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Abstract: The canopy water storage capacity of vegetation has great significance for the hydrological
cycle. We used the Pereira regression analysis method, scale-up method, and simulated rainfall
method to determine canopy water storage capacity from 2014 to 2018. The Pereira regression analysis
was affected mainly by the seasonal variation in the leaf area index and the observation method of
throughfall. The canopy water storage capacity was 0.68 mm and 0.72 mm for C. korshinskii and
H. rhamnoides, respectively. The canopy water storage capacity of C. korshinskii and H. rhamnoides was
0.73 mm and 0.76 mm, respectively, using the scale-up method. The scale-up method showed that
water storage capacity per area of the canopy components was in the order of branches (0.31 mm) >
leaves (0.27 mm) > trunks (0.15 mm) for C. korshinskii, and trunks (0.33 mm) > branches (0.29 mm)
> leaves (0.14 mm) for H. rhamnoides. We used eight simulated rainfall intensities to determine
the canopy water storage capacity for C. korshinskii and H. rhamnoides, which was 0.63 mm and
0.59 mm, respectively.

Keywords: Caragana korshinskii; Hippophae rhamnoides; canopy water storage capacity; simulated
rainfall method; Loess Plateau

1. Introduction

The vegetation canopy is the primary layer between forest ecosystems and the envi-
ronment, which affects ecological hydrological processes in forest ecosystems. Rainfall is
separated into three components after it passes through the canopy: throughfall, stemflow,
and canopy interception [1]. Canopy interception not only changes the spatial distribution
pattern of rainfall and affects the water input and output of the basin but also changes the
energy characteristics of rainfall. It significantly influences the formation and development
of runoff and is an important ecological hydrological function of forest ecosystems [2].
The amount of water a canopy can store, or the canopy interception, is the main compo-
nent of the water balance in an ecosystem. It marks not only the starting point of water
redistribution in an ecosystem but also the beginning of the water cycle. It is essential to
understand how to evaluate the amount of precipitation reaching the ground and how
vegetation intercepts, stores, and evaporates this precipitation, which plays an essential
role in the ecosystem. The capacity of the canopy to store water is an important aspect in
managing canopy interception and vegetation eco-hydrology processes [3].

Different researchers have different definitions of canopy water storage capacity. The
most widely used are Horton’s definition (the maximum canopy adsorption is represented
by the thickness of the water layer on the projected canopy area) [4] and Rutter’s definition
(the maximum canopy water storage capacity means the minimum rainfall interception
when the canopy reaches saturation) [5]. The canopy interception and canopy water
storage capacity are mainly influenced by rainfall features (rainfall intensity, duration,
raindrop size distribution, direction and angle, etc.), the canopy structure (leaf area index,
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leaf dip angle, leaf azimuth angle, branch angle and arrangement orientation, etc.), and
weather conditions.

Many researchers have studied this issue using both direct and indirect methods.
Direct methods, such as the simulated rainfall method, require special complex equipment
and are expensive and difficult to use widely. However, simulated rainfall methods do have
high precision [6,7]. Measuring the canopy water storage capacity by indirect methods is
cheaper and easier, but takes longer. In general, indirect methods ignore the influence of
the canopy structure, morphological characteristics, and natural precipitation. For example,
the scale-up method first measures the water storage capacity of different components
per unit area of the canopy and then calculates the quadrat-scale water storage capacity
according to the measured data [3,8]. The Pereira regression analysis method considers the
effect of the evaporation rate on the maximum canopy water storage capacity of the canopy
during canopy interception. The maximum water storage capacity of the forest canopy
can be calculated based on the linear relationship between canopy-penetrating rainfall and
precipitation outside the forest, and the mean evaporation and mean rainfall intensity after
canopy saturation [9,10].

Studies on canopy water storage capacity have focused primarily on tree species in
wetlands and tropical rainforest areas. For tree crowns, the scale-up method is a common
method for the measurement of canopy water storage capacity. This method firstly mea-
sures the water storage capacity per unit leaf (branch and trunk) area and then calculates
the water storage capacity of the quadrat-scale forest canopy based on the measured storage
capacity per unit area [11]. Shrub interception losses in arid and semi-arid regions with little
rainfall may play a more significant role in their ecosystems because they are water-limited,
but their water storage capacity has rarely been reported [12]. Syahida and Azida [13]
measured the canopy water storage capacity of Scindapsus Aureus with the simulated
rainfall method and found it was 0.2–0.8 mm. According to Zhang et al. [14], the esti-
mated canopy storage capacity of Potentilla fruticosa using an indirect method was 1.13 mm.
Zhang et al. [15] found that the mean canopy storage capacity of Caragana korshinskii and
Artemisia ordosica shrubs using an indirect method in northwestern China was 1.3 and
2.2 mm, respectively.

C. korshinskii and H. rhamnoides are the main shrub species for afforestation in the
Loess Plateau, China. In this study, we estimated the canopy water storage capacity of
C. korshinskii and H. rhamnoides using the scale-up method, the Pereira regression analysis
method, and the simulated rainfall method. We compared the differences among these three
methods and explored reasons for these differences. This study provides a theoretical basis
and technical support for canopy hydrology, related model simulation, and the selection of
the best method for estimating the canopy water storage capacity.

2. Materials and Methods
2.1. Study Area

We implemented this experiment in the Anjiagou catchment of the western Loess
Plateau in C. korshinskii and H. rhamnoides plantations from 2014 to 2018. The Anjiagou
catchment has an area of 2.98 km2, which is surrounded by loess hills with altitude ranging
from 1900 to 2250 m. This region belongs to the semi-arid climate zone in the middle
temperate zone, with an average annual temperature of 6.3 ◦C, an extreme maximum
temperature of 34.3 ◦C, and a minimum temperature of −27.1 ◦C. The average annual
precipitation is 427 mm, and precipitation in July, August, and September accounts for 58%
of the annual precipitation, mostly in the form of heavy rain, easily causing soil erosion. The
monthly sunshine duration is 200 h, and the average monthly water surface evaporation is
125.8 mm. Vegetation in the catchment belongs to the arid-zone forest grassland belt. The
catchment is dominated by non-native vegetation; trees include Pinus tabuliformis, Populus
tomentosa, Armeniaca sibirica, and Robinia pseudoacacia, and shrubs include C. korshinskii and
H. rhamnoides.
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The plantation areas of C. korshinskii and H. rhamnoides were 44.2 ha and 35.6 ha,
respectively. Both C. korshinskii and H. rhamnoides were cultivated in 1987 as three-year-old
seedlings with a spacing of 2 × 2 m. C. korshinskii was planted in a cluster of 6 plants,
where the initial stem number and vegetation cover were about 14,400 per ha and 25%,
respectively. H. rhamnoides was planted in a cluster of 3 plants, where the initial stem
number and vegetation cover were about 7200 per ha and 18%, respectively.

We conducted all of the experiments in typical C. korshinskii and H. rhamnoides experi-
mental plantations with a size of 100 × 100 m (the criterion for selection is good growth).
Table 1 provides fundamental data on the C. korshinskii and H. rhamnoides plots. The results
show that considerable distinctions appeared among the shrub species for all the biomet-
ric traits examined except basic diameter—twig. We selected three plots with a size of
10 × 10 m for C. korshinskii and H. rhamnoides in the experimental plantations (100 × 100 m)
based on the averaged measured results of Table 1. C. korshinskii is a multi-branched shrub
with a maximum height of 2 m. The leaves are pinnate and are clustered or alternating,
with a smooth plant surface. The leaf axis falls off or persists and hardens into a needling.
H. rhamnoides is 1–5 m high, and the petiole is quite short and has a slender main stem with
papery leaves. Its narrow lanceolate or oblong lanceolate leaves are 3–8 cm long and 1 cm
wide (Figure 1).

Table 1. The basic information of the C. korshinskii and H. rhamnoides plots.

Parameter Sample Numbers Mean ± SD
C. korshinskii H. rhamnoides

Geographical
parameters

Slope position – Middle Upper
Slope aspect – SE SE

Biological
parameters

Plant height (mm) 90 1700 ± 120 a 1913 ± 170 b

Basic diameter—twig (mm)
Basic diameter—branch (mm)

180
180

19.12 ± 0.21 a

15.93 ± 1.9 a
19.55 ± 0.33 a

13.55 ± 0.41 b

Projected area (m2) 60 3.01 ± 0.46 a 3.56 ± 0.22 b

Vegetation cover (%)
Stem number (per ha)
Leaf area index (LAI)

6
–

350

87 ± 11 a

21,450
1.03 ± 0.08, 1.57 ± 0.23,

2.14 ± 0.17, 2.15 ± 0.16 a

49 ± 7 b

10,210
0.92 ± 0.13, 1.16 ± 0.18

1.88 ± 0.19, 2.11 ± 0.21 a

Soil
parameters

Clay (<0.002 mm; %) 3 9.16 ± 1.21 11.05 ± 2.40
Sand (0.05–2 mm; %) 3 15.26 ± 1.17 12.26 ± 2.79

Silt (0.05–0.002 mm; %) 3 75.61 ± 9.22 76.71 ± 11.36
Organic matter (%) 3 0.69 ± 0.07 0.72 ± 0.041

pH 3 8.0 ± 0.95 7.8 ± 0.76

A compass was used to measure slope aspect and slope position; the LAI was measured using a canopy analyzer
(LAI2000, LI–COR, Lincoln, USA) on 10 June, 11 July, 12 August, and 10 September; the vegetation cover was
measured in September using a vegetation coverage measuring instrument (JZ-SH11, JiuzhouSX, China); the
soil organic matter was measured using the potassium dichromate volumetric method; the pH was measured by
potentiometry; the particle size distribution was measured using the sedimentation method. Soil properties are
for the top 1 m. Data = mean ± SD. Results with different letters (a or b) are different with a p level < 0.05.

2.2. Experimental Design

We installed an AG1000 automatic weather station (Onset Computer Corporation,
Pocasset, MA, USA) approximately 100 m from the study plots. Observed meteorological
data included solar radiation intensity, air temperature, air relative humidity, wind speed,
wind direction, and rainfall. Rainfall was measured with a tipping-bucket rain gauge.
Other meteorological data were recorded every 5 min and then stored as 30 min mean
values. We also placed a standard rainfall gauge in the open area outside the plots to
work simultaneously with the automatic weather station to measure the rainfall, based on
Hamilton and Rowe’s [16] standard for storm and rainfall events, which are defined as
follows: (1) an individual storm is a rainfall period separated by dry intervals of at least
24 h; and (2) an individual rainfall event is defined as a rainfall event separated by dry
intervals of at least 4 h.
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Figure 1. Schematic diagram. (A) C. korshinskii; (B) H. rhamnoides; and (C) stemflow collection.
(D,E) are the leaf characteristics of the two shrubs.

2.2.1. Throughfall, Stemflow, and Canopy Interception

We selected 12 C. korshinskii individuals and 12 H. rhamnoides individuals from the
plots with a size of 10 × 10 m for in situ observation of throughfall and stemflow. Table 2
shows that significant differences appeared among the selected shrub individuals for all the
biometric characters. We used plastic buckets with 20 cm outer-edge diameters to measure
the throughfall. We placed four rows of plastic buckets centered on the main stem of the
plant (90◦ between rows) in the radial direction. We placed a plastic bucket near, midway,
and far away from the trunk in each row and arranged 12 plastic buckets for each plant
(Figure 1).

Table 2. The characteristics of 12 sampled C. korshinskii individuals and 12 H. rhamnoides individuals
in the experiments.

Species Number Diameter (cm) Length (cm) Height (cm) Angle (◦) Projected
Area (m2)

Canopy
Bulk (m3)

C. korshinskii 21 ± 6 a 1.67 ± 0.21 a 199 ± 22 a 181 ± 13 a 51 ± 9 a 4.94 ± 1.2 a 2.56 ± 0.43 a

H. rhamnoides 13 ± 5 b 1.78 ± 0.23 b 210 ± 26 b 201 ± 20 b 56 ± 11 b 4.13 ± 1.56 b 2.83 ± 0.54 b

The upward branch angle to the ground was measured in degrees. Data = mean ± SD. Results with different
letters (a or b) are different with a p level < 0.05.

For C. korshinskii and H. rhamnoides, at the base of each tree trunk about 10 cm above the
ground, we filed it with fine sandpaper. We wrapped the trunk in a V shape with aluminum
tape and filled the gap with adhesive. Because of the strong plasticity of the aluminum
tape, we formed a trough completely surrounding the trunk between the aluminum foil
and the trunk. The opening of the sink was less than 1 cm, which was used to intercept the
stemflow. We connected the aluminum foil tank to the water-collecting container through a
hose with a diameter of about 1 cm (Figure 1). To reduce evaporation loss, we measured
throughfall and stemflow immediately after each rainfall event.
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We calculated canopy interception by precipitation minus throughfall minus stemflow.

2.2.2. Scale-Up Method

(1) Water storage capacity of the stem, branch, and leaf

We selected 100 branch samples and 100 stem samples for C. korshinskii and H. rhamnoides,
from the sampling plots with a size of 100 × 100 m (not sampled from the 10 × 10 m plots).
We took the samples to the laboratory for numbering and weighing. We immersed the
samples in water for about 10 min and then removed them from the water after the branches
and trunks were completely saturated. We suspended the branches in the natural growth
mode and measured the quality of branches and trunks when there was no more gravity
water (about 1–2 min). We air-dried the branches and stems for 6 h and took off all the
leaves. We weighed the leafless branches and stems and then wetted them again. We
measured the length and diameter of the branches and stems using a vernier caliper with
an accuracy of 0.01 mm and tape with an accuracy of 0.1 cm. Then, we calculated the
surface area of the branches and stems (Table 3).

Table 3. The characteristics of the 100 selected branch samples and 100 stem samples of C. korshinskii
and H. rhamnoides in the scale-up method.

Species n Diameter (cm) Length (cm) Leaf Area (cm2)

C. korshinskii 100 1.72 ± 0.26 a 195 ± 20 a 61.2 ± 8.7 a

H. rhamnoides 100 1.88 ± 0.23 b 212 ± 24 b 85.6 ± 7.1 b

Data = mean ± SD. Results with different letters (a or b) are different with a p level < 0.05.

We lay the leaves flat on the scanning equipment, avoiding overlap, and imported
the scanned images into ArcGIS 10.5 to obtain the pixel value range of the leaf, count the
number of pixels of the leaf, and compare with the pixel value of the picture. We established
the model and batch process to obtain the leaf surface area [17] (Table 3). Table 3 illustrates
the significant differences in the biometric characters among the selected samples.

(2) Scale-up

Assuming that the canopy structure is uniform and the canopy water storage capacity
per unit area is the same, Peng et al. (2011) [17] used the following method to calculate
canopy water storage capacity. The water storage capacity of leaves (h1, mm) is as follows:

h1 =
w1

10ρs
× LAI, (1)

where w1 is the leaf water storage (g); ρ is the water density (g/cm3); s is the total leaf
surface area (cm2); and LAI is the leaf area index.

The water storage capacity of branches (h2, mm) is as follows:

h2 =
w2

πρdl
×WAI, (2)

where w2 is the leaf water storage (g); d is the diameter of the branch (cm); l is the length of
the branch; and WAI is the branch effective area index, which was measured in the spring
or winter when all leaves dropped.

The water storage capacity of branches (h3, mm) is as follows:

h3 =
w3

1000ρs
× πn0DH, (3)

where w3 is the stem water storage (g); n0 is the plant density in the sample plot (numbers/m2);
D is the averaged base diameter (cm); and H is the averaged plant height (cm).

Therefore, the canopy water storage capacity (h) of the whole stand can be expressed
as follows [18]:
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h = h1 + h2 + h3. (4)

2.2.3. Pereira Regression Analysis Method

A good linear relationship exists between rainfall outside the forest and throughfall,
which can be expressed as follows [5]:

TF = aPG + b, (5)

where TF is the throughfall; PG is the rainfall outside the forest; and a and b are the equation
fitting parameters, where b is related to the canopy water storage capacity.

Pereira et al. [19] obtained the canopy water storage capacity (S, mm) based on the
Gash model [20]:

S = − b
(E/R− 1)

E
R
× 1

ln[1− (E/R)]
, (6)

where R is the rainfall intensity (mm/h) and E is the evaporation of the saturated canopy
(mm), which is obtained by the Penman–Monteith equation:

λE = (∆Rn + ρcPD/ra)(∆ + γ)−1, (7)

where λ is the latent heat of vaporization of water (20 ◦C, 2454 J g−1); ∆ is the slope of the
curve relating saturated vapor pressure to temperature (hPa ◦C−1); Rn is the net radiation
(MJ m−2 h−1); ρ is the density of dry air (20 ◦C, 1204 g m−3); cp is the specific heat of the
air (1.0048 J g−1 ◦C−1); D is the saturation pressure deficit (hPa); γ is the psychometric
constant; and ra is the bulk aerodynamic conductance between the leaf surfaces and the
reference point. The estimation of ra by the momentum method is as follows [21]:

ra =
{ln[(z− d)/z0]}2

k2U
, (8)

where k is von Karman’s constant (k = 0.4), U is the wind speed (m s–1) at height z (m), z is
the reference height above the ground surface, d is the zero-plane displacement height, and
z0 is the roughness length for momentum (d = 0.75 h, z0 = 0.1 h, z = h + 2, where h is the
canopy height).

2.2.4. Simulated Rainfall Method

We used a rainfall simulator (model DIK-6000, Daiki Rika Kogyo Co., Saitama, Japan)
with a height of 2 m, which had a spray spacing grid (1 × 1 m) and 400 needles (20 × 20).
The effective rainfall area to simulate rainfall events with different intensities was 1.18 m2.
The rainfall intensity of the simulator ranged from 0 and 200 mm h−1. Using the coarse
and fine adjustment floats on the control panel, 8 rainfall intensities (25, 35, 45, 55, 85, 125,
165, and 200 mL min−1) were set corresponding to intensities of 1.04, 1.68, 2.25, 3.58, 4.38,
6.75, 9.37, and 10.25 mm h−1 calibrated by a standard rain gage.

According to the average value of the biological parameters (Table 1), we selected
representative individual shrubs from the plot with a size of 100 × 100 m (not sampled
from the 10 × 10 m plots). We took six samples for each shrub from the sampling plots
with a size of 100 × 100 m (not sampled from the 10 × 10 m plots). We cut the stem of
the sample and sealed it with liquid paraffin to prevent it from wilting immediately [1].
After the experiment, we dissected the samples into leaves, stems, and branches. We
calculated the single leaf area following the method of Li et al. [22]. We took the branches
and trunks as cylinders and calculated the surface area. We calculated the projected area of
the shrub canopy by the longest diameter and shortest diameter of most canopy centers. We
calculated the LAI according to the ratio of leaf area to canopy projection area. We obtained
the dry biomass of leaves, stems, and branches by means of the oven drying method (75 ◦C,
about 48 h), which was calculated as the dry biomass of the whole shrub.
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We selected shrub specimens from the test field and suspended the specimens on a
1 mm-diameter cable. According to Ginebra-Solanellas et al. [1], we covered the samples
on the pedestals of the electronic balances (type LAI 6001 s, Sartorius Co., Göttingen,
Germany; accuracy: ±0.1 g) and put them on the upper flat of the rain simulator. We
connected a laptop to the electronic balance and recorded the weight of the sample every
3 s automatically during the period of rainfall simulation [3]. We assumed that the amount
of water held in the shrub canopy would increase as the intensity of rainfall increased.
Therefore, the canopy in wet situations did not affect the total water stored in each test
stage with the consecutive higher rainfall intensity, i.e., the canopy storage water is the
sum of the water intercepted by the canopy from a dry state to a wet state. Each simulated
rainfall course started from the lowest intensity (1.04 mm h−1) until the weight achieved a
stable status [1]. We thereafter turned off the simulator for 5 min to facilitate the drainage
of extra water from the plant. The aim was not to return to the initial dry conditions, but
rather to allow excess water to leave the plant. The rainfall intensity was then increased
to 1.68 mm h−1 and further until 10.25 mm h−1 was reached. When the weight rise of the
vegetation specimens retained steady-state storage at the last rainfall of 10.25 mm h−1, the
rainfall simulator was immediately turned off. At the same time, two ventilators were
turned on, and all doors and windows were opened to enable quick specimen drying for
subsequent biometric variable determination.

2.3. Data Analysis

One-way analysis of variance (ANOVA) was performed to compare differences among
species in their biometric variables (plant height, basic diameter, projected area, LAI). The
same method was used to compare the sampling by the scale-up method (length, basic
diameter, leaf area) and the sampling by canopy interception (canopy bulk, branch numbers,
branch angle, branch length, projected area, basic diameter, plant height). General linear
models of two-way ANOVA were used to examine the major and interactive effects of
shrub species and the biological parameters of water storage ability. Correlations between
biometric features and intercept variables were evaluated by Pearson’s correlation analysis.
Sampling was tested by using the randomness test of single sample variable values. All
statistical tests were conducted using SPSS 18.0 software.

3. Results
3.1. Rainfall

In the period of the experiment (1 May to 30 September 2014–2018), we observed
235 rainfall events. Of these, 75 rainfall events happened in the daytime and 161 rainfall
events happened at night. The results reveal that a low rainfall intensity (<0.5 mm h−1)
occurred in 43.8% of the rainfall events (Figure 2A). The average rainfall per year was
363.2 mm, and the rainfall distribution is shown in Figure 2B. Over the duration of the
experiment, 197 individual rainfall events produced throughfall and 151 rainfall events
produced stemflow.

3.2. Canopy Water Storage Based on Pereira Regression Analysis Method
3.2.1. Throughfall, Stemflow, and Canopy Interception

Throughfall ranged from 23.2% to 98.1%, accounting for 62.4% of the total rainfall
over individual rainfall events. The comparable throughfall of C. korshinskii was 70.1%,
the range was 21–98.3%, and the standard deviation was 21.4%. Under the same rainfall
circumstances, the throughfall of C. korshinskii was 7.7% higher than that of H. rhamnoides.
Stemflow values contributed 6.7% and 2.4% of the total rainfall, respectively. Their variation
ranged from 1.5 to 17.7% and 0.07 to 4.7%, and their standard deviations were 25.5% and
17.7%, respectively, for C. korshinskii and H. rhamnoides (Figure 3).
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Figure 2. The distributions of the rainfall intensity, rainfall, and rainfall events from 1 May to
30 September 2014–2018. (A), the frequency of different rainfall intensity classes; (B), the frequency
of rainfall events and rainfall in different rainfall classes.

Figure 3. Linear regression relationship between rainfall and throughfall or stemflow from 2014 to
2018 for C. korshinskii and H. rhamnoides.



Forests 2022, 13, 1187 9 of 15

The average interception loss for C. korshinskii and H. rhamnoides accounted for 23.3%
and 34.2%, respectively, of the total rainfall during the study period (Figure 4). The
logarithmic regression equation of canopy interception loss and total rainfall is shown in
Figure 4.

Figure 4. Logistic regression relationship between rainfall and canopy interception for C. korshinskii
and H. rhamnoides.

3.2.2. Average Rainfall Intensity and Evaporation Intensity

Among the 197 rainfall events that produced throughfall, the average rainfall intensity
was 0.15–13.65 mm h−1, among which one strong rainfall event reached 32.5 mm h−1,
and the most common rainfall intensity was less than 1 mm h−1. The evaporation of
C. korshinskii and H. rhamnoides during 197 rainfall periods calculated according to the
Penman–Monteith formula was 0.0090–0.20 mm h−1 and 0.008–0.17 mm h−1, respectively,
accounting for 10.30% and 8.09% of the rainfall. We applied these values to Equation (6),
and the canopy water storage capacities of C. korshinskii and H. rhamnoides were 0.68 mm
and 0.72 mm, respectively.

3.3. Canopy Water Storage Based on Scale-Up Method

We determined the canopy water storage capacity according to the structural char-
acteristics of the canopy and the physiological characteristics of each component of the
canopy. The maximum water storage capacity of each component of C. korshinskii was
as follows: branch, 0.31 mm > leaf, 0.27 mm > trunk, 0.15 mm, and the canopy water
storage capacity was 0.73 mm. The maximum water storage capacity of each component of
H. rhamnoides was as follows: trunk, 0.33 mm > branch, 0.29 mm > leaf, 0.14 mm, and the
canopy water storage capacity was 0.76 mm (Figure 5). There was a positive correlation
between the branch water storage capacity and the proportion of canopy branchlets and
leaf biomass to the total biomass of the branch (Figure 6).
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Figure 5. Box-and-whisker diagrams of the water storage capacity of leaf, branch, and trunk for C.
korshinskii and H. rhamnoides, showing the mean value (the dotted line), standard deviation, and 25th,
50th, 75th, and abnormal percentile values.

Figure 6. Linear regression relationship between water storage volume of branches and the biomass
ratio of leaf and branch/trunk for C. korshinskii and H. rhamnoides. (A) C. korshinskii. (B) H. rhamnoides.

3.4. Canopy Water Storage Based on Simulated Rainfall Method

Figure 7 illustrates the exponential regression relationship between water storage per
leaf area, branch and stem surface area (as indicated by the equivalency of the water depth),
and simulated rainfall intensity (1.04, 1.68, 2.25, 3.58, 4.38, 6.75, 9.37, and 10.25 mm h−1).
We found that in each simulated rainfall intensity, the water intercepted by H. rhamnoides
on each trunk surface area was more than that of C. korshinskii on each branch surface area
and leaf area; C. korshinskii could store more water than H. rhamnoides. The canopy water
storage capacity was 0.63 mm and 0.59 mm for C. korshinskii and H. rhamnoides, respectively.
Canopy water storage showed an increasing trend with an increase in the rainfall intensity
in both C. korshinskii and H. rhamnoides (Figure 7).
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Figure 7. Canopy storage capacity per trunk, branch, and leaf area for eight rainfall intensities for
C. korshinskii and H. rhamnoides. Values are the average of the equilibrium stores in all tests for each
species (n = 16). The vertical bars show the standard error. (A), Trunk; (B), Branch; (C), Leaf.

3.5. Relationships between Water Storage Capacities and Community Characteristics

Shrub species and biological parameters were significant in affecting the water storage
capacity of the canopy (p < 0.0001). There was no significant effect of their interaction
on canopy water storage capacity (p > 0.05) (Table 4). Table 5 shows that our absolute
water storage capacity (S) values showed a positive correlation with the leaf area, LAI, and
projected area, and a negative correlation with the branch angle. However, no correlation
was observed between canopy water storage capacity and basic diameter or shrub height.

Table 4. Analysis of variance for the effects of shrub species and biological parameters on canopy
water storage capacities (n = 3).

Sources of Variation df Canopy Water Storage Capacity (mm)

Shrub species (SS) 1 0.12 ***
Biological parameters (BP) 5 0.07 ***

SS × BP 5 0.0062 *
Biological parameters: basic diameter, shrub height, leaf area, LAI, projected area, branch angle. * p ≥ 0.05;
*** p ≤ 0.0001. df, degree of freedom.
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Table 5. Correlation coefficients between the absolute water storage capacity (S) and basic diameter,
shrub height, leaf area, LAI, projected area, and branch angle. n = 81.

Biological
Parameters Basic Diameter (mm) Shrub Height (m) Leaf Area (cm2) LAI Projected Area (m2) Branch Angle (◦)

S 0.19 * 0.17 * 0.43 ** 0.50 *** 0.49 *** −0.32 *

* p ≥ 0.05; ** p ≤ 0.001; *** p ≤ 0.0001.

4. Discussion
4.1. Influential Factors of Shrub Canopy Water Storage Capacity

Although few studies have been conducted on the canopy water storage capacity of
shrubs, some related studies have shown that it is related mainly to the canopy volume,
projected area, biomass, leaf area, LAI, leaf structure, shape, inclination angle, water
storage capacity of leaves, growth of soft hairs, and the type, number, and density of
wrinkles between leaves and stems. We found that the canopy water storage capacity
was significantly affected by species and biological parameters. However, there was no
significant effect of their interaction on the water storage capacity of the canopy. Our
results are similar to those of Guo et al. [23] and Xiong et al. [24]. The canopy water storage
capacity was highly correlated with canopy structural characteristics, positively correlated
with the leaf area, LAI, and projected area, and negatively correlated with the branch angle.
Wang et al. [25] found that the leaf area and biomass had more influence on the canopy
water storage capacity than the projected area and shrub volume. The larger species and
specimens were able to store more water than the smaller shrubs, and for similar canopy
surface areas, the water storage capacity increased with the surface area.

We found that the canopy water storage capacity of H. rhamnoides was greater than
that of C. korshinskii for the average of the three methods. This may have been due to the
fact that the bark of H. rhamnoides was thick and soft and could absorb more water, and
that the bark often splits obliquely, which can store more water. The leaves, branches,
and trunks of the C. korshinskii individuals had a layer of wax, which made the canopy
surface smooth and adverse to water retention, which may limit or reduce water storage.
Garcia-Estringana et al. [26] showed that the root cause of determining the water-holding
capacity of shrubs is the physiological structure of the stems and leaves. Garcia-Estringana
et al. [27] also reported that Typha latifolia had a strong water-holding capacity because of
the abundant soft hairs on the leaves and young stems. The canopy water storage capacity
of Cistus ladanifer was lower because the growth direction of the leaves and petioles was
different, which is not conducive to water retention. A layer of impermeable wax on the
surface of leaves can prevent water penetration. At the same time, this capacity also proved
that coniferous leaves have a stronger water-holding capacity than broad leaves [28].

4.2. Effects of Different Methods on Canopy Water Storage Capacity

Different methods had a significant influence on the determination of the canopy water-
holding capacity. The canopy water storage capacity of C. korshinskii and H. rhamnoides was
ascertained as 0.68 mm and 0.72 mm, 0.73 mm and 0.76 mm, and 0.63 mm and 0.59 mm
using the Pereira regression analysis method, scale-up method, and simulated rainfall
method, respectively. Wang et al. [25] revealed that the canopy water storage capacity of
C. korshinskii under seven rainfall intensities was 0.24–0.53 mm. Zhang et al. [27] used
regression analysis and found that the canopy water storage capacity of C. korshinskii was
0.71 mm and that a large gap existed between the rainfall intensities. The results of this
study are similar to those of Zhang et al. [27]. The results may be similar because the
observation error of the throughfall was large and because of the seasonal change in LAI.
In addition, regression analysis depends on the observation data of rainfall outside the
forest and the throughfall. Peng et al. [17] used different equipment to observe throughfall.
Their results showed that different equipment and different layout methods of the same
equipment had a certain impact on the observation data of throughfall. It is evident from
Table 1 that the throughfall rate of C. korshinskii and H. rhamnoides showed an increasing
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trend as the growing season went on, which may have been caused by the change in LAI and
rainfall characteristics, affecting the determination of the canopy water storage capacity.

As for the research on canopy water storage capacity, some researchers have said that
the water absorbed by tree trunks should not be considered [29], while others believe that,
in arid and semi-arid regions, the water absorbed by tree trunks could reach about 16% of
the water retained by the canopy [30]. The canopy water storage capacity calculated by
the scale-up method in this study is the maximum canopy water storage capacity under
ideal conditions, but the actual canopy water storage capacity cannot reach the maximum
water storage capacity in many cases. The actual canopy water storage capacity is mainly
affected by the stand status, and rainfall characteristics will also affect the canopy water
storage capacity. For example, in the case of a short period of heavy rainfall, it is difficult to
achieve the maximum canopy water storage capacity. Therefore, the actual canopy water
storage status should be considered in the application of scale-up results. The Pereira
regression analysis method mainly utilizes observation data of precipitation outside the
forest and throughfall. The observation error of throughfall is large, and observation
equipment and the arrangement of observation points will affect the measurement of
throughfall. Rainfall events considered by the Pereira regression analysis method need
to meet canopy saturation. Gash et al. [21] described the process of canopy interception
as canopy unsaturation–canopy saturation–stemflow generation and comprehensively
considered rainfall characteristics outside the forest and the maximum water storage
capacity of trunks during the observation. The maximum canopy water storage capacity
obtained by the Pereira regression analysis method was between that obtained by the
scale-up method and that obtained by the simulated rainfall method. It can be considered
that the canopy water storage capacity obtained by the Pereira regression analysis method
is reasonable.

We observed the minimum canopy water storage capacity using the simulated rainfall
method. The results of the study by Llorens and Gallart [29] indicated that the water storage
capacity of the canopy measured using the scale-up method was about 30% greater than that
measured by the simulated rainfall method, because the scale-up method inevitably made
the samples absorb more water, particularly the xylem of the canopy. Our earlier research
revealed that the specific storage capacity of the water-immersed samples was 20% higher
than that of the indirect method [30]. Soaking inevitably resulted in more water absorption
by the sample than natural rainfall events [31]. Garcia-Estringana et al. [26] obtained the
opposite results, however. When the simulated rainfall intensity was 11.53 mm h−1, the
water volume stored by A. ordosica was close to that of Dorycnium pentaphyllum; the water
volume stored by C. korshinskii and Haloxylon scoparium was similar to that of Cistus albidus
in Garcia-Estringana et al. [26], obtained using simulated rainfall of 13 mm h−1. Comparing
the thin–thick-leaf and thin–large-stem plants, the wide-leaf ones stored more water in unit
biomass than the fine-leaf ones [32]. These studies indicated that the sample biomass is not
a reliable predictor of cross-species storage and demonstrated that the leaf biomass as a
storage predictor has an intermediate use, possibly the result of the use of a large number
of simulated rainfall intensities (20 mm h−1). In future studies, scholars could analyze the
influence of leaf thickness, leaf area, leaf tissue density, stem density, and other indicators
on canopy water storage capacity, because they are all relevant.

According to the regression analysis method, each precipitation event may not have
caused the canopy to achieve canopy water storage capacity. Generally, the leaves and
branches of the canopy easily reached the maximum canopy water storage capacity, whereas
the tree trunks needed to reach the maximum canopy water storage capacity under heavy
rainfall events. Therefore, the water storage capacity of the canopy estimated by the
regression analysis method better reflected the canopy water storage capacity in the actual
precipitation process. The simulated rainfall method could overcome the shortcomings of
the regression analysis method and the scale-up method.
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5. Conclusions

Different methods had a significant influence on the results of the canopy water-
holding capacity. The canopy water storage capacity for C. korshinskii and H. rhamnoides
was determined to be 0.68 mm and 0.72 mm, 0.73 mm and 0.76 mm, and 0.63 mm and
0.59 mm using the Pereira regression analysis method, scale-up method, and simulated
rainfall method, respectively. The ability to clarify the influence of vegetation restoration
measures on the semi-arid Loess Plateau has great practical significance for effective
vegetation management and for maximum realization of the water cycle of natural rainfall.
Therefore, an artificial ecosystem could be established using xerophytic shrubs, such as
C. korshinskii and H. rhamnoides. The canopy water storage capacity leads to the loss of
net water in the hydrological cycle. The research results of canopy water storage in shrub
canopies are helpful for vegetation restoration and water budget assessment in the Loess
Plateau. For example, species with a low canopy water storage capacity can be selected for
vegetation restoration, which is conducive to efficient water utilization. The findings of this
research can be applied to other shrub-dominated ecosystems.
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