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Abstract: Testate amoebae (TA) are important components of soil ecosystems, where they play an
essential role in belowground food webs. In this study, we examined species composition, diversity,
and structure of TA assemblages in soils beneath tree crowns (microscale) at three slope positions
(mesoscale) in subtropical urban parks in Shenzhen, China. Forty-two species of TA belonging to
18 genera were identified in 81 samples. TA assemblages were the most diverse and abundant in the
center of the tree crown comparing with other under-tree habitats. Foot of the hills harbored higher
TA abundance and diversity comparing with upper locations along the hillslopes. The distribution of
TA was mostly driven by under-crown and hillside positions but not by elementary environmental
conditions such as pH, moisture content and thickness of leaf litter layer. None of later factors were
sufficient in shaping TA assemblage composition. The findings of our study suggest that in regional
studies of soil microbial eukaryotes both micro- (i.e., under-crown) and mesoscale (i.e., the slope
position) heterogeneity should be considered.

Keywords: testate amoebae; tree crown; community structure; microspatial distribution; spatial
heterogeneity; microscale heterogeneity; mesoscale heterogeneity; urban microbiome; subtropical parks

1. Introduction

Evidence from ecological studies on urban green areas is considered a sufficient
and necessary part of comprehensive management strategy in an urban environment [1].
Green areas in urban territories are hot points where ecological relations develop in an
environment strongly affected (and managed) by human activity [2,3]. Various groups of
organisms, both taxonomical and ecological, attract the attention of researchers in green
urban territories: microorganisms (bacteria) and “landscape-makers”—higher plants—as
well as arthropods and other soil-dwelling invertebrates [4,5]. In addition, urban territories,
including green urban zones, deliver various insights into soil community ecology from
warm, moderate, and cold climatic conditions [6–8]. Among all soil microorganisms, the
protist fauna of urban green territories in subtropical climate remains almost unstudied,
but it may reveal ecological patterns other than in moderate climate conditions [9].

Testate amoebae (TA) are a polyphyletic group of unicellular eukaryotes that inhabit
aquatic biotopes, wetlands, mosses, and soils [10]. There is a growing interest in studies on
TA due to high indicator value both in modern and palaeoecological settings [10,11], wide
geographical distribution, and short life cycle [12–14]. Additionally, thanks to the presence
of the shell [12,15], they are good model organisms for studying distribution patterns of
microorganisms at different levels of environment hierarchy. Most of the previous studies
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on TA assemblages in soils were focused on larger-scale environmental gradients such
as altitudinal, latitudinal, and climatic gradients [13]. At the same time, little is known
about the distribution of TA at smaller scales, e.g., in the sub-crown space of plants [16].
Furthermore, micro-scale patterns might differ significantly in various types of environmen-
tal conditions and biological objects in disturbed territories, either rural or urban [17,18].
Meanwhile, the micro-topography of the land considerably affects TA communities by
changing habitats (e.g., through erosional processes) and plant distribution [13]. These
demonstrate that interactions among microtopography, vegetation, and environmental vari-
ables (e.g., moisture, temperature, pH, and nutrient availability) can regulate the structure
and variation in the TA community [19–24]. However, the main drivers of TA assemblages
in many environmental settings remain poorly understood.

The effects of elevation on soil microbes remain debated despite a large number of
studies. Although there were some studies on the effects of altitudinal gradients on the
distribution of TA [25,26], there were many controversies. For example, in a study of
freshwater protists in European mountains [27], the authors found that the richness and
diversity of freshwater protists decrease with altitude in a similar manner observed for
plants and animals. However, another study [28] in Switzerland found that the lowest
altitudes were characterized by the lowest TA density and species richness, while the
highest altitudes had the highest TA density. The results of these two studies were opposite,
which indicates that we need more data to explain the altitudinal distribution of TA.

Most of the above-mentioned studies were conducted at a single spatial scale, and
inferences based on them might be reliably applied only to a similar sample design. A
comparison of evidence from different scales may be ambiguous. Considerable microscale
effects on TA assemblages were shown in under-tree crown habitats [29], but a broader scale
study [30] revealed that the highest level of spatial heterogeneity also greatly contributes
to the species composition of TA assemblages. However, no attempts have been made to
address the effects of various spatial scales on TA assemblages in a single sampling design.
The main aim of this work is to study the patterns in species diversity and structure of soil
TA on a microscale (under tree crowns) and a mesoscale (along the hillside) in urban parks
of a subtropical city. Specifically, we had three goals: (1) to investigate the diversity and
community composition of soil TA in subtropical urban parks; (2) to assess the distribution
patterns of the soil TA communities under tree crowns and along hillsides; (3) to reveal the
potential environmental factors that shape the TA community. We hypothesized that (1) the
contribution of both scales in shaping of TA assemblages could be high and significant;
(2) the hillside position effect (broader scale) could be more sufficient in shaping TA
assemblages than at the under-crown position (smaller scale).

2. Materials and Methods
2.1. Study Site Description and Sampling

This study was performed in Shenzhen (a sub-provincial city in the Guangdong
province, southeastern China) located on the east bank of the Pearl River estuary. The
urban area is 1748 km2, which lies on elevations from 0 to 944 m above the sea level (a.s.l.)
(Figure 1a,b). The site is characterized by a warm, monsoon-influenced, humid subtropical
climate. Winters are mild and relatively dry due in part to the impact of the South China
Sea. The monsoon reaches its peak intensity in the summer, when the city also experiences
very humid and hot weather conditions. The average annual temperature is 22.4 ◦C, the
average annual precipitation is ca. 1948 mm [31].

Three urban parks were selected for this study: Baoan, Nanshan, and Yanziling parks
(Figure 1c–e). The vegetation in these parks was represented by coniferous forests, mixed
conifer forests, evergreen broad-leaved forests, and scrub grassland [32–34]. The tree species
of genera Acacia Mill. in all parks served as a visual indicator of the dominance of inten-
tionally planted vegetation. Baoan and Nanshan parks are dominated by Litchi chinensis
Sonn. The soils in the parks are classified as eroded or granite lateritic red [35]. All parks
are located on the hills with the elevation ranging from 45 to 312 m a.s.l.
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Figure 1. (a) Location of Shenzhen within China; (b) locations of three urban parks within Shenzhen;
(c) distribution of sampling sites in Baoan Park; (d) distribution of sampling sites in Nanshan Park;
(e) distribution of sampling sites in Yanziling Park. (Produced using ArcMap 10.2. Exact values for
altitudes are specified in Table S1.)

Samples for this study were collected in June 2021. In each park, we defined three
altitudinal zones: the peak (summit), the slope, and the base (foot) of the hill (Figure 1c–e
and Table S1). In each altitudinal zone, three different tree species were randomly chosen,
and soil samples were collected at three locations beneath the tree crowns: in the center
of the crown (CC), in the middle of the crown (MC), and at the edge of the crown (EC)
(Figure 2). After removing the leaf litter covering the soil, the topsoil was carefully extracted
with a spade to a depth of 5 cm. Each sample was placed in a sealed plastic bag and stored
in refrigerator at 4 ◦C for further analysis. In total, 81 soil samples were collected. During
sampling, we measured the size of the crown (i.e., the distance from tree trunk to the edge of
the crown) and the thickness of the leaf litter (the mean value based on three measurements
per site) using a tape measure and caliper, respectively. Soil acidity (pH) for all samples was
measured using a portable soil analyzer with multi probes (RS-TRREC-N01-1, Shandong
Renke Control Technology Co. Ltd., Jinan, China). Soil moisture content was determined
in the lab by thermogravimetric method (oven-drying, 40 ◦C, 48 h).

2.2. Testate Amoeba Analysis

TA analysis was carried out using a modified water-based preparation method [24,26,36].
Oven-dried (40 ◦C, 48 h) samples were sieved using a wide-mesh sieve (2 mm) to remove
large particles, such as small gravels, plant roots, and broken leaves. Two grams of the
sieved sample were placed in a 50 mL beaker with 30 mL of deionized water to submerge
the sample and soak for 24 h. Soaked samples were stirred for 5 min to extract the TA
from the soil particles. The suspension was sequentially sieved using 355 and 20 µm sieves,
and the sieving residue was washed three times using a weak stream of deionized water.
The sieving residue from the fine-mesh sieve was transferred to a 50 mL centrifuge tube,
and deionized water was added until the volume reached 50 mL. The prepared samples
were stored in a refrigerator at 4 ◦C for subsequent identification of TA. TA were identified
and counted at 200–400× magnification with a Zeiss Axio Lab.A1 microscope (Carl Zeiss
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Suzhou Co., Suzhou, China). Species were identified using taxonomic references [37–44],
and species classification was based on morphological characters according to recent
publications [45–48] and on their aperture positions [49]: axial; plagiostomic; acrostomic
(Table S5). The absolute abundance of TA in each sample was calculated as the number of
individuals per gram of oven-dried soil (ind·g−1). For each sample, a minimum of 150 indi-
viduals [50] were counted. Two samples from Nanshan Park had extremely low species
abundance (1 individual per sample) and were not included in the following analysis.
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2.3. Statistical Analysis

All calculations and visualizations were performed using R, version 4.1.2 [51]. To esti-
mate the total species richness in the parks, species accumulation curves were plotted using
the “specaccum” function in the package “vegan” [52] with the default gamma-diversity
estimator. The effects of elevation and sampling location on the univariate characteristics
of TA assemblages were tested with analysis of variance (ANOVA, function “aov” and
“anova” in the package “stats” [51]) or with Kruskal–Wallis test (function “kruskal.test”
in the package “stats” [51]). The homogeneity of variance was tested using Levene’s test
(“leveneTest” function in the package “car” [53]). Post-hoc multivariate comparisons were
performed using Tukey’s HSD test (function “PostHocTest” in the package “DescTools” [54])
or with pair-wise Wilcoxon rank sum tests (function “pairwise.wilcox.test” in the package
“stats” [51]). Non-parametric tests were used for the comparison of differences in TA’s
abundance, species richness, Shannon’s diversity index, Pielou’s evenness index, and soil
moisture among three slope positions. All other data subsets (assemblage characteristics
in three crown positions and the rest of the environmental factors) did not violate the
underlying assumptions of parametric tests and were compared using the latter.

The species abundance data were Hellinger-transformed using the “decostand” func-
tion in the package “vegan” [52] in order to avoid horseshoe effect (arch effect) in the
subsequent ordination analysis [55]. Principal coordinate analysis (PCoA) of the trans-
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formed species abundances was performed using the function “pcoa” in the package
“ape” [56]. The weighted average score of the species was calculated using the function
“wascores” in the package “vegan” [52]. Detrended correspondence analysis (DCA) of
the transformed abundance data was performed using the “decorana” function in the
package “vegan” [52]. The result of DCA showed that the gradient length of the first axis
was 2.56, which was less than 3.0, so redundancy analysis (RDA) was selected as a tool for
constrained multivariate analysis [57] (“rda” function in the package “vegan” [52]). The
significance of the RDA constraints was tested with the function “anova.cca” in the package
“vegan” [52]. Significance of differences in species composition between groups of samples
was tested with permutational multivariate analysis of variance (PerMANOVA) based on
Bray–Curtis distances (permutation number = 999) using the function “adonis” in the pack-
age “vegan” [52] and the function “pairwise.adonis” in the package “pairwiseAdonis” [58].
To estimate the preferences of species for a particular biotope we performed indicator
species analysis using the functions “multipatt”, “indicators”, and “pruneindicators” in
the package “indicspecies” [59,60], which allows to estimate as an indicator certain species
combinations in addition to single species.

3. Results
3.1. Overall Characteristics of TA Communities and Environmental Variables

A total of 42 TA taxa belonging to 18 genera were identified in this study (Tables S2 and S3).
The most common taxa that occurred in more than 70% of samples were Trinema enchelys
(84.8%), Trinema complanatum (82.3%), and Plagiopyxis callida (78.5%). The number of taxa
per sample varied from 5 to 29, with a mean ± SE (standard error, n = 79) of 20.22 ± 0.58.
The sample-based species accumulation curve (Figure 3) reached a plateau (i.e., 42 species)
when the sample number was 23, indicating that the entire TA richness was observed in
samples. A complete list of all measured environmental characteristics is presented in the
Table S4. The thickness of the leaf litter changed from 0 to 5.0 cm. Soil pH varied from 6.6 to
7.0. The soil moisture content varied from 1.7 to 18.2%. All measured environmental factors
showed little variation within tree crowns and did not differ significantly among biotopes
(Figure 4, Table S6). For example, soil moisture content was relatively low with values of
8.6 ± 0.7% (mean ± SE) in the center of the crown, 8.8 ± 0.7% in the middle of the crown
and 9.6 ± 0.7% at the edge. Along a hillside (Figure 5, Table S7), substrate acidity (pH)
was significantly lower at the foot, whereas moisture content was significantly lower at the
middle hillside position as compared to the other positions, but absolute values of these
significant differences were low, which could explain the absence of consistency between
the overall characteristics of TA’s assemblages and the latter measured factors.

3.2. Variation in Abundance and Diversity of TA Communities

Overall, the abundance and diversity of TA communities decreased from the center to
the edge of the tree crown; however, the significance of the differences between biotopes
varied depending on the characteristics. The clearest decreasing trend was detected for
the species richness (from 23.2 ± 0.7 to 16.56 ± 1.05 species at the edge, mean ± SE),
which significantly differed among all under-crown biotopes (Figure 6b). The abundance
significantly differed (p < 0.01) only between the center (552.2 ± 70.3 ind. g−1, mean ± SE)
and the edge biotopes (275.04 ± 49.29 ind. g−1, mean ± SE) (Figure 6a), whereas the
middle of the crown was characterized by intermediate values (405.81 ± 56.57 ind. g−1,
mean ± SE) and did not differ from the other biotopes. The observed decreasing pattern in
TA abundance was mostly determined by reduced abundances of the centrostomic (with
axial aperture position) TA (Figure 7). Shannon’s diversity index was significantly lower
(2.48 ± 0.09, mean ± SE) at the edge biotopes as compared to the others (2.88 ± 0.04 and
2.76 ± 0.05 at the center and the middle of the crown, respectively, mean ± SE) (p < 0.01)
(Figure 6c). Pielou’s evenness index did not demonstrate any significant differences among
the under-crown biotopes (p > 0.05) (Figure 6d).
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Figure 6. Overall community characteristics (mean ± SE) of the TA communities under the three
crown positions (CC—the center of the crown, MC—the middle of the crown, EC—the edge of
the crown) [(a) The abundance of TA communities at the three crown positions; (b) The species
richness of TA communities at the three crown positions; (c) The Shannon’s diversity index of TA
communities at the three crown positions; (d) The Pielou’s evenness index of TA communities at the
three crown positions].
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Figure 7. The abundance (mean ± SE) of the three kinds of TA by aperture position under the three
crown positions (CC—the center of the crown, MC—the middle of the crown, EC—the edge of the
crown) [(a) The abundance of centrostomic TA communities at the three crown positions; (b) The
abundance of plagiostomic TA communities at the three crown positions; (c) The abundance of
acrostomic TA communities at the three crown positions].

Along the hillside gradient, the abundance and diversity of TA communities de-
creased from the foot to the summit biotopes, but the significance of the differences among
biotopes was not consistent for all characteristics. The most consistent pattern was de-
tected for abundance that decreased from 757.2 ± 49.6 ind. g−1 (mean ± SE) at the foot to
137.12 ± 16.54 ind. g−1 (mean ± SE) at the summit (Figure 8a). Species richness and the
Shannon diversity index were greatest at the foot of hillside (23.1 ± 0.6 and 2.89 ± 0.02,
respectively, mean ± SE, p < 0.01) (Figure 8b,c) as compared to the slope (19.35 ± 0.97
species and 2.67 ± 0.06, mean ± SE) and summit (18.12 ± 1.16 species and 2.57 ± 0.09,
mean ± SE), which did not differ from each other. Pielou’s evenness index did not differ
among the biotopes along the elevation gradient (p > 0.05) (Figure 8d).

3.3. Variation in Species Composition of TA Communities

The principal coordinate analysis (PCoA) showed that TA communities can be sep-
arated into three distinct groups according to their under-crown position: CC, MC, and
EC (Figure 9, Table 1). PCoA axes 1 and 2 explained 23.4 and 13.3% of the total variance,
respectively. The results of PerMANOVA confirmed the significance of difference among
these three groups (F = 7.24, p = 0.001). The results of the subsequent pairwise test (Table S8)
showed significant differences in the community structure of TA between CC and MC
(F = 8.41, p = 0.001), CC and EC (F = 13.24, p = 0.001), and MC and EC (F = 3.82, p = 0.001).
The PCoA 1 axis showed that TA communities in the MC and EC had greater heterogeneity
than those at the CC. In addition, the TA communities exhibited a considerable overlap
between MC and EC on the PCoA axis 2. Additionally, PCoA and PERMANOVA indicated
that the species structure of TA communities did not differ among the slope positions
(F = 1.46, p = 0.087).
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Table 1. The most abundant and the most common species under the three tree crown positions.
(Relative abundance: the number of individuals of a species as a proportion of the total number of
individuals of all species per gram of soil. Occurrence: the number of occurrences of a species in the
samples as a proportion to the total number of samples).

Characteristics Species
CC MC EC

N = 27 N = 27 N = 25

Occurrence (>70%)

Centropyxis sylvatica 85.19%
Centropyxis platystoma 74.07%

Corythion dubium 74.07%
Cyclopyxis eurystoma 74.07%

Difflugia oblonga 76.00%
Euglypha rotunda 85.19%
Euglypha ciliata 81.48%

Euglypha compressa 81.48%
Euglypha strigosa 70.37%
Heleopera petricola 100.00%
Heleopera sylvatica 81.48% 72.00%

Hyalosphenia subflava 77.78%
Pseudodifflugia gracilis 96.30%

Pseudodifflugia compressa 81.48%
Plagiopyxis callida 88.89% 80.00%

Trinema complanatum 88.89% 77.78% 80.00%
Trinema enchelys 85.19% 88.89% 80.00%

Trigonopyxis arcula 92.59%

Relative abundance (>5%)

Difflugia oblonga 8.04%
Heleopera sylvatica 6.66% 8.48%

Hyalosphenia subflava 5.31% 5.15%
Pseudodifflugia gracilis 6.50%

Pseudodifflugia compressa 6.34% 5.53%
Plagiopyxis callida 6.31%
Trinema enchelys 5.30% 6.27% 6.68%

Trinema complanatum 6.59%
Trinema lineare 5.05%

Trigonopyxis arcula 5.48%

In redundancy analysis (RDA), the first RDA axis explained 10.1% of the constrained
variance and showed apparent differences among the three crown positions (Figure 10). The
second RDA axis accounted for 3.3% of the constrained variance and can be related to slope
positions. The permutation test (n = 999) assessing the significance of the constraints in RDA,
showed that three measured environmental factors (pH, moisture content, and thickness of
leaf litter) did not affect the microspatial distribution of soil TA communities under tree
crown (Table S9) while two complex factors—crown position and slope position—were
significant constraints (F = 8.80, p = 0.001 and F = 2.34, p = 0.006, respectively). Nevertheless,
the constrained variance accounted for only 16.35% of the total variance.

The result of indicator species analysis showed that Heleopera petricola had a pref-
erence for the CC (A = 0.73, B = 1, p = 0.005), and it had a comparatively high relative
abundance in the CC (4.1%) and 100% occurrence (Table S2). The species combination of
Cyclopyxis eurystoma + Trinema lineare marked the MC (A = 0.72, B = 0.56, p = 0.005) and
had comparatively high joint occurrence (55.6%) with minimal relative abundance 3.4%
(Table S2). Difflugia oblonga had a preference for the EC (A = 0.77, B = 0.76, p = 0.005), and it
had high relative abundance (8.0%) and occurrence (76.0%) in the EC (Table S2). The result
of PCoA confirmed these results as well. Trinema complanatum had a preference for the feet
of hillsides (A = 0.74, B = 1, p = 0.005) with 100% occurrence and 5.6% relative abundance
(Table S3). Euglypha rotunda preferred the slope biotopes (A = 0.55, B = 0.54, p = 0.01) with
53.9% occurrence and 4.5% relative abundance (Table S3). The species combination of
Centropyxis minuta + Plagiopyxis callida + Trinema complanatum marked the summit hillside
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position (A = 0.86, B = 0.27, p = 0.005) with 26.9% joint occurrence and 1.0% minimal relative
abundance (Table S3).
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Table 2. The most abundant and the most common species at the three hillside positions. (Relative
abundance: The number of individuals of a species as a proportion to the total number of individuals
of all species per gram of soil. Occurrence: the number of occurrences of a species in the samples as a
proportion to the total number of samples).

Characteristics Species
Summit Slope Foot

N = 26 N = 26 N = 27

Occurrence (>70%)

Centropyxis platystoma 70.37%
Centropyxis sphagnicola 77.78%

Euglypha compressa 74.07%
Galeripora arenaria 74.07%
Galeripora artocrea 81.48%
Heleopera sylvatica 77.78%

Hyalosphenia subflava 77.78%
Pseudodifflugia gracilis 77.78%

Pseudodifflugia compressa 88.89%
Plagiopyxis callida 76.92% 88.89%

Trinema complanatum 80.77% 100%
Trinema enchelys 88.46% 100%

Trigonopyxis arcula 74.07%

Relative abundance (>5%)

Heleopera sylvatica 5.92%
Pseudodifflugia compressa 6.27%

Plagiopyxis callida 5.15%
Trinema enchelys 5.96% 6.07%

Trinema complanatum 5.57%
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4. Discussion

Studies on the altitudinal distribution of different kinds of soil organisms provided
contradictory evidence about general patterns and even about existing such general pat-
terns [61,62]. For soil microorganisms, this consideration is supported as well [63].

Our results indicate decreasing abundance and diversity of TA assemblages from
the foot to the summit biotopes that is consistent with the findings of a study conducted
by Heger et al. [25] along an elevation gradient from 1770 to 2430 m a.s.l. in the Swiss
Alps where the diversity and evenness of TA decreased with elevation. Similar findings
were also reported by Todorov [64] who took samples from various soil types along an
altitudinal gradient in SW Bulgaria and observed the species richness of soil TA decreased
in the sub-alpine zone (from 2000 to 2500 m a.s.l) as compared with lower elevations (from
400 to 2000 m a.s.l). Additionally, Mazei et al. [65] found that the abundance and species
richness of TA increased in the highest forest–tundra zone as compared with the nether
broadleaf forest in Khamar-Daban mountain ridge (Lake Baikal region).

However, other elevation patterns in abundance and diversity of TA were also reported.
For example, Krashevska et al. [66] found that the abundance and species richness of TA
formed a unimodal pattern in respect of elevation and peaked at an intermediate elevation
(2000 m a.s.l) in a rainforest of southern Ecuador. In one of the latest studies on the topic,
Tsyganov et al. [26] showed that the species richness and diversity of TA communities had
a bell-shaped relationship with elevation and the habitats on the middle elevation had
the highest diversity along an elevation gradient spanned from 904 to 2377 m a.s.l. along
Mount Fuji in Japan.

Altitudinal (or elevational) gradient is a complex factor. Regardless the absolute
range of altitudes in particular studies, altitudinal gradient is commonly deemed to be
related to altitudinal shifts in vegetation, in its composition [26] or functioning [66]. In high
latitudes, rather narrow altitudinal range can cause shifting in vegetation types affecting
the distribution of TA [30]. In tropical areas, as in our study, the similar altitudinal ranges
(45–312 m a.s.l.) do not necessarily lead to changes in vegetation. Possibly, such a relatively
narrow elevational range in low latitudes must be considered as a “relief” gradient, not an
“altitudinal” one.

The cases where the elevational gradient does not match with vegetation shifts are
also described by different authors; such “relief gradients” can be considered in meso- and
micro-scales. Mesorelief gradient was reported as a significant factor of TA community
differentiation [67] on rather small absolute distances (20–30 m). In another study, it was
indicated that the total species richness increased from the upper to the lower catenary
positions [23]. Microtopography was also indicated as a factor shaping TA composition
by different authors. Klerk et al. [21] noted that the distribution of the TA was primarily
determined by surface elevation. Additionally, Tsyganov et al. [24] found that the micro-
topography affected both the diversity and species structure of TA assemblages. Both
altitudinal and “relief” gradients are complex factors, and their compound and particular
mechanisms affecting TA communities demand further investigation.

Regarding the microscale distribution of TA, Bobrov [29] studied the spatial distribu-
tion of TA at the center, the middle, and the edge space under the crowns and found that
the TA assemblage distribution was partially consistent with the microspatial structure in
the pine forest; his conclusions are broadly consistent with ours. Mazei et al. [68] also found
that the species richness and diversity of soil TA communities had a decreasing trend from
the center of the crown to the inter-crown biotopes in an oak forest. The area under the
center of the crown is close to the tree trunk, so stemflow or interactions with mycorrhizae
can be used to explain why TA communities were more abundant and diverse there as was
suggested by Payne et al. [69].

In our study we found that the mean absolute abundance of TA with the axial aperture
position (i.e., centrostomic TA) decreases from the center of the crown to the edge (Figure 7).
A similar result was obtained by Mazei et al. [68], who found that the abundance of
centrostomic TA decreases from the tree butt through the sub-crown to the inter-crown
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biotopes in oak forests. In addition, the mentioned study also reported opposite patterns
for the abundance of plagiostomic TA. Plagiostomic aperture is a morphological response
to the low moisture content and probably low pH [70]. However, we did not find any
distribution patterns for TA with other types of aperture positions that might be related to
the low variability of soil moisture and pH in the under-crown biotopes investigated in
this study.

Leaf litter chemistry, mainly Fe, Na, lignin, and C/N ratio, can affect the composition
of TA communities by changing the habitat quality [71]. Hence, neighboring trees of
different species producing leaf litter of various qualities can form a transitional zone
between their crowns. Krashevska et al. [71] found that the biomass and density of TA were
highest in single tree species leaf litter, while the transitional zone usually had various types
of leaf litter. Therefore, the area at the edge of crown can be considered as an ecotone—the
EC crown position in our study. Our findings of decreased abundance and diversity of TA
amoebae in the ecotone biotopes correspond well with results of a study on meadow-spruce
forest mesoecotone [72], which showed that the transitional zone had the lowest richness,
diversity, and abundance of TA. On the contrary, at smaller scale it was found that the
transitional zone between soil and moss carpet was characterized by higher abundance
but lower richness of TA [73]. Another ecotone study on the distribution of protists
found that the transitional zone between the open peatbogs and the peatbog catchment in
eastern Poland represented an ecotone zone with high biodiversity, abundance, and species
specificity of protists [74]. Overall, these results indicated that distribution patterns of
soil eukaryotic microbes in ecotones are variable and might be affected by various factors,
which should be studied in further research.

Our results indicated that elementary environmental factors (pH, soil moisture, and
the thickness of leaf litter) poorly contributed to the explanation of the overall variation in
the species structure of TA communities in comparison to the complex factors such as the
position of biotopes under the crown and at the hillside. These findings are in line with
the results of several studies discussed above, which showed strong effects of complex
ecological factors such as microtopography on species richness of TA [23] or effects of relief
on TA distribution in general [21].

Among other multi-factor effects, the influence of microbial community on TA as-
semblages can be mentioned since bacteria and fungi represent the main food supply for
TA [75,76]. It was shown [77] that soil bacterial diversity was significantly higher in urban
territories than in national parks. We found that TA communities in our studying of urban
parks were more abundant and diverse than TA communities in a similar study conducted
in the natural area [68]. Then, the higher abundance and diversity of TA in disturbed
territories (urban parks) than in natural ones (natural forests) may be related to higher
diversity of bacteria.

Other authors demonstrated various kinds of microspatial and mesospatial hetero-
geneity of soil microbial communities that could influence TA in leaf litter and soil. A
study on the soil bacterial community structure of the inter-rhizosphere soil of acacia [78]
showed that it had higher abundance and diversity in rhizosphere soil compared to the non-
rhizosphere soil. In a study of soil microorganisms in mixed forest of Eucalyptus spp. and
Acacia confusa, Zhang et al. [79] found that bacteria, fungi, and actinomycetes are mainly con-
centrated in the soil at the bottom of the slope, and their abundance decreases as the slope
rises. Mentioned authors explained this by nitrogen fixation of acacia rhizosphere, which
improved the utilization of soil nutrients and thus significantly increased the abundance of
soil microorganisms. In a study on tropical montane rainforests, Krashevska et al. [71,80]
found that leaf litter quality (e.g., lignin concentrations, litter pH) could shape the structure
and density of soil testate amoebae assemblages by driving nitrogen cycle and affecting
bacterial communities. It can be suggested that the tree canopy and micro- and mesorelief
might affect TA not only through well-known physical environmental factors but also via
influence of other biotic components of ecosystems, which requires further investigation.
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5. Conclusions

The present study on the distribution patterns of TA communities at the microscale
(crown position) and the mesoscale (hillside position) in three subtropical urban parks
revealed 42 TA species belonging to 18 genera. Overall, the abundance and diversity of
TA assemblages decreased from the center to the edge of the tree crown; however, the
significance of the differences between biotopes varied depending on the certain community
characteristics: significant trends were revealed for species richness, Shannon’s diversity
index and total abundance. In addition, soil TA assemblages were most abundant and
diverse at the foot of the hill while least abundant and diverse at the summit of the hill
in three studied subtropical urban parks. The composition of soil TA assemblages under
the center of the crown and the middle of the crown were different from those under
the edge of the crown. Moreover, in three slope positions along hillsides, three distinct
assemblages of TA were detected. However, we did not find any associations between the
distribution pattern of TA and elementary environmental conditions (soil moisture, soil pH,
and the thickness of leaf litter). On the contrary, the distribution of TA was mostly driven
by complex factors at the microscale (crown position) and mesoscale (hillside position).
Nevertheless, even those factors explained a rather small fraction of the total variance
in species structure of TA assemblages. In contrast to our hypothesis, the microscale
heterogeneity contributed the most to TA assemblage structure differences. Future studies
on soil microbial eukaryotes should consider both micro- (i.e., sub-crown heterogeneity) and
mesoscale gradients (i.e., the slope position) during sampling and include measurements
of a wider range of biotic (e.g., a forest stand density, particular tree species both from the
taxonomical position and functional trait position (e.g., crown diameter), bacteria, fungi
(including mycorrhizae), and other microorganisms) and abiotic (e.g., carbon-nitrogen ratio,
phosphorous content, leaf litter chemistry, and soil aggregate structure) characteristics of
environmental conditions.
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//www.mdpi.com/article/10.3390/land11122250/s1, Table S1: Brief characteristics of the sampling
sites in three urban parks (BA—Baoan, NS—Nanshan, YAL—Yanziling); Table S2: Species relative
abundance (%) and occurrence (%) under three crown positions; Table S3: Species relative abundance
(%) and occurrence (%) at three hillside positions; Table S4: Environmental characteristics of the
samples; Table S5: TA species functional traits; Table S6: Environmental characteristics (mean ± SE)
at the three crown positions (CC—center of the crown, MC—middle of the crown, EC—edge of the
crown); Table S7: Environmental characteristics (mean ± SE) at the three hillside positions; Table S8:
Pairwise PerMANOVA results for differences in TA assemblage composition at three crown positions;
Table S9: The significance of RDA constraints.
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