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ABSTRACT

Complex naturally carved topography and large-scale artificial landforms significantly perturb hydrologic cycles
and cause heterogeneity of water availability. Afforested trees exhibit distinct growth and survival strategies on
distinct habitats on the Northern Loess Plateau in China. The objective of this study was to quantify tree tran-
spiration discrepancies of two tree species aged > 30 years on different soil and topography conditions, and to
explore the interactions with the atmosphere, hydrology, soil and topography, through long-term (up to seven
years) observations of sap flow, meteorological factors and soil water contents (SWC). Results showed that mean
whole-tree transpiration (T) of Salix matsudana and Populus simonii in the growing season were 46.7 and
175.2kgd ™", respectively, in a dam field, and were 5.6-fold and 4.2-fold the magnitude of that on a sloping
field, respectively. Daily T was positively correlated (P < 0.001) with meteorological factors (i.e., reference
evapotranspiration, ETo; solar radiation, R,; vapor- pressure deficit, VPD). Daytime ET, explained 37% of S.
matsudana variation in T on the sloping field, up to 77% of the variation on a dam field, and 80% of the variation
in T from P. simonii on both fields. The T of S. matsudana was significantly positively correlated with SWC from
topsoil to 200 cm depth, and the correlation increased (partial R up to 0.55 at 200 cm depth) as depth increased
on sloping field. However, no consistent correlations between T and shallow depth SWC existed on S. matsudana
and P. simonii on dam fields and P. simonii on sloping field. Annual rainfall soil-water recharge depth reached up
to 600 cm in wet years, but only 120 cm in dry years on sloping field with aeolian sandy soil, and was 200 cm
even in wet years in dam field with loessial soil. Trees on the dam field absorbed water mainly from shallow
groundwater. Tree fine roots gathered in the subsurface soil on the sloping field but not in the dam field in-
dicated a root distribution adaption to precipitation patterns and water-use strategy. Soil water deficit formed in
the 0-600 cm soil layer on the S. matsudana sloping field in normal and dry years, and soil water was replenished
during wet years. Neither species is suitable for extensive revegetation implementation in this area due to their
negative impacts on water resource sustainability.

1. Introduction

Water availability is a critical and restricting ecological factor in
arid and semi-arid ecosystems (Chang et al., 2006). The Loess Plateau,
situated in the northwest of China, is a unique critical zone with ex-
tensive and deep loess deposits (~ 640,000 km? in area, up to > 250 m
in depth) featured as the most highly erodible soils on Earth (Jin et al.,
2018). These soils are in an arid and semi-arid and continental monsoon
climate (Jin et al., 2018). Soils in the area are characterized by severely
eroded dense gullies and hills, fragmented landscapes, sparse

vegetation and fragile ecosystems. Thus, starting in the 1950s, various
government strategies such as revegetation, afforestation, construction
of check dams, terracing and other eco-engineering practices have been
implemented to remediate soil and water losses and restore ecological
balance (Chen et al., 2015). For example, the Grain for Green project
was launched in 1999 and is the largest active revegetation project in
China or elsewhere (Deng et al., 2014; Zhang et al., 2018b). Conse-
quently, following a large-scale land-use conversion of barren land or
cropland into grassland, shrub land or forest, vegetation cover on the
Loess Plateau has nearly doubled from 31.6% to 59.6% between 1999
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and 2013 (Chen et al., 2015). Both sediment discharge and runoff into
the Yellow River have declined dramatically. However, continued ex-
cessive runoff and discharge decline have caused concerns over river
safety and water supply in the lower reaches of the river (Chen et al.,
2015; Yang and Lu, 2018). The negative impact of excessive or in-
appropriate revegetation and afforestation efforts, and the resultant soil
drying has also been raised (Zhang et al., 2018b). The Loess Plateau is
now threatened by a warming and drying due to climate changes, with
more frequent climatic extremes likely to occur (Zhao et al., 2017).
Thus, comprehensive knowledge on hydrological traits of rehabilitated
vegetation and their interactions with the environment is essential to
assess their eco-hydrological effects and guide future revegetation ac-
tivities, and to work on a sustainability under changing climate.

Various studies have criticized the unbalanced revegetation-water
relations on the Loess Plateau at both regional scales (Wang et al.,
2018a, 2017; Zhang et al., 2018b) and from field observations (Jin
et al.,, 2018; Zhang et al., 2018a). The introduction of exotic species,
deep-rooted perennial vegetation and trees have been attributed to al-
most 80% of the current soil desiccation on the Loess Plateau (Chen
et al., 2015; Shangguan, 2007). Poplar, willow, black locust and other
tree species have been widely planted during afforestation, which
contributed to a rapid expansion of tree cover on the Loess Plateau to
12% by 2014 (Wang et al., 2017). These trees usually absorb relatively
more water from soil than grass and shrubs to satisfy their enormous
canopy transpiration demands, and trees may extract shallow ground-
water through deep root system; afforested trees likely worsen water-
deficit related issues in water-limited regions (Tian et al., 2017). For
instance, black locust, widely planted on the Loess Plateau, drew soil
water down close to wilting point in the 0 to > 500 cm soil layers
within < 5years of planting in areas where the mean annual pre-
cipitation was < 600 mm (Liang et al., 2018).

By 2012, about 113,500 check dams were built on the Loess Plateau,
creating 3200 km? of dam fields as small “alluvial plains” which have
formed from sedimentation in front of check dams (Xu et al., 2004).
Complex naturally carved topography (e.g., hills, slopes, gullies, pla-
teaus, etc.) and large-scale artificial landforms (e.g., check-dam sys-
tems, terracing, etc.) have largely perturbed local hydrologic cycles and
have caused uneven spatial distribution of water availability (Ambroise,
1995; Huang et al., 2013). Soil texture, closely related to soil water
retention, is also an important factor influencing soil water availability
(Dodd and Lauenroth, 1997; Hultine et al., 2006). Owing to previously
mentioned reasons, afforested trees across the Loess Plateau have been
found to differ in growth, survival status and morphology under distinct
soil and topography conditions, even with exactly the same species and
planting ages. “Stunted aged tree” depicts a common phenomenon on
upland hills and slopes on the Northern Loess Plateau, in which a tree
far less than its normal size struggles to survive under water scarcity
and soil degradation after a long planting period (Aerts, 2013; Chen
et al., 2008). However, the same tree species exhibited robust and even
excessive growth in a gully and check-dam system, running a risk of
consuming the limited water reservoirs (Peng et al., 2015).

So far, few studies have fully inspected the interactions between tree
hydrological traits and complex topography as well as soil properties on
afforestation. Majority of hydrology assessments of afforestation have
been derived mainly from soil moisture measurements in the soil profile
(Zhang et al., 2018a). However, water budgets do not accurately reflect
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tree hydrological traits with soil moisture measurements made to lim-
ited soil depths as tree roots can penetrate far deeper than practical
monitoring depths into thick loess deposits. Quantifying of tree tran-
spiration through sap flow methods facilitates in situ, automatic and
continuous estimation of whole-tree water use (Cermak et al., 2004;
Wang et al., 2018b). The thermal dissipation probe (TDP) method, also
called the Granier method, is one of the most commonly used sap flow
technique due to its simplicity, high degree of reliability as well as
relatively low costs (Lu et al., 2004).

In this study, we measured sap flow of Salix matsudana and Populus
simonii over up to successive seven growing seasons, from 2011 to 2017,
which included dry, normal and wet years, in a sloping field site with an
aeolian sandy soil and a dam field site with a loessial soil. We mon-
itored meteorological conditions and soil-water conditions, and sur-
veyed the root distribution and tree morphology. The objectives of this
study were to (1) quantify the water use of two common afforested tree
species in a water-wind erosion crisscross region on the Loess Plateau,
(2) assess the effects of environmental factors on driving tree water use,
including meteorological conditions and soil-water conditions, and (3)
determine the interactions between tree hydrological traits and topo-
graphy and soil textures.

2. Materials and methods
2.1. Site description

The study site was located in the Liudaogou Catchment (38.78° N,
110.35° E, and 1200 m a.s.l) in Shenmu City, Shaanxi Province, China.
The catchment, west adjacent to Mu Us Desert, is within the Loess
Plateau, China, referred to as the “water-wind erosion crisscross re-
gion”. It is characterized by many deep gullies and undulating slopes
and hills. Fluvial and aeolian landforms are subject to periodic intense
rainfall and winds that cause severe soil erosion (Fan et al., 2010). This
area is in the continental monsoon climate zone and has a mean annual
temperature of 8.4 °C. Mean annual precipitation (MAP) is 437 mm, of
which 70% falls in intense rainstorms between July and September.
Mean annual grass reference evapotranspiration (ET,) from the FAO-56
Penman-Monteith equation (Allen et al., 2006) is approximately
1200 mm.

The dominant soil types in this area are a loessial soil and an aeolian
sandy soil (Table 1). The loessial soil is developed directly from Qua-
ternary loess parent material with elementary pedogenesis and is sus-
ceptible to water erosion. The aeolian sandy soil forms from coarse
sandy soil deposits due to intense wind erosion and is distributed dis-
continuously on the undulating slopes and hills, implicating severe soil
degradation and desertification having occurred. The aeolian sandy soil
generally has coarse texture, poor cohesion, intense infiltrability, and
low water retention. To harness the enormous soil and water losses and
intercept water erosion sediments from loessial soil in hilly and gully
areas, massive check dams had been built up behind the outlets of
branch gullies, and dam fields have formed over several decades of
loessial soil deposition within check dam system.

We selected two sites with distinct main soil and topography con-
ditions. The first site is a level dam field site with loessial soil in a silted-
up check dam system built about five decades prior to the experiment,
and the second site a sloping field site with aeolian sandy soil. We

Soil particle composition (%), soil texture, soil bulk density (BD, g cm ~ ), field capacity (FC, cm® cm ~2) and wilting point (WP, cm® cm ~ %) of two typical soils in the
study plots. Classification of soil texture is based on the USDA system (Soil Science Division Staff, 2017).

Soil names Soil particle contents (%) Soil texture BD (g cm %) FC (em® cm~3) WP (ecm® cm ™ 3)
Sand (0.05-2 mm) Silt (0.002-0.05 mm) Clay (< 0.002 mm)

Aeolian sandy soil 92.0 6.8 1.2 Sand 1.62 0.12 0.04

Loessial soil 52.5 35.8 11.7 Sandy loam 1.49 0.25 0.07
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Fig. 1. (a) The location of the Liudaogou Catchment on the Loess Plateau, and positions of S. matsudana and P. simonii plots on the dam field and the sloping field
sites, as well as meteorological station. (b) Photos of the corresponding four field plots.

Table 2

Basic information of study plots and sampled tree morphologic properties. DBH, diameter at breast height. Sapwood area was derived from sapwood depth in-

vestigated using a tree growth cone.

Study plots Micro- Species Coordinates Elevation (m) Amount of  Tree-tree Height (m) Mean DBH (cm) Sapwood area (cm?)

topography sampled spacing (m) canopy
trees area (m2)

Aeolian sandy soil, sloping field site

No.1 Smooth Salix 38.7946° N, 1171 8 2.2 * 1.3c 45 + 04d 5.6 12.3 = 1.7d 47.8 + 14.4d
sloping field  matsudana  110.3642° E

No.2 Sloping Populus 38.7942° N, 1175 5 29 * 1.1b 10.7 = 0.9¢c 9.1 18.7 = 3.8c 218.3 * 43.0c
groove simonii 110.3649° E

Loessial soil, dam field site

No.3 Level dam Salix 38.7979° N, 1184 5 2.5 = 0.7bc 179 = 2.1b 23.2 355 = 6.3b 242 = 57.3b
field matsudana  110.3596° E

No.4 Level dam Populus 38.7983° N, 1193 5 5.1 * 1.9a 21.2 + 3.3a 328 51.6 £ 7.9a 993.5 *+ 122.7a
field simonii 110.3588° E

Meteorological Flat plateau  Short grass  38.7927° N, 1210 - - - - - -

station 110.3628° E

* Note: Different lowercase letters beside numbers within a column denote significant difference among plots at 0.05 probability level with ANOVA and Tukey's

HSD test.

selected plots with two local prevalent afforested tree species, S. mat-
sudana and P. simonii, on each selected site. Both species have been
widely planted beside roads and rives, around farmland and villages, in
dam fields and main gullies, and on hilly sloping fields. A landscape of
green veins with robust afforested trees occupies the gully and river
system. Large areas of spare and stunted woodlands have also formed
on the aeolian sandy soil covered sloping fields in this area. The dis-
tance between two plots in dam field site is 80 m. Unlike dam field site,
two plots in sloping field sites had different micro-topographies. In one
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plot, S. matsudana stands on a smooth 5° gradient occupied the sloping
field, while the other plot had P. simonii stands within a 30 m width
groove between two undulated sloping ridges that were 75m apart.
Trees of both species were planted about four decades prior to the start
of the experiment in dam field site, and were planted nearly three
decades prior to the start of the experiment in the sloping field site.
Basic information about the study plots and sampled tree morphologic
properties is listed in Fig. 1 and Table 2.
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2.2. Estimating transpiration through sap flow measurements

Sap flow rates were quantified by estimating sap-flux density using
the TDP method. Sap flow measurement on the two S. matsudana plots
were started in 2011 and ended in 2017. In two P. simonii plots, we
conducted sap flow measurements in 2016 and 2017. Both species are
deciduous, and start sprouting in April, and abscising leaves in late
October. The sap flow measurements covered the growing season from
May 1 to October 15.

Each TDP gauge consisted of a pair of temperature probes, one of
which also housed a loop of resistance heating wire that acted as line
source heater, and the other as a reference probe. When inserted into a
tree trunk, the temperature and heater probe were inserted 5 cm above
the reference probe, and were constantly heated by applying a small
current through a resistance wire. Temperature difference (AT, °C)
between the two probes was measured to derive sap-flux density (V,
cm® em~2h 1) based on thermal dissipation through the moving sap,
by an empirical equation (Granier, 1987)

Vs = 0,()1@(%

1.231
) X 3600 M
where AT}, denotes the maximum AT during a day or a longer period,
which usually indicates a zero flow condition.

Specific TDP gauge configuration, construction and installation are
detailed by Peng et al. (2015). Each sampled tree had two TDP gauges
installed into trunk. Sap flow measurements had a 1-min scan rate and
recorded the mean values at 30-min intervals. Sap flow rate (Fs, kg
h™1), is calculated as the product of Vi and cross-sectional sapwood
area (A, cm?), as

Fs=0.001 X Vs As 2

where A; was derived from sapwood depth investigations using a tree
growth cone. On the whole-tree level, we regarded transpiration (T) as
approximately equivalent to sap flow rate through tree trunk.

2.3. Meteorology

A meteorological station located on a flat plateau in this catchment,
as shown in Fig. 1 and described in Table 2, was 300 and 700 m away
from the dam field site and the sloping field site, respectively. Air
temperature, relative humidity, wind speed, solar radiation, soil heat
flux and precipitation were measured at 5-s intervals and stored the
mean or total values at 1-hour intervals. The ET, derived from FAO-56
Penman-Monteith equation (Allen, 2000; Allen et al., 2006) was used to
scale atmosphere potential evapotranspiration, for daytime in hourly
time steps, in unit mm h™?,

37
oo 0.408A(Rn - G) + y—>-u2 VPD

A+ y (1+0.24u2)

3

where A is slope of the saturation vapor pressure curve (kPa °C™ 1), R; is
solar radiation (MJ m~2h™1), G is soil heat flux (MJ m~2h™ 1), vy is
psychrometric constant (kPa °C™ 1), T is air temperature at 2-m height
(°C), u, is wind speed at 2-m height (m s~ 1), and VPD denotes vapor-
pressure deficit (kPa). For hourly or shorter periods,

1727 T
VPD = 0.6108 (1 - 0.01RH) exp[——2/ L}

T +237.3 @

where RH denotes air relative humidity (%). Herein, hourly ET, is
calculated using Ref-ET software (Version 4.1, https://www.uidaho.
edu, University of Idaho, Kimberly, ID, USA).

2.4. Measurement of soil water contents

Two categories of soil water contents (SWC, cm® ecm™3) were
measured: (1) continuous monitoring in shallow soil depths, and (2)
periodic monitoring in the soil profile. (1) The SWC dynamics at soil
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depths 10, 20, 50, 100 and 200 cm in each plot were continuously
monitored by EC-5 sensors (Decagon Devices Inc., Pullman, WA, USA)
at 1-h intervals. (2) Three representative locations, as duplications,
were selected in each of two S. matsudana plots. Installation holes were
drilled and access tubes were installed vertically into soil profile. SWC
was measured through access tubes using a neutron probe (model
CNC503B, Super Energy Nuclear Technology Ltd., Beijing, China) at 10-
cm intervals to soil depth <100 cm and then at 20-cm intervals as soil
depth was > 100 cm. These measurements were made once each month
during growing season. On the sloping field plot, SWC from 0 to 600 cm
soil depths was measured since 2013. In 2017, the depth of the SWC
measurements increased to 1000 cm. On the dam field plot, the SWC
was measured to depth 0-900 cm starting in 2016. Both the EC-5 sen-
sors and the neutron probes were carefully calibrated by thermo-
gravimetric method. Soil-water storage (SWS, mm) in specific soil layer
is calculated as

SWS = ) SWCid; )

where SWC; denotes mean SWC of the ith sublayer (cm® cm™2), d; is
thickness of the ith sublayer (mm), and i is the number of sublayer.

2.5. Investigation of lateral root distribution

Both the S. matsudana and P. simonii have taproot systems. Their
taproots are too deep to investigate. Their root fragments have been
found at greater than 1000 cm depth in the soil profile in the dam field
site. For practical reasons, only lateral root distribution in 0-400 cm soil
layer was investigated using the soil core method. Each of the four plots
selected six locations to collect undisturbed soil cores using a corer (10-
cm diameter, 20-cm length). The soil cores were split at 20-cm inter-
vals, and the roots were extracted and air-dried. Root samples were
then scanned with an optical scanner and root images were processed
using WinRHIZO software (Regents Instruments Inc., Quebec, Canada)
for root measurements. Here, we used fine root (<2 mm diameter)
length density (RLD, km m~3), which is the total fine root length per
unit soil volume, to quantify the hydraulically-active lateral roots in the
soil layer.

2.6. Data analysis

Mean daytime values of R,,, VPD and ET, were calculated, and daily
T and SWC were obtained from 30-min and 1-hour interval data, re-
spectively. Relationships between transpiration and meteorological
factors, and soil-water conditions, were analyzed based on daily time
scale data. This was done because sap flow may lag behind transpira-
tion briefly, but transpiration only occurs when R; > 0, which is the
daytime (Chang et al., 2006). A linear regression analysis was per-
formed using least squares to explore the relationship between T and
meteorological factors. Partial correlation analysis was conducted to
test the impact of soil-water conditions on T as ET, is controlled. To
quantify T for the entire growing season, equations linearly relating
daily T to mean daytime ET, were determined separately, based on
observed data on each plot and each growing season, to interpolate the
missing T data. Statistical analyses were performed with SPSS statistics
ver. 18 (SPSS Inc., Chicago, USA).

3. Results
3.1. Precipitation characteristics

Precipitation (P) in the study area for more than a dozen of years —
both prior to and during our experiment period — has been analyzed
(Fig. 2). Intense variations of annual P occurred over 15 years, with a
minimum of 280 mm in 2005 and a maximum of 704 mm in 2016. From
2003 to 2011, the area was constantly dry, with a mean P of 389 mm
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Fig. 2. Precipitation statistics from 2003 to 2017 in Liudaogou catchment. (a)
Annual precipitation (P, mm), (b) monthly precipitation distribution,
mean *+ standard error, and (c) the frequency (%, bars) distribution and
fraction of rainfall amount (FRA, %, lines + symbols) over different rainfall
sizes from 2003 to 2011 and from 2012 to 2017, respectively.

per year, much lower than local MAP 437 mm. However, the area be-
came wetter from 2012 onwards relative to the MAP. Mean P was
548 mm per year from 2012 to 2017, within which annual P was re-
markably higher than MAP four out of the six years. For the other two
years, P was almost equal to MAP in 2014, followed by a dry year with a
P of 371 mm in 2015 (Fig. 2a).

Almost 80% of precipitation fell between May and September,
corresponding to the growing season (Fig. 2b). Most rainfall events
were small, with almost 55% of total events being < 5mm and ~70%
of total events with rainfall size < 10 mm. Other studies had indicated
that an isolated rainfall of < 10 mm was ineffective to most forest
ecosystems (Zhang et al., 2018a). The total sum of the small rainfall
events < 10 mm accounted for up to ~30% of annual P. Only < 10% of
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total events were > 25 mm, however, they contributed ~40% of an-
nual P. From 2012 to 2017, heavy rain occurred more frequently and
rainfall intensity was higher compared to other years, and the inter-
annual rainfall gap increased (Fig. 2¢). In 2016, a single rainfall event
equating to 127 mm within a day occurred on July 8, which is
equivalent to nearly half of total precipitation of 2015. Evidently, local
ecosystems are suffering an intensive regional changing climate with
high climate uncertainty and frequent climate extremes.

3.2. Estimated whole-tree transpiration

On whole-tree level, mean T in the growing season of S. matsudana
on the sloping field ranged from 5.8 to 10.7 kg d ~?, with an average of
8.3kgd ™! over seven growing seasons. However, mean T of S. matsu-
dana in dam field ranged from 42.3 to 51.4 kg d ™, with an average of
46.7 kgd ™', which is 5.6-fold of T on the sloping field. Mean T of P.
simonii was 41.4 and 175.2kgd ™" in growing seasons during 2016 and
2017, on sloping field and dam field, respectively. This indicated that
whole-tree T of two species on the dam field was ~ 4-fold the magni-
tude of that on the sloping field. (Table 3).

3.3. Transpiration responses to meteorological factors

The relationships between daily whole-tree T and mean daytime
ETo, R and VPD, from May 15 to October 1, which was considered a
constant tree canopy, were analyzed using the long-term field ob-
servation data (Fig. 3). Generally, T was extremely significant
(P < 0.001) and positively linearly correlated with meteorological
factors ETy, Rs and VPD to both S. matsudana and P. simonii species, on
distinct soil and topography conditions. This implied that meteor-
ological conditions were the principal driving factors controlling T in
the local niche. Scatterplots show daily T vs. meteorological factors of S.
matsudana, which were distributed in a wider area in sloping field than
in dam field. Univariate ET, explained 37% of variation in T of S.
matsudana on the sloping field, however, ET, interpreted up to 77% of
the variation in T on the dam field for the same tree species. Similar
regular patterns also occurred to both R; and VPD. We marked an area
enclosed by two linear lines which contains 95% of scatterplots of S.
matsudana over seven years, and approximately regarded the two lines
as up-limit and down-limit of linear correlations between transpiration
and meteorological factors (Fig. 3). The impact of restrictions of non-
climate factors such as soil-water conditions, physiological stromal
control, etc. was likely up to 76% on S. matsudana transpiration in
sloping filed plot, but only 60% in dam field plot, without considering
measurement errors. During the only two monitored years 2016 and
2017 for P. simonii, which were also the wet years, daytime ET, inter-
preted up to 80% of variations in daily T, both on sloping field and dam
field plots.

A summary of mean whole-tree transpiration (kg d ') and total field transpiration (mm) in growing season (from May 1 to October 15), and precipitation (P, mm)

«

and grass reference evapotranspiration (ETy, mm) in the growing season. The

”

symbol means the variable was not measured.

Year Growing season S. matsudana P. simonii
P ET, Sloping field Dam field Sloping field Dam field
mm mm kgd™? kgd™? kgd™! kgd™?
2011 328.4 787.7 9 48.4 - -
2012 440.1 733.6 7.6 42.3 - -
2013 630.9 784.1 10.2 49.3 - -
2014 342.2 740.1 6.6 44.3 - -
2015 304.6 795.7 5.8 48.6 - -
2016 564.4 712.7 7.9 42.3 39.4 169.41
2017 501 754.5 10.7 51.4 43.3 181.03
On average 444.5 758.3 8.3 46.7 41.4 175.2
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and (c) vapor-pressure deficit (VPD, kPa). The dashed line represents the linear regression line from the observed data in 2011-2017. Inter., intercept; n, number of

data pairs; " means P < 0.001.

3.4. Impact of soil-water conditions on transpiration

Discrepancy in soil-water conditions was observed over different
soil and topography conditions. Contour plots in Fig. 4 showed the
dynamics of SWC over soil depth and time. Mean SWC at 0-600 cm
depth ranged from 0.04 to 0.09cm®cm™3, with an average of
0.06 cm® cm ™2 in 2013-2017, in the sloping field plot with aeolian
sandy soil. The soil profile was driest on June 2015, with a mean of
SWC 0.043 cm® cm ™2 at 0-600 cm depth. The soil was wettest with a
mean of SWC 0.096 cm® cm ™3, on August 2017. The soil profile showed
strong variations in SWC in both depth and time. In the dam field plot
with loessial soil, mean SWC in the 0-1000 cm depth ranged from 0.11
to 0.16 cm®cm ™3, with an average of 0.14 cm®cm ™3, in 2016 and
2017. SWC showed more intense fluctuation in 0-250 cm depth than in
at > 250 cm soil depth. At 250-400 cm soil depth, the SWC remained
relatively stable and low, with a mean of 0.06 cm® cm 3. At > 400 cm
soil depth, SWC ascended gradually and reached up to 0.3 cm®cm ™2
below a depth of ~800 cm. Abundant shallow groundwater occurred in
the dam field, and the depth of groundwater level from ground surface
undulated at ~7.5m from our other observations.

On the sloping field with aeolian sandy soil, precipitation was al-
most the only soil water source through infiltration and redistribution
to support plants. In the three wet years — 2013, 2016 and 2017 -
rainfall quickly infiltrated and recharged to depth of up to or exceeding
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600 cm at the start of the following growing season. In contrast, in a
normal rainfall year, 2014, and a dry year, 2015, rainfall had recharged
to a soil depth 120 and 160 cm by the end of the growing season, re-
spectively, and soil water did not exceed 200 cm at the start of fol-
lowing growing season. On dam field with loessial soil, precipitation
had more difficulty infiltrating through the heavy-textured soil layers.
Even in wet years — 2013, 2016 and 2017 - the recharge depth was only
200 cm at the end of the growing season. In a dry year, 2015, the re-
charge depth was as shallow as 50 cm (Table 4).

Soil water was the primary plant water source. From partial corre-
lation analysis (Fig. 5), daily T of S. matsudana in a sloping field were
significantly positively correlated with SWC at soil depths of 10, 20, 50,
100 and 200 cm, and with soil water storage (SWS) in depths of 0-75,
75-300 and 0-300 cm under controlled ET, conditions. The degree of
correlation between T and SWC became more intense at deeper soil
depths, with a partial R value up to 0.6 at 200 cm depth. Results also
indicated that SWS in 0-300 cm depth had the strongest correlation
with T. This implied that S. matsudana absorbs soil water throughout
from topsoil to deeper soil depths, and this had a significant impact on
transpiration from the sloping field. In dam field, T of S. matsudana had
a weak correlation with SWC in shallow depth, a strong correlation
between T and ET,, and therefore soil water at shallow depths made a
small effect on T. Similarly, as to P. simonii, significant correlations
between T and SWC existed at certain soil depths, but shallow soil
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Fig. 4. Contour plots of soil water contents (SWC, cm® cm ~?) over the soil profile depth (cm) and time series (Data, yyyy/mm), in (a) sloping field with aeolian sandy
soil, and (b) dam field with loessial soil. Monitoring depth had been increased from 600 cm to 1000 cm on sloping field site in 2017, and (c) is the dynamics of SWC at

0-1000 cm soil depth on sloping field site in 2017.

Table 4
Soil water recharge depth (cm) from rainfall infiltration in the sloping field with
aeolian sandy soil and the dam field with loessial soil.

Year 2013 2014 2015 2016 2017
Precipitation (mm) 669 439 371 704 651
Recharge depth (cm)

Aeolian sandy soil, sloping field site

End of growing season 420 120 160 600 600
Start of following growing season > 600 180 200 > 600 > 600
Loessial soil, dam field site

End of growing season 200 100 50 200 200
Start of following growing season > 200 >100 50 260 -

depth was not a principal soil water source in two wet years, both in the
dam field and the sloping field.

3.5. Tree fine root distribution

The distribution of lateral fine roots with a diameter <2mm in
0-400 cm soil layer in the four plots is presented in Fig. 6. The fine roots
distribution in the soil profile were distinctly different between S.
matsudana and P. simonii, and under distinct soil and topography
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conditions. On the sloping field site, fine P. simonii roots were nearly all
(99%) distributed in 0-200 cm soil depth of the investigated 0-400 cm
soil depth. The RLD reduced sharply as soil depth increased. Soil depth
of 0-40 cm accommodated 67% of the fine roots; 52% of the fine roots
were distributed in the 0-20 cm, and RLD were as high as 6860 km m ~>
in this layer. Such high magnitude of fine roots in the subsurface will
absorb high amounts of soil water after even small rainfall events
during periods of drought to satisfy the enormous transpiration de-
mands. However, P. simonii in dam field possessed 20% fewer of fine
roots than that in sloping field, and ~5% of fine roots were distributed
sporadically in depth 200-400 cm.

Overall, S. matsudana had less fine roots than P. simonii from O to
400 cm soil layer. Mean RLD of S. matsudana was 33% of that of the P.
simonii in the sloping field, and 11% in the dam field. Similar to P.
simonii, S. matsudana in sloping field also had a high RLD than in dam
field; the RLD was 3.5-fold higher in the sloping field than in the dam
field, and most of fine roots were distributed in the shallow soil depths
of < 200 cm in sloping field.

4. Discussion

Revegetation strategies must consider water resource sustainability
and ecosystem perseverance, especially in arid and semi-arid regions.
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Fig. 6. Fine root length density (RLD, km m~>) of S. matsudana and P. simonii
plots in both sloping field and dam field sites. The roots were sampled at 20 cm
depth-intervals using the soil core method. The small graph in lower right lists
separately to show S. matsudana RLD in both sloping field and dam field sites
distinctly.

Our study shows the differences in how two afforested tree species use
water, and shows that tree transpiration was affected by tree mor-
phology, hydrology, soil and topography. Large-scale human activities,
such as the Grain for Green project, would generate a sustained impact
on the regional hydroclimate and environment settings.

From our observations, soil desiccation occurred in the topsoil to a
soil depth > 600 cm in both normal and dry years in aeolian sandy soil
on a sloping field with S. matsudana planted three decades prior to the
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start of the experiment. During this time, SWC of 0.043cm® cm™2 in

0-600 cm was measured in 2015, a dry year. We noticed that a SWS
deficit of 85 mm to a soil depth 0-600cm in 2014, a normal year.
However, it was merely 3 mm in 2015, a dry year. The results implied
that S. matsudana in drying soils possessed a root hydrologic functional
plasticity to extend water uptake from deep soil when water stress oc-
curred in the upper soil, which improved water use and supported the
essential physiological water demand. Early studies also found that
woody shrubs and trees progressively increase the depth of their water
uptake when water becomes less available, and indicated a high degree
of responsiveness of water uptake depth to changes in precipitation
patterns (Asbjornsen et al., 2008). Tobella et al. (2017) found that Vi-
tellaria paradoxa, an indigenous tree in semi-arid West Africa, obtains
90% of its water from depths of 10-50 cm in wet seasons, and shifts to
deeper soil water sources during the dry seasons, obtaining 50% of its
water from 30 to 600 cm depth and 30% from groundwater. Other
studies have also shown that root depth span is significantly greater in
dry conditions than in well-watered conditions in drying soils (Reader
et al., 1993). North and Nobel (1998) indicated that this underlying
root hydraulic functional plasticity implies the changes in root mor-
phology, structure and anatomy; hydraulic conductivity architecture of
roots gradually decreased under water-stress and resorted rapidly after
rewetting. The underlying mechanism includes suberization, xylem
maturation and mortality (North and Nobel, 1998), hydraulic transport
patterns, osmotic adjustment (Blum, 2005), metabolism, carbon as-
similation (Snyder and Williams, 2003) and activities of water channels
(aquaporins) (Steudle, 2000), etc. triggered by water stress.

From lateral fine root distribution statistics, both S. matsudana and
P. simonii on sloping field with aeolian sandy soil exhibited a con-
siderably high intensity of fine roots in the subsurface soil which de-
creased as soil depth increased. This reflects an adaptation of their root
distribution to adjust to local precipitation patterns. Locally, upland
ecosystems with limited shallow groundwater availability are driven by
a pulse of water availability from precipitation during the growing
season. Here, precipitation falls most frequently as light rain, and the
frequency decreased sharply as rainfall intensity became heavier
(Fig. 2c). The depth of water replenishment is strongly related to
rainfall intensity, and subsurface depths could profit from frequent soil
rewetting which would provide quite regular and considerable water
availability. However, deeper soil layers are recharged less often. The
gathering of fine roots in the subsurface benefits trees by obtaining
water early and much as possible. However, they must compete against
understory herbaceous and shrub plants for water (Ogle and Reynolds,
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2004), resulting in a degradation of biodiversity and plant communities
(Asbjornsen et al., 2008). Thanks to high rates of water permeability in
the aeolian sandy soil, water replenishment was quick and deep which
supported the existence of high water-consumption trees in fields with
limited groundwater availability. This suggests that most afforested
trees survive on sandy soil field rather than on loessial soil field with
poor water permeability. The occurrence of heavy rains, especially
rainstorms, results in a large portion of rainfall penetrating quickly
through coarse-textured soil and providing abundant water availability
and reservoirs to deep depths, even recharging groundwater. This
benefits the soil water environment, and helps the growth and survival
of trees, however, such rainfall extremes may also cause soil and water
losses, as well as geologic hazards. Otherwise, continuous and perennial
dry growing seasons would force trees to exhaust water reservoirs from
deep soils and endanger trees for subsisting.

The effects of topography on tree transpiration is largely associated
with the redistribution of water availability. The influx of subsurface
interflow is intercepted and reservoirs as abundant shallow ground-
water within the check-dam system (Huang et al., 2013; Yasuda et al.,
2013). Soil moisture enrichment also occurs in gullies and micro-to-
pographies of water converge in this area and form a distinctively moist
soil-water environment and vegetational landscape compared to the
common situation (Yasuda et al., 2010). From our observations, the
whole-tree T of both tree species in the dam field site was 4.2- to 5.6-
fold of that on the sloping field site, mainly due to the ample water
supply from shallow groundwater. Even on sloping plot site, T of P.
simonii in the sloping groove was weakly correlated with soil-water
conditions but strongly correlated with ET,, and were distinctively
different with S. matsudana on the sloping field. This implies that the
groove had far better soil-water conditions at deeper soil depths than
the smooth sloping field. Apart from soil and topography conditions,
the species of plants which have distinct constitutive physiological and
physical traits largely affects the magnitude and pattern of water use.
The whole-tree T of P. simonii was ~ 4-fold as that of S. matsudana with
the same soil and topography, thus selecting proper species is crucial
for revegetation projects. Neither S. matsudana nor P. simonii are sui-
table for extensive implementation in this area. Unlike in sloping field,
the growth and survival of them in the dam field is seldom threatened
by water scarcity. However, we estimated that S. matsudana and P. si-
monii absorbed an average of ~8000 and 28,000 kg water, respectively,
per single tree in a growing season in the dam field. Such magnitude of
water consumption will negatively impact shallow groundwater re-
sources, which are needed to sustain regional hydrological balance.
Related studies in this area are still rare, and more research is needed.
The dam field was the only remaining high-productivity land for local
agricultural production, on which extensive afforestation will jeo-
pardize food safety and irrigation water supply.

Water use and hydraulic traits of afforested plants interacted with
hydrology, topography, soil texture, etc. However, their relative im-
portance varied. With the S. matsudana on the sloping field, the mean T
during an entire growing season had an apparent increase with P, but
no such tendency was observed in the dam field. Discordantly, with the
S. matsudana on the dam field, the mean T during an entire growing
season had a significant increasing trend with ET,, however, no such
trend was observed in the sloping field (Fig. 7). Tree density, an im-
portant factor but not fully discussed in this study, significantly impacts
regional hydrology and energy balance, and the development of eco-
logical rehabilitation (Giambelluca et al., 2009). In the study area, af-
forested tree stands or patches often occupy different tree densities and
canopy structures. Thus we carry on analyses mainly based on whole-
tree level rather than stand level, due to the incomparability of tree
density and canopy structure in different plots. We noted that, as local
climate had become much wetter overall during our experiments than
prior to, so physiological and morphological evolution of the tree
community was inevitable and occurred gradually to adjust to the
changing climate, and as a result, alternative stable states then will
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Fig. 7. The relationship between mean whole-tree transpiration (T, mm d~*) of
S. matsudana and precipitation (P, mm; a) and grass reference evapo-
transpiration (ET,, mm; b) in growing season (from May 1 to October 15) over
years from 2011 to 2017, in both sloping field and dam field sites.

establish (Robinson et al., 2016). Better knowledge of these interactions
will facilitate better water use prediction, ecological effect assessments
and future rehabilitation strategy adjustments. Future studies are still
required concerning the underlying plant hydrologic physiological
mechanisms, the hydrologic linkage between subsurface soil and deep
soil by rooting systems, and hydrological impacts of planting structures,
for instance, tree density.

Besides afforestation, widespread native grassland, deep-rooted
forage land and shrub land have also formed on the prior cropland or
barren land in this region, following the implementation of revegeta-
tion projects. Fan et al. (2016) reported that both forage (alfalfa, i.e.
Medicago sativa) land and shrub (Caragana korshinskii) land with a ty-
pical loessial soil depleted soil water to below 600cm soil depth,
however, local rainfall could only recharge soil water to 120 cm soil
depth. Forage steps towards retrogression after severe soil water deficit
occurs in several years of planting. The revegetated native grassland
was observed a balanced soil water depletion and recharge depths only
to a maximum of 300 cm (Fan et al., 2016), and proved to significantly
decrease soil erodibility, reduce hillslope runoff (Wang et al., 2013),
and enrich ecosystem carbon sequestration (Wang et al., 2016). It im-
plies that future revegetation strategies in this region should consider
natural grass restoration as major approach towards sustainable soil
and water resources use and ecosystem perseverance. However, when
trees and shrubs still need to be considered in revegetation practices for
certain purposes, the concept of “soil water-carrying capacity for ve-
getation (SWCCV)” — defined as “the maximum biomass of a given type
of vegetation, under specific climatic conditions, soil texture, and
management regime, that a given arid or semi-arid area can sustain
without diminishing the capacity of soil water to support future gen-
erations” (Xia and Shao, 2009; Liu and Shao, 2015; She et al., 2014; Fu
et al., 2012) — should be considered in designing the allowable planting
density to avoid aggravating soil-water environments. But works on
SWCCV are still elementary in this region, further work is still needed to
guide scientific revegetation design.

5. Conclusions

The present study quantifies and compares tree transpiration dis-
crepancy of two species S. matsudana and P. simonii commonly used in
afforestation under distinct soil and topography conditions on the
Northern Loess Plateau. It concludes that, whole-tree T of P. simonii is
~4-fold that of S. matsudana; they growing in the dam field plots
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consume soil water 4.2- to 5.6-fold the magnitude of that in the upland
sloping field site. Meteorological conditions were the principal factors
driving tree transpiration, but the extent of their impacts distinctly
differs in different niches with dissimilar soil-water conditions. Trees
have different water use strategies, they use shallow soil water as an
important water source besides deep soil water in the upland sloping
field site; discordantly, they absorb shallow groundwater as principle
water source in the dam filed site. Soil and topography conditions im-
pact tree water use mainly through redistributing water availability.
From lateral root distribution analysis, we found a root distribution
adaption to local precipitation patterns, soil-water conditions and tree
water-use strategies.

It is important to take scientific revegetation strategies with ba-
lanced plant-water relations in arid and semi-arid regions. Neither S.
matsudana nor P. simonii is suitable for extensive revegetation im-
plementation in this area due to their negative impacts on water re-
source sustainability. In future revegetation practices, we recommend
natural grass restoration as major approach towards sustainable soil
and water resources use and ecosystem perseverance. We should con-
sider “soil water-carrying capacity for vegetation” and carefully control
the planting density within the allowable values, if high water-con-
sumption trees and shrubs need to be used in revegetation practices.
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