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Abstract: Complicated factors in urban areas have been reported to impact the density, biomass, and
diversity of earthworm fauna. Urban parks provide essential habitats for earthworm fauna. However,
how earthworm fauna are impacted by park traits, such as construction age, distance to city center,
visitor volumes, sizes of greenspaces/parks, and attractiveness, etc., still remains unknown. These
traits are well characterized by the impacts of urbanization intensity and administration quality
of parks in megacities. Therefore, 16 parks with gradients of construction ages and geographical
locations in Beijing city were selected for investigation. Furthermore, an earthworm synthetic and
simple index (ESI) for characterizing earthworm community has been developed to compensate
for the lack of robustness by using single ecological indexes. The results showed that earthworm
population density (38.6 ind/m2) and biomass (34.0 g/m2) in parks were comparable to those in other
land use types in Beijing. Ecological groupings were dominated by disturbance-tolerant endogeic
and deep soil-inhabiting anecic groups, and most of them were adults. The earthworm population
was influenced by urbanization intensity, while the earthworm community composition, species
biodiversity, and ESI were affected by administration quality of parks. The soil moisture and microbial
biomass carbon were the key factors in shaping earthworm assemblages. ESI could be employed as
an effective indicator in depicting character of earthworm fauna. This study highlighted the impacts
of park traits on earthworms in urban parks. The variation in park traits that influence earthworm
fauna was probably attributed to soil properties.

Keywords: urbanization process; urban park; invertebrate biodiversity; earthworm assemblage;
edaphic property

1. Introduction

Rapid urbanization in metropolises has been reported to unfavorably affect soil fauna,
especially earthworm biodiversity, in both developed and developing countries [1,2]. Ur-
banization has become the most powerful and visible driving force influencing soil fauna
through the loss and degradation of habitats, which is widely recognized as a major threat
to biodiversity [3,4]. Due to the intrusion of intensive human activities during the urban-
ization process, urban soils suffer a more or less pronounced anthropogenic disturbance,
including sealing, compaction, degradation, ever-changing land cover and land use [5].
All these factors modify soil quality and functions, resulting in the loss and degradation
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of earthworm habitats [6]. The effects of urbanization on earthworm communities and
habitats have been considered a pressing point in the research for better assessment and
prediction of ecosystem function.

Urban parks play a critical role in the biological, psychological, and social health
of urban residents [7]. Being important sites for soil invertebrates, urban parks with
extensive greenspace areas also provide a shelter for earthworm communities [8,9]. In
this context, parks typically maintain earthworm communities with habitat fragments
of greenspace [10–12]. In contrast to other land use types, urban parks are subject to
anthropogenic disturbance by a more continuous stream of visitors but are more elaborately
managed. Managing greenspaces in parks as earthworm habitats for better ecosystem
services has largely contributed to the improvement of urban invertebrate biodiversity.
Therefore, it is important to understand how environmental factors of urban parks influence
earthworm communities for promoting soil fauna conservation in urban environments.

Previous studies have demonstrated that earthworm ecological characteristics are
significantly influenced by soil properties, construction age and habitat quality in residential
communities [6,13,14]. It has been suggested that earthworm communities are significantly
structured by urban habitat types with different land covers and land uses [8]. It is also
indicated that urban landscapes, especially habitat fragmentation, have different effects
on earthworm dispersal on a regional scale [13,14]. Complicated influencing factors in the
previous studies above make it difficult to explain definitely the impacts of urbanization
on earthworm ecological characteristics in urban soil. Moreover, urban parks in megacities
such as Beijing, China, usually range widely in their construction ages, distances to the
city center, visitor volumes, sizes of greenspaces/parks, attractiveness, etc. These traits of
urban parks could adequately represent urbanization intensity and administration quality.
However, few studies have explored whether the park traits could influence earthworm
fauna. Therefore, it is optimal to choose parks in megacities as sites in discovering the
impacts of urbanization intensity and administration quality on soil fauna in urban soil.

In the methodology, single indicators of earthworm ecological characteristics, such
as density and biomass of earthworm population, are usually response variables that
react to the environmental conditions [15,16]. However, these single indicators have been
roughly estimated and are highly variable in many studies [17,18]. A comprehensive index
synthesizing several earthworm ecological characteristics has seldom been reported.

It has been suggested that information related to species diversity are more valu-
able to indicate soil fertility, and species richness is generally expressed as a measure of
biodiversity [19,20]. In addition, several indexes have been developed based on species
composition and diversity data, such as the Shannon, Simpson, and Pielou index. Others
could be considered as numerous functional parameters in earthworm ecology studies,
including the adult rate, and ecological groups (epigeic, endogeic, and anecic species) [21].
A comprehensive index would be an appreciated supplement for earthworm density and
biomass by providing more explicit and comprehensive information about earthworm
community characteristics.

To address the shortage of assessments of earthworm communities, the first objective
of this study was to propose an earthworm synthetic index (ESI) for depicting earthworm
ecological characteristics and identifying the soil conditions in urban soils. Since earth-
worm density and biomass are prone to decrease with high urbanization intensity in urban
environments [6,22], we set the hypothesis that higher earthworm density, biomass, and
diversity could be observed in a park with less intensive disturbance (younger age, far-
ther from the city center, and less visitor volume) and more careful management (larger
greenspace area and higher attractiveness). Thus, the second objective was to discover
how these park traits and soil properties might have an impact on earthworm fauna in
urban parks.
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2. Materials and Methods
2.1. Study Sites

The study sites were located in Beijing city, China. Beijing is a rapidly developing
city, but also an ancient city with a history of more than 1000 years. The climate is typical
temperate with sub-humid monsoons and the average annual rainfall is 458.9 mm in 2015,
which is concentrated in the summer (http://www.cma.gov.cn/2011xzt/2018zt/201803
29/201803/t20180330_465564.html, accessed on 30 March 2018) According to Chinese
soil taxonomy, the typical soil type is brown soil and cinnamon soil [23,24]. As one of
the largest cities in the world, Beijing has undergone rapid urbanization during the past
30 years. According to the gradients of the construction ages and geographical locations in
the megacity, 16 parks were selected to conduct earthworm surveys (Figure 1). The sizes
(areas) of the parks in the study area range from 29,600 m2 to 6,800,000 m2.

Sustainability 2022, 14, x FOR PEER REVIEW 3 of 17 
 

2. Materials and Methods 

2.1. Study Sites 

The study sites were located in Beijing city, China. Beijing is a rapidly developing 

city, but also an ancient city with a history of more than 1000 years. The climate is typical 

temperate with sub-humid monsoons and the average annual rainfall is 458.9 mm in 2015, 

which is concentrated in the summer 

(http://www.cma.gov.cn/2011xzt/2018zt/20180329/201803/t20180330_465564.html, ac-

cessed on 30 March 2018) According to Chinese soil taxonomy, the typical soil type is 

brown soil and cinnamon soil [23,24]. As one of the largest cities in the world, Beijing has 

undergone rapid urbanization during the past 30 years. According to the gradients of the 

construction ages and geographical locations in the megacity, 16 parks were selected to 

conduct earthworm surveys (Figure 1). The sizes (areas) of the parks in the study area 

range from 29,600 m2 to 6,800,000 m2. 

 

Figure 1. Sampling locations of urban parks in Beijing. 

2.2. Earthworm Sampling 

Earthworm samplings were conducted twice in late August (25th–31st, averaged 

daily temperature: 24.2 °C and average amount of rainfall: 6.71 mm) and early September 

(1st–7th, averaged daily temperature: 22.3 °C and average amount of rainfall: 7.55 mm) 

during 2015, respectively (https://en.tutiempo.net/climate/2015/ws-545110.html, accessed 

on 1 May 2022). The results were expressed as the average of the two samplings. The soil 

had favorable moisture levels for earthworm activity after the rainy season in summer. 

The number of sampling sites in each park was set to be proportional to the size of the 

park. The numbers ranged from 4 to 10, and the sampling sites were randomly located 

away from trees, lakes, and roads. Soil volumes of 25 cm × 25 cm × 20 cm (width × length 

× depth) were sampled to collect earthworms [25,26]. The method of earthworm sampling 

was digging and hand sorting rather than chemical extraction, because of the regulation 

Figure 1. Sampling locations of urban parks in Beijing.

2.2. Earthworm Sampling

Earthworm samplings were conducted twice in late August (25th–31st, averaged
daily temperature: 24.2 ◦C and average amount of rainfall: 6.71 mm) and early September
(1st–7th, averaged daily temperature: 22.3 ◦C and average amount of rainfall: 7.55 mm) dur-
ing 2015, respectively (https://en.tutiempo.net/climate/2015/ws-545110.html, accessed
on 1 May 2022). The results were expressed as the average of the two samplings. The soil
had favorable moisture levels for earthworm activity after the rainy season in summer.
The number of sampling sites in each park was set to be proportional to the size of the
park. The numbers ranged from 4 to 10, and the sampling sites were randomly located
away from trees, lakes, and roads. Soil volumes of 25 cm × 25 cm × 20 cm (width ×
length × depth) were sampled to collect earthworms [25,26]. The method of earthworm
sampling was digging and hand sorting rather than chemical extraction, because of the
regulation of park administration and the inefficiency of the latter for assessing the size
and structure of earthworm populations [27]. The earthworm density and biomass were

http://www.cma.gov.cn/2011xzt/2018zt/20180329/201803/t20180330_465564.html
http://www.cma.gov.cn/2011xzt/2018zt/20180329/201803/t20180330_465564.html
https://en.tutiempo.net/climate/2015/ws-545110.html
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averaged separately according to the sampling sites in each park. Species were identified in
the laboratory using live specimens according to color, development of clitellum, spacing of
chaetae and other morphological features. The specimens were separated into adults and
juveniles according to growth of clitellum [17,28]. To avoid repeat counting, earthworms
with incomplete bodies or indistinct features were classified as unidentified and only the
head part was counted [29].

2.3. Soil and Litter Samplings and Chemical Analyses

Soil and litter samplings were conducted in September 2015. The sample sites were
located immediately adjacent to the earthworm survey sites. A representative composite
surface (0–20 cm) soil sample was achieved by mixing the sub-samples from the sites in
each park. Altogether, 16 soil samples were collected. The soil samples were air dried and
ground to pass through 2 mm and 0.1 mm sieves before chemical analyses. Litter samples
were oven dried until they were a constant weight and ground using a ball mill. Soil
moisture was determined by drying the wet soil samples at 105 ◦C for 24 h. Soil samples
collected by stainless cutting rings (100 m3) were used for bulk density analysis. Soil pH
was determined in a soil/water ratio of 1:2.5. Total carbon and nitrogen contents of soil and
litter, and soil organic carbon (SOC) were determined using an Elementar Vario ELIII [30].

Microbial biomass carbon (MBC) was determined using the chloroform fumigation and
K2SO4-extraction method, where the non-fumigated fraction was used for determining the
soluble organic carbon contents [31]. Soil ammonium (NH4-N) and nitrate (NO−3-N) were
extracted using 2 mol/L KCl and determined with an AAA3 continuous flow analytical
system. Available phosphorus (P) was extracted with NaHCO3 and determined using the
Mo-Sb colorimetric method. Available potassium (K) was extracted with NH4OAc solution
and determined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES).

Before the elemental analyses of soil samples, 0.25 g samples were digested with HCl,
HNO3, HF, and HClO4. Microwave-assisted digestion of litter samples was conducted
using HNO3 and H2O2 (HNO3:H2O2 ratio = 5:2). Elemental Cd, Cu, K, P, Pb, and Zn were
determined by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES).
Reference sample Geochemical Standard Soil (GSS-1) was used as a quality control during
the digestion process.

2.4. Earthworm Ecological Characteristics

The earthworm ecological characteristics included the density, biomass, individual
average biomass, adult rate, species richness, species composition and ecological groups
and derivations thereof, such as the Shannon diversity index, Margalef diversity index,
Pielou diversity index, and Simpson diversity index.

Species dominance was determined by the dominance index (Y) (Equation (1)), where
Y > 0.02 denotes dominance in a community [32]:

Y = Pi × Ni (1)

where Pi denotes the relative density of a species and Ni is the the occurrence frequency of
a species.

2.5. Calculation of ESI

ESI was introduced according to the method first proposed in the soil quality as-
sessment by Doran [33]. Taking the overall ecological characteristics of the earthworm
community into consideration, ESI integrated nine indicators, including earthworm density,
biomass, individual biomass, species richness, adult rate, and the four diversity indices.

In the method, the indicator score of each ecological characteristic was calculated as
the linear scoring function (Equation (2)) [34]

S = 0.9 × X − Xmin
Xmax − Xmin

+ 0.1 (2)
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where X refers to the indicator of the earthworm ecological characteristic, min and max refer
to minimum and maximum values of the indicators of earthworm community, respectively.

Furthermore, ESI was calculated using the method described by Equation (3)

ESI =
n

∑
i=1

(Si × Wi) (3)

where Si is the score of the ith indicator of the earthworm ecological characteristics; Wi is
weighting factor of the ith indicator. The weighting factor was calculated as the ratio of
communality of the ith indicator and the sum of all the indicators communality in principal
component analysis (PCA) [35,36].

2.6. Data Collection and Statistical Analyses

Park traits (construction age, geographical location, visitor volume, greenspace area,
park area, and tourist attraction rating) include urbanization factors and park intrinsic
features in this study. Construction age, geographical location (distance to the city center),
and visitor volume were considered urbanization factors illustrating the urbanization
intensity of a park. The construction age of a selected park since its establishment was
recorded. The geographical location was categorized according to the distribution in the
inner/outer city (second ring road). The urban sprawl of Beijing was realized by expanding
from the inner city to the outer city. The inner city always suffers more anthropogenic
intensity than the outer city. Therefore, we selected the categories of inner/out city as a
factor in this study. The distance to the city center from the park was further visualized and
measured using ArcGIS10.0. The visitor volumes were collected from the daily average
volume of 2015. The data were collected from the Beijing municipal administration center
of parks. The construction ages of the parks could be traced from as recent as three decades
back to five centuries ago. In the selected parks, four parks were less than 30 years old,
seven parks were aged between 30 and 100 years, and five parks were over 100 years old.
Additionally, five parks were located inside the second ring road (inner city), whereas the
remainder were located outside it (outer city).

In addition, greenspace area, park area, and tourist attraction rating were considered
park intrinsic features indicating the quality of administration of a park. Greenspace and
park areas that revealed the size of an earthworm habitat at a regional scale were delineated
and calculated using ArcGIS10.0. The tourist attraction rating, which indicates the qual-
ity of park administration, is based on safety, cleanliness, sanitation, and transportation
accessibility. Tourist attraction ratings of the parks were released by standard of rating
for quality of tourist attractions (GB/T 17775-2003). According to the standard, tourist
attraction ratings are classified into five grades, i.e., AAAAA, AAAA, AAA, AA, and A
in a descending order. The higher quality a park is assessed, the higher grade a park is
granted. As the highest grade of the ratings, the park with an AAAAA rating represents
a world-class tourist scenic spot. While a park with non-A grade rating indicates a spot
that receives relatively little attraction and low-quality assessment. In the study area, nine
parks had a scenic spot grade of 3A (or above, i.e., AAA, AAAA and AAAAA), while
the other seven parks were of non-A grade. Considering the distribution of the ratings,
two categories, 3A (or above) and non-A, were included in this study. Details of the parks
on their urbanization factors and intrinsic features are shown in Table S1.

Spearman’s correlation analysis was used to identify relationships between and the
traits, soil/litter properties, and the earthworm ecological characteristics by SPSS 20.0.
Three-way ANOVA was applied to identify the main effects among different park categories
(construction age, location, and tourist attraction rating) on earthworm characteristics.
One-way ANOVA was used to detect significant differences in the earthworm ecological
characteristics, as well as the soil properties among individual park categories, where the
tests were followed by the multiple comparisons procedure (Student-Newman–Keuls test).
For data that exhibited heteroscedasticity, a nonparametric test (Mann–Whitney U test)
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was used instead of variance analysis. Significant differences were determined at the 95%
confidence level.

Multivariate analyses were used to determine the potential impacts of factors on the
compositions of earthworm communities. Non-metric dimensional scaling (nMDS) analysis
was employed to test the association between the composition of earthworm communities
and the tourist attraction ratings by Bray–Curtis similarity and cluster analysis, respectively.
Redundancy analysis (RDA) to explain the effects of environmental factors on earthworm
community compositions was also conducted using Canoco 5.0 software.

3. Results
3.1. The Characteristics of Earthworm Population, Community Composition and Distribution in
Urban Parks in Beijing

As shown in Table 1, the average earthworm density, biomass, and individual biomass
in urban parks were 38.6 ± 19.5 ind/m2, 34.0 ± 23.2 g/m2, and 0.892 ± 0.514 g/ind, re-
spectively. Adult earthworms comprised a large proportion compared with juveniles,
i.e., 76.2% ± 16.4% of all individuals. The average diversity index for the 16 parks was
0.906 ± 0.375 for Shannon diversity, 0.556 ± 0.271 for Margalef diversity, 0.825 ± 0.234 for
Pielou diversity, 0.553 ± 0.192 for Simpson diversity. Overall, the synthetic earthworm
ecological characteristic was 0.637 ± 0.185 as ESI showed. In addition, the results of the dif-
ferent samplings are also presented in Table 1. All the indicators between the investigations
were generally comparable. However, there existed some slight differences between the
results, which could be attributed to the fluctuation of the local climatic conditions during
the sampling periods. To exhibit the overall situation of the local earthworm ecological
characteristics in this season, the averages of the different samplings were applied and
further discussed. Furthermore, details of the earthworm ecological characteristics in each
park are shown in Table S2.

Table 1. Description of earthworm ecological characteristics in Beijing and those determined in
other studies.

Sample
Density
(ind/m2)

Biomass
(g/m2)

Individual
Biomass
(g/ind)

Adult
(%)

Species
Richness H D J 1-γ ESI

Urban parks
(This study) 38.6 ± 19.5 34.0 ± 23.2 0.892 ± 0.514 76.2 ± 16.4 3.06 ± 1.12 0.906 ± 0.375 0.556 ± 0.271 0.825 ± 0.234 0.553 ± 0.192 0.637 ± 0.185

Urban parks
(Late August) 47.3 ± 20.5 39.2 ± 26.3 0.823 ± 0.614 60.0 ± 32.9 2.81 ± 1.07 0.889 ± 0.360 0.488 ± 0.242 0.834 ± 0.238 0.530 ± 0.186 0.585 ± 0.329

Urban parks
(Early September) 28.7 ± 20.1 32.0 ± 31.1 1.46 ± 20.6 78.0 ±28.7 2.31 ± 1.21 0.669 ± 0.462 0.395 ± 0.299 0.688 ±0.396 0.404 ± 0.259 0.780 ± 0.287

Residential areas,
Beijing [6] 44.6 ± 39.1 15.6 ± 14.0 0.319 ± 0.325 75.3 ± 18.9 3.08 ± 2.19 2.20 ± 0.081

Natural and arable
land, Tongzhou,

Beijing [37]
81.6 ± 5.7 / / / / / / / / /

Forest, Hebei [38] 53.1 4 0.451 0.662 0.325 0.398

Arable land, Hubei,
China [39] 23 ± 32 23 ± 27.4 0.8 ± 0.75 31 ± 29 16 (total) / / / / /

Urban parks,
Moscow, USA

(lawn, >75 years) [25]
437 94.12 / / 2.33 ± 1.15 / / / / /

Urban parks,
Bron, Czech [40]

121 ± 32
(path)

111–288
(path)

/ / 6 (total) / / / / /
256 ± 68
(lawn)

51.1 ± 11.5
(lawn)

H, D, J and 1-γ refer to Shannon, Margalef, Pielou and Simpson diversity index.

The compositions of the earthworm assemblages in the parks investigated are summa-
rized in Table 2. In total, eight species from three families (Lumbricidae, Megascolecidae,
and Moniligastridae) and five genera (Amynthas, Bimastus, Drawida, Metaphire, and Ocnero-
drilus) were found in the surface soils of the parks in Beijing. Bimastus parvus (B. parvus),
Metaphire californica (M. californica), Metaphire guillelmi (M. guillelmi), Metaphire schmardae
(M. schmardae), and Ocnerodrilus occidentalis (O. occidentalis) were the dominant species
in Beijing.
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Table 2. Summary of ecological groupings of species and dominance values in urban parks of Beijing.

Earthworm Species Family Genus Ecological Groups Y

Amynthas hupeiensis (Michaelsen, 1895) Megascolecidae Amynthas Anecic 0.01
Amynthas robustus (Perrier, 1872) Megascolecidae Amynthas Endogeic <0.001

Bimastus parvus (Eisen, 1874) Lumbricidae Bimastus Epigeic 0.10
Drawida japonica (Michaelsen, 1931) Moniligastridae Drawida Epigeic <0.001
Metaphire californica (Kinberg, 1867) Megascolecidae Metaphire Endogeic 0.05

Metaphire guillelmi (Michaelsen, 1895) Megascolecidae Metaphire Anecic 0.26
Metaphire schmardae (Horst, 1883) Megascolecidae Metaphire Endogeic 0.03

Ocnerodrilus occidentalis (Eisen, 1878) Megascolecidae Ocnerodrilus Endogeic 0.05

As shown in Figure 2a, the earthworm species differed greatly in terms of their
abundance. M. guillelmi was the most abundant and widespread among the eight species
observed, where it comprised 30% of the total individuals recorded and it was found in
14/16 parks. B. parvus was also common in eight parks where it comprised 19.1% of the
total, followed by O. occidentalis in seven parks, M. californica and M. schmardae in six parks,
Amynthas hupeiensis (A. hupeiensis) in four parks, and Drawidajaponica (D. japonica) in two
parks. Amynthas robustus (A. robustus) was only observed in Bajia Country Park.
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Figure 2. Summary of earthworm population compositions (a) and ecological group distributions (b)
in urban parks of Beijing.

All three ecological groups of earthworms were identified in this study (Figure 2b).
The ecological groups of the earthworms discovered were generally evenly distributed
(Table 2 and Figure 2b). Specifically, anecic species were the dominant group in parks,
where they represented 35.3% of the total individuals collected. Endogeic species comprised
33%, while epigeic species are a litter feeding group and they comprised a relative minority,
accounting for 21.8% of the total earthworms sampled.

3.2. Park Traits That Affected the Earthworm Fauna

How the park traits might potentially influence the earthworm fauna was analyzed
in different ways. The results of the Spearman correlation between the park traits and
the earthworm ecological characteristics are presented in Table 3. The results showed
that earthworm biomass and individual biomass were positively correlated with the park
construction age and negatively correlated with the distance to the city center (p < 0.05).
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Surprisingly, visitor volume and the park feature indicators (greenspace area, park area,
greenspace ratio and tourist attraction rating) did not significantly affect the earthworm
density and biomass (p > 0.05). On the contrary, the park intrinsic features were significantly
correlated with the biodiversity indices (species richness, and the diversity indexes). ESI
was also proved to be related to the tourist attraction rate (p = 0.003).

Table 3. Spearman correlation between earthworm ecological characteristics and the potential factors.

Age Distance Visitor
Volume

Greenspace
Area Park Area Greenspace

Ratio
Tourist

Attraction Rating

Density −0.017 −0.098 0.154 −0.122 −0.137 −0.377 0.036
Biomass 0.693 ** −0.594 * 0.236 −0.053 −0.118 −0.221 0.314

Individual biomass 0.505 * −0.621 * 0.208 −0.353 −0.355 −0.309 −0.015
Adults −0.006 −0.425 0.083 −0.236 −0.239 0.019 −0.335

Species richness 0.163 0.050 0.487 0.598 * 0.645 ** −0.141 0.752 **
A. hupeiensis 0.261 −0.306 −0.202 −0.025 −0.122 0.052 −0.128
A. robustus −0.192 −0.005 0.005 0.051 0.210 −0.483 −0.065
B. parvus 0.152 −0.089 0.374 0.452 0.384 0.083 0.619 *

D. japonica −0.079 0.322 0.187 0.378 0.544 * −0.079 0.507 *
M. californica 0.205 0.071 0.546 * 0.453 0.502 * 0.504 * 0.467
M. guillelmi 0.242 −0.315 −0.263 −0.289 −0.435 −0.372 −0.258

M. schmardae 0.127 0.055 0.300 −0.191 −0.063 −0.310 0.222
O. occidentalis 0.240 −0.230 −0.084 0.236 0.152 −0.134 0.266

H −0.004 0.239 0.469 0.585 * 0.656 ** −0.138 0.690 **
D −0.062 0.168 0.498 * 0.598 * 0.680** −0.168 0.675 **
J −0.295 0.424 0.047 −0.016 0.091 −0.417 0.031

1-γ −0.006 0.244 0.452 0.587 * 0.653 ** −0.131 0.691 **
Epigeics 0.203 −0.293 −0.133 −0.375 −0.400 −0.364 −0.407

Endogeics −0.095 0.367 0.473 0.753 ** 0.742 ** 0.273 0.769 **
Anecis −0.159 0.142 −0.075 0.006 0.072 0.211 −0.023

ESI 0.436 −0.248 0.442 0.385 0.394 −0.241 0.690 **

H, D, J and 1-γ refer to Shannon, Margalef, Pielou and Simpson diversity index. Significant differences are shown
in bold type. ** Correlation significant at the 0.01 level. * Correlation significant at the 0.05 level.

Three-way ANOVA showed that there was no between-subjects (three-way and two-
way) interaction among the construction age, location and tourist attraction rating on
earthworm ecological characteristics. One-way ANOVA was further performed to discover
how the earthworm fauna were affected by the categories of construction age, geographic
location, and tourist attraction rating. (Table 4). For different construction ages, the parks
aged more than 100 years usually had the highest earthworm populations. The earthworm
biomass differed significantly between parks aged more than 100 years and parks aged less
than 30 years (p = 0.037). Thus, the earthworm biomass increased with the age of the parks.
The highest biomass was 52.4 g/m2 in parks aged more than 100 years, whereas the lowest
was 14.7 g/m2 in young parks aged less than 30 years. Furthermore, although the locations
of parks also affected the earthworm population (Table 4), no significant differences were
found between the earthworm populations in the inner and outer cities (p > 0.05). However,
no significant differences in earthworm biodiversity were detected among the different
construction ages and geographical locations (p > 0.05).

In terms of the tourist attraction rating for parks, the species richness and the diversity
indices were significantly higher in parks with triple-A (or above) grades than those in
non-A parks (Tables 3 and 4) (p < 0.05). The epigeic and endogeics ecological groups were
significantly more abundant in triple-A (or above) grade parks than in non-A ones. ESI
presented a similar result that triple-A (or above) grade parks had significantly higher
values. The nMDS analysis based on the Bray–Curtis similarity coefficient (Figure 3a) and
cluster analysis (Figure 3b) also indicated that there were differences in the community
compositions of the two groups in the 16 parks, i.e., triple-A (or above) grade parks and
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non-A ones. The results suggest that higher grade parks were more favorable for the species
diversity of earthworms.

Table 4. Multiple comparisons of earthworm ecological characteristics under different construction
ages, geographic locations, and tourist attraction ratings in urban parks of Beijing.

Characteristics
Construction Age Location Tourist Attraction Rating

<30 Years 30–100 Years >100 Years Outer City Inner City Non-A AAA-Above

Density (ind/m2) 28.2 ± 4.89 a 35.6 ± 8.42 a 51.4 ± 7.46 a 37.1 ± 4.85 a 42.1 ± 12.3 a 25.5 ± 5.87 a 46.5 ± 6.41 a
Biomass (g/m2) 14.7 ± 4.85 b 31.9 ± 8.62 ab 52.4 ± 8.61 a 27.2 ± 5.43 a 48.8 ± 12.8 a 25.2 ± 9.40 a 40.8 ± 6.70 a

Individual
biomass (g/m2) 0.612 ± 0.229 a 0.873 ± 0.152 a 1.15 ± 0.292 a 0.781 ± 0.129 a 1.14 ± 0.290 a 0.867 ± 0.270 a 0.913 ± 0.111 a

Adult (%) 0.783 ± 0.0652 a 0.751 ± 0.0738 a 0.760 ± 0.0777 a 0.728 ± 0.0468 a 0.836 ± 0.0780 a 0.800 ± 0.0489 a 0.733 ± 0.0630 a
Species richness 3.00 ± 0.578 a 2.57 ± 0.369 a 3.60 ± 0.400 a 3.00 ± 0.270 a 3.00 ± 0.632 a 2.29 ± 0.360 b 3.56 ± 0.242 a

H 0.962 ± 0.220 a 0.749 ± 0.141 a 1.08 ± 0.132 a 0.946 ± 0.0921 a 0.818 ± 0.237 a 0.671 ± 0.155 b 1.09 ± 0.0761 a
D 0.633 ± 0.178 a 0.431 ± 0.0883 a 0.669 ± 0.988 a 0.571 ± 0.0714 a 0.523 ± 0.163 a 0.387 ± 0.110 b 0.687 ± 0.0570 a
J 0.906 ± 0.0612 a 0.752 ± 0.129 a 0.863 ± 0.0211 a 0.895 ± 0.0276 a 0.671 ± 0.168 a 0.759 ± 0.876 a 0.876 ± 0.0231 a

1-γ 0.588 ± 0.103 a 0.481 ± 0.0826 a 0.625 ± 0.0604 a 0.587 ± 0.0394 a 0.476 ± 0.131 a 0.438 ± 0.0893 b 0.642 ± 0.0278 a
Epigeics (%) 0.183 ± 0.119 a 0.168 ± 0.0627 a 0.151 ± 0.0782 a 0.208 ± 0.0549 a 0.0746 ± 0.0573 a 0.0615 ± 0.0399 b 0.248 ± 0.0596 a

Endogeics (%) 0.292 ± 0.128 a 0.505 ± 0.113 a 0.282 ± 0.0656 a 0.384 ± 0.0624 a 0.387 ± 0.174 a 0.402 ± 0.137 a 0.372 ± 0.0581 a
Anecics (%) 0.396 ± 0.147 a 0.276 ± 0.0979 a 0.518 ± 0.125 a 0.338 ± 0.0726 a 0.477 ± 0.159 a 0.475 ± 0.133 a 0.309 ± 0.0648 a

ESI 0.605 ± 0.0843 a 0.564 ± 0.0807 a 0.764 ± 0.0385 a 0.631 ± 0.0404 a 0.649 ± 0.128a 0.518 ± 0.0732 b 0.729 ± 0.0391 a

H, D, J and 1-γ refer to Shannon, Margalef, Pielou and Simpson diversity index. Means followed by different
letters indicate significant differences according to ANOVA followed by the Student-Newman–Keuls test (p < 0.05).
Significant differences are shown in bold type.
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Figure 3. Non-metric dimensional scaling (nMDS) analysis based on (a) the Bray–Curtis similarity
measure (global R = 0.227, p = 0.0245; ANOSIM) and (b) cluster analysis of the community com-
positions of earthworm in parks with different tourist attraction rating. Ellipses represent the 95%
confidence interval for each group. NA denotes non-A grade. AAA denotes triple-A (or above).
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On the whole, according to the results of the Spearman correlation, ANOVA, nMDS,
and cluster analysis, urbanization intensity, which was reflected by the urbanization factors,
significantly influenced the ecological characteristics of earthworm populations (biomass
and individual biomass), while the quality of administration which was explained by the
park intrinsic features was significantly related with earthworm species diversity and the
community composition.

3.3. Relationships between Earthworm Fauna and Soil Properties

The Spearman’s correlation analysis was used to assess the relationships between the
ecological characteristics of earthworms and soil/litter parameters (Table 5). Earthworm
density had positive significant correlations with soil K (p = 0.045), NH4-N (p = 0.019), pH
(p = 0.011), moisture (p = 0.008), and MBC (p = 0.01). Earthworm biomass was positively
correlated with soil moisture (p = 0.003) and negatively correlated with bulk density
(p = 0.0002). There were significant positive correlations between the average individual
biomass and total P (p = 0.017), available P (p = 0.019), and soluble C (p = 0.046). In addition,
average individual biomass was negatively correlated with bulk density (p = 0.045). Species
richness was positively correlated with soil pH (p = 0.018), moisture (p = 0.025), and MBC
(p = 0.010). In addition, the Shannon (p = 0.019) and Simpson diversity indices (p = 0.019)
were positively correlated with soil pH. Moreover, ESI was significantly correlated with
bulk density (p = 0.037), pH (p = 0.020), soil moisture (p = 0.004), and MBC (p = 0.026).
However, metal concentrations, SOC, NO–3N, available K, and litter properties had no
effects on the ecological characteristics of earthworms (data not shown).

Table 5. Spearman’s correlation coefficients between the earthworm population traits and soil properties.

Parameters Density Biomass Individual Biomass Species Richness H D J 1-γ ESI

K 0.500 * 0.456 0.068 0.272 0.094 0.166 −0.168 0.094 0.400
P 0.165 0.462 0.594 * −0.141 −0.282 −0.241 −0.038 −0.282 0.085

Available P −0.246 0.315 0.559 * −0.066 −0.076 −0.031 0.126 −0.076 −0.041
NH4-N 0.577 * 0.226 −0.188 0.160 0.035 0.028 −0.071 0.035 0.338

Soluble C −0.475 0.126 0.509 * −0.404 −0.271 −0.322 0.112 −0.271 −0.203
Bulk density −0.371 −0.791 ** −0.500 * −0.281 −0.258 −0.139 −0.305 −0.258 −0.535 *

pH 0.616 * 0.387 −0.175 0.581 * 0.580 * 0.421 0.138 0.580 * 0.671 **
Moisture 0.637 ** 0.691 ** 0.388 0.557 * 0.447 0.412 0.112 0.447 0.524 **

MBC 0.765 ** 0.429 −0.056 0.623 ** 0.476 0.477 −0.153 0.476 0.691 **

MBC is the soil microbial biomass carbon. H, D, J and 1-γ refer to the species richness, Shannon, Margalef, Pielou
and Simpson diversity index. Significant differences are shown in bold type. ** Correlation significant at the 0.01
level. * Correlation significant at the 0.05 level.

As shown in Table 6, how the soil properties were influenced by construction age,
geographic location, and tourist attraction rating is further exhibited. Only the differences
in available P concentration (p = 0.039) and available K concentration (p = 0.003) between
the outer and the inner city was tested. Even though no significant difference was ob-
served among the construction age groups, a monotonous trend was observed between the
construction age and K, bulk density, moisture, and MBC.

In addition, there were significant differences for soil moisture and MBC between the
tourist attraction ratings. The moisture contents and MBC in triple-A (or above) grade
parks (18.4% and 368 mg/kg, respectively) were much higher than those in non-A grade
parks (14.2% and 241 mg/kg, respectively). Such soil properties also affected earthworm
density, biomass, species richness, and ESI.

An ordination diagram based on RDA of the species densities for earthworm com-
munities in all sites is shown in Figure 4. The gradient length of axis 1 for discriminant
component analysis was 2.62, which indicated that RDA rather than canonical correlation
analysis (CCA) could be conducted to assess the main soil environmental factors. The
results of tests of significance for RDA axis 1 and all the axes were 0.014 and 0.008 (p < 0.05)
based on the Monte Carlo test (499 permutations), respectively. The selection of environ-
mental variables was determined by the marginal effect of each soil and litter variable
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alone. The marginal effects determined by the Monte Carlo test (499 permutations) showed
that MBC (marginal effect = 77.3%, p = 0.002) and soil moisture (Marginal effect = 78.7%,
p = 0.004) were the strongest explanatory factors.

Table 6. Multiple comparisons of soil properties under different construction ages, geographic
locations, and Tourist attraction ratings in urban parks of Beijing.

Parameters
Construction Age Location Tourist Attraction Rating

<30 Years 30–100 Years >100 Years Outer City Inner City Non-A AAA-Above

K (mg/kg) 1.76 ± 0.0410 a 1.81 ± 0.0258 a 1.83 ± 0.0246 a 1.79 ± 0.0197 a 1.82 ± 0.0318 a 1.81 ± 0.0236 a 1.80 ± 0.255 a
P (mg/kg) 622 ± 97.2 a 607 ± 49.7 a 1013 ± 291 a 613 ± 42.6 a 1012 ± 257 a 806 ± 215 a 684 ± 80.7 a
Available K

(mg/Kg) 184 ± 22.0 a 203 ± 25.5 a 180 ± 35.5 a 163± 15.2 b 254 ± 17.9 a 185 ± 20.5 a 199 ± 26.3 a

Available P
(mg/Kg) 21.2 ± 8.83 a 30.3 ± 15.8 a 21.7 ± 6.81 a 15.5 ± 3.72 b 47 ± 19.6 a 18.7 ± 5.76 a 30.5 ± 12.2 a

NH4-N (mg/kg) 14.4 ± 0.872 a 16.1 ± 0.883 a 15.5 ± 0.727 a 15.7 ± 0.619 a 15.1 ± 0.927 a 15.3 ± 0.971 a 15.7 ± 0.530 a
Soluble C (mg/kg) 97.5 ± 29.8 a 99.6 ± 19.1 a 95.7 ± 32.0 a 90.4 ± 15.4 a 114 ± 30.5 a 113 ± 23.6 a 86.1 ± 16.8 a

Bulk density 1.27 ± 0.0749 a 1.17 ± 0.0496 a 1.13 ± 0.0287 a 1.21 ± 0.0377 a 1.12 ± 0.0485 a 1.18 ± 0.0614 a 1.18 ± 0.0319 a
pH 8.49 ± 0.105 a 8.41 ± 0.0395 a 8.50 ± 0.0612 a 8.49 ± 0.0451 a 8.40 ± 0.0501 a 8.44 ± 0.0380 a 8.48 ± 0.0571 a

Moisture 13.3 ± 1.22 a 16.7 ± 1.13 a 18.9 ± 1.87 a 15.7 ± 0.867 a 18.4 ± 2.29 a 14.2 ± 1.24 b 18.4 ± 1.06 a
MBC (mg/kg) 238 ± 26.8 a 292 ± 35.6 a 401 ± 79.4 a 282 ± 23.0 a 380 ± 89.9 a 241 ± 20.3 b 368 ± 49.0 a

Means followed by different letters are significantly different according to ANOVA follows by the Student-
Newman–Keuls test (p < 0.05). Significant differences are shown in bold type.
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Figure 4. Ordination diagram based on RDA of the densities of earthworm communities in urban parks.

In the RDA (Figure 4), none of the species had an angle of nearly 90◦ relative to
moisture, and, thus, all the species were related to soil moisture. B. parvus, M. guillelmi,
M. californica, and O. occidentalis were associated with environments with high humidity,
whereas A. hupeiensis, A. robustus, D. japonica and M. schmardae were more tolerant of
drought stress. Only A. hupeiensis and A. robustus had an angle of nearly 90◦ relative to
MBC. Thus, the distributions of A. hupeiensis and A. robustus were not related to MBC.
O. occidentalis, M. californica, B. parvus, and M. guillelmi had positive relationships with
MBC. Instead, M. schmardae and D. japonica were negatively related to MBC.
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4. Discussion

Most earthworm ecological characteristics in urban parks in Beijing were generally
similar to (density, adult rate, and species richness) or higher than (biomass and individual
biomass) those in residential communities in Beijing [6], suggesting a comparable popula-
tion pattern of the earthworms in the same city. Furthermore, the density of earthworms
was about half that found in an earlier investigation in Tongzhou, which was a satellite of
the city of Beijing during the 1960s on natural and arable land [37]. Compared to earthworm
characteristics in forests with similar climatic conditions in Hebei province, the earthworm
density and species richness in urban parks were on the same level but relatively low.
However, the Shannon and Simpson diversity indices were higher in this study, suggesting
a fierce interspecific competition in urban parks. Compared to the arable land in Hubei
province in mid-south China [39], the density and biomass of adult earthworms were
higher in this study, while the species richness was lower (Table 1). The heterogeneity of
the earthworm ecological characteristics in the different studies might be attributed to the
variation of land use types [41]. Compared to the primitive and arable land, and forest
land uses, urban soils are usually backfilled soil, which can contain non-native soil and
artificial materials such as industrial refuse, construction waste, and municipal waste [42].
In addition, the high adult rate in urban parks in Beijing was possibly because earthworm
mating generally occurs in June and juvenile numbers decline after August [37].

In addition, compared with urban parks in USA and Czech Republic, the density
and biomass of earthworms in this study were much lower, whereas the species richness
were similar (Table 1). The difference in the earthworms in urban parks in the different
studies was attributed to the regional soil properties, climates, and management practices
of parks [25,40]. Park management (tillage, litter removal, and pesticide application)
and anthropogenic pressure (trampling) can disturb earthworm habitats [16,43], thereby
reducing their density [40]. Therefore, the population density and biomass of earthworms
in urban parks of Beijing were relatively low.

According to the identified families and ecological groups in this study, Megascole-
cidae was the dominant family and is one of the most widely distributed families in the
world, where its diversity exceeds those of other families [28]. Anecic and endogeic groups
were dominant in parks of Beijing. Anecic species that feed on topsoil litter materials
prefer to dwell deep for a safe shelter by maintaining permanent deep vertical burrows.
Endogeic species mostly occupy mineral soil layers where they feed on soil organic matter.
Thus, these groups are less vulnerable to human disturbance and are capable of utilizing
low-quality food resources at high temperatures [44]. In contrast, epigeic species have
weak burrowing ability and prefer surface soils or litter layers [17,18]. The density of
epigeic species might be affected due to the low availability of litter caused by the rapid
decomposition of litter at high temperatures [17]. Moreover, management practices such
as litter removal as well as soil compaction by trampling might have specifically affected
members of the epigeic group. Therefore, epigeic species comprised a relatively minor
proportion in this study.

The ecological compositions of parks in Beijing, were also similar to those observed in
areas with other land uses, such as residential areas [6], cultivated sites [43,45], forests [45,46],
arable land [31,45], wasteland [45], grassland [47,48], and pastures [45], where anecic
or/and endogeic species are also the dominant ecological groups. Except for anthropogenic
disturbances, climatic stress and predators are possible explanations for the dominance
of these two ecological groups. However, some studies also showed that epigeic species
were dominant species in some specific sites [46]. Thus, the ecological composition of
earthworms could be used as a soil quality indicator [45].

Different urbanization factors had different effects on earthworm fauna. In general,
the construction age was positively correlated with earthworm biomass and individual
biomass, which was supported by Smetak [25]. Such a point has also been demonstrated
by the previous study [6] that the span of construction ages of the habitats was the critical
determinant for earthworm community pattern and colonization. Therefore, the earthworm
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communities in urban parks which were more than 100 years old were more stable and
abundant than those sites with younger ages in this study.

Surprisingly, the visitor volume was not significantly correlated with most ecological
characteristics of earthworms as hypothesized. This is probably because visitor volume,
which is an indicator to measure the selectivity and popularity of an urban park, was
not necessarily associated with the compactness of soils in parks. The park management
practices on keeping visitors from the lawns has been proved effective on protecting
earthworm habitats. Instead, bulk density rather than visitor volume could much more
straightly reflect the effect on earthworm characteristics (biomass and individual biomass).

In addition, different park intrinsic features had a similar effect on the ecological
characteristics of earthworms. Area and tourist attraction rating are the embodiment
of high quality habitats of earthworm communities. A larger area of greenspace was
significantly associated with earthworm species richness. The results could be supported
by the theory of island biogeography [49]. The theory that area is an important determinant
of species richness on islands due to the diminished extinction probability of populations
on larger islands has been proved to hold in the earthworm species. Such a pattern, that the
habitat size was significantly associated with the habitat diversity and the species diversity
of invertebrates, was also observed in several studies [50–52]. One of the most favored
explanations is based on the fact that larger areas contain more habitats, and thus more
potential niches.

By integrating the selected earthworm ecological characteristics, ESI could present
comprehensive information of earthworm fauna. In terms of park traits, ESI of earthworms
followed the pattern of how earthworm communities are influenced by the tourist attraction
rating (Tables 3 and 4). In terms of soil properties, ESI followed the pattern of how
earthworm population and community are influenced (Table 5). The results showed
that the trends of the impact of the park traits on ESI was similar to that on earthworm
community composition and different diversity indices. The similar pattern to some
extent was due to the contributions of prominent factors of the diversity indices in this
study. The results showed the importance of the role of earthworm biodiversity in the
characteristics of earthworm fauna. Besides the existing common indices, the proposed ESI
presents more explicit but comprehensive information for the assessment of earthworm
ecological characteristics. Therefore, ESI could be performed as an effective and robust tool
in illustrating earthworm characteristics.

The soil bulk density had a strong negative impact on earthworm biomass and in-
dividual biomass. A high bulk density reflects severe soil compaction, which directly
constrains earthworm burrowing activities, as well as inhibiting plant production and
reducing the food supply indirectly [25]. Due to the different pH preferences of earth-
worm species, the soil pH is another key factor that affects the distribution of earthworm
species [15]. It is well known that N, P, and K are the most important nutrient elements for
determining the density and composition of earthworm communities, especially the soil N
content [25,53–55].

Variations in those earthworm ecological characteristics among the different park cate-
gories were consistent with changes in correspondingly distinct soil properties. Thus, we
concluded that factors (construction age, location and tourist attraction rating) influencing
the ecological characteristics of earthworm communities were related with the contribution
of the distinct soil properties (Soil moisture, MBC, bulk density, pH and nutrient elements).

The ecological characteristics of earthworm communities in Beijing were significantly
related to soil properties, such as soil moisture, MBC, bulk density, pH and nutrient
elements. Soil moisture and MBC are key factors that influence the ecological characteristics
and species composition. Under low water conditions, earthworms usually survive by
reducing the water content of the body, thereby reducing the community biomass, or by
entering diapause, which would reduce the long-term population density [56,57]. The
labile C pool (soluble C and MBC), especially MBC, rather than the total C, is correlated
with earthworm community activities [27,31].
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5. Conclusions

In this study, we investigated earthworm fauna in urban parks and their potential
influencing factors. ESI that characterize the ecological characteristics of earthworm com-
munities was further established. Our results suggest the following.

1. The ecological characteristics of earthworms in parks were comparable to those in
other land use types in Beijing. Based on the dominance index, M. guillelmi, B. parvus,
M. schmardae, M. californica, and O. occidentalis were the main species. Endogeic and
anecic species were the dominant ecological groups.

2. Urbanization factors, including construction age, geographical location, and visitor
volume, significantly affected the earthworm population characteristics. Meanwhile,
park intrinsic features, including greenspace area, park area, and tourist attraction
rating, had significant effects on earthworm community composition, thereby influ-
encing the species biodiversity and ESI.

3. Earthworm community composition was significantly influenced by soil properties.
Soil moisture contents and MBC were the crucial factors. The soil bulk density affected
the biomass and average individual biomass, while the pH influenced the density and
diversity of earthworms. Potential impacts from park traits on earthworm ecological
characteristics were probably related to soil properties.

Supplementary Materials: The following supporting information can be downloaded at: https://
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