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Abstract

Understanding water use characteristics of revegetation species is crucial for
evaluating plant adaptability and guiding the sustainability of vegetation restoration in
semiarid regions. Ecological restoration projects have been implemented for decades
in degraded ecosystems, achieving significant changes in vegetation cover. However,
water use characteristics of the main tree species at different ages remain poorly
understood in such systems. We investigated water use characteristics of Robinia
pseudoacacia in plantations of different stand-age (18 and 30 years). The species is
the most widely planted tree in revegetation efforts on the Loess Plateau. The §*H and
5180 of xylem and soil water within 500 cm of the soil surface and the §'*C values of
plant leaves were measured during two consecutive hydrological years. The results
showed that that water uptake proportions from across the soil columns changed in
18-yr R. pseudoacacia between a drier (2016) and wetter year (2017). In contrast,
shallow soil water was largely comparable in a stand of 30-yr R. pseudoacacia in
2016 and 2017, and similarly the pattern of water uptake by roots from the middle and
deep soil column was comparable. However, leaf-level water use efficiency (WUE;)
of trees in the older plantation was higher during the wetter year, thereby partly
alleviating a low infiltration to precipitation ratio. These findings suggest that
different stand-age plantation trees have distinct water use characteristics and display
different responses to variations in precipitation. Older plantation trees respond to
increased water availability by increasing WUE; instead of switching water sources.

This means that stand-age is an essential factor to be considered in ecological
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restoration management, which can enhance the effectiveness of vegetation
restoration strategies. The study indicates useful input from research to management

throughout the continuity of restoration effort.

Keywords: O, H, C stable isotopes; plant water uptake; water use efficiency; stand

age; ecological restoration; Loess Plateau;

1. Introduction

Drylands are subjected to different forms of land degradation and future climate
change will accelerate the expansion of drylands (Huang et al., 2017). Land
degradation leads to the loss of biological or economic productivity and directly
affected the development of 250 million people. Ecological restoration represents the
main strategy for intervention to recover ecosystem services in degraded drylands
(Atkinson and Bonser, 2020). Healthy ecosystems are critical to promoting food and
water security, biodiversity conservation, poverty eradication, and achieving the
sustainable development goals (Blicharska et al., 2019). Water is the most important
limiting factor that affects plant survival, growth, and the sustainability of
revegetation in semiarid ecosystems (Austin et al., 2004; Wang et al., 2012).
Moreover, both climate models and long-term observations show the increasing air
temperatures and decreasing precipitation in most arid and semiarid regions (Huang et
al., 2017; IPCC, 2019). As current climate change is likely increasing the frequency of

severe soil droughts, detailed scrutiny of the water use characteristics of plants
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becomes especially important regarding the species selected for revegetation
programs (Harrison et al., 2020; Grossiord et al., 2017).

Numerous physiological and physical characteristics influence water use
characteristics of plants in different ecosystems (Volkmann et al., 2016), such as soil
water availability (Gow et al., 2020), the distribution and functioning of fine roots
(Wang et al., 2017b), and water demands of trees (Song et al., 2018). Specifically,
plants adjust water sources depending on soil water availability (Lanning et al., 2020).
Some plants shift to derive water sources from deep soil layers or groundwater when
shallow soil water is unavailable in the dry season (Wang et al., 2019a). The
distribution of fine roots affects the ability of plants to obtain water resources.
Deep-rooted species can obtain more steady water sources (e.g., deep soil water,
groundwater) than shallow-rooted species (McCole and Stern, 2007). Trees may
survive prolonged droughts by shift water uptake among existing roots rather than
growing new roots (Mackay et al., 2020). Fine roots are the first to be sacrificed under
extreme soil drought, thus reducing specific root length (Brunner et al. 2015). In
addition, plants at different growth stages have various water use characteristics due
to different water demands (Huo et al., 2018; Liu et al., 2015), which are associated
with factors such as biomass, leaf area index, and transpiration. One strategy is to
switch water sources depending on different life stages. For example, mature plants
may have deep roots and derive water from deeper sources than young plants, thereby
avoiding or minimizing the effects of drought during the dry season (Huo et al., 2018;

Kerhoulas et al., 2013). Another strategy is to avoid the effect of drought by leaf
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shedding and remaining dormant during the dry season (Ellsworth and Sternberg,
2015). Therefore, understanding plant water use characteristics is critical to improve
the knowledge of ecological adaptability and soil-water-plant interactions in arid and
semiarid ecosystems.

Plant water use patterns and water use efficiency (WUE;) are the two crucial
issues that reflect plant water use characteristics. Stable hydrogen and oxygen isotope
technique is a powerful and effective approach for identifying the water uptake
patterns of plants in semiarid ecosystems (Ding et al., 2020; Wang et al., 2020a). Plant
leaf §'°C is widely used to indicate leaf-level WUE; (Farquhar et al., 1989; Saugier et
al., 2012). Previous studies investigated water use characteristics of plants at different
stand-age in various semiarid ecosystems using the stable isotope technique (Zhou et
al., 2017; Song et al., 2018). For example, Zhou et al. (2017) found that young shrubs
(Haloxylon ammodendron) obtained water sources mainly from shallow soil, and
older shrubs obtained water mainly from permanent groundwater in a desert-oasis
ecotone. Song et al. (2018) explored seasonal variations in water sources used by
Mongolian pine trees of different ages, and found that different-aged trees obtained
soil water from the same depth. However, most of these studies focused on plant
water use patterns, and insufficient attention had been paid to WUE;. There is limited
understanding of water use patterns and how WUE; varies synergistically with
stand-age. In addition, little is known about the response of plant water use
characteristics to the variation of precipitation considering the future climate change

in semiarid regions.
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The Loess Plateau is the largest and deepest loess deposit in the world with an
area of 640,000 km?. The widespread ecosystem degradation and desertification
occurred due to the Millenia of land use and more recent population pressure. Massive
eco-restoration efforts were undertaken to decelerate the ecosystem degradation (Fu et
al., 2017). Large vegetation changes have occurred on the Loess Plateau in recent
decades since the ‘Grain for Green Project’ was implemented in 1999 (Fu et al., 2017).
Soil water resources are the only water source for plants, and water availability affects
the sustainability of revegetation on the semiarid Loess Plateau (Wang et al., 2017a;
Yu et al., 2020). The SWC of deep soil layers gradually decreased due to the depletion
by the trees with an increase in stand-ages. Soil desiccation formed in the deep layers
due to the utilization by revegetation species (Wang et al., 2011). Long-term soil
water deficit by revegetation species and soil desiccation led to the decline in the rate
of plant growth and forest degradation, causing dieback or mortality of the planted
trees. Robinia pseudoacacia, a main non-native planted tree species, is the most
widely planted for revegetation on the Loess Plateau (Zhang et al., 2015). Previous
studies explored seasonal variation in transpiration (Jiao et al., 2019) and the response
of soil water to rainfall events in R. pseudoacacia plantations (Chen et al., 2020).
However, these studies were limited to a specific stand age. Only few studies explored
the water uptake patterns of R. pseudoacacia (Zhao et al., 2020; Wang et al., 2020a),
and water use characteristics of R. pseudoacacia at different stand ages remain poorly
understood.

To fill the above knowledge gaps, this study investigated water use
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characteristics of R. pseudoacacia at different stand ages using stable isotope
techniques (8°H, 8'®0 and §'3C) with monthly sampling during two consecutive
growing seasons on the semiarid Loess Plateau. The specific objectives of this study
were to (i) investigate water use characteristics of R. pseudoacacia at different
stand-ages and (ii) identify the sensitivity to the variation of precipitation in water use
characteristics of R. pseudoacacia at different stand ages. The two hypotheses were
that trees of young and mature plantations differed in (1) their water use

characteristics, and (2) their sensitivities to changes in precipitation.

2. Materials and methods
2.1 Study area and experimental sites

The Yangjuangou catchment is located in the central region of the Chinese Loss
Plateau (36°42'45" N, 109°31'45" E). This catchment is a typical loess hilly gully
region with an area of 2.02 km?. The soil is primary loessial soil derived from loess.
The soil depth is 50-200 m depending on topography. The bulk density of the surface
soil was 1.04-1.30 g cm™. This area has a semiarid continental climate, with a mean
air temperature of 10 °C and a mean precipitation of 539 mm (1960 —2017). Rainfall
has large interannual variability, and most of the precipitation is concentrated from
May to September. The original natural vegetation in the catchment was destroyed
due to the long-term disturbance caused by human activities. The current vegetation
of the catchment derives of near-to nature restoration including trees and shrubs, and

natural recovery of grass growth.
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The forest species in this catchment is dominated by R. pseudoacacia, which was
planted in the later 1980s and 1999. R. pseudoacacia is a deciduous broad-leaved,
nitrogen-fixing tree species, and widely planted in the semi-arid Loess Plateau. Three
sample plots (10 m x 10 m) dominated by R. pseudoacacia were selected in each of
two plantations of different stand age (18- and 30-yr). These plantations had a
southeast aspect, middle-slope position, and similar slope gradients (~22°). The
different stand-age plantation had similar plantation densities (~1300 tree ha™!). The
average heights of the 18- and 30-yr R. pseudoacacia plantations were 8.94 m and
9.28 m, respectively. The mean diameter at breast height (DBH) of 18- and 30-yr R.
pseudoacacia plantations was 11.43 cm and 12.36 cm, respectively. The understory
vegetation was mainly composed of Artemisia sacrorum and Periploca sepium.

2.2 Sample collection and isotope analysis

Samples of soil and plants were collected monthly from May to September
during two consecutive growing seasons in 2016 and 2017. Three individual plants
were randomly selected for sampling in the different stand-age R. pseudoacacia
plantations on each sampling date. Three leaf and plant xylem samples from every
selected plant were collected in each stand-age tree per month. The fully sun-exposed,
mature and healthy leaves in the upper canopy from each selected plant were
collected in different directions on each sampling date. The leaves were mixed and
packed into craft paper bags and brought them back to the laboratory for measuring
the plant leaves 8'3C. Plant xylem samples were obtained by cutting suberized twigs

from different canopy directions at the same height. Then, the outer bark and phloem
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tissue were removed from these twigs, and immediately placed into glass vials, sealed
with parafilm, and kept frozen (-20 °C). We collected a total of 60 xylem samples and
60 plant leaf samples during the study period.

In each stand-age plantation, three soil cores to a 500 cm depth were sampled
using a power auger at the same time as plant sampling for each stand-age plantation.
Soil samples from these cores were collected at 15 different depths: 0-10, 10-20, 20—
40, 40-60, 60-80, 80-100, 100-120, 120-150, 150-200, 200-250, 250-300, 300-350
350-400, 400-450 and 450-500 cm. We collected a total of 900 soil samples during
the study period. The gravimetric soil water content (SWC, %) was determined by
drying soil samples for 24 h at 105 °C. Moreover, we collected 85 rainwater samples
with a polyethylene bottle and funnel in 2016 and 2017. The soil and rainwater
samples were stored frozen (—20 °C) before isotopic analysis.

The xylem water and soil water were extracted by a cryogenic vacuum
distillation method described by Wang et al. (2019a). The §°H and §'%0 in soil water
and rainwater were measured using isotopic ratio infrared spectroscopy (IRIS)
(DLT-100, Los Gatos Research, Mountain View, USA) with an analytical accuracy of
+ 1.2%o for 8*H and + 0.3%o for §'%0. No contamination of organic matter was found
in soil water after quantifying applying the spectral contamination identifier
post-processing software. The §*H and §'30 in xylem water and the §'3C in the plant
leaves were analysed using an isotope ratio mass spectrometer (IRMS) (MAT253,
Thermo Fisher Scientific, Bremen, Germany). The '30/!°0 ratios in the xylem water

samples were measured using an automated equilibration unit (Gasbench II; Thermo

9
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Fisher Scientific, Bremen, Germany) coupled to a MAT-253 mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany). The xylem water samples were
reduced to H> gas using a fully automated chromium reduction system at 800 °C
(H/Device, Thermo Fisher Scientific) and the *H/H ratios of this gas were then
measured with a MAT-253 mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany). The isotopic analyses of carbon in the plant leaf were conducted with a
MAT-253 mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) coupled
to an automatic, online elemental analyzer (Flash EA1112, Thermo Electron, Milan,
Italy). The precision of the xylem water isotope using IRMS was & 1% for §*H and +
0.2%o for 8'%0, and + 0.15%o for §'3C. The isotopic ratios in the water samples were
calculated as:

0 X = Rsample I Rstandara -1 (D
where X represents 2H, %0, or *C. Rsumpie and Rsandara are the 2H/'H, *0/'°O or
13C/12C ratios in the sample and standard, respectively. The standard material for 2H
and !0 is Vienna Standard Mean Ocean Water. Vienna Pee Dee Belemnite is the
standard material for 1*C.

2.3 Data analysis

Soil water from different layers is considered to be the main water source for
plant species on the Chinese Loess Plateau because the plants have difficulty reaching
the groundwater (deeper than 60 m), and there was no irrigation during the study
period (Wang et al., 2017b). The depth of water uptake by the plants was estimated

using the graphical inference method. The relative proportional contributions of
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different soil water sources to the xylem water were determined by the Bayesian
isotope mixing model MixSIAR (version 3.1.7) (Stock and Semmens, 2013). The
model used the raw isotopic values of xylem water of each plant as the 'mixture data'.
The means and standard deviations of the isotopic values of different soil layers were
used as the 'source data'. The potential fractionation was set to 0. More details about
the model settings can be found in a previous study (Wang et al., 2017b). For
subsequent analysis and comparison, the potential plant water sources were identified
as soil water from shallow (0—80 cm), middle (80—200 cm) and deep (200-500 cm)
soil depths according to the variability in SWC and the isotopic values of the soil
water.

We used mixed linear, random intercept models to test the differences in the
isotopic values of xylem water, soil water, and plant leaf, SWC between different
stand ages and sampling times. Soil depth and sampling times were set as fixed
effects and plot was a random effect. Differences in the §'°C values of the plant leaves
and water source partitioning between different stand ages were analysed using
analysis of variance (ANOVA). Post hoc comparisons were based on Tukey’s HSD.
The critical value of p<<0.05 was applied to determine statistical significance. All

statistical analyses were performed in R software (v.3.4.4, R Core Team, 2018).

3. Results
3.1 Meteorological factors and isotopic composition of precipitation

The total precipitation in 2016 and 2017 was 473.6 and 689.7 mm, respectively.
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Most of the precipitation was concentrated in the growing season (Fig. 1). The total
precipitation in 2016 was 12.14% lower than the multiyear mean (1961-2017)
precipitation (539.9 mm) and the growing season precipitation amount was 432.6 mm.
However, the total precipitation in 2017 was 27.83% higher than the average annual
precipitation and 69.71% of the precipitation (480.8 mm) occurred during the growing
season. The growing season precipitation in 2017 was 11.14% higher than that in
2016. The ratio of precipitation to potential evapotranspiration in the growing season
was 0.46 in 2016 and 0.77 in 2017. The mean temperature in 2016 and 2017 was 10.7
and 10.1 °C, respectively. These values are higher than that of average annual
temperature (10 °C). The monthly mean temperature during the growing season was
19.6 °Cin 2016 and 19.2 °C in 2017.

The isotopic compositions of the precipitation showed a large fluctuation during
the study period (Fig. 1). The mean §'80 of the precipitation in 2016 was —5.40%o,
ranging from —1.37 to —12.03%o, and the mean &°H of the precipitation in 2016 was
—36.92%0, ranging from —13.06 to —90.25%o. The §'0 value of the precipitation in
2017 ranged from —13.36 to 0.44 %o with an average of —7.31%o, and the average 5°H
was —47.03%o, ranging from —98.19 to 5.51%c. The degree of isotopic variation in
precipitation was higher in 2016 than that in 2017. The average isotopic value of the

precipitation in 2017 was more depleted than that in 2016.
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Fig. 1. Variations in precipitation, mean air temperature, and isotopic values (8°H, 8'30) in
precipitation at a daily timescale from 2016 to 2017.

The local meteoric water line (LMWL) was fitted based on the isotopic values of
the precipitation. The soil water evaporation line (SWL), which was fitted based on
the isotopic values of the soil water, had a lower slope value than that of the LMWL
during the study period (Fig. 2). All the SWLs during the study periods are plotted to
the right of the LMWL. Moreover, the slope of the SWL in the studied R.
pseudoacacia plantations had higher values in 2016 than that in 2017. The §'%0 and
82H values of 18- and 30-yr R. pseudoacacia were within the range of the soil water

isotopic values (Fig. 2).
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Fig. 2. The relationships of isotopic values of soil water and xylem water from 18- and 30-yr R.
pseudoacacia in 2016 and 2017. LMWL is the local meteoric water line (2016: y = 7.76x + 5.14,
R? =091, p < 0.01; 2017: y = 7.41x + 7.14, R* = 091, p < 0.01). SWL is the soil water
evaporation line based on isotopic values of soil water.
3.2 Isotopic compositions of soil water and xylem water

In 2016, the mean §*H and §'30 values of soil water in 18-yr R. pseudoacacia
plantations were —67.66%0 and —8.90%o, respectively, compared with corresponding
values of —68.27%¢ and —8.92%¢ in 30-yr R. pseudoacacia plantations. The mean
isotopic values of soil water in 18-yr (—8.48%o for §'%0, —64.72%0 for 6*H) and 30-yr
R. pseudoacacia plantations (=8.64%o for 580, —65.42%¢ for §*H) were higher in

2017 than that in 2016. The isotopic composition of water in the middle soil layers
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was more negative than that in the shallow and deep soil layers during the study
period (Table 1). Soil water isotopes in different stand-age R. pseudoacacia
plantations showed significant differences (p < 0.01) with depth and season, but there
was no significant difference in the soil water isotopes between the two stand ages in
2016. In 2017, the soil water isotopes in 18-yr R. pseudoacacia plantations changed
significantly (p < 0.05) with depth and season. However, there was no significant
difference (p= 0.30 for 6*°H, p= 0.26 for §'30) in soil water isotopes among different
seasons, and there was a statistically significant difference (p < 0.001) among
different depths in the 30-yr R. pseudoacacia plantations. Only the water isotopes in
the middle soil layers differed significantly (p < 0.05) between the different-aged R.

pseudoacacia plantations.
Table 1 Variation characteristics of 8'%0 and ’H in xylem and soil water during the study period.

Data are shown as the mean + 1SD.

2016 2017
18-yr 30-yr 18-yr 30-yr

Xylem water 530 —8.30 + 1.43 -7.00+1.89  -7.03+1.15  -537+2.30
0-80 cm soil water 8'30 ~7.67+1.11 —8.04+123 —693+122  —6.98+0.93
80-200 cm soil water 3'80  -1035+0.26  -10.06+0.74 -9.79+045 —10.15+0.32
200-500 cm soil water  _896 +0.29 -891+£036 -890+026  -9.02+0.13
X;lem water 8°H —67.84+7.04 —-61.02+1038 —60.65+5.75 -50.96+12.72
0-80 cm soil water 82°H 5873816 —61.16+9.81 -5447+7.76 —5526%5.25
80-200 cm soil water 8H ~ -77.48 £2.09 7699 £4.51 7273224 7393 +2.72
200-500 cm soil water 8H  —68.56 +1.67  —6839+251 -6791+1.02 -68.22+0.78

The isotopic composition of xylem water changed with seasons and stand-ages.

The isotopic values of xylem water in 18-yr R. pseudoacacia were lower than those of

30-yr R. pseudoacacia during the study period (Fig. 3). The §°H of xylem water in
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18-yr R. pseudoacacia ranged from —77.90 to —60.92%0 (mean = 1SD, —67.84 +
7.04 %o), the §'80 ranged from —9.97 to —6.42%o with an average of —8.30%o, and the
mean isotopic values of xylem water in 30-yr R. pseudoacacia were —61.02%o for 6*H
and —7.00%o for 8'®0 during the growing season in 2016. The respective average
isotopic compositions of 18- and 30-yr trees were —60.65 and —50.96%o. for *H, and

—7.03 and —5.37%o for 8'30 during the growing season in 2017 (Table 1). There were

significant differences (p < 0.05) in the xylem water isotopes between 18- and 30-yr
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Fig. 3. Seasonal variation in isotopic compositions of xylem water in 18- and 30-yr R.

pseudoacacia in 2016 and 2017. Different lowercase letters represent significant differences
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among sampling months at the p < 0.05 level. The error bar is the standard deviation.
3.3 Variations in SWC and water uptake patterns

The SWC in different stand-age R. pseudoacacia showed clear vertical
and seasonal variations during the study period (Fig. 4). The SWC in the shallow
soil layers (0—80 cm) had a higher degree of variation than the SWC in the 200-
500 cm soil layers. The SWC in the shallow soil layers showed higher variations with
season due to the influence of precipitation and evaporation. However, the SWC in
the 200-500 cm soil layer showed a lower degree of variation with sampling month
(Fig. 4). In the growing season of 2016, both the shallow and deep SWC differed
significantly (» < 0.01) between the 18- and 30-yr R. pseudoacacia
plantations. However, a significant difference was not observed for the SWC in
the middle soil layers. In the growing season of 2017, there were significant
differences in the shallow (p < 0.01), middle (p < 0.01) and deep SWC (p < 0.01)
between 18- and 30-yr R. pseudoacacia plantations. In addition, the shallow,
middle and deep SWC in the 30-yr R. pseudoacacia plantations displayed no
significant changes between 2016 and 2017. However, the deep SWC of 18-yr R.
pseudoacacia plantations in 2017 was significant lower (p < 0.001) than that in 2016,
and this difference was not found in the shallow and middle SWC. Moreover, the
shallow and deep SWC of the 30-yr R. pseudoacacia plantations did not change
significantly among seasons, while the SWC in the middle soil layers exhibited
significant differences (p < 0.05) among seasons. The shallow and deep SWC of
the 18-yr R. pseudoacacia plantations changed significantly (p < 0.05) among

seasons, but not for middle SWC.
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Fig. 4. Seasonal variation in the soil water content (SWC, %) from 18- and 30-yr R. pseudoacacia

plantations in 2016 and 2017. The error bar represents the standard deviation.

In the growing seasons of 2016, the mean water uptake fractions of 18-yr R.

pseudoacacia were 35.66% for shallow soil layers, 25.10% for middle soil layers, and

39.24% for deep soil layers. The average proportional contributions of soil water from

shallow, middle, and deep layers water to xylem water of 30-yr R. pseudoacacia were

40.34%, 21.86%, and 37.80%, respectively. Similar patterns of plant water uptake

were observed in 2017 (Fig. 5). The mean fraction of shallow soil water used by

18-yr R. pseudoacacia in 2017 was 17.2% higher than that in 2016. However, the

water uptake fractions from shallow soil water for 30-yr R. pseudoacacia were

relatively stable between the growing seasons of 2016 and 2017 (Fig. 5). The

water uptake
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fractions of both 18- and 30-yr R. pseudoacacia showed no significant differences
among sampling dates in 2016 and 2017. Moreover, for both 18- and 30-yr R.
pseudoacacia, the proportional contributions of soil water from shallow, middle, and

deep layers to xylem water exhibited no significant differences during the study

period.
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Fig. 5. Seasonal variation in the proportional contributions of soil water from shallow (0-80 cm),
middle (80-200 cm) and deep (200-500 cm) layers to xylem water of 18- and 30-yr R.
pseudoacacia during the study period. The error bar represents the standard deviation.

3.4 Variation in 6"3C values of plant leaves

The leaf '°C values of the studied plants varied with sampling time (Fig. 6). In
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2016, the mean leaf §'3C values of 18- and 30-yr R. pseudoacacia were —26.25%0 and
—26.66%o, respectively. In 2017, the leaf §'3C values of 18-yr R. pseudoacacia ranged
from —27.14 to —25.31%o, with the average value of —26.36%0, and the mean leaf dC
values of 30-yr R. pseudoacacia was —25.76%o. The leaf 8'°C values of 30-yr R.
pseudoacacia was higher than that of 18-yr R. pseudoacacia except for May (Fig. 6).

There were significant differences (p < 0.05) in the leaf !°C values between 18- and

30-yr R. pseudoacacia during the growing season in 2017 but not 2016. In addition,
the leaf 8'°C values of 30-yr R. pseudoacacia in 2017 showed significantly (p < 0.001)
higher than those in 2016, but this difference was not found in 18-yr R. pseudoacacia.
Moreover, the leaf §'°C values of 30-yr R. pseudoacacia changed significantly with
sampling months (p < 0.001) in 2016 and 2017. The leaf §'°C values of 18-yr R.

pseudoacacia varied significantly with sampling months (p < 0.001) in 2017 but not

2016.
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Fig. 6. Seasonal variation in leaf §'*C values of 18- and 30-yr R. pseudoacacia during the study
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period. Different lowercase letters represent significant differences among sampling times at the p

< 0.05 level. The error bar represents the standard deviation.

4. Discussion
4.1 Differences in water uptake patterns of R. pseudoacacia at different stand-age
The different stand-age R. pseudoacacia plantation showed different water use
patterns during the study period. The isotopic compositions of xylem water in 30-yr R.
pseudoacacia approached that of shallow soil water (Fig. 2), suggesting that it was
mainly derived from shallow soil water during the growing season. The MixSIAR
model also predicted that 30-yr R. pseudoacacia absorbed 40.34% and 40.88% from
shallow soil water in 2016 and 2017, respectively. These values were higher than
those for soil water from the middle and deep layers (Fig. 5). Plant water uptake
patterns were associated with the vertical distribution of fine roots (Wang et al.,
2017b). Previous study showed that the mature tree had a high fine-root area density
in the shallow soil layers (Zhang et al., 2018), causing the higher fractions of shallow
soil water was absorbed by 30-yr R. pseudoacacia. However, 18-yr R. pseudoacacia
derived the highest proportion (39.24%) of water from deep soil layers in 2016 and
41.78% from shallow soil layers in 2017. Our results showed that the proportional
contributions of soil water from shallow, middle, and deep layers to xylem water did
not display significant differences between the two stand-ages. However, Huo et al.
(2018) found that jujube trees of different ages differed significantly with respect to

water uptake: older jujube trees were more dependent on deep soil water than young
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trees in semiarid plantations in China. Previous research reported that the water
demand of R. pseudoacacia increases with growth and the water uptake depth shifts
from shallow to deeper soil layers. Further, when deep soil water consumption
reaches a certain level, the water absorption depth returns to the upper layer (Nan et
al., 2019).

In this study, the 30-yr R. pseudoacacia used more water from shallow soil layer
than 18-yr R. pseudoacacia in 2016, but this capacity may have been offset by
increased rainfall. The growing season precipitation in 2017 was 11.14% higher than
that in 2016, and 18-yr R. pseudoacacia used more shallow soil water than 30-yr R.
pseudoacacia. Moreover, with an increase in rainfall, the utilization fraction of
shallow soil water by 18-yr R. pseudoacacia in 2017 was 17.2% higher more than that
in 2016. However, the proportional contributions of shallow soil water for 30-yr R.
pseudoacacia were relatively stable during the two years (40.34%, 40.88% for 2016
and 2017, respectively).

These results indicated that water uptake patterns of 18-yr R. pseudoacacia were
sensitive to the variation of precipitation. This was consistent with our hypothesis (2)
that different stand-age R. pseudoacacia showed various sensitivity to changes in
precipitation in water uptake patterns. Our findings were similar to those of previous
studies (Rose et al., 2003; Schwinning et al., 2005). McCole and Stern (2007) found
that trees mainly derive water from shallow soil layers when surface soil water is
highly available. However, our results disagreed with those of a previous study (Huo

et al., 2018) in which the proportional contributions of shallow soil water to jujube
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trees of different ages did not increase with the rainfall. Goldsmith et al. (2012)
reported that different ages of plant species derived water from the same soil layer in a
seasonally dry tropical montane cloud forest. There were several possible
explanations for this different pattern from the findings reported in previous studies
(Goldsmith et al., 2012; Huo et al., 2018; Song et al., 2018). First, the sensitivity to
the variation of precipitation in plant water uptake patterns exhibited species-specific.
Different plant species had divergent eco-physiological characteristics related to water
uptake, such as the distribution and functioning of fine roots (Wang et al., 2017b),
recovery ability of photosynthesis after drought stress (Zunzunegui et al., 2018), more
rapid leaf turnover, and greater allocation to roots. Moreover, the habitat
environments where plants are located may also cause this difference pattern. Habitat
environment reflects the differences in water and heat conditions and soil properties,
such as sandy land of Inner Mongolia (Song et al., 2018), seasonally dry tropical
montane (Goldsmith et al., 2012). In addition, the methods associated with stable
isotopes for determining plant water source partitioning also cause this different
pattern. For example, SIAR model were used in Huo et al (2018), IsoSource model
was applied in Song et al (2018), and MixSIAR model was used in this study. The
performances of different isotopic approaches to quantify plant water uptake have
been confirmed (Rothfuss and Javaux, 2017; Wang et al., 2019b).

The water uptake fractions of 30-yr R. pseudoacacia from shallow, middle, and
deep soil layers were comparable during the study periods (Fig. 5), indicating
the 30-yr R. pseudoacacia did not show plasticity in water uptake pattern. There are

some
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possible explanations for this interesting phenomenon. Normally, plants’ roots obtain
resources from shallow soil layers (when available) because the energy costs are
lower, and both water and nutrient availability are generally high in the upper layers
(Schenk, 2008). Although the growing season precipitation in 2017 was 11.14%
higher than that in 2016, the shallow SWC in 30-yr R. pseudoacacia plantations
hardly changed (p>0.05), increasing by only 2% compared to 2016. The most of the
precipitation were short-duration heavy rainfall during the growing seasons (Fig. 1).
The infiltration excess overland flow was the dominant runoff generation process in
this region (Kang et al., 2001). The combined precipitation from three heavy rainfall
events accounted for 46.05% of the total rainfall during the growing season of 2017.
During these short-duration heavy rainfall events, most of the rainfall was quickly lost
in the form of runoff. Thus, despite the increase in rainfall during the growing seasons,
there was no significant increase (p>0.05) in shallow SWC in 30-yr R. pseudoacacia
plantations (Fig. 4). Therefore, R. pseudoacacia did not absorbed more shallow soil
moisture and kept relatively stable in water uptake patterns. In addition, the difference
in water uptake patterns of different stand-age of R. pseudoacacia may be associated
with the distribution and functioning of fine roots which played an essential role in
water, nutrient absorption of the plants. Previous study showed that root system of
younger trees had higher sensitivity to water (Wang et al., 2020b). The fine roots
distribution of different stand-ages trees needs further investigation to provide more
insights to the variation of water uptake patterns under different precipitation.

Furthermore, a time lag effect may be existed between the variation of plant water
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sources following precipitation increases and the identification of its consequences.
Previous studies detected a time lag between water shortage and plants’ responses
(Vicente-Serrano et al., 2013; Huo et al., 2018). While it was not possible to collect
data with sufficient time resolution to investigate this time lag effect in the current
study, future studies are desirable focusing on better spatial and temporal resolutions
of stable isotopes in water and plants.
4.2 Differences in plant leaf 6'3C values of different stand-age of R. pseudoacacia
The leaf '°C values of 30-yr R. pseudoacacia were significant (p < 0.05) higher
than that of 18-yr R. pseudoacacia in 2017. This indicated that there was a higher
leaf-level WUE; in 30-yr R. pseudoacacia plantation than the 18-yr R. pseudoacacia
plantation during the study period of 2017 since the 8'°C value of plant leaves is
positively correlated with the leaf-level WUE; (Farquhar et al., 1989). The leaf §'°C
values of 30-yr R. pseudoacacia displayed a significant change with the sampling
time (p < 0.01) (Fig. 6), suggesting that the leaf-level WUE; varied with the growing
season. Some meteorological factors, such as temperature, light, precipitation, and
atmospheric CO., can influence the leaf §'°C values of plants by affecting stomatal
conductance (gs) during photosynthesis (Farquhar et al., 1989). In our study, the
different stand-age R. pseudoacacia plantations were located close to each other, and
the variation in atmospheric temperature, precipitation, and light was small in these
plantations. In addition, the studied plantations had closed canopies, and the gradient
in the atmospheric CO; concentrations under the canopy did not vary significantly and

could be ignored. Therefore, temperature, light, precipitation, and atmospheric CO-
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concentrations had little effect on the difference in carbon isotope compositions
between 18- and 30-yr R. pseudoacacia. Stand-age was an essential factor which
impacts plant photosynthesis. R. pseudoacacia plantations reached their mature stage
around 30 years (Kou et al., 2016) and 18-year R. pseudoacacia plantations was
vigorous growth period on the Loess Plateau. Previous studies showed that juvenile R.
pseudoacacia plantations had higher average daily stomatal conductance and ratio of
intercellular (C;) to ambient (C,) COz, carboxylation efficiency compared to mature
plantations (Zheng et al., 2011), indicating different stand-age R. pseudoacacia
plantation had divergent physiological characteristics. Therefore, stand-age
plantations may lead to the difference in the leaf-level WUE; of R. pseudoacacia. Our
results were consistent with previous studies (Zhang and Jin, 2016; Zheng et al., 2011)
which found WUE was higher in the mature forests compared with that in the juvenile
plantations in the Loess Plateau. Moreover, the competition for above-ground
resources may also cause the difference in leaf-level WUE; of R. pseudoacacia.
Nitrogen, phosphorus, and water in soil were essential factor for plant growth and
survival. Nitrogen as a belowground resource did not impact on the growth
partitioning of R. pseudoacacia due to its ability to fix atmospheric nitrogen.
Phosphorus and water as below-ground resources were the key factors affecting
growth partitioning and competition of R. pseudoacacia (Carl et al., 2018). In our
study, the shallow SWC of 30-yr R. pseudoacacia plantations was higher significantly
(p < 0.01) than those in 18-yr R. pseudoacacia both in 2016 and 2017. Previous

studied showed mature R. pseudoacacia plantations had higher phosphorus compared
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to juvenile plantations (Kou et al., 2016). Higher phosphorus and water led to increase
the competition for above-ground resources, mainly sunlight (Carl et al., 2018), which
may cause the difference in leaf-level WUE; of different stand-age R. pseudoacacia.
The leaf §'3C values of 18-yr R. pseudoacacia showed no significant difference
between 2016 and 2017, implying that the leaf-level WUE; remained relatively stable.
However, the leaf §'3C values of 30-yr R. pseudoacacia in 2017 were significantly
higher than those in 2016 (p < 0.001), indicating that leaf-level WUE; of 30-yr
planation would appear higher in a wet year than in a dry year. This result was
consistent with a previous study in the same catchment (Wang et al., 2020a) and
indicated that R. pseudoacacia displayed opportunistic water uptake strategy.
However, some previous studies showed that leaf §'3C values had a significant
negative correlation with precipitation or soil water availability in arid and semi-arid
regions (Ale et al.,, 2018; Zheng et al., 2007). Some reasons may explain this
phenomenon that old plantation had higher leaf-level WUE; in a wetter year. WUE; is
defined as the ratio of photosynthetic rate over gs, and photosynthetic rate can be
expressed as (gs/ 1.6) * (C, - Ci) (Farquhar et al., 1989). The maximal carboxylation
rate (Vemax), @ measure of photosynthetic capacity, is usually well correlated with
nutrient availability (i.e., nitrogen and phosphorus) (Maroco et al.,2002; Prior et al.,
2003). Previous studies reported that a wetter condition can promote phosphorus
availability for plants in the semi-arid Loess Plateau (Wu et al., 2019; Xu et al., 2020),
thus increasing Vemax. The increase of Vemax would lead to a further drawdown of C;

and result in an increase in C, - C;. The proportional increase in photosynthetic rate
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might outweigh that in g, therefore ensuring an increase in WUE,;. However, we need
to further verify this physiological mechanism in the future research. In addition, the
mature tree had a high fine-root area density in the shallow soil layers (Zhang et al.,
2018), which accordingly dried more rapidly than the deeper soil, causing the increase
of leaf-level WUE; of mature trees. Furthermore, soil water content significantly
affects stomatal conductance during the process of photosynthesis, which
subsequently influences the carbon isotope ratios of plants, especially in arid and
semiarid regions (Farquhar et al., 1989). Long-term vegetation restoration consumed a
large amount of soil water, and when the water was suddenly replenished, this may
have had a stimulating effect, leading to an increase in the leaf-level WUE; of plants.
However, the specific mechanism remains to be further explored.
4.3 Implications for afforestation

Water availability is an important factor for successful vegetation restoration in
arid and semiarid regions (Wang et al., 2012). Higher precipitation does not
necessarily result in larger water availability because runoff drains much of water
from the short-duration heavy rainfall due to the low infiltration in semiarid Loess
Plateau. Limited precipitation is the only water source for plant growth because the
groundwater level is deep (Jia et al., 2017) and most plant roots cannot reach the
groundwater of the semiarid Loess Plateau. Artificial forestation has caused excessive
consumption of soil water and has resulted in dry soil layers due to inappropriate
species use and planting density (Wang et al., 2011). Therefore, the sustainability of

revegetation must consider plant water uptake patterns. Our results showed that water
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uptake patterns of 18-yr R. pseudoacacia were more sensitive to changes in
precipitation than those of 30-yr R. pseudoacacia, and their leat-level WUE,; differed
significantly during the study period (Fig. 6). The different stand-age plantation
trees exhibited the specific effect of water use characteristics response to
different precipitation. In the same catchment, Jiao et al. (2016) found stand
transpiration of different stand-age black locust trees was significantly different. A
previous study also showed that the depths of soil water consumed by R.
pseudoacacia gradually increased (100-500 cm) with increasing forest stand age
(Nan et al., 2019). In our study, the deep SWC of 18- and 30-yr R.
pseudoacacia plantations showed a significant difference (p < 0.01).
Therefore, in future afforestation activities, stand-age is an essential factor to
be considered to implement the corresponding management measures, which
can strengthen the effectiveness of vegetation restoration strategies. In
forestland dominated by R. pseudoacacia, with the increase in the restoration stage,
this species consumed high amounts of deep soil water. Even in the year with high
rainfall, the water source used by 30-yr R. pseudoacacia did not change significantly
(Fig. 4), implying that R. pseudoacacia may reach the critical point of growth
decline in 30 years. Moreover, the 30-yr R. pseudoacacia displayed dieback and
some branches had no leaves or withered during the field investigation. In the
Fuxian district of the Loess Plateau, Jia et al. (2017) found that the height of R.
pseudoacacia increased over time before age 20 years, and the rate of plant
growth showed a downward trend during the following 20 years, the branches
appeared to be increasingly death. Nan et al. (2019) also found that the heights of 20-

yr and 40-yr R.
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pseudoacacia were only 600 cm and 900 cm, respectively and the DBH was
approximately 35 cm and 58 cm, respectively. In our study, the average heights of 18-
and 30-yr R. pseudoacacia were 894 cm and 928 cm, respectively, and the
corresponding DBH was 11.34 cm and 12.36 cm. Therefore, it is necessary to carry
out appropriate management measures for forestland after a certain restoration stage.
Some water retention measures can be implemented, for example water-fertilizer pits
(60 cm x 60 cm x 40 cm) were dug along the contour lines, with the direction parallel
to the slope on the steep forestland. Water-fertilizer pits can intercept runoff and
deliver rainwater to deep soil layers. In addition, appropriate logging is required in
high-density areas to maintain the balance of the water source supply and the needs of
plant growth (Jia et al., 2017). Some restoration methods, such as natural grassland
and abandoned farmland, has little effect on soil water regardless of afforestation age
(Zhang et al., 2016). The choice of shallow-rooted herbs and natural restoration may
be the optimal choices for vegetation restoration on the Loess Plateau. Many R.
pseudoacacia plantations may exacerbate soil water deficits, which is not conducive
to the sustainability of vegetation restoration. When the mean annual precipitation
was below 520 mm, the soil water in the 100-300 cm layers was equivalent to or
below the permanent wilting point (Wang et al., 2017a), therefore, R. pseudoacacia

should be planted where the mean annual precipitation exceeds 520 mm.

5. Conclusions

This study provides insight into seasonal water use characteristics of
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different-aged R. pseudoacacia plantations (18- and 30-yr) on the Loess Plateau using
stable isotope techniques (8°H, §'%0 and §'°C) combined with the MixSIAR model.
The results showed that although the growing season precipitation in 2017 increased
by 11.14% compared to 2016, the proportional contributions of shallow soil water to
xylem water in 30-yr R. pseudoacacia were comparable between the two years
(40.34%, 40.88% for 2016 and 2017, respectively), but the water uptake fraction of
shallow soil water by 18-yr R. pseudoacacia in 2017 was 17.2% higher than that in
2016, tracking the precipitation increase with the shallow soil moisture increased by
7.60%. These results indicated that the water uptake patterns of 18-yr R.
pseudoacacia were sensitive to the variation of precipitation. The leaf §'C values of
18-yr R. pseudoacacia showed no significant difference between 2016 and 2017.
However, the leaf §'3C values of 30-yr R. pseudoacacia in 2017 were significantly
higher (p < 0.001) than those in 2016, suggesting that increased precipitation could
stimulate leaf-level WUE;, and older plantations respond to increased water
availability by increasing WUE; instead of switching water sources. SWC was the
main factor that caused the differences in the §'>C values of plant leaves between
different-aged R. pseudoacacia. Overall, the plantation trees exhibited distinct age
specific water use characteristics in response to differences in precipitation and
resulting water content across soil layers. This study provides insight into revegetation
dynamics in semiarid ecosystems. The stand age of plant species should be considered
to implement the corresponding management measures to strengthen the effectiveness

of vegetation restoration strategies in afforestation activities.
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