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Abstract: Street trees make up an important part of the eco-environment and landscape of urban roads. The species
of street trees significantly affect the green volume of urban roads. The leaf area index (LAI) is often adopted to
measure the ratio of green volume for urban roads, laying a scientific basis for optimizing street trees. This paper
measures and analyses the LAI and green plot ratio (GPR) of 14 common street tree species in Xinxiang, a city in
Central China’s Henan Province. The results show that, except for evergreens, the LAI values of deciduous trees
varied significantly from month to month, forming a single-peaked curve. The LAI values of street trees have a
significant positive correlation with the day of year (DOY) (P<0.01). As for the roads with a single row of street
trees, the highest mean annual GPR values were achieved by Juglans regia Linn., followed in turn by Ligustrum
lucidum Ait., Sophora japonica L., Populus tomentosa Carriére, Fraxinus chinensis Roxb. and Platanus orientalis
Linn. Among the 12 common types of double-row road tree combinations, the GPR values all increased first and
then decreased; the largest annual mean value belonged to the combination “Sophora japonica L.+ Sophora
japonica L.” In the same section, the annual mean GPR value of double-row road trees was 3-7 times higher than
that of single-row road trees. Our research demonstrates that the GPR can quantify the differences between
different street tree species and combination types, and help to optimize the greening arrangement and plant
configuration.
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1. Introduction

Street trees are an important part of the eco-environment and landscape appearance of urban roads. Street trees
have important roles in beautifying the environment [1], shading [2], improving microclimate [3], purifying air
[4], intercepting rainwater [5], stagnating dust [6], improving biodiversity [7], etc. They have a significant impact
on urban road landscape and urban ecology, providing important ecosystem service functions and values [8-10].
The current greening evaluation indicators usually include park green space per capita, green coverage, green
space rate, green space per capita [11]. Although these indicators define the two-dimensional plane coverage area
of green space and other constraints and limits, they don’t describe the specific plant configuration and ecological
benefits. There is a lack of a more direct and effective three-dimensional evaluation index system that can define
the type of plant configuration, plant canopy structure and so on [12].

A creative combination of building plot ratio and greenery, the concept of green plot ratio (GPR) was proposed
by Boon Lay Ong in 2003. It refers to the average leaf area index (LAI) of greenery on a plot of land [13]. The
LAl is an important element to reflect the growth and ecological characteristics of plants, to study the function of
the plant canopy, and to quantify the ecological capacity and exchange properties of the Earth [14, 15]. Intensive
urbanisation has led to a sharp decline in the LAI of urban forests, affecting the quality of the urban ecosystem
[16]. Higher LAI values are beneficial for improving the heating and cooling energy performance of buildings and
reducing energy consumption [17]. Studies have shown that design patterns of multi-storey vertical structures and
proper nurturing of plant communities can increase the amount of plant leaf area [18], but the leaf area of a single
tree has a negative linear relationship with stand density, so the planting density of plants should be controlled in
design [19]. There are currently two main types of LAl measurements. One is direct measurement using
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instruments, generally used for small-scale studies [20]; the other is LAl inversion using vegetation remote sensing
data, which is generally used for large scale studies [21, 22]. In general, LAI varies considerably between plant
types for example, leaf area of evergreen trees is relatively constant throughout the year, while seasonal variation
in leaf area of deciduous trees is much greater [23].

A LAl-based GPR can more widely reflect the current development intensity of green areas and the ecological
differences in different plant configurations, providing a comprehensive and effective quantitative indicator for
the optimal plant configuration of green areas. Most of the existing studies related to LAI took the time period of
the plant growing season as the study interval. But the LAI of plants changes dynamically within a year, and the
lack of complete information may make the results less accurate [24]. This paper takes the inter-month LAI
measurements of commonly used street trees in Xinxiang City as the basis to explore the characteristics of different
street trees and combinations with different street tree species following the changes of road GPR, and to further
provide a scientific basis for the optimization of street tree species.

2. Overview of the Study Area

Xinxiang is located in the northern part of Henan Province, China, adjacent to the northern bank of the Yellow
River, with geographical coordinates of 35<18’N and 11354°E (Figure 1). It has a warm temperate continental
monsoon climate with four distinct seasons, and an annual average temperature of 14°C. The terrain in the main
urban area of Xinxiang is flat, with a clearly-graded road green space system. The urban road vegetation is rich in
variety and grows well. The main urban roads have been built up for quite a long time. Street trees are of various
types and in a relatively stable state of growth.
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Figure 1. Geographical location map of Xinxiang City
3. Research Methodology
3.1 Selection of Samples

Within the main urban area of Xinxiang City, we selected plots with varying boundary line of roads and mature
ecological characteristics of street trees as experimental sample sites, mainly the middle section of Xinfei Avenue,
the middle and south sections of Xinzhong Avenue, the east section of Jinsui Avenue, the middle section of Xinyi
Street, the east section of Hualan Avenue, the middle section of Jiefang Avenue and the east section of Hongli
Avenue. After survey, we selected 14 commonly used street tree species in Xinxiang for the study, with 20 samples
of each plant species (Table 1). As observation subjects, the plant samples were in excellent growth condition,
unshaded and relatively isolated around, without dead branches or with few dead branches, and they were marked
accordingly.
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Table 1. Basic information on a sample of 14 common street trees in Xinxiang

Serial Pl Sample Crown width Tree height Diameter at breast
ant name - .
number size (m) (m) height (cm)

1 Platanus orientalis Linn. 20 10.8-14.5 9.8-16.9 23-45

2 T”ad'casfggl'rera L) 20 6.5-8.9 9.2-12.9 21-36

3 Fraxinus chinensis Roxb. 20 6.5-12.4 8.5-14.2 25-38

4 Koelreuteria paniculata 20 7813 8.7-13.3 28-40
Laxm.

5 Ligustrum lucidum Ait. 20 6.2-9.5 6.5-10.9 22-35

6 Sophora japonica L. 20 10.5-12.6 8.9-13.8 21-36

7 Melia azedarach Linn. 20 11.2-13.2 8.6-12.8 22-42

8 Plerocarya stenoptera C. 20 8.8-12.2 9.1-11.8 23-37

9 Juglans regia Linn. 20 11.1-135 10.5-14.5 32-48

10 Firmiana simplex (L.) W. 20 5.8-7.9 6.2-8.7 18-29
Wight

11 SOphoraJaé’SI”(;Fa Winter 20 6.8-8.3 4.5-6.2 12-26

12 Catalpa bungei C.A. Mey. 20 6.9-10.5 10.5-13.2 24-41

13 Salix babylonica Linn. 20 6.8-10.6 6.8-9.2 16-32

14 Populus tomentosa 20 9.5-12.8 13.2-18.9 24-42

Carrigre

3.2 Sample Data Collection and Calculation

We used the plant canopy analyser LP-80 as a LAI measurement tool, in which 80 sensors receive radiation and
automatically calculate the LAI value of the measurement object. This tool has the advantages of small size and
light weight, easy operation and fast data reading, and is suitable for rapid LAI measurement of tree species. To
measure LA for a single sample, the lower sensor of LP-80 is placed horizontally at 1m below the sample canopy
(the upper sensor is placed in an unobstructed area outside the canopy cover) to collect LAI, and at least 6
measurements are taken at the same height and in different directions below the canopy for each measurement and
then averaged.

From March 2019 to February 2020, the 20th-30th of each month was chosen as the observation period for the
LAI measurement of the selected sample plants for one year, and data collection only took place in a clear and
cloudless weather.

The data obtained from the experimental measurements are the LAI of a single plant sample, which is defined
as the ratio of the sum of all leaf areas of the plant to the plant's footprint.

LAI = LA/s (1)

where, LAl is the LAI of a single plant, LA is the sum of the leaf area of a single plant and s is the projected area
of the canopy of a single plant.
The GPR is defined as the ratio of the sum of the leaf areas of greenery in the plot to the area of the plot.

GPR:W (i=12,..,n) @)

where, LAl is the LAI of a single plant, s is the projected area of the canopy of a single plant, S is the area of the
plot and i is the different plant categories.

Only street trees were analysed in this experiment, and other plants in the middle-of-the-road green belt and
protective green belt were not considered for the time being. For comparison purposes, it required standardised
road length, border line of roads, planting spacing and crown width. Based on the urban road planning and actual
measurements in Xinxiang, we used the following settings: the urban road length was 1000m, the border line of
roads was 80m, the spacing of the street trees was 5m, and the plant crown width was set at 10m (close to the
sample mean). Statistics and analysis were carried out using MS Excel and SPSS software.

4. Results and Analysis
4.1 LAI Dynamics of 14 Commonly Used Street Trees in Xinxiang

4.1.1 Inter-monthly variation and seasonal dynamics of LAI values for street trees
After conducting categorical measurement of the selected samples, we tallied the values and plotted the inter-
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monthly variation in LAI values (Figure 2). Among the 14 commonly used street tree species, the LAI values of
13 species varied significantly from month to month, showing a "single-peaked" trend of increasing first and then
decreasing, except for the evergreen Ligustrum lucidum, which showed little variation from month to month
(Figure 3). The analysis revealed that:
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Figure 2. Inter-month variation in LAI values of 14 commonly used street trees in Xinxiang city
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Sophora japonica L. Populus tomentosa Carriére Juglans regia Linn.
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Figure 3. Inter-month variation in LAI values of 14 commonly used street trees in Xinxiang
Table 2. Statistics on the average annual LAI values of 14 commonly used street tree species
Melia Catalpa Sophora Firmiana Salix Triadica Platanus
azedarach bungei japonica simplex (L.) babylonica sebifera (L.) orientalis Linn
Linn. C.A.Mey. 'Winter Gold" W. Wight Linn. Small '
Annual 231 2.87 2.50 1.86 217 2.26 3.05
average
Standard 2.20 2,63 221 156 1.36 175 1.80
deviation
Maximum g oq 6.36 5.79 3.77 353 4.16 4.98
value
Minimum 0.00 0.00 0.00 0.00 0.00 0.00 0.00
value
Variance 4.84 6.89 4.86 241 1.84 3.05 3.23
Fr_axmu_s Ligustrum Sophora Populus Juglans regia Pterocarya Koell_’euterla
chinensis lucidum Ait.  iaponica L tomentosa Linn stenoptera C. paniculata
Roxb. - Jap ' Carriére ) DC. Laxm.
Annual 3.20 3.39 3.23 3.22 3.40 2.26 2.09
average
Standard 2.89 0.24 2.41 2.20 2.61 2.12 1.69
deviation
Maximum 7.26 3.77 6.35 5.61 6.34 5.25 4.42
value
Minimum 0.00 3.00 0.00 0.00 0.00 0.00 0.00
value
Variance 8.37 0.05 5.80 4.85 6.83 4.48 2.85

(1) LAI values for the evergreen Ligustrum lucidum increased slightly by around 0.2 in March and April and in
August and November, remaining largely unchanged at around 3.2 in the other months.

(2) Most of the 13 deciduous tree species reached their peak LAI values from May through August. Among
them, Fraxinus chinensis Roxb., Catalpa bungei C.A.Mey., Sophora japonica L., Sophora japonica 'Winter Gold',
Pterocarya stenoptera C. DC., and Populus tomentosa Carriére reached their peak LAI values in May and June
and then gradually declined, with varying decreasing degree; Platanus orientalis Linn., Firmiana simplex (L.) W.
Wight, and Koelreuteria paniculata Laxm. were able to maintain high LAI values from May through August and
then started to decline until they were recorded as zero after defoliation (Figure 2).

(3) Of the 13 deciduous trees, Melia azedarach Linn. was the first to lose its leaves till an LAI value of 0 in
November, followed by Catalpa bungei C.A.Mey., Sophora japonica 'Winter Gold', Firmiana simplex (L.) W.
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Wight, Triadica sebifera(L.) Small, Fraxinus chinensis Roxb., Populus tomentosa Carriére, Juglans regia Linn.,
Pterocarya stenoptera C. DC., and Koelreuteria paniculata Laxm. with an LAI value of 0 in December, and finally
Salix babylonica Linn., Sophora japonica L., and Platanus orientalis Linn. with an LAI value of 0 in January.

(4) The annual mean LAI was calculated for each tree species and analysed for comparison (Table 2). The
largest inter-month variation in all samples was for Fraxinus chinensis Roxb., the smallest variation was for
Ligustrum lucidum Ait., and the largest single-month LAI value was 7.26 for Fraxinus chinensis Roxb.

(5) In the seasonal dynamics (Figure 4), the 13 deciduous tree street trees conformed to a "single-peaked" trend
of maximum summer variation, except for Ligustrum lucidum Ait., which reached its maximum LAl value in
autumn. The seasonal variation in LAI values varied significantly by species. The highest LAI value in spring was
4.35 for Populus tomentosa Carriére, 6.38 for Fraxinus chinensis Roxb. in summer, 3.86 for Juglans regia Linn.
in autumn and 3.09 for Ligustrum lucidum Ait. in winter.
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Figure 4. Seasonal dynamics of LAI values of 14 common roadside trees in Xinxiang

4.1.2 Day-order dynamics of LAI values for row trees

The LAI values of the 13 deciduous tree species were highly positively correlated with the date of year (DOY)
at a highly significant level (P<0.01), combined with the inter-month variation in LAI values of the street tree
species. The regression equation for each tree species was obtained by SPSS software (Table 3), and the R? for all
deciduous trees except Ligustrum lucidum Ait. was greater than 0.75 and P<0.01, showing a significant positive
correlation.

Table 3. LAI values of 14 commonly used street tree species in Xinxiang City in relation to the fitted DOY

Tree species Sample size Regression equation Estimated standard error
Melia azedarach Linn. 20 L=0.079t-0.000195t?-3.415 R2=0.815** 1.047
Catalpa bungei C.A.Mey. 20 L=0.094t-0.000233t>-3.913 R?=0.818** 1.238
Sophora japonica 'Winter Gold' 20 L=0.078t-0.000193t?-3.166 R?=0.797** 1.097
Firmiana simplex (L.) W. Wight 20 L=0.056t-0.000133t?-2.477 R?=0.829** 0.711
Salix babylonica Linn. 20 L=0.042t-0.000086t%-1.769 R?=0.903** 0.468
Triadica sebifera(L.) Small 20 L=0.065t-0.000155t>-2.699 R?=0.877** 0.679
Platanus orientalis Linn. 20 L=0.064t-0.000146t>-2.34  R?=0.897** 0.637
Fraxinus chinensis Roxb. 20 L=0.103t-0.000262t?-4.016 R?=0.839** 1.286
Sophora japonica L. 20 L=0.088t-0.000214t?-3.469 R?=0.868** 0.969
Populus tomentosa Carriére 20 L=0.085t-0.000214t2-2.789 R?=0.948** 0.554
Juglans regia Linn. 20 L=0.097t-0.000237t>-3.969  R?=0.88** 1.001
Pterocarya stenoptera C. DC. 20 L=0.073t-0.000184t2-3.016 R?=0.763** 1.138
Koelreuteria paniculata Laxm. 20 L=0.063t-0.00016t>-2.281  R?=0.913** 0.55
Ligustrum lucidum Ait. 20 L=EXP (1.257-4.364/t) R2=0.334* 0.062

Note: a: L refers to plant LAI (m2/m2), t refers to DOY (order of the day in the year); b: ** indicates highly significant at p<0.01 level
The LAI values of the 13 deciduous tree street trees fitted the regression against DOY significantly better than

those of Ligustrum lucidum Ait. (R? was significantly different), and the LAI values with DOY fitted the quadratic
curve better. The best regression fit was obtained for Populus tomentosa Carriére (R? = 0.948), followed by
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Koelreuteria paniculata Laxm. (R? = 0.913), while the regression fit for the evergreen Ligustrum lucidum Ait. (R?)
was relatively low. Based on the regression fit equation, the LAI values of the 14 street tree species could be
estimated for any day of the year, further clarifying the differences in LAI values between tree species.

4.2 GPR of Roads with Different Street Tree Species

4.2.1 GPR of roads with single row street trees

Single species of street tree plants are distributed on both sides of the road (Figure 5), and most Xinxiang city
branch roads, city secondary roads and old city urban trunk roads mostly adopt this form of street tree layout. In
particular, the original border line of the main roads in the old city is narrow. While meeting the needs of vehicles
and pedestrians, no other forms of greening (such as middle-of-the-road green belts, protective green belts, etc.)

can be carried out.

X 2 - -
The GPR of the current road can be converted to GPR = %, where GPR is the green plot ratio of

the current road, LAI is the LAI of the current road tree, 5 is the radius of the plant canopy in meters, 200 is the
number of single row of road trees, 2 represents the 2 tree rows on both sides of the road, 1000 is the road length
in meters, 80 is the width of the border line of the road in meters. The equation was simplified as GPR =
LAI X T % 0.125.

The inter-month variation in GPR values for the 14 commonly used street trees on the current road (Figure 6)
is generally consistent with the inter-month variation in their LAI values, with the maximum GPR value for a
single month being 2.85 for Fraxinus chinensis Roxb. in June. Firmiana simplex (L.) W. Wight 0.73< Koelreuteria
paniculata Laxm. 0.82 < Salix babylonica Linn. 0.85 < Triadica sebifera(L.) Small 0.886 < Pterocarya stenoptera
C. DC. 0.89 < Melia azedarach Linn. 0.91 < Sophora japonica 'Winter Gold' 0.98 < Catalpa bungei C.A.Mey.
1.13 < Platanus orientalis Linn. 1.20 < Fraxinus chinensis Roxb. 1.26 < Populus tomentosa Carriére 1.265 <
Sophora japonica L.1.27 < Ligustrum lucidum Ait.1.33 < Juglans regia Linn.1.34 (some three decimal places are
for ranking comparison only).
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Figure 5. Illustration of the road section with a single row of street trees
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Figure 6. Inter-monthly variation in GPR values for 14 commonly used street trees
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Figure 7. Seasonal variation in GPR values for 14 commonly used street trees

Among the seasonal changes in GPR values of the 14 street tree species commonly used in Xinxiang (Figure 7),
all 13 deciduous trees had the highest GPR values in summer, except for Ligustrum lucidum Ait., which had the
highest GPR values in autumn. This was in line with the seasonal dynamics of street tree LAI values, which were
all in line with the "single-peaked" trend. The highest GPR in spring was 1.71 for Populus tomentosa Carriére,
2.50 in summer for Fraxinus chinensis Roxb., 1.52 in autumn for Juglans regia Linn. and 1.21 in winter for
Ligustrum lucidum Aiit.

4.2.2 GPR of roads with double-row trees on each roadside

This type is mostly suitable for major urban arterial roads with relatively wide road borderline and separate
green belt for non-motorised lane (Figure 8). Double-row trees provide longer shade space in summer and have a
better multi-layered landscape effect, but there are certain requirements for road width.

After GPR conversion for the current road configuration of two street tree types A and B, GPR =

XX 2>< X . - - -
(LAIA“f;‘;gX“gOS 2004 , where GPR is the green plot ratio of the road section, LAl A and LAI B are the single LAI

of the two street tree types A and B respectively, 5 is the plant canopy radius in metres, 200 is the number of single
row street trees, 4 refers to the total of 4 rows of street trees on both sides of the road, 1000 is the length of the
road in metres, 80 is the width of the road borderline in metres, the equation is simplified as
GPR=(LAIa+LAIlg)*x0.25x7. After pairing the 14 street tree species, there are 105 combinations (Figure 9). The
largest LAI value is 6.8 for the "Juglans regia Linn. + Juglans regia Linn." combination and the smallest is 3.71
for the "Firmiana simplex (L.) W. Wight + Firmiana simplex (L.) W. Wight" combination, with a difference in
LAI value of 3.09. Research revealed that only 12 combinations are actually used in Xinxiang. The GPR values
of the current roads were calculated and analysed to obtain the inter-month variation of the current road GPR
values (Figure 10).

The inter-month variation in GPR values for the 12 common combinations of double-row street tree species was
zero in January, except for two combinations containing the evergreen Ligustrum lucidum Ait., which had a GPR
value of 2.34. The combination “Fraxinus chinensis Roxb.+ Sophora japonica L.” had the most significant inter-
month variation in GPR values, which had the highest GPR value of all combinations in June at 10.64; the one
with relatively less variation was the "Koelreuteria paniculata Laxm.+ Ligustrum lucidum Ait." combination. In
Table 4, the highest GPR value in spring was for “Sophora japonica L.+ Populus tomentosa Carriére” (6.13) and
the lowest was for “Platanus orientalis Linn.+ Triadica sebifera(L.) Small” (4.13); in summer, the highest was for
“Fraxinus chinensis Roxb.+ Sophora japonica L.” (9.72) and the lowest was for “Koelreuteria paniculata Laxm.+
Ligustrum lucidum Ait.” (5.99); in autumn, the highest was for “Platanus orientalis Linn.+ Platanus orientalis
Linn.” (5.69) and the lowest was for “Fraxinus chinensis Roxb.+ Firmiana simplex (L.) W. Wight” (3.77); in
winter, the highest was for “Platanus orientalis Linn.+ Ligustrum lucidum Ait.” (2.96) and the lowest was for
“Fraxinus chinensis Roxb.+ Firmiana simplex (L.) W. Wight” (0). The highest annual average GPR of the 12
combinations was Sophora japonica L.+ Sophora japonica L." and the lowest was “Fraxinus chinensis Roxb.+
Firmiana simplex (L.) W. Wight” (0). Among the 14 common paired combinations of street tree species ranked
by LAI values, 8 of the 12 common combinations of double-row street tree species in Xinxiang were in the top
50%, accounting for 66.7%, and 5 of the top 20, accounting for 62.5%.
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Figure 8. Illustration of the road section with double-row trees on each roadside
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Figure 9. Double row street tree combinations of 14 commonly used street tree species
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Figure 10. Inter-month variation in GPR values for 12 common combinations of double-row street tree species
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Table 4. Seasonal dynamics and annual averages of GPR values for 12 common combinations of double-row
street tree species in Xinxiang City

Serial Street tree A Street tree B Ranking o_f tree species Spri Sum Autu Wint Annual
number combinations ng mer mn er average
1 Sophora japonica L~ Sophora japonica L 10 543 942 503 044 5.08
2 Sophora japonica L Populgstqrpentosa 12 6.13 895 4.98 0.22 5.07

arriére
3 PlatanuLsirc])r:lentalls Ligustrum lucidum Aiit, 14 512 6.46 5.68 2.96 5.05
4 Fraxmgz;lgmensw Sophora japonica L. 15 5.84 9.72 4.42 0.22 5.05
5 Platanus orientalis Populus tomentosa 20 5.86 8.00 5.31 0.53 4.92
Linn. Carriére
Fraxinus chinensis Platanus orientalis 558 8.76 4.75 0.53 4.90
6 . 22
Roxb. Linn.
7 Platanus orientalis Platanus orientalis 24 490 751 5.69 1.05 4,79
Linn. Linn.
8 K_oelreuterla Ligustrum lucidum Aiit, 50 471 599 4.08 2.43 4.30
paniculata Laxm.
9 K_oelreuterla Sophora japonica L. 59 475 799 377 0.22 4.18
paniculata Laxm.
Platanus orientalis  Triadica sebifera(L.) 413 6.98 5.03 0.53 4.17
10 . 60
Linn. Small
Koelreuteria Platanus orientalis 449 7.04 4.09 053 4.04
11 - . 68
paniculata Laxm. Linn.
12 Fraxinus chinensis  Firmiana simplex (L.) 73 439 7.74 3.75 0.00 3.97
Roxb. W. Wight

Note: The ranking of combinations is for the LAI value of paired combinations of 14 commonly used street tree species (105 combinations in
total)

5. Discussion and Conclusions
5.1 LAI Values of 14 Commonly Used Street Tree Species in Xinxiang

In the LAI measurements of the 14 commonly used street trees, the LAI values of deciduous trees were
significantly higher than those of evergreens in summer, and the inter-month variation in LAl values was consistent
with a “single-peaked” trend. But the LAl values of most deciduous trees were lower than those of evergreens in
spring and autumn. We found that the LAI values of individual plants in summer (June to August) were not
representative of their annual average LAI values. For example, the summer LAI of Fraxinus chinensis Roxb. was
6.38, the highest among the 14 commonly used street trees, but its annual average LAl was only 3.2, lower than
that of Juglans regia Linn., Ligustrum lucidum Ait., Sophora japonica L. and Populus tomentosa Carriée.
Firmiana simplex (L.) W. Wight has the lowest annual average LAI 1.86, which had a higher summer LAI of 3.47
than the LAI 3.44 of Ligustrum lucidum Ait. This experiment showed that LAI studies of plants should not only
consider the months of June to September. It is necessary to measure the LAI of plants throughout the year in order
to reflect the current leaf area changes of plants in a more comprehensive and truthful way. The annual mean LAI
values for some of the plants obtained in this experiment are similar to those measured by Xiaoyu Shen in her
experiments in Beijing from June to September [25], where the range of summer LAI values for some of the
deciduous trees measured were broadly consistent. However, the differences are more pronounced when
comparing LAI values for different plants. This may be related to the different time scales of the measurements,
the different geographical locations of the samples and the way in which the subjects were selected.

The study showed that the LAI values of 14 common street tree species had a high level of significant correlation
with DOY. 13 deciduous tree species showed a good fit (P<0.01) and a quadratic regression equation for DOY
was fitted. The LAI values of evergreen Ligustrum lucidum Ait. were relatively poorly fitted to the DOY regression
(R2=0.034, P<0.05), and an S regression equation was fitted. The regression analysis of LAI values on
morphological parameters such as crown width and tree height for the measured samples could not obtain valid
results (P>0.05). The correlation between LAI values and morphological indicators of landscape plants (crown
width and height) was not significant. This may be due to the fact that this experiment was conducted on urban
road street trees, which are different from areas with a higher degree of naturalness such as farmland and woodland.
Street trees require regular branch pruning during planting and management, and their crown width and diameter
at breast height are more subject to artificial influence and do not correlate significantly with LAI values.
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5.2 Road GPR of 14 Commonly Used Street Tree Species in Xinxiang City

According to the GPR formula, plant canopy and road plot area can be considered as coefficients of variation,
hence the larger the LAI value, the larger the GPR value, and the inter-month variation of GPR values follows the
trend of increasing first and then decreasing. Among the single row street tree types in the experimental section,
the largest average annual GPR value (1.34) was for Juglans regia Linn., followed by Ligustrum lucidum Ait.,
Sophora japonica L., Populus tomentosa Carriére, Fraxinus chinensis Roxb. and Platanus orientalis Linn., while
Firmiana simplex (L.) W. Wight had the smallest GPR value of 0.73 as a street tree. Sophora japonica L., Populus
tomentosa Carriére and Platanus orientalis Linn. had average annual GPR values of 1.27, 1.265 and 1.20
respectively, second only to evergreen Ligustrum lucidum Ait. The annual mean GPR of Fraxinus chinensis Roxb.
at 1.26 was slightly higher than that of Platanus orientalis Linn. The LAI of Fraxinus chinensis Roxb. was
significantly higher than that of the other experimental samples from May to September. In the north, where
winters are cold and summers are hot, a higher LAI value provides better shade and more adequate sunlight after
the leaves have fallen in winter. Therefore, the use of Fraxinus chinensis Roxb. as urban street trees has gradually
increased in recent years compared to other tree species. Koelreuteria paniculata Laxm. and Triadica sebifera(L.)
Small have an average annual GPR of only 0.82 and 0.89 respectively. Although their summer GPR of around
1.62 is at the middle level and has outstanding landscape features with purple-red fruits and rich leaf colour during
seasonal changes, their GPR declines rapidly in autumn, which is not conducive to the improvement of the overall
GPR of roads in autumn and winter.

We can see that when it comes to single row street tree selection, Juglans regia Linn., Ligustrum lucidum Ait.,
Sophora japonica L., Populus tomentosa Carriée, Platanus orientalis Linn. and Fraxinus chinensis Roxb. have
slightly greater road GPR values than other plants when used as street trees, and are more widely used in practice.
Triadica sebifera(L.) Small, Koelreuteria paniculata Laxm. and Catalpa bungei C.A.Mey. have relatively small
average annual GPR values and can be used on a few roads alone or with other tree species, and are not suitable
for a large number of single applications.

Higher road GPR can be achieved when street tree species are combined in pairs to form double row street trees.
Experiments have shown that the annual average GPR of the double-row street tree type on the same section of
road using 14 commonly used street tree species is 3-7 times higher than that of the single-row street tree type.
The higher the GPR value of the road, the greater the total leaf area of the plant, and the better the ecological
benefits of the current road plant. Among the 12 road tree combinations commonly used in Xinxiang, the
combination " Sophora japonica L.+ Sophora japonica L." has the highest annual average GPR, but the largest
GPR in summer is for " Fraxinus chinensis Roxb.+ Sophora japonica L.". The inter-monthly variation, seasonal
dynamics and annual mean values of GPR for the double-row street tree combination types are strongly influenced
by the combination. Therefore, the GPR values of different tree species combinations can be measured according
to the measured LAI values or the daily regression equation, so that the optimization of roadside tree species can
be carried out in a targeted manner, or even the roadside GPR values can be estimated for a particular day. For
example, the DOY of March 12 is 71, and the current road GPR value is estimated to be 3.06 when using the
combination of " Fraxinus chinensis Roxb.+ Sophora japonica L." by substituting the DOY into regression
equation. With the majority of deciduous trees having lost their leaves by December, evergreens tend to have more
stable LAI values. Hence, the GPR of a road tree combination containing evergreen Ligustrum lucidum Ait. is
much greater than that of other combinations. This shows that in the cold winter months in the north, the use of
evergreen plants such as Ligustrum lucidum Ait. can greatly improve the GPR of green spaces in winter, and that
evergreen plants are important for the urban green space ecosystem as a whole, both in terms of landscape
significance and ecological benefits. 105 combinations of 14 common street tree species are available, but only 12
double-row street tree combinations have been used in Xinxiang, so it’s impossible to carry out a status quo
experimental comparison for the remaining 93. In the simulations, the GPR values of nine combinations are greater
than the 12 common combinations in Xinxiang. For example, the current road GPR value of "Juglans regia Linn.+
Juglans regia Linn." is 5.34, " Juglans regia Linn.+ Ligustrum lucidum Ait." is 5.33, "Ligustrum lucidum Ait.+
Ligustrum lucidum Ait." is 5.31, and “Ligustrum lucidum Ait.+ Sophora japonica L.” is 5.20, etc. It takes further
comparative analysis to conclude whether these combinations with higher GPR values have both better landscape
and ecological benefits, and whether they can be applied in practice.

6. Conclusion

The GPR is calculated using the LAI as the main parameter, inheriting the LAI characteristics to reflect the
growth state and ecological impact of plants. This experiment to measure the LAI of 14 commonly used street tree
species in Xinxiang is an in-depth exploration of the growth patterns and ecological characteristics of street tree
species there. The conversion of the LAI values of the 14 commonly used street tree species into GPR values can
be used as one of the important indicators for evaluating the merits of street tree plant configurations It enables
comparative analysis of street tree types in the form of quantitative data, delivers scientific evaluation of the
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differences among street tree combinations, hence provides a more scientific and effective theoretical basis for the
optimization of street tree species in Xinxiang.

This study has shown that among single row street trees, the GPR values of Ligustrum lucidum Ait., Juglans
regia Linn., Sophora japonica L., Populus tomentosa Carriére, Fraxinus chinensis Roxb. and Platanus orientalis
Linn. are significantly better than those of other commonly used tree species, and are suitable as major street tree
species. The average annual GPR of a combination of double-row street trees is 3-7 times higher than that of
single-row street trees, providing richer plant layers and better landscape effects, as well as being more conducive
to the organisation of traffic on urban roads. Among the 12 common two-row street tree combinations, "Sophora
japonica L.+ Sophora japonica L." has the highest GPR, followed by "Fraxinus chinensis Roxb.+ Sophora
japonica L.", "Sophora japonica L.+ Populus tomentosa Carriére", and “Platanus orientalis Linn.+ Ligustrum
lucidum Ait.”. These can be used as common road combinations to maintain a high GPR value while enriching the
road landscape. Meanwhile, through simulation, we found that there are still more double-row street tree species
combinations with GPR values greater than 12 common combinations, such as "Ligustrum lucidum Ait. + Sophora
japonica L." and " Fraxinus chinensis Roxb.+ Ligustrum lucidum Ait.". As there is no current situation to compare
them, it takes further landscape evaluation to verify their feasibility. Therefore, in urban roads where possible,
double-row street tree species combinations should be selected. Combined with the comparison of GPR values,
it’s better to select the best street tree species and combinations that meet the landscape design requirements and
maximise ecological benefits, so as to further improve the urban ecosystem.

The object of this study is urban road plantings, which are subject to artificial influences such as pruning, de-
branching and weeding. Hence, the number of samples should be increased to reduce the bias in the measurement
of LAI values. In this study, LAl was only measured for 58 commonly used road plants. Actual road scenarios
involve a bigger variety of plant species. Accordingly, we may increase the number of research samples in the
future to improve the coverage of road plant species. There are diverse combinations of urban road plantings. This
study only explores the green plot ratio based on single- and double-row planting patterns. Other combination
types need further research.
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