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Abstract: The implementation of energy conservation and emissions reduction in Beijing prompted
yearly increases in the area of urban green space, leading to direct increases in urban water
consumption. This aggravated an already tense situation of water shortage. Considering the low
irrigation water utilization effectives of the urban green space system, the typical urban greening
shrub (Ligustrum vicaryi) was selected as the research object of this study. In a pot experiment, three
mulch materials were selected: gravel (CH1), pine needles + gravel (CH2), and bark + gravel (CH3).
These materials were set to a uniform thickness of 3 cm, and soil water was maintained between
75% and 85% of the field capacity. Using the analytic hierarchy process and fuzzy mathematics
model, the physiological and ecological response characteristics of Ligustrum vicaryi were investigated
under different combinations of mulch material. The results for various processing, regarding plant
growth, showed CH3 > CH2 > CH1 > CK (Control Check). The leaf area, total leaf area, and leaf area
index of CH3 were, respectively, 21.4%, 21.9%, and 62.5% larger than those of the control check (CK).
Regarding physiological characteristics, photosynthetic rate, evaporation rate, stomatal conductance,
and water use efficiency of CH3 were better than for the other treatments. Regarding ecological
services, carbon fixation, oxygen release, cooling, and quantity of humidification of CH3 were optimal.
Considered comprehensively for the landscape function, physical characteristics, and ecological
services of Ligustrum vicaryi, the preliminary thought is that bark and gravel dual-element mulch,
with a layer thickness of 3 cm, was the optimal soil cover treatment for the typical city greening
shrub Ligustrum vicaryi. Using the analytic hierarchy process (AHP) and the fuzzy mathematical
model for the evaluation of the effects of different soil cover treatments on the landscape function,
ecological service function, and physiological characteristics of Ligustrum vicaryi was reliable and
feasible. The model evaluation results match the actual ones.
Keywords: Ligustrum vicaryi; landscape function; ecological service function; mulch conservation

1. Introduction
Green plants can beautify the environment and purify air, and can also fix greenhouse gases,
especially CO2 gas in the air, then release O2 through photosynthesis [1,2]. Green plants could lower
ambient temperature in the surrounding environment and increase air humidity by leaf transpiration
water loss, which provides balance between the urban landscape and ecological environment [3–5].
Global activities for energy conservation and emissions reduction have promoted rapid development
of urban green space area and led to increasing water consumption, which has accelerated the already
Water 2019, 11, 654; doi:10.3390/w11040654

www.mdpi.com/journal/water

Water 2019, 11, 654

2 of 13

tense situation of water resource shortage [6,7]. Moreover, the water use efficiency has been low,
causing the waste of water resources during the processes of green space construction and irrigation
management. The proper soil cover could conserve soil moisture, reduce water loss from soil surface
evaporation, stabilize the soil temperature, and increase the efficiency of plants water use [8,9]. At the
same time, the soil cover also has played a role in the beautification of urban landscape.
The conditions provided by the current natural climate in Beijing are poor. Limited rainfall and
active evaporation have led to a soil water deficit. Research on soil cover conservation patterns have
previously mainly concentrated on crops. However, research is not sufficiently in-depth or systematic
to inform soil conservation measures based on ground cover for horticultural plants. Cook et al.
studied the influence of rainfall interception, soil physical properties, and temperature under different
mulch covers [10]. Li et al. studied the influence of evapotranspiration and water use efficiency of
cabbage with different degrees of soil coverage in a pot experiment. The results show that the water use
efficiency of cabbage increased with increasing degree of soil coverage [11]. Wang et al. studied on the
influence of crop water use efficiency and crop yield for different kinds of cover mulch, and suggested
mulching and supplementary irrigation to improve rainwater availability for high sustainable crop
yield [12]. Ma et al. studied the effect of gravel mulch on sea buckthorn growth, and thought that the
gravel mulch could promote sea buckthorn survival and growth [13]. Liu et al. studied the effect of
soil water dynamics and water use efficiency of corn in relation to different soil coverage measures [14].
Soil conservation research on soil cover for greening plants was the main topic, but references for crop
research had the main goals of crop yield and fruit quality. Because the greening plants are different
from crops, results about their yield and quality did not help with the ultimate goal of this research:
The landscape and ecological service functions of greening plants. In order to resolve this situation,
we must change the direction of research toward the soil conservation pattern of soil cover of greening
plants, to seek the optimal covered soil conservation mode, considering comprehensive landscape and
ecological service functions. The ultimate purpose is to provide a theoretical basis for green space
construction and administration.
In this article, we report the results of our study on the effect of Ligustrum vicaryi growth,
physiological characteristics, landscape functions, and ecological service functions in a pot experiment
involving different soil conservation modes. Based on these parameters, the applied analytic hierarchy
process (AHP) and a fuzzy mathematics model were used to provide a comprehensive evaluation.
The optimal covered soil conservation mode was determined based on comprehensive consideration
of plant physiology, landscape function, and ecological service function. This approach has important
significance for the development of a low-carbon economy, for low-carbon urban construction, and for
alleviating the water shortage in Beijing.
2. Materials and Methods
2.1. Experimental Materials
The shrub Ligustrum vicaryi was selected for this study because it is a typical shrub often used in
Beijing greening projects. The experiment was conducted at the College of Water Conservancy and
Civil Engineering, China Agricultural University (39◦ 569 N, 116◦ 17 E) during 2011 to 2012. The climate
at the experimental site is “warm sub-humid continental monsoon,” with an average temperature of
12.8 ◦ C, annual effective accumulative temperature of 4500 ◦ C, frost-free period of 189 days, annual
rainfall of 450–650 mm, and annual evaporation of 1835.8 mm. Those pots were 26.5 cm in height and
35 cm in diameter. Three small holes were made at the bottom of the pots in order to maintain the
soil permeability and to prevent water accumulating on the pot floor. The soil samples were collected
from the experimental field of the China Agriculture University. The soil texture was sandy soil.
The total nitrogen, total phosphorus, and total potassium were, respectively, 2.4, 0.6, and 11.8 g/kg in
this soil. Its available nitrogen, available phosphorus, available potassium, and organic matter were,
respectively, 0.6, 0.8, 3.0, and 18.1 g/kg. The cationic exchange capacity was 9.87 mol/kg, and pH
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was 7.49. After air drying and sieving through a 2 mm mesh, the soil was packed to a bulk density of
1.35 g/cm3 , and left 5 cm below the pot top brim to avoid water overflow. The mass of the soil in each
pot was 15.47 kg. For better survival rate of Ligustrum vicaryi, all seedlings were fully irrigated within
a month after transplanting. During the experiment, the soil moisture condition was controlled by the
weight method.
2.2. Experimental Design
For this experiment, three treatments were prepared, based on ground cover materials: gravel
(CH1); pine needle and gravel mulch (CH2); and tree bark and gravel mulch (CH3). For the control
check (CK), no mulch was used. Each treatment was repeated six times. The mulch materials were
used to cover the soil uniformly to a thickness of 3 cm [9]. Soil water was controlled to remain between
75% and 85% of field capacity (FC). During the experiment, an electronic balance was used to monitor
soil water regularly, according to change in the ambient temperature. For the sake of accuracy, water
was added using beakers with volume of 100 and 400 mL. A small tray was put under each pot, to catch
the water leaking from the gap between soil and the pot. Then, the water seepage was re-poured into
the pots slowly to ensure appropriate soil moisture for each treatment.
2.3. Characterization of Landscape Function
In considering urban horticultural plants, the landscape function was particularly important.
The landscape function of greening plants is mainly embodied in the size of leaves, sparsity or
abundance of leaves, and the color of the leaves. For this part of the experiment, three parameters
were set: leaf area (LA), total leaf area (TLA), and the leaf area index (LAI).
LA reflected the size of leaf, and TLA was calculated as in Equation (1).
S1 = S2 × W1 /W2

(1)

where S1 is the total leaf area, cm2 ; S2 is the leaf area scanned, cm2 ; these scanned leaves were randomly
collected from top to the bottom around the whole tree, and then were pasted on the grid paper to
scan. The one leaf area was calculated by the AutoCAD, and the leaf area scanned were calculated
according to the relationship between the leaf area and leaf weight. W1 is the total fresh weight of the
leaves, g, and these leaves were from the whole tree. W2 is the fresh weight of the leaves scanned in
grams. These scanned leaves were randomly collected from top to the bottom around the whole tree,
and then were weighted.
LAI reflected the degree of sparsity of leaves, and was calculated as in Equation (2):
LAI = S1 /πr2

(2)

where LAI is the leaf area index; S1 is the total leaf area, cm2 ; r is the average canopy radius, cm.
In this paper, leaf color is expressed as chlorophyll content. For evergreen shrub species, the higher
chlorophyll content, the better the landscape function.
2.4. Characterization of Ecosystem Service Function
2.4.1. Fixing Carbon and Releasing Oxygen
The assimilation of plants enclosed the area of net photosynthesis, and the horizontal axis of
time in the curve of diurnal variation of plant photosynthesis. The photosynthesis rate was measured
by the photosynthetic apparatus CL-340. The measurement was performed every two hours from
8 AM to 6 PM on the typical sunny day. Six leaves with good growth condition were selected from the
6 different locations in the top layer, middle layer, and bottom layer of the tree.
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On this basis, we assumed that the net photosynthesis was Pn, and the formula for calculating the
net photosynthesis was as follows [15–17]:
j

Pn =

∑

[( Pi+1 + Pi ) ÷ 2 × (ti+1 − ti ) × 3600 ÷ 1000]

(3)

i=1

where Pn is the total assimilation in the sampling day (mmol·m−2 ·d−1 ); Pi is the instantaneous
photosynthetic of the measured point; Pi+1 is the instantaneous photosynthetic of the next measured
point (µmol·m−2 ·s−1 ); ti is the instantaneous time of the measured point; ti+1 is the instantaneous time
of the next measured point, h; j is the times of measuring; 3600 is 3600 s/h; and 1000 is 1000 µmol.
The total assimilation was converted to the amount of CO2 fixed:
WCO2 = Pn ·44/1000

(4)

where 44 is molar mass of CO2 (g·mol−1 ); WCO2 is the CO2 fixed per unit area of leaf (g·m−2 ·d−1 ).
According to the reaction equation of photosynthesis:
CO2 + 4H2 O → CH2 O + 3H2 O + O2

(5)

The rate of oxygen release by trees is:
WO2 = P·32/1000

(6)

and the unit is g·m−2 ·d−1 .
2.4.2. Cooling and Humidification
Cooling and humidification are based on the transpiration rate. The transpiration rate was
measured by the photosynthetic apparatus CL-340. The measurement was performed every two hours
from 8 AM to 6 PM on the typical sunny day. Six leaves with good growth condition were selected
from the 6 different locations in the top layer, middle layer, and bottom layer of the tree, and was
calculated using the formula [15–17]:
j

Tr =

∑

[(ei+1 + ei ) ÷ 2 × (ti+1 − ti ) × 3600 ÷ 1000]

(7)

i=1

where Tr is the total transpiration on the test day (mmol·m−2 ·s−1 ); ei is the instantaneous rate of
transpiration of the initial point measured; ei+1 is the instantaneous rate of transpiration of the next
point measured (µmol·m−2 ·s−1 ); ti is the instantaneous time of the initial point measured; ti+1 is the
instantaneous time of the next measured point (h); and j is the period of measurement.
WH2O = Tr × 18

(8)

where 18 is the molar mass of H2 O.
We assumed that the heat absorbed by Ligustrum vicaryi per square meter of leaves in a day was
Q, due to transpiration of water; then
Q = WH2O × L
(9)
where Q is the units of heat absorbed every day per leaf area, kJ/(m2 ·d); and L is coefficient of
evaporation heat consumption (L = 2495 − 2.38 × t, t is the temperature of measured day).
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2.5. The Fuzzy Mathematical Model
The comprehensive evaluation of the fuzzy mathematical model is to make a general evaluation
of the things or objects that are restricted by many factors. Since the evaluation of things from many
aspects is inevitably fuzzy and subjective, the comprehensive evaluation using the fuzzy mathematical
method will make the results as objective as possible so as to achieve better practical results [18].
2.5.1. The Determination of Weighting
The analytic hierarchy process (AHP) was used to determine the weighting of each index of
the comprehensive evaluation target. This method created a joint index by comparing two indexes.
According to index Ci and Cj the contribution to (or influence on) the target gives a relative weight aij (i,
j = 1, 2... n) between them. If the influence of Ci and Cj on the target is the same, take aij = 1. If the effect
of Ci is slightly larger than the effect of Cj , take aij = 3. If the effect of Ci is larger than the effect of Cj , take
aij = 5. If the effect of Ci is obviously larger than the effect of Cj , take aij = 7. If the effect of Ci is absolutely
larger than the effect of Cj , take aij = 9. If the effect is between two of the adjacent levels above, take
the value between their corresponding levels. The ratio of Cj to Ci is aji = 1/aij . Construct judgment
matrix A = (aij ) based on the above principles, and the consistency check. The consistency check index
(C.I.) is given by (λmax − n)/(n − 1); where n is index number and λmax is the largest eigenvalue of
matrix A. Calculate the consistency ratio (C.R. = C.I./R.I.) using the random consistency index (R.I.
in Table 1). When C.R. < 0.1, and the consistency of matrix A is considered satisfactory, these show
that the maximum eigenvalue (λmax), corresponding to the eigenvectors W = (w1 , w2 , Λ , wn ), indicate
that the target weight of the index C1 , C2 , C3 . . . Cn is acceptable. When C.R. ≥ 0.1 is unacceptable,
judgement matrix A will need to be corrected; so recalculate the consistency ratio C.R. until C.R. < 0.1.
Table 1. The random consistency index (R.I.)
n

1

2

3

4

5

6

7

8

9

10

R.I.

0

0

0.6

0.9

1.12

1.2

1.3

1.4

1.45

1.49

2.5.2. Establishment of Subordinate Function and Determination of Comprehensive Evaluation Set
According to the division of the evaluation set using the fuzzy mathematical method, establish
index data corresponding to its membership function.
(1) If bigger indicators would be better, use the upper limited linear membership function, Uij (xi) =




0 xi < minxi
( xi − min xi )/(max xi − min xi )min xi < xi < max xi


1 xi > maxxi
(2) If smaller indicators would be better, use the lower limited linear membership function, Uij (xi) =




1 xi < minxi
x
−
max
x
/
min
x
( i
i) (
i − max xi ) min xi < xi < max xi


0 xi > maxxi
where Uij (xi) was the membership function from the j shrub corresponding to the I evaluation index;
max xi and min xi were respectively the upper limit and lower limit for each evaluation index in the
comment set.
Refer to the evaluation set established previously to obtain the evaluation index set of
physiological characteristics, landscape function, and the ecological service function for Ligustrum
vicaryi under different soil cover mulch; the results are shown in Table 2.
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Table 2. The division of evaluation index and evaluation set.
Evaluation Index
Evaluation Set

LA (cm2 )
Leaf Area

TLA (cm2 )
Total Leaf Area

LAI
Leaf Area Index

Pn (mmol·m−2 ·d−1 )
Photosynthetic Rate

Tr (mmol·m−2 ·s−1 )
Transpiration Rate

Optimal

>11

>1100

>0.4

>4

>3

Good

10–11

900–1000

0.3–0.4

3.5–4.0

2.5–3.0

Middle

9–10

800–900

0.2–0.3

3.0–3.5

2.0–2.5

Poor

8–9

700–800

0.1–0.2

2.5–3.0

1.5–2.0

<8

<700

<0.1

<2.5

<1.5

WUE
(µmolCO2 /mmolH2 O)
Water use efficiency

Carbon fixation
(g·m−2 ·d−1 )

Releasing oxygen
(g·m−2 ·d−1 )

humidification
(g·m−2 ·d−1 )

cooling kJ/(m2 ·d)

Bad

Optimal

>4

>5

>4

>1700

>4000

Good

3–4

4–5

3–4

1500–1700

3500–4000

Middle

2–3

3–4

2–3

1300–1500

3000–3500

Poor

1–2

2–3

1–2

1100–1300

2500–3000

Bad

<1

<2

<1

<1100

<2500

3. Results and Analysis
3.1. Influence of the Different Soil Covered Mode on Physiological and Ecological Results
In order to quantitatively describe the physiological and ecological effects from the different soil
covered mode for the typical city greening shrub Ligustrum vicaryi, data from 2011 and 2012 was studied
in terms of landscape function, physical characteristics, and ecological service function. By measuring
landscape parameters (LA, TLA, LAI), physical characteristics (Pn, Tr, WUE), and ecological service
function parameters (carbon fixation, oxygen release, humidification, cooling) at different times and
leaf growing positions, the data was analyzed to determine the influence of the different soil covered
mode on landscape function, physiological characteristics, and ecological service function of Ligustrum
vicaryi. The analysis results provided were mean values from two years of data.
3.1.1. The Influence of the Different Soil Covered Mode on Landscape Functions
By analyzing the data from the different treatments in Table 3, the results show that the leaf area
(LA), total leaf area (TLA), and leaf area index (LAI) of Ligustrum vicaryi for all three cover treatments,
which stand for landscape function parameters, were better than no mulch. This illustrated that the
implementation of the soil covered mode was beneficial to the growth of Ligustrum vicaryi, suppressed
excessive consumption of soil moisture because of evaporation, and saved water that was absorbed
by plant roots to supply plant growth. The CH3 treatment was most advantageous for the growth
of Ligustrum vicaryi. LA, TLA, and LAI of treatment CH3 was 21.4%, 21.9%, and 62.5%, respectively,
larger than for those of CK (the control, no soil cover). The second best was treatment CH2.
Table 3. Influence of Ligustrum vicaryi leaf area under different mulch treatments.
Treatment
Parameter
S2 (cm2 )

CK
Control Check
8.86 ± 1.08a

CH3

CH2

CH1

10.76 ± 2.01a

9.75 ± 1.54a

8.90 ± 1.50a

(cm2 )

841.96 ± 79.32c

1026.14 ± 71.85a

951.84 ± 73.64b

898.17 ± 36.16bc

0.24

0.39

0.34

0.29

S1

LAI

Data followed by different letters (a, b, c) within same columns at same stage are significantly different at P0.05 level;
values are mean ± SE of each treatment.
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3.1.2. The Influence of the Different Soil Cover Model on Photosynthetic Characteristics
The physiological characterization index parameters of Ligustrum vicaryi for the different
treatments, which included photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance
(Gs), and water use efficiency (WUE), were measured in August. Analysis of variance was done on
the measurement data; the results are shown in Table 4. The photosynthetic rate, transpiration rate,
and water use efficiency of all three soil cover treatments were better than no mulch. This illustrates
that implementation of soil cover assisted the physiological needs of Ligustrum vicaryi by allowing
the soil moisture to be more fully absorbed by the plant roots. The nutrients in the soil water
transported to the various plant organs promoted plant metabolism. By comparing each treatment,
the results showed that the photosynthetic rate, transpiration rate, and water use efficiency (WUE) of
the treatment CH3 was the best; and that the second best was CH2 treatment. The photosynthetic rate,
transpiration rate, and water use efficiency (WUE) with treatment CH3 was 27.5%, 35.8%, and 96.8%
larger, respectively, than those with CK (no cover).
Table 4. Influence of Ligustrum vicaryi photosynthetic characteristics under different mulch treatments.
Treatment
Parameter
Pn (µmol·m−2 ·s−1 )

CK

CH3

CH2

CH1

3.07 ± 1.69b

3.94 ± 1.71a

3.26 ± 1.26b

3.24 ± 1.21b

Tr (mmol·m−2 ·s−1 )

2.01 ± 0.77c

2.73 ± 0.99a

2.30 ± 0.65b

2.36 ± 0.92b

WUE
(µmolCO2 /mmolH2 )

1.75 ± 1.73b

3.44 ± 0.72a

1.94 ± 0.69b

1.69 ± 0.95b

Data followed by different letters (a, b, c) within same columns at same stage are significantly different at P0.05 level;
values are mean ± SE of each treatment.

It was necessary to study the change of photosynthetic rate, transpiration rate, and stomatal
conductance of the main stem leaves and branch leaves of Ligustrum vicaryi quantitatively under
the different soil cover treatments. During the experiment, photosynthetic rate, transpiration rate,
and stomatal conductance of different azimuth leaves were measured at different times. The experiment
results showed that (Figure 1) the photosynthetic rate of the four treatments was maximum in the
morning, there was a “noon break” phenomenon apparent in the photosynthetic rate of CK and CH2
(in the middle of the day). The transpiration rate showed a trend of “single-peak” curve changes for
each treatment, and reached the maximum at noon. The stomatal conductance for CH2 and CH3 were
at maximum in the morning.

stomatal conductance of different azimuth leaves were measured at different times. The experiment
results showed that (Figure 1) the photosynthetic rate of the four treatments was maximum in the
morning, there was a “noon break” phenomenon apparent in the photosynthetic rate of CK and CH2
(in the middle of the day). The transpiration rate showed a trend of “single-peak” curve changes for
each treatment, and reached the maximum at noon. The stomatal conductance for CH2 and CH3 were
Water 2019, 11, 654
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at maximum in the morning.
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rate).
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3.1.3. The Influence of the Different Soil Cover Model on Ecological Effect
From the aspect of ecological service function (Table 5), the ecological effects of the three soil
cover treatments were better than no mulch, and treatment CH3 was optimal. Compared with CK,
carbon fixation, oxygen release, cooling, and amount of humidification increased 34.3%, 34.0%,
46.1%, and 34.3%, respectively. The second best was CH2.
Table 5. Influence of different soil cover treatments on ecological effects for Ligustrum vicaryi.
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3.1.3. The Influence of the Different Soil Cover Model on Ecological Effect
From the aspect of ecological service function (Table 5), the ecological effects of the three soil
cover treatments were better than no mulch, and treatment CH3 was optimal. Compared with CK,
carbon fixation, oxygen release, cooling, and amount of humidification increased 34.3%, 34.0%, 46.1%,
and 34.3%, respectively. The second best was CH2.
Table 5. Influence of different soil cover treatments on ecological effects for Ligustrum vicaryi.
Treatment
Parameter
Carbon Fixation
(g·m−2 ·d−1 )

CK

CH3

CH2

CH1

3.64 ± 0.46b

4.89 ± 0.63a

3.97 ± 0.68b

3.90 ± 0.65b

Releasing oxygen
(g·m−2 ·d−1 )

2.65 ± 0.33b

3.5 ± 0.46a

2.89 ± 0.49b

2.84 ± 0.47b

Humidification
(g·m−2 ·d−1 )

1108.8 ± 129.6c

1619.9 ± 173.5a

1376.0 ± 101.1b

1320.8 ± 89.5b

cooling
kJ/(m2 ·d)

2657.9 ± 310.6c

3883.1 ± 415.8a

3158.7 ± 242.4b

3144.9 ± 210.6b

Data followed by different letters (a, b, c) within same columns at same stage are significantly different at P0.05 level;
values are mean ± SE of each treatment.

3.2. Evaluation Based on the Fuzzy Mathematical Model
3.2.1. Weight Calculated
Judgment matrix A was established based on the ten indicator parameters of growth and
physiological characteristics parameters, landscape function, and ecological service function under
different soil cover treatments, as follows:


1
 1

 1
 3
 1
 2
 1
A =
 3
 1
 5
 1
 5
 1
 3
1
3

1
1
1
2

1
1
3
1
7
1
7
1
5
1
5

1
1
1
1
5
1
3
1
2
1
2
1
3
1
3

3
2
1
1
1
2

1
1
1
3
1
3

2
1
5
1
1
1
2
1
2

1
1

3
3
3
2
1
1
1
2

1
1

5
7
2
1
2
1
1
1
1

5
7
2
1
2
2
1
1
1

3
5
3
3
1
1
1
1
1

3
5
3
3
1
1
1
1
1


















It was concluded, using Matlab statistical software, that the maximum characteristic value of
matrix A: λAmax = 11.07. By calculation, C.R. = 0.079 < 0.1, which suggests that matrix A passed the
consistency check, which corresponded to eigenvectors W = (0.53, 0.57, 0.25, 0.40, 0.27, 0.17, 0.15, 0.13,
0.14, 0.13), and is acceptable as the weight of the evaluation index.
3.2.2. Establishment of the Membership Function
The membership function of each evaluation index was calculated as follows:




0
1
U1j ( x ) =
3x −


1

8
3



x≤8

8 ≤ x ≤ 11 U2j ( x ) =


x ≥ 11

0
1
400 x

−

7 1
4 400 x

1

−

7
4

x ≤ 700
700 ≤ x ≤ 1100
x ≥ 1100
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0
x ≤ 0.1
0
x ≤ 2.5

10
1
2
5
U3j ( x ) =
U
(
x
)
=
x
−
0.1
≤
x
≤
0.4
x
−
2.5
≤x≤4
4j
3
3
3
3




1
x ≥ 0.4
1
x≥4




1
x ≤ 1.5
0
x≤1


2
1
1
U5j ( x ) =
3 x − 1 1.5 ≤ x ≤ 3 U6j ( x ) =  3 x − 3 1 ≤ x ≤ 4



0
x≥3
1
x≥4




0
x≤1
0
x≤2


2
1
1
1
U
(
x
)
=
U7j ( x ) =
x
−
2
≤
x
≤
5
x
−
1
≤
x≤4
8j
3
3
3
3




1
x≥5
1
x≥4




0
x ≤ 1100
0
x ≤ 2500


1
11
1
5
U9j ( x ) =
1100 ≤ x ≤ 1700 U10j ( x ) =
600 x − 6
1500 x − 3 2500 ≤ x ≤ 4000




1
x ≥ 1700
1
x ≥ 4000
3.2.3. Evaluation Results
After carrying out the fuzzy calculation by Uij (xi) calculated in the Part 3.2.2., we get the fuzzy
relationship matrix:



R =


0.29
0.92
0.58
0.30

0.11
0.57
0.38
0.25

0.47
0.97
0.80
0.63

0.38
0.96
0.51
0.49

0.34
0.82
0.53
0.57

0.25
0.81
0.18
0.23

0.55
0.96
0.66
0.63

0.55
1.30
0.99
0.61

0.02
1.73
0.59
0.73

0.11
0.92
1.86
0.43







The fuzzy comprehensive evaluation index set was calculated as follows:
B = W·R = (bj) , j = (1, Λ, m) , W = (w1, w2, Λ, wn),

n

∑

wi = 1

(10)

i=1

where n is the evaluation index number; W is the index of weight vector; and bj (j = 1, 2, m) is a fuzzy
comprehensive evaluation index value. By calculation, B = (0.94, 3.23, 2.43, 1.59). According to the
classification standard of the evaluation target, evaluation set E was established as = {e1, e2, Λ, etc.}, t is
the target level number (Table 6). From results of the comprehensive evaluation set B, the evaluation
index of CK, CH1, CH2, and CH3 was 0.94, 3.23, 2.43, and 1.59, respectively. According to the
evaluation set E, the quality of Ligustrum vicaryi was bad, optimal, middle, and poor, respectively.
It illustrated that the soil mulch mode had good benefits for the growth of green plants and the
CH3 was the optimal mode for the typical city greening shrub Ligustrum vicaryi.
Table 6. Quality evaluation standard of Ligustrum vicaryi under different mulch treatments.
Level

Comprehensive Evaluation Index

Quality Evaluation

I
II
III
IV
V

3 ≤ bj (fuzzy comprehensive evaluation index value)
2.5 ≤ bj ≤ 3
2 ≤ bj ≤ 2.5
1.5 ≤ bj ≤ 2
bj ≤ 1.5

Optimal
Good
Middle
Poor
Bad

4. Discussion
By studying the growth and physiological characteristics of Ligustrum vicaryi, it was shown that
the soil cover contributes to the growth of Ligustrum vicaryi. These results can be explained as the soil
cover increasing the dielectric layer between the atmosphere and the soil, and, effectively, cutting off
part of the solar radiation reaching the soil surface, which reduced the evaporation of the soil surface.
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At the same time, the soil surface cover reduces bare soil so that water is not immediately evaporated
after irrigating. The additional infiltration of water into the soil enables the root system to absorb more
soil moisture to use for growth.
The bark and gravel dual-element mulch model (CH3) was optimal among the treatments tested.
This conclusion can be explained in terms of the two function aspects: landscape function and ecological
service function. In terms of landscape functions, this research indicated that leaf growth and leaf
area of Ligustrum vicaryi is restrained when there is not soil cover, which reduced conservation of soil
moisture and could lead to stress from low soil water. Hong Liyun reached similar conclusions after
studying effects of different irrigation modes and bark cover on water eco-physiological characteristics
of Gingko Biloba [19]. When the soil moisture evaporates more quickly into the air, it cannot fully be
used for the growth of plants. Under such conditions, water required for growth of Ligustrum vicaryi
exceeded what the plant was able to provide from the soil. Leaf growth appeared “dwarfed” when the
soil moisture was controlled (75%–85% of Fc). The bark and gravel dual-element mulch treatment was
better than other treatments at conserving soil moisture, and would be preferable under conditions of
water stress, to reduce soil moisture evaporation and; thus, make the soil moisture more fully available
for in the growth of plants. Moreover, to aid their growth, Ligustrum vicaryi plants made adaptive
adjustments to soil moisture through their own physiological regulation, and improved greatly their
uptake of the nutrients needed for their growth. When leaf growth and leaf area are at their best,
Ligustrum vicaryi is able to function fully in its urban greening landscape function as a typical shrub
species. Regarding ecological effect, carbon fixation, oxygen release, humidification, and cooling of
Ligustrum vicaryi were measurable in this research. These ecological effects were much better with
the bark and gravel dual-element mulch treatment than with other treatments. This illustrates that
Ligustrum vicaryi plants, through their own regulation, absorbed more nutrients from the soil, allocated
more of them to the mechanism of photosynthesis, and better maintained their ability to absorb CO2 .
By analyzing the data on the photosynthetic rates of leaves in different positions, this study
showed that the stomatal conductance was maximum in the morning, with the two kinds of
dual-element mulch treatments. This is explained as being due to physiological regulation by the
plants. For all kinds of plants, physiological activities are relatively weak at night. After a night of
“sleep”, in order to replenish nutrients needed for the plant body, exchange with the outside is needed,
and the exchange channel is the stomata. For this reason, the degree of the stomatal opening is greater
in the morning. Chen et al. and Zhang et al. reached similar conclusions after studying stomatal
conductance of peanuts and winter wheat [20,21]. The photosynthetic rate exhibited a downward
trend all morning, which continued to form a trough in the middle of day. This phenomenon is
explained by the fact that severe water deficiency causes a lower photosynthetic rate, which is a
significant factor affecting porosity. This is because during serious water deficiency, leaves have a
higher intercellular CO2 concentration, which impedes the respiratory system and results in a decline
in plant physiological activity. This hinders the transport and distribution of photosynthetic products,
and the photosynthetic rate decreases due to stomatal limitation. The solar radiation is stronger at
noon, when the excitation energy captured by the leaves exceeds their capacity for carbon assimilation.
The excess light energy is dissipative, causes low light energy utilization efficiency, and decreases the
photosynthetic rate [22]. From another point of view, the photosynthetic rate increases with increasing
temperature, within a certain temperature range. Temperature and photosynthetic rate are positively
correlated, and key photosynthetic enzymes (e.g., Rubisco) have optimal activation temperatures
between 25 and 30 ◦ C. The enzyme activity directly affects the photosynthetic rate [23]. When the leaf
temperature is too high, this will affect part of the related enzyme activity in the plant, which is not
good for photosynthesis. Light and temperature affect the conditions that supply soil moisture, which
plays an important role in controlling the leaf gas exchange [24]. This also explains why photosynthesis
increases in the afternoon. The increase in leaf level WUE is likely due to improvement in the structure
of the canopy microclimate, which leads to changes in the (leaf) blade boundary layer meteorological
conditions. The same porosity condition that is effective for water loss makes possible better air
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exchange for greater accumulation of CO2 for photosynthesis. This may improve the relative humidity
in the canopy, reduce leaf temperatures, improve the leaf water content, increase stomatal conductance,
and reduce the stomatal factors limiting photosynthesis.
Through the analytic hierarchy process (AHP) and fuzzy mathematical model, the effects on
landscape function, physical characteristics, and ecological service function of Ligustrum vicaryi of
three soil cover treatments were evaluated. The optimal soil conservation mode suitable for the growth
of Ligustrum vicaryi were explored. The evaluation results showed that implementation of all three soil
cover treatments were better than no mulch. The bark and gravel dual-element mulch treatment was
optimal, and the pine needle and gravel dual-element mulch treatment was second best.
5. Conclusions
(1)

(2)

In this study, the growth and physiological aspects of the typical urban greening shrub species
Ligustrum vicaryi were investigated in relation to three different soil cover treatments. The results
showed that soil cover strengthened the metabolic mechanisms of the plants, allowed better
absorption of nutrients from the soil to be used more fully in the plant metabolism, promoted
the growth and physiological adjustment, and improved the overall metabolic function of the
plants. Regarding the landscape function, comparing the different soil cover treatments showed
improvement in the order: bark and gravel dual-element mulch > pine needle and gravel
dual-element mulch > gravel mulch > no mulch. With bark and gravel dual-element mulch,
the treatment leaf area, total leaf area, and leaf area index were, respectively, 21.4%, 21.9%,
and 62.5% greater than with no mulch. Regarding physiological characteristics, the photosynthetic
rate, stomatal conductance, evaporation rate, and other physiological indicators were better with
bark and gravel dual-element mulch treatment than with other treatments. Regarding ecological
service functions, the bark and gravel dual-element mulch treatment was optimal for carbon
fixation, oxygen release, cooling, and humidification.
Using the analytic hierarchy process (AHP) and the fuzzy mathematical model for the evaluation
of the effects of different soil cover treatments on the landscape function, ecological service
function, and physiological characteristics of Ligustrum vicaryi was reliable and feasible.
The model evaluation results match the actual ones. Considering the landscape function,
the physical characteristics, and the comprehensive ecological service function, the preliminary
thought is that bark and gravel dual-element mulch, with a layer thickness of 3 cm, was the
optimal soil cover treatment for the typical city greening shrub Ligustrum vicaryi.
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