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Abstract: Warming and persistent droughts may exacerbate drought stress in water-scarce areas,
thereby negatively affecting tree growth. When riparian plants in arid regions experience severe
drought stress, they sacrifice non-dominant branches with less competitive sap flow to improve the
sap flow of dominant branches and thus ensure strong plant growth. Populus euphratica is one of the
most dominant tree species in the riparian forest ecosystems of inland river basins in arid zones and
is a reliable indicator of ecological change because of its diversity in growth and environment. To
understand the adaptability of P. euphratica to the environment, the relationship between radial
growth and meteorological factors, the growth decline and resistance of different heights and com-
ponents of P. euphratica, as well as the resilience and resilience after recession were investigated. The
results indicated that tree-ring width decreased gradually with increasing height and branching
class of P. euphratica. Growth decreased at the bottom of the stem earlier than at the middle and top.
Temperature, precipitation, and Palmer drought index contributed to the growth at the bottom of
P. euphratica, while precipitation contributed to growth at the top. The decline in the P. euphratica
growth change rate was highly synchronized across heights and parts, with relatively high declines
at the bottom and top. There were no significant differences in the recovery values for different
heights and parts of P. euphratica, but the resistance, resilience, and relative resilience for the bottom
and top were significantly lower than those for the other components, indicating vulnerability in
the bottom and top of P. euphratica to drought. The relative resilience gradually decreased with the
increase in branching class, and that of the secondary lateral branches at different heights was the
lowest. In conclusion, the sensitivity of the top and lateral branches of P. euphratica to drought would
cause the phenomenon of "broke its arm" under drought disturbance in the future.

Keywords: Tree-ring width; Basal area increment; Resistance; Recovery; Resilience

1. Introduction

The dramatic increase in greenhouse gas emissions since the beginning of the indus-
trial revolution has led to global warming. Global temperatures are likely to continue to
increase throughout the century, followed by more severe, widespread, and irreversible
global impacts [1,2]. AnIPCC report confirmed that the average global temperature rose
by 0.85° C from 1880 to 2012. Global warming has rapidly accelerated in recent decades,
especially at high altitudes [3]. Increasing temperatures are accompanied by significant
changes in global precipitation patterns, leading to extreme climate events such as severe
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droughts, with potential impacts on plant growth, phenology, distribution, and ecosystem
services [4,5]. The arid zone of northwest China is located within the mid-latitudes and
consists of the Gobi Desert and its surrounding arid zone. These areas represent fragile
ecosystems and are sensitive to climate change, making the region a key site for studying
the environmental impacts of global climate change [6]. Warming and persistent drought
may exacerbate drought stress in water-scarce areas, thereby negatively affecting tree
growth [7]. Irreversible damage, such as defoliation and dieback, occurs when a tree's
physiological damage exceeds a certain threshold [8]. In response to harmful environmen-
tal factors, such as drought and heat, trees may reduce their vigor or growth rate, experi-
ence a decline in growth, and die.

Tree growth serves as an indicator of tree vitality and capacity to adapt to environ-
mental pressures[9]. The recovery of trees following stress is a protracted process that may
entail time lags or legacy effects [10,11]. Tree-ring width (TRW) provides a continuous
and high-resolution record of tree growth that accurately reflects environmental changes
during growth[12]. Tree chronologies have been widely utilized in studies investigating
forest resilience to drought[13,14]. Prolonged drought may reduce the resilience of trees
owing to hydraulic failure [15,16] or carbon starvation [17]. If accumulated stress sur-
passes a tree's threshold, it may result in irreversible damage and ultimately lead to the
tree’s decline or mortality [18,19]. Moreover, the chronology of trees can be used to retro-
spectively detail their growth for each preceding year, ascertain their age, and compre-
hend the temporal manifestations of processes such as growth, branching, and flowering
[20].

Most dendrochronological studies utilize core and disc measurements of ring width
at chest height (1.3 m above ground), because this height is characterized by a relatively
stable radial growth pattern and many rings[21,22]. Radial growth at breast height, which
is influenced by various climatic factors, is often used as an indicator of the overall stem
growth pattern [23]. Factors such as tree condition, natural environment, and physiologi-
cal conditions can affect the stem, resulting in differences in radial growth at different
stem heights [24]. In addition, the relationship between the radial growth response and
climatic elements varies among trees with different stem heights. Chhin [25] studied the
relationship between the radial growth of Pinus thunbergii Parl. at different stem heights
and climatic factors and demonstrated that the growth of the lower part of the stem was
mainly influenced by temperature and moisture conditions during the growing season in
the year of tree-ring formation; by contrast, the growth of the upper part was more influ-
enced by environmental conditions during the growing year. Maaten [23] analyzed dif-
ferences in radial growth responses to climate change in different stems of Abies alba Mill.
and Picea abies (L.) Karst. at different elevations. They found that high temperatures in
early summer reduced the growth of high-elevation fir in the upper stem portion, whereas
high temperatures in summer limited the growth of high-elevation A. alba and P. abies
growth, especially at breast height. For trees at lower elevations, both high summer tem-
peratures and low precipitation reduced stem growth, with a greater impact on growth at
breast height. Zhang [26] discovered that the sensitivity of Piceaschrenkiana tree ring width
to climatic elements was stronger at a height of 10 m on the stem than at other heights.

Moreover, a plant's ability to withstand drought stress is heavily dependent on its
water transport system, which encompasses the root, stem, and leaf structures. Studies
have demonstrated that in favorable water conditions, plants compete for light, heat, and
nutrients by augmenting their hydraulic conductivity [27]. The hypothesis of branch con-
nection limitation has been confirmed in studies on the hydraulic structure of woody
plants. This hypothesis suggests that dominant apical branches have stronger hydraulic
conductivity than lateral branches because they control the sap flow of branch connections
[28]. To maintain their viability, riparian plants actively reduce the water transport capac-
ity of twigs to compete for the limited water delivered by the root system. They prioritize
supplying water to the top branches to ensure a sufficient supply [29]. When riparian
plants in arid regions experience severe drought stress, they tend to sacrifice non-
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dominant branches with less competitive sap flow to enhance the sap flow of the domi- 98
nant branches and ensure optimal plant growth [30]. Therefore, it is imperative to evaluate 99
the lateral branch growth of P. euphratica and its response to climatic factors to compre- 100
hensively understand plant growth adaptations. Although tree-ring widths can detail 101
growth distribution patterns across different time periods and components, there remains 102
a relative dearth of research pertaining to radial growth within plant branching systems. 103
In general, analyses of climatic responses to tree growth based on different stem heights 104
are limited and have mostly focused on coniferous forests. Other tree species, such as tem- 105
perate broadleaf forests, have received less attention, and it remains unclear whether they 106
exhibit differential responses to temperature changes. 107
As one of the most dominant tree species in riparian forest ecosystems of inland river 108
basins in arid zones, P. euphratica is a reliable indicator of ecological change owing to its 109
diverse growth rates and environmental adaptability [31]. The growth of P. euphraticais 110
influenced by various environmental factors, including groundwater, surface water, and 111
temperature. Groundwater is pivotal in the growth of P. euphratica [32,33]. Previous stud- 112
ies have primarily focused on reconstructing past groundwater depth data or examining 113
the relationship between groundwater and radial growth using tree chronology. How- 114
ever, a comprehensive investigation of the factors influencing P. euphratica growth under 115
sufficient groundwater resources and the response of P. euphratica growth at different 116
stem heights and lateral branches to climate change has not been conducted. Therefore, 117
this study examined the response of P. euphratica radial growth to climate change across 118
different stem heights and components using tree chronology analysis. 119
The Daliyaboyi Oasis is situated in the Tarim Basin of China and is an alluvial oasis 120
formed by the deep penetration of the Keriya River into the hinterland of the Taklamakan 121
Desert [33]. Oases remain in a "pristine’ state with minimal anthropogenic disturbance in 122
this region, which distinguishes them from most of the extant modern oases in Central 123
Asia [34]. P. euphratica is a dominant species in the oasis and is indispensable in protecting 124
it and maintaining the stability of riparian ecosystems. Moreover, P. euphratica can provide 125
valuable information on long-term environmental changes. However, most studies have 126
focused on the impact of hydrological factors on P. euphratica growth, leaving a gap in the 127
literature regarding individual P. euphratica growth responses at different stem heights. 128
Therefore, we hypothesized that P. euphratica growth and growth response to droughtcan 129
vary at different heights and in different parts of the plant, with the bottom and top of P. 130
euphratica being relatively sensitive to drought. The objectives of this study were to eval- 131
uate differences in growth, rates of growth change, and recovery from drought across 132
heights and parts of P. euphratica and to explore the vulnerability of P. euphratica to 133

drought. 134
2. Materials and Methods 135
2.1. Study area 136

The Daliyaboyi Oasis is located in the Taklimakan Desert of China’s hinterland at 137
38° 16" N/38° 37" N,81° 41" E/82° 20" E, marking the last oasis of the Keriya River, the sec- 138
ond largest river on the southern margin of the Tarim Basin [33]. The oasis has an area of = 139
approximately 342 km2 and elevations of 1100-1300 m, with a typical warm temperate 140
arid climate [35] and significant diurnal temperature differences. The region experiences 141
dust storms and highly variable weather [36], with an annual precipitation of less than 10 142
mm and a potential evaporation rate of 2480 mm [34,36,37]. The interior of the oasis is 143
characterized by reticular fluvial deposition resulting from the scouring of the Keriya 144
River [33]. The vegetation of the oasis is primarily dominated by P. euphratica, Tamarix 145
chinensis, and Phragmites australis, exhibiting simple structures and types with limited dis- 146
tributions, which are typical characteristics of desert ecosystems [34,35]. Sandy soils con- 147
stitute the predominant soil type in the oases. 148
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Figure 1. Schematic diagram of tree ring sampling sites. (a) First tree, (b) second tree, (c) third tree 150

2.2. Experimental Design and Sample Collection 151

The experiment was conducted in June 2021 within a P. euphratica community located 152
adjacent to the main perennial river (the river has water year-round), situated in the south- 153
ern region of the Daliyaboyi Oasis at a distance of 150 m from the riverbank. A 50x50 m 154
sample square was established, which was dominated by P. euphratica, with a few T. 155
chinensis instances. The number of individual P. euphratica in the sample was 51, the av- 156
erage tree height was 17.72 m, the average diameter at breast height was 55.84 cm, the 157
average crown width was 7.43x5.92 m, and the cover was 97.5%. Three P. euphratica that 158
were healthy, structurally characterized and unshaded at 5-10 m was selected in the 159
sample site (Figurel). 160

The three plants were sampled from the bottom 1 m to the top 8 m of the stem using 161
growth cones, and two cores were collected at each height. Based on the determined 162
branch order, primary and secondary lateral branches of different heights were collected 163
from the cores and discs at the bases of the tree samples (Table 1). The P. euphratica plants 164
were divided into three parts according to the distance of the primary lateral branches 165
from the ground, as follows: bottom: from 0-4 m, containing the stem bottom (STB), pri- 166
mary lateral branches at the bottom of the stem (PLB), and secondary lateral branches of 167
primary lateral branches at the bottom of the stem (SLB);middle: between 4-6.5 m, includ- 168
ing the stem middle area (STM), primary lateral branches at the middle of the stem (PLM), 169
and secondary lateral branches of primary lateral branches at the middle of the stem 170
(SLM). Top: between 6.5-8 m, containing the stem’s top area (STT) and primary lateral 171
branches at the top of the stem (PLT). The grouping basis is shown in Figure 2. 172

173
174
175
176
177

Table 1. Information on sampling points. 178
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Figure 2. Stem and lateral branches grouped according to the distance from the ground of the primary lateral
branches

2.3. Meteorological data

Meteorological data for the study area were obtained from grid-point meteorological
data from the Royal Netherlands Meteorological Institute data sharing website
(http://climexp.knmi.nl). Monthly temperature, precipitation (CRUTS4.06 grid point da-
taset with 0.5° x 0.5° resolution), and Palmer Drought Index (PDSI) data (CRU self-cali-
brating PDSI grid point dataset with 0.5° x 0.5° resolution) for 1940-2020 were acquired.
Monthly data were calculated using Excel to obtain annual meteorological data.

To analyze the adaptability of tree growth to extreme drought, the year with an av-
erage PDSI < -1 from October of the previous year to April of the current year was set as
the drought year [38] with reference to the national standard of Meteorological Drought
Rating (GB/T20481-2017). To understand the variation pattern of adaptive capacity over
time, years with —2 < PDSI < -1 were set as light drought years, years with -3.0 < PDSI < -
2 were set as medium drought, years with —4.0 < PDSI < than -3.0 were set as severe
drought, and years with PDSI < —4 were set as exceptional drought (Figure 3).
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Figure 3. Mean PDSI from April of the previous year to October of the current year 197
2.4. Tree ring width, Chronology and Basal Area Increment 198

The collected cores were processed in the laboratory according to common tree chro- 199
nology treatment methods and subsequently fixed, dried, sanded, polished, and visually 200
dated under a microscope [7]. TRW was measured (accuracy 0.001 mm) using a 201
LINTABTMS6 (RINNTECH, Heidelberg, Germany) measuring system. The dating and 202
measurement results were verified using the COFECHA program. The negative exponen- 203
tial function in the ARSTAN program was used to remove tree growth trends and obtain 204
the ring width index (RWI) for the three studied trees at different heights and different 205
parts of the stem [39,40]. The basal area increment (BAI) was calculated using Equation 206

(1) [41]: 207
208

BAI, = m(R? — RE_) (1) 209

210

where R is the tree radius and n is the year of tree-ring formation. 211

2.5. Vulnerability to drought 212

The resistance (Rt), recovery (R.), resilience (Rs), and relative resilience (RRs) of tree 213
growth to extreme drought can reflect a tree’s drought adaptability [7]. The response of P. 214
euphratica to drought was quantified using the BAI approach. The following four metrics 215
to have been described for the responses of trees to drought [42,7]. 216

R: represents the difference in tree growth between a drought event and before the 217
drought event, and represents the ability of trees to maintain growth under drought stress. 218
Rc is the difference in tree growth between a drought event and after a drought event, 219
characterizing the ability of trees to recover their normal growth after being subjected to 220
drought stress. Rs is the difference in tree growth before and after a drought event, char- 221
acterizing the ability of trees to recover to previous growth levels after a drought event. 222
RRs is the weighted amount of damage to Rs during a drought [7]. The indicators were 223

calculated as follows: 224
R; = BAl,/BAlp,, (2) 225

R. = BAlp,s/BAlp (3) 26

Rs = BAlpyst/BAlpre (4) 227

RRS = (BAIPOSt - BAID)/BAIpre (5) 228
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where BAIb is the average BAI during the drought event, and BAlIpre and BAlpost are 229
the average BAI during the 3 year period before and after the drought event, respectively. 230
In this study, the adaptation of growth at different heights and in different parts of P. 231
euphratica to drought events was analyzed using BAI at the base, middle, and top of the 232

stem. 233
The radial growth change rate of trees was used to determine whether growth de- 234
pression occurred in P. euphratica and was, calculated as follows [43]: 235
GC =My —M,) /M, (6) 236

where GCi is the radial growth change rate for each of the 5 years before and after the 237
tree was evaluated in year i. To minimize the effect of growth changes in individual years 238
on the detection of growth inhibition events, the radial growth change rate of P. euphratica 239
was calculated as a sliding average over 5 years, and M1 and M: represent the average of 240
the tree ring width indices for the initial 5 years (including the current year) and the final 241

5 years (excluding the current year), respectively. A radial growth change of less than — 242
25% indicates growth inhibition and decline, whereas a change of more than 75% indicates 243
growth release. 244
2.6. Data analysis 245

The growing season of P. euphratica is from April to October, and studies have shown 246
that the response of tree growth to post-climatic changes has a "hysteresis effect” [33]. 247
Therefore, in this study, climate factors and tree rotation chronology from April of the 248
previous year to October of the current year were selected for a correlation analysis. Pear- 249
son correlation coefficients were calculated using the SPSS 25 statistical software (IBM, 250
Inc., Armonk, NY, USA). The plotting process was executed using the Origin 2021 Plotting 251
and Statistics software (OriginLab Corp., Northampton, MA, USA) for data visualization 252

and analysis. 253
3. Results 254
3.1. Soil water content and groundwater depth at sampling points 255

The soil water content (SWC) at the sampling sites increased with increasing depth. 256
The variation in SWC ranged from 1.95% to 34.19%, with a mean value of 20.85%. (Figure 257
4a). Groundwater depth at the sampling site was 2 m. The data from the nearest ground- 258
water depth of burial observation point at the sampling site showed that the groundwater 259
depth of burial gradually increased (2.45-3.03 m) from 2013 to 2020 and was at a suitable 260

water level for P. euphratica growth for a long period (Figure 4b). 261
262
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Figure 4. Soil moisture content (a) and groundwater depth (b) at sampling sites 264
265

3.2. Changes in meteorological factors 266
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From 1961 to 2021, the total annual precipitation of the Daliyaboy Oasis was 141.8 267
mm, with an average annual precipitation of 2.3 mm and large fluctuations in precipita- 268
tion, and clearly recorded wet and dry years. The total annual precipitation showed an 269
increasing trend at a rate of 0.015 mm/a (Figure 5a). The mean annual temperature varied 270
between 11.3°C and 13.9°C with a significant upward trend (R?>=0.550, P<0.01), with arate 271
of increase of 0.03°C/a (Figure 5a). According to the national standards of the Meteorolog- 272
ical Drought Rating (GB/T20481-2017), 1984, 1990-1991, 1994-1995 and 1997 were classi- 273
fied as light drought years, 1967-1969, 1973-1975, 2007-2008 and 2020 were classified as 274
medium drought years, 1963-1966, 1970, 1976-1980 and 1985 were classified as heavy 275
drought years; 1961 and 1986 were classified as exceptional drought years (Figure 3). Me- 276
teorological data from 1961-2021 indicated local warming and humidification. Increases 277
in precipitation and temperature PDSI values ranged from —4.70 to 2.95, and there were 278

no severe or exceptional drought events after 1986. 279
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Figure 5. Variation in annual mean temperature, annual mean maximum and minimum tempera- 281
tures, and monthly mean temperature and precipitation in Daliyaboyi Oasis. a. Average annual 282
temperature and precipitation, b. Average monthly temperature and precipitation. 283

3.3. Tree Ring width and chronology 284

The TRW was narrowest in the years when growth began and became progressively 285
wider with age. The variation in TRW of the different parts and different heights was 286
generally consistent, with the widest ring width occurring in 2005. The TRW decreased 287
gradually as the branching class of different parts of P. euphratica increased and as the tree 288
height increased (Figure 6a, Mean ring width) . Interannual fluctuations in the TRW were 289
more variable in different parts of the bottom, and flatter in the middle and top (Fig- 290
ure.6a). The TRW of the stem and primary lateral branches of P. euphratica decreased with 291
increasing height, with the TRW of the stem decreasing from 90.945 mm at the bottom to 292
66.245 mm at the top. The TRW of the primary lateral branches decreased from 56.987 mm 293
at the bottom to 27.768 mm at the top, and the TRW of the secondary lateral branches 294
increased from 28.795 mm at the bottom to 29.828 mm in the middle (Figure 6b). 295
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Figure 6. Variation in the tree ring width of different parts of P. euphratica (a) and cumulative tree =~ 297
ring width from 1994 to 2020 (b). (a) n varies from 61 at the bottom to 27 at the top, mean * SE, (b) 298
n=27, mean * SE. 299

The variations in RWI were highly consistent among different heights of stem (STB, 300
STM and STT, Figure 7a), primary lateral branches (PLB, PLM and PLT, Figure 7b) and 301
secondary lateral branches (SLB and SLM, Figure 7c). Growth trends were consistent 302

across different heights and parts, with the smallest RWI occurring in 2000 (Figure 7). 303
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Figure 7. Tree ring width indices of different components of P. euphratica. (a) Stem: STB, STM, and 305
STT, (b) primary lateral branches: PLB, PLM, and PLT, (c) secondary lateral branches: SLB and SLM. 306
Lowercase letters indicate the corresponding sample size. 307

3.4. Radial growth of P. euphratica in relation to climatic variables 308

The TRW of STB and PLB were positively and significantly correlated with the an- 309
nual mean PDSI on an annual scale (P<0.01), whereas the TRW of STB was positively cor- 310
related with the mean annual temperature and precipitation (P<0.01). The TRW of STB, 311
STT, PLB (P<0.01), PLT, and SLM (P<0.05) was positively correlated with the mean annual 312
precipitation (Figure 8) . 313
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Figure 8. Correlation of tree ring width and mean annual climatic factors (* and ** denote P<0.05 315
and P<0.01, respectively) 316

The RWI of SLB, STM, PLM, and SLM was positively correlated with the temperature 317
in October of that year (P<0.05), the RWI of STM, SLM, and STT was positively correlated 318
with the temperature in June of the previous year (P<0.05), and the RWI of SLB and STM 319
was positively correlated with the temperature of the previous November (Figure9, left). 320

There was a positive correlation between the RWI of SLB and the temperature in Oc- 321
tober of the previous year, and the RWI of SLM was positively correlated with the tem- 322
perature in March of that year. The RWI of the PLB and SLB was positively correlated 323
with precipitation in January of that year (P<0.05) (Figure.9, middle). 324

The RWI of STB was positively correlated with PDSI in July—October of that year 325
(P<0.01). Positive correlations were observed between PDSI and RWI of PLB in Novem- 326
ber-December of the previous year and in January-February, April-June and August-Oc- 327
tober of the current year (P<0.01). The RWI of SLM was positively correlated with PDSIin 328
September-October of that year (P<0.05 and P<0.01) (Figure 9, right). 329
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Figure 9. Correlation between the tree ring index of P. euphratica and monthly climatic factors. 331
Cur_month represents the current year of ring formation and Pre_month represents the climate var- 332
iables during the year preceding ring formation (* and ** denote P<0.05 and P<0.01, respectively). 333

3.5. Growth decline of P. euphratica at different heights and parts 334

Between 1990-1997 and 2005-2019, plants of P. euphratica at different heights experi- 335
enced varying degrees of growth decline. Growth increased in 1998-2004. The increase 336
and decrease in the growth of plants of different heights and in different plant parts were 337
essentially synchronized. The radial growth change rates of different parts of the bottom 338
ranged from —25.26% to —83.79%, with STB and SLB being the most pronounced; The 339
growth recession in the middle ranged from —27.56% to —86.37%, with STM and PLM be- 340
ing the most pronounced. The growth recession in the top ranged from —24.27% to — 341
85.71%, with STT being more pronounced than PLT. Primary/secondary lateral branches 342
at the bottom and top of the P. euphratica stem showed a higher degree of growth decline 343
than in the middle (Figure 10). 344
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Figure 10. Change rate in radial growth of P. euphratica at different heights. (a) Change in radial 346
growth rate of bottom of stem, primary lateral branches at the bottom of the stem and secondary 347
lateral branches of primary lateral branches at the bottom of the stem. (b) Change in radial growth 348
rate of the middle of stem, primary lateral branches at the middle of the stem, and secondary lateral =~ 349
branches of primary lateral branches at the middle of the stem. (c) Change in radial growth rate of 350
top of stem and primary lateral branches at the top of the stem. The dashed lines represent the 75% 351
and —25% control lines. 352

3.6. Adaptation of different parts of P. euphratica to drought 353

The BAI data were analyzed for Ry, R¢, Rs, and RRs during the drought event. As tree 354
height and branching class increased, R:first increased and then decreased and Re>1. The 355
Re differed significantly between the STB and STT (P<0. 05)(Figure 11a). R¢, Rs, and RRs 356
increased with tree height and decreased with branching class and Re>1 (Figure.11b,c,d). 357
There were no significant differences between the different heights of P. euphratica and 358
different parts in terms of Re (P>0.05) (Figure 11b). Significant differences were found in 359
Rs of between different parts at the bottom and middle of P. euphratica (P<0.05) (Figurellc). 360
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Figure 11. Mean values of resistance (a], i< overy (b), resilience (c), and relative resilience (d) of P.
euphratica in different drought events.

4. Discussion

4.1. Meteorological factors and radial growth

At the beginning of the 21st century, the climate of northwest China was changing
from warm and dry to warm and wet [6]. Zhang [6] analyzed the process and scale char-
acteristics of climate humidification in the northwest arid zone of China using satellite
remote sensing, field observations, and coupled models and found that the temperature
and precipitation increased significantly from 1961to 2018. Temperature and precipitation
in our study area showed a significant increasing trend, at rates of 0.03°C/a and 0.015
mm/a, respectively, during 1961-2020 (Figure 5). The PDSI trend in the study area was
severe drought — moderate drought — light drought, and there were no exceptional or
severe drought years after 1986 (Figure 3). The climate change observed in the study area
is consistent with the trend of climate change in the Northwest Arid Zone, and there is a
clear phenomenon of "warming and humidification.” Although there was an increasing
trend in precipitation in the study area, an increase in temperature increased evaporation
and offset the increase in precipitation. Therefore, the climate in the study area is signifi-
cantly "warmer" than "wetter.”

Factors such as a tree condition, natural environment, and physiological conditions
can affect the stem, resulting in differences in radial growth at different stem heights [24].
In the present study, the TRW at different stem heights increased and then decreased with
time. The TRW of the primary and secondary lateral branches of P. euphratica varied con-
sistently at different heights (Figure 6a). Gartner [44] showed that the TRW of torch pines
was positively correlated with stem height. In the present, the TRW of P. euphratica in-
creased from the STB to the STM and then decreased at the STT (Figure 6b). Yu [21]
showed an increase followed by a decrease in the TRW of torch pines with stem height,
which is consistent with the results of the present study. The results of Zhang [45] on the
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radial growth characteristics of red pines at different tree heights on Changbai Mountain 389
showed that the trends of TRW variation based on height were mostly the same, and the 390
TRW variation was most obvious at the base and top (0.3, 1.3, and 20 m). In the present 391
study, the TRW at the STB, STM, and STT of the stem of P. euphratica were highly undu- 392
lating (Figure 6a). The results of the analysis of the variation in TRW of different parts of 393
P. euphratica at different heights showed that the variation patterns of TRW of the stem, 394
primary, and secondary lateral branches of P. euphratica at different heights were rela- 395
tively consistent (Figure 6a). Variations in the PLM, SLM, and PLT annual cycle widths 39
became increasingly stable over time (Figure 6a). The TRW of the primary and secondary 397
lateral branches of P. euphratica were smaller than those of their stems (Figure 6b). The 398
TRW of the primary lateral branches of P. euphratica gradually decreased with increasing 399
height. Previous studies have shown that in trees with physiologically active branches, 400
the TRW of the branch is greater at the base of the stem; as the tree matures, the lower 401
branches become less physiologically active or even begin to die, and the maximum 402
growth point moves upward [46]. In the present study, the TRW of the secondary lateral 403
branches increased with height (Figure 6b). Farrar [47] showed that TRW is relatively nar- 404
row at the apical internode, reaches its first maximum at the branch with the highest num- 405
ber of leaves, and then decreases at the lower part of the canopy. The variation in TRW 406
with stem height is controlled by growth hormone production, distribution, and nutrient 407
flow [48]. In a simulation study of meristematic growth in Pinus sylvestris, Ford [49] 408
showed that as branches elongate, leaves move farther away from the stem. Additional 409
leaves require additional branches to support them, and the potential biomass exported 410
from branches to the stem first increases with the number of leaves and then decreases 411
with the amount of support required. An increase in the number of branches and leaves 412
reduces the number of photosynthetic products exported to the main stem, resulting in =~ 413
less stem growth than lateral branch growth [49]. This is inconsistent with the results of 414
the present study, in which the stem growth was greater than that of the lateral branches. 415
The differences in tree species and the areas where the trees grow may lead to different 416
resource allocation (exchange) patterns between the stem and lateral branches in the 417
aboveground parts, resulting in differences in growth allocation. 418

4.2. Relationship between radial growth and meteorological factors 419

Analysis of the correlation between different heights and different parts of P. eu- 420
phratica and meteorological factors showed that radial growth rates at varying heightsand 421
distinct parts of the stem responded to different degrees of climate change. The TRW at 422
the STB of P. euphratica was highly significantly and positively correlated with annual 423
mean PDSI, temperature, and precipitation (Figure 8). This correlation with temperature 424
is consistent with the results of a previous study [32]. There was no significant correlation 425
between the TRW at breast height of the stem of P. euphratica and the mean annual pre- 426
cipitation in a previous study [32], which is inconsistent with the results of this study. In =~ 427
this study, the TRW at the STT and the PLT of P. euphratica was significantly affected by 428
precipitation (Figure 8). Although P. euphratica grows in a warm-temperate continental 429
climate zone with sparse precipitation, precipitation has an effect on the growth of the 430
STB, PLB, STT, PLT, and SLM. 431

Correlations between different heights and different parts RWI of P. euphratica and 432
climatic factors from April of the previous year to October of the current year showed no 433
significant correlation between the STB of P. euphratica and temperature (Figure 10, left). 434
Previous studies have shown that the RWI at the breast height of the stem of P. euphratica 435
was negatively correlated with the temperature in September of the previous year. This 436
indicates that growth at the bottom of the stem of P. euphratica is not limited by tempera- 437
ture [50]. The correlation with temperature showed that the lateral branches in the middle 438
and top of the stem were more sensitive to temperature than the bottom of the stem, and 439
the temperature in June of the previous year had a certain "hysteresis effect” on the growth 440
of STM, SLM, and STT in the current year. Correlation with precipitation showed that the 441
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RWI of primary/secondary lateral branches at the bottom of the stem of P. euphratica was 442
significantly and positively correlated with precipitation in January of that year (Figure 443
10). This may have resulted from low precipitation in the study area, which does not con- 444
tribute much to tree growth [50]. The RWI at the STB was significantly correlated with 445
PDSI in spring and summer (Figure 10, right). When temperature is no longer a limiting 446
factor for tree growth, the limiting role of moisture as well as the correlation between it =~ 447
and PDSI become increasingly prominent [51]. Climate change affects the growth of the 448
top of the stem of trees differently from that at breast height [24] and the top of the stem 449
is less sensitive to climate change [25]. 450

4.3. Growth decline and response to drought 451

Tree growth decline events can be determined from a tree’s radial growth history. 452
Studies have shown that the occurrence of growth depression in trees is a sign of growth 453
decline, and prolonged growth depression indicates that trees are definitively experienc- 454
ing growth decline [52]. Different degrees of growth decline occurred in the different com- 455
ponents of P. euphratica growth during 1984-2019 (Figure 10). The timing of growth de- 456
cline in the stem, primary lateral branches, and secondary lateral branches occurred with 457
some degree of synchronization throughout the growth period. Growth declined at the 458
base of P. euphratica in 1993, 1995, 2005 and 2010-2019. Figure 5a demonstrates that the 459
average temperature in the study area consistently increased from 1961 to 2019. High tem- 460
peratures and low precipitation increase the intensity of drought and enhance the effects 461
of water stress on physiological processes that are detrimental to the formation and stor- 462
age of photosynthetic products in trees [53,54]. SLB underwent growth decline more fre- 463
quently and was more sensitive to drought than STB and PLB (Figure 10a). Figure 10b 464
indicates that a growth decline occurred in the central portions of P. euphratica from 2010 465
to 2013 and from 2017 to 2019. Growth decline occurred most frequently in the STM and 466
PLM, with synchronous growth decline occurring in different parts in response to 467
drought from 2017 to 2019 (Figure 10b). Growth decline occurred in different parts of the 468
top of P. euphratica in 1994, 2009-2013 and 2017-2019, and growth decline occurred most 469
frequently in the PLT, indicating a greater sensitivity to drought and a strong synchroni- 470
zation in drought responses (Figure 10c). Growth decline occurred simultaneously at the 471
bottom, middle, and top of P. euphratica from 2010 to 2013 and 2017 to 2019. Studies on 472
forest decline on the Tibetan Plateau have found that recent forest decline is associated 473
with increased drought frequency owing to climate warming [55]. In the present study, 474
more than 30 drought events occurred between 1961 and 2020 (Figure 3), and a growth 475
decline occurred in different parts of P. euphratica corresponding to the occurrence of 476
drought events. Thus, different parts of P. euphratica undergo growth decline owing to 477
drought events. Sensitivity to drought was higher at the middle and top of P. euphratica 478
than at the bottom. 479

Global tree degradation and mortality affects forest health and ecological services 480
[56]. Decreases or increases in forest mortality may be related to thresholds that affect the 481
specific components of a tree's ability to recover its growth performance prior to stress [7]. 482
Under drought stress, some trees adapt through internal regulatory mechanisms, and 483
growth resumes once the stress disappears [57]. In the present study, there were no sig- 484
nificant differences between the Rc values of the different parts of P. euphratica (Figure 485
11b). There was a significant difference between the R: values in the STB and STT P. eu- 486
phratica (Figure 11a). The R: at the bottom of P. euphratica was lower than those at the 487
middle and top (Figure 11a), indicating that growth at the bottom of P. euphratica was 488
more severely affected by drought. This shows that growth in the middle and top of the 489
stem of P. euphratica was more sensitive to drought events, and therefore showed a higher 490
resistance to drought events (Figure 11a). Zhou [32] studied the relationship between the 491
radial growth of P. euphratica at breast height and groundwater and temperature and 492
showed that temperature was the main limiting factor for P. euphratica growth when the 493
groundwater burial depth was less than 6 m. Additionally, the frequency of 494



Forests 2022, 13, x FOR PEER REVIEW 16 of 20

young/moderate drought events was high (10 occurrences) in the study area from to 1984 495
to 2019 (Figure 3). Thus, repeated mild to moderate drought events increased tree re- 496
sistance to extreme drought stress [58]. In addition to the Rt of PLT, that of lateral branches 497
was higher than that of the stems (Figurel3a). Young trees exhibit a higher Rt than mature 498
wood [59], including that the R: of trees may be age-dependent. Tree resistance is related 499
to water use efficiency, and trees in areas with inadequate water availability have reduced 500
resistance to drought [60]. The groundwater burial depth in the P. euphratica growing area 501
in this study was deeper than that suitable for P. euphratica growth (Figure 4b). Thus, the 502
Re of P. euphratica showed moisture-independent variation at different heights and parts. 503
In this study, the resilience of the top of P. euphratica was higher than that of the bottom 504
and middle. As the height of the stem increased, R increased; the Re of the primary lateral 505
branches was largest at the top and smallest at the bottom, and the R« of the middle of the 506
secondary lateral branches was larger than that of the bottom (Figure 11b). Studies have 507
found that physiological damage caused by prolonged drought, such as xylem embolism, 508
reduced reserve or preventative capacity, pest attack, and infection, may reduce the resil- 509
ience of trees to subsequent drought [61]. The results of Zhou [30] on the xylem hydraulic 510
conductivity and embolism of P. euphratica and its response to drought stress showed that 511
riparian plants adapt to mild drought stress by limiting the xylem hydraulic conductivity 512
of branches to coordinate plant growth. In this study, the R at the top of the stem (STT) 513
was the highest. Studies have shown that plants compete for additional light, heat, and 514
nutrient resources by increasing their hydraulic conductivity in well-watered environ- 515
ments [27]. P. euphratica improves the chances of plant survival by increasing the compet- 516
itiveness of dominant branches and sacrificing non-dominant branches, thereby optimiz- 517
ing the resilience of the whole plant [29]. 518

Tree growth resilience is the ability to restore an original growth rate after being dis- 519
turbed by extreme events [62]. The values of R«<1 reflect the persistent impact of extreme 520
events. In this study, the Rs values of different parts of P. euphratica increased with height 521
and were consistently greater than 1, except for PLT (Figure 11c). This indicated that all ~ 522
parts of P. euphratica, except for the top lateral branches, recovered their pre-disturbance 523
growth rates following an extreme event disturbance. 524

RRs is defined as Rs weighted by the damage that occurred during a drought. RRsis 525
< 0 if the growth rate after a drought event is lower than that during the drought event 526
[7]. In the present study, the RRs decreased in different parts of P. euphratica, indicating 527
that the trees were subjected to drought stress, accumulating from the stem to the second- 528
ary lateral branches and from the bottom to the middle. The RRs of P. euphratica SLB and 529
SLM was < 1 (Figure 11d), indicating that the growth rate of P. euphratica lateral branches 530
was lower than the growth rate during drought. An RRs <0 indicates that trees experience 531
long-term stress, which leads to loss of vigor and growth decline [63]. The gradual de- 532
crease in RRs, which eventually became < 0 in the secondary lateral branches, indicated 533
the vulnerability of P. euphratica lateral branches to drought. The combined results proved 534
that the hypothesis that the resistance of the lateral branches of P. euphratica would be 535
higher than that of the stem was valid, but the hypothesis that the recovery force of the 536
lateral branches and the recovery elasticity would be higher than those of the stem was 537
not valid. 538

5. Conclusions 539

TRW decreased gradually with increasing height and branching class of P. euphratica. 540
Growth decreased at the bottom of the stem earlier than at the middle and top. Tempera- 541
ture, precipitation, and PDSI contributed to the growth of the bottom of P. euphratica, 542
while precipitation contributed to the growth of the top. P. euphratica growth change rate 543
decline was highly synchronized across heights and parts, with relatively high declines at 544
the bottom and top. There were no significant differences in the Rc values for different 545
heights and parts of P. euphratica, but the Ry, Rs, and RRs values for the bottom and top 546
were significantly lower than those for the other components, indicating the vulnerability = 547
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of the bottom and top of P. euphratica to drought. The RRs gradually decreased with the
increase in branching class, and the RRs values of the secondary lateral branches at differ-
ent heights were the lowest. The sensitivity of the bottom and top lateral branches of P.
euphratica to drought ultimately leads to their growth decline or even death. Therefore,
when drought stress occurs P. euphratica preferentially abandons bottom and top lateral
branches and increases resource utilization efficiency to offset the effects of drought on P.

euphratica growth.

Table 2. Full names and abbreviations of each indicator used in this manuscript

Category Full title Abbreviation
Tree ring width TRW
Ring width index RWI
Characteristics of ring Basal area increment BAI
chronology
Standardized chronology STD
Standard deviation SD
Bottom of stem STB
Primary lateral branches at PLB
the bottom of the stem
Secondary lateral branches
of primary lateral branches SLB
at the bottom of the stem
Different parts of Populus Middle of stem STM
euphratica Primary lateral branches at PLM
the middle of the stem
Secondary lateral branches
of primary lateral branches SLM
at the middle of the stem
Top of stem STT
Primary lateral branches at PLT
the top of the stem
Soil Soil water content SWC
Drought index Palmer drought severity PDSI
index
Resistance Rt
Indicators of drought re- Recovery Re
sponse Resilience Rs
Relative resilience RRs
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