen Euro-Nor-
dasiens, 2. Aufl. Stuttgart, Germany: G. Fischer. (in German)

Wang H, Jia X (2013) Field observations of windblown sand and dust 
in the Taklimakan Desert, NW China, and insights into modern 
dust sources. Land Degrad Dev 24(4):323–333. https://​doi.​org/​
10.​1002/​ldr.​1129

Wang SJ, Chen BH, Li HQ (1996) Euphrates poplar forest. China Envi-
ronmental Science Press, Beijing, China

Webb RH, Leake SA (2006) Ground-water surface-water interactions 
and long-term change in riverine riparian vegetation in the south-
western United States. J Hydrol 320(3–4):302–323. https://​doi.​
org/​10.​1016/j.​jhydr​ol.​2005.​07.​022

West NE (1981) Nutrient cycling in desert ecosystems. In: Goodall 
DW, Perry RA, Howes KMW (eds) Arid-Land Ecosystems: 
Structure, Functioning and Management, vol 2. Cambridge Uni-
versity Press, Cambridge, UK, pp 301–324

Westermann J, Zerbe S, Eckstein D (2008) Age structure and growth 
of degraded Populus euphratica floodplain forests in north-
west China and perspectives for their recovery. J Integr Plant 
Biol 50(5):536–546. https://​doi.​org/​10.​1111/j.​1744-​7909.​2007.​
00626.x

Wieland A, Greule M, Roemer P, Esper J, Keppler F (2022) Cli-
mate signals in stable carbon and hydrogen isotopes of lignin 
methoxy groups from southern German beech trees. Clim past 
18(8):1849–1866. https://​doi.​org/​10.​5194/​cp-​18-​1849-​2022

Wilkening JV, Feng X, Dawson TE, Thompson SE (2024) Different 
roads, same destination: the shared future of plant ecophysiology 
and ecohydrology. Plant Cell Environ 47(9):3447–3465. https://​
doi.​org/​10.​1111/​pce.​14937

Yu Y, Chen X, Disse M, Cyffka B, Lei JQ, Zhang HY, Brieden A, 
Welp M, Abuduwaili J, Li YM, Zeng FJ, Gui DW, Thevs N, Ta 
ZJ, Gao X, Pi YY, Yu X, Sun LX, Yu RD (2020) Climate change 
in Central Asia: sino-German cooperative research findings. Sci 
Bull 65(9):689–692. https://​doi.​org/​10.​1016/j.​scib.​2020.​02.​008

Zeileis A, Leisch F, Hornik K, Kleiber C, Hansen BP, Merkle EC, 
Umlauf N (2024) Testing, monitoring, and dating structural 
changes. Vienna, Austria, CRAN. https://​cran.r-​proje​ct.​org/​web/​
packa​ges/​struc​change/​struc​change.​pdf

Zhai JT, Li ZJ, Zhang SH, Han XL, Li X (2022) Differences in the 
structural and functional traits of Populus euphratica and 
Populus pruinosa with tree height. Appl Ecol Environ Res 
20(4):3597–3617. https://​doi.​org/​10.​15666/​aeer/​2004_​35973​617

Zhang JL, Zhai JT, Wang J, Si JH, Li JW, Ge XK, Li ZJ (2024) Inter-
relationships and environmental influences of photosynthetic 
capacity and hydraulic conductivity in desert species Populus 
pruinosa. Forests 15(7):1094. https://​doi.​org/​10.​3390/​f1507​1094

Zhang GQ, Bréda N, Steil N, Gaertner PA, Levillain J, Ruelle J, Mas-
sonnet C (2025) Analysing resilience of European beech tree 
to recurrent extreme drought events through ring growth, wood 
anatomy and stable isotopes. J Ecol 113(4):955–973. https://​doi.​
org/​10.​1111/​1365-​2745.​70014

Zhou HH, Chen YN, Li WH, Ayup M (2013) Xylem hydraulic con-
ductivity and embolism in riparian plants and their responses to 
drought stress in desert of Northwest China. Ecohydrol 6(6):984–
993. https://​doi.​org/​10.​1002/​eco.​1412

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.foreco.2024.121823
https://doi.org/10.1016/j.foreco.2024.121823
https://doi.org/10.1007/978-3-642-38797-5_11
https://doi.org/10.1007/978-3-642-38797-5_11
https://doi.org/10.1093/treephys/tpx041
https://doi.org/10.1093/treephys/tpx041
https://doi.org/10.1016/j.quaint.2022.05.017
https://doi.org/10.1007/978-3-642-59560-8_9
https://doi.org/10.1007/978-3-642-59560-8_9
https://doi.org/10.1016/j.gca.2009.05.057
https://doi.org/10.1146/annurev.pp.40.060189.000315
https://doi.org/10.3844/ojbsci.2022.425.438
https://doi.org/10.3844/ojbsci.2022.425.438
https://doi.org/10.1175/2009jcli2909.1
https://doi.org/10.1007/978-94-011-1860-6_29
https://doi.org/10.1007/978-94-011-1860-6_29
https://doi.org/10.1093/jpe/rtv079
https://doi.org/10.1002/ldr.1129
https://doi.org/10.1002/ldr.1129
https://doi.org/10.1016/j.jhydrol.2005.07.022
https://doi.org/10.1016/j.jhydrol.2005.07.022
https://doi.org/10.1111/j.1744-7909.2007.00626.x
https://doi.org/10.1111/j.1744-7909.2007.00626.x
https://doi.org/10.5194/cp-18-1849-2022
https://doi.org/10.1111/pce.14937
https://doi.org/10.1111/pce.14937
https://doi.org/10.1016/j.scib.2020.02.008
https://cran.r-project.org/web/packages/strucchange/strucchange.pdf
https://cran.r-project.org/web/packages/strucchange/strucchange.pdf
https://doi.org/10.15666/aeer/2004_35973617
https://doi.org/10.3390/f15071094
https://doi.org/10.1111/1365-2745.70014
https://doi.org/10.1111/1365-2745.70014
https://doi.org/10.1002/eco.1412

	Populus pruinosa decline in a riparian tugai forest on the Zarafshon River, central Uzbekistan: edaphic conditions as predisposing factors and drought as the triggering factor
	Abstract 
	Introduction
	Materials and methods
	Study site and sampling
	Tree-ring analyses and stable carbon isotope ratios
	Soil analyses
	Statistical analyses

	Results
	Growth and stable carbon isotope ratios
	Climate variables and correlations with growth and stable isotope ratios
	Soil analyses and groundwater depths

	Discussion
	Overview
	Growth, δ13Ccorr and climate
	Edaphic conditions
	Edaphic and weather conditions as predisposing and triggering factors in the decline of P. pruinosa
	Changes in the hydrological regime and riparian forest decline in Central Asia

	Conclusion
	Acknowledgements 
	References


