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Abstract: Poplar plantations have the capacity to improve the properties of soils in muddy coastal
areas; however, our understanding of the impacts of plantation development on soil arthropods
remains limited. For this study, we determined the community dynamics of soil dwelling arthropods
across poplar plantations of different ages (5-, 10-, and 21-years) over the course of one year in Eastern
Coastal China. The total abundance of soil arthropods differed with stand development. Further,
there were some interactions that involved the sampling date. On average, total abundance was
highest in the 10-year-old stands and lowest in the 5-year-old stands. Total abundance exhibited
strong age-dependent trends in June and September, but not in March or December. The abundance
of Prostigmata and Oribatida increased in the 5- to 21-year-old stands, with the highest levels being
in the 10-year-old stands. The abundance of Collembola increased with stand development; however,
the stand age had no significant impact on the abundance of epedapic, hemiedaphic, and euedaphic
Collembola. Order richness (Hill number q = 0) curve confidence intervals overlapped among
three stand ages. Shannon and Simpson diversity (Hill numbers q = 1 and q = 2) differed between
10- and 21-year-old stand age. They showed almost similar trends, and the highest and lowest
values were recorded in the 21- and 10-year-old stand ages, respectively. Permutational multivariate
analysis of variance demonstrated that composition also varied significantly with the sampling date
and stand age, and the 10-year-old stands that were sampled in June stood well-separated from
the others. Indicator analysis revealed that Scolopendromorpha and Prostigmata were indicators
in June for the 10-year-old stands, while Collembola were indicators for the 21-year-old stands
sampled in September. Our results highlight that both stand development and climate seasonality
can significantly impact soil arthropod community dynamics in the reclaimed coastal saline soils of
managed poplar plantations.
Keywords: microarthropod; diversity; seasonal variations; stand development

1. Introduction
Soil arthropods are critical to many forest ecosystem processes, and may be employed as
bioindicators of ecosystem soil conditions and changes, such as soil fertility, levels of pollutants,
and stand development phases [1–3]. They play an essential role in multiple soil functions, including
organic matter decomposition, nutrient mineralization and redistribution, and the stimulation of the
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growth of mycorrhizal and other fungi [4–7]. Plant diversity and productivity may exert positive effects
on soil arthropod abundance and diversity [8–10]; in turn, soil arthropods facilitate plant community
succession while enhancing local plant diversity [11].
In 2014, it was estimated that the saline soil area in China was about 34.5 Mha [12], primarily
distributed on the eastern coast between the Yellow and Yangzi Rivers. These soils are often restored
for agricultural use through the construction of dikes to ensure a steady and reliable food supply.
However, these newly reclaimed coastal alkali soils are not suitable for immediate agricultural use [13].
Stand development following afforestation can reduce the soil pH through the accumulation of
biomass [14,15]. There are wide variations in condition during different stand development phases,
such as canopy closure, humidity, and other abiotic and biotic factors [16–18], which directly or
indirectly impact soil arthropod activity [19–22].
Soil arthropod communities are highly dynamic in forests [23], and following their establishment,
they are modified by stand development. In European subalpine spruce forests, the abundance
of Collembola was higher in young fertile stands, while that of Oribatida was more abundant in
mature stands with increased litter input [24,25]. The abundance of Oribatida in spruce forests was
observed to increase from young (25-year-old) to mature (170-year-old) stands [24], while the highest
abundance was observed in 25-year-old stands along a 5- to 95-year chronosequence [26]. These studies
suggest that the effects of forest stand development on the abundance of arthropods are regulated
through changes in soil nutrients [9,27,28]. Most previous studies have focused on one taxon, such as
collembola, mites, beetles, centipedes, or millipedes [17,24,25,29,30], each of which contributes in
various ways to soil functionality [31–33]. Our understanding of overall soil arthropod communities
in response to forest stand development, however, remains elusive.
Soil arthropod communities undergo seasonal changes [34]. In tropical forests, soil arthropods are
more abundant during the rainy season than the dry season [35]. In high latitude forests, drought reduces
the abundance of soil arthropods [36,37]. Changing seasonal precipitation and temperature influences
the composition of soil arthropod communities not only directly, but also indirectly, through the
influence of understory shrub communities [36]. Studies that have examined the effects of plant
communities and seasonality found that changes in resident arthropod populations are often more
influenced by seasonality than changes in plant communities [19,21,37], while others have reported
more pronounced influences from shifts in tree species composition over seasonality [1]. Nevertheless,
knowledge of the seasonal dynamics of soil arthropods in plantations with diverse stand ages
remains limited.
Poplar plantations are an important contributor to bioenergy resources and carbon
sequestration [38]. In China, poplar trees are widely cultivated not only due to their rapid growth
and wood supplies, but also for improving soil properties in muddy coastal areas [39]. For this
study, we sampled soil arthropods across three poplar plantation ages (5-, 10-, and 21-years) on four
sampling dates (in March, June, September, and December) in Eastern Coastal China. We sought to
determine the structures of soil arthropod assemblages as relating to stand development in terms of
total abundance, major group abundance, diversity, and composition. We hypothesized that (1) the
abundance, diversity, and composition of soil arthropods would change with stand development, as
aboveground and belowground conditions in forests are altered with stand aging processes [28,39];
and (2) if changes occurred, the patterns would not be consistent across seasons in these subtropical
plantations as a result of variable seasonal rainfall and temperatures.
2. Materials and Methods
2.1. Site Description
This study was conducted at the Yellow Sea State Forest Park in Eastern Coastal China
N, 102◦ 070 –102◦ 530 E), which is located in a warm temperate subtropical transition zone
influenced by a monsoon climate. Seasonal changes in precipitation and temperature were recorded at
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the local Dongtai meteorological station (Figure S1). The average annual temperature and rainfall in
this area over the past ten years (2005–2015) were 15.4 ◦ C and 1494.0 mm, respectively, with an annual
mean relative humidity of 76.0%. The terrain includes the middle and lower reaches of the alluvial
Yangtze River plain, with desalted sandy loam meadow soil. The Forest Park consists of an area of
approximately 3000 ha of pure poplar (Populus deltoides Marsh) plantations, with stand ages that range
from three to 23 years.
2.2. Experimental and Sampling Design
For this study, three stands (5-, 10-, and 21-years) of pure poplar plantations under similar site
conditions were sampled in triplicate, with a spatial interspersion of ~500–600 m for stands of the
same age. All stands contained the same basalt parent material, similar elevations (less than 5 m
difference), and original field management with the same initial plant community composition prior
to the establishment of the plantations (based on the management records provided by the State Forest
Park). We established experimental plots (20 m × 30 m) in each stand, for a total of nine plots.
In September, within each plot, tree trunks were measured at the height of 1.3 m above ground
and diameters at breast height (DBH) of >5 cm were recorded. Understory vegetation richness surveys
were conducted by counting all species found in the 1 m2 of each plot. Coverage of individual layers
of shrub and herb species was visually estimated as the percentage cover of the plot area [40].
During September 2014, ten 2.5-cm diameter soil cores were extracted from random locations at
a 0–20 cm depth (10 cm intervals) in each plot. Five random soil cores from the ten locations were
combined to represent a specific soil depth (0–10 cm or 10–20 cm) for the determination of soil moisture,
while the other five cores were employed to quantify its chemical properties. Each of the samples
was sieved through a mesh (2 mm) to remove coarse fragments prior to analysis. Soil moisture was
calculated as:
Soil moisture = [(wet − dry mass) × 100]/dry mass
(1)
The dry mass of the soil was determined following oven drying at 105 ◦ C for 24 h. The soil
samples for chemical analyses were air dried and the pH was determined using a glass electrode in a
1:2.5 soil/water solution (w/v). Soil carbon and nitrogen were measured using an element analyzer
(Elementar, Vario ELIII, Elementar Analysen Systeme GmbH, Hanau, Germany).
2.3. Soil Arthropod Sampling and Extraction
Soil arthropod sampling was conducted seasonally, i.e., in December 2013 and in March, June,
and September 2014. On each sampling date, three random replicate soil samples, excluding the
litter layer, were extracted from each plot. Three random replicate soil samples were extracted from
a 0–20 cm soil depth with soil cores (4 cm in diameter) and averaged to sample soil arthropods
using Tullgren extractors (Tullgren Funnel Unit, Burkard, UK) over 24 h [17]. All core samples
were immediately placed in plastic bags, sealed, and transferred to the laboratory for further
processing. On each sampling date, we also dug one pit that measured 25 cm × 25 cm × 20 cm to
sample macroarthropods (Polydesmida, Scolopendromorpha, Coleoptera, Diptera (larvae), Araneida,
Lepidoptera, Siphonaptera, Thysanoptera, and Hymenoptera (Formicidae)) in each plot [41].
All extracted arthropods were preserved in 75% ethanol and subsequently sorted under a dissecting
microscope (Eclipse E200, Nikon, Tokyo, Japan).
The soil arthropods were identified to an ordinal level [42], which is often used for the rapid
assessment of arthropod diversity [43,44]. In particular, it can be a useful method in the early stages
of investigation for assessments of biodiversity [45]. The habitat preference structure of Collembola
was organized into epedaphic, hemiedaphic, and euedaphic types [46,47]. The biodiversity of the
soil arthropod communities was estimated through the abundance of soil arthropods (ind. m−2 ),
and diversity was computed with Hill numbers (q = 0, 1, 2) using the ‘iNEXT’ package [48–50].
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2.4. Statistical Analysis
We tested the effects of stand age (A, years) and sampling date (D) on soil arthropod abundance,
using the following model:
Yijkl = Ai + Dj(k) + Ai × Dj(k) + π k + εl(ijk)

(2)

where Yijkl is the total abundance of soil arthropods, the abundance of each major group (i.e.,
Prostigmata, Oribatida, Hymenoptera, Collembola, or Diptera); Ai (i = 1, 2, 3) is the stand age;
Dj(k) (j = 1, 2, 3, 4) is the sampling date (March, June, September, and December); π k is the random
plot effect (k = 1, 2, . . . 9) to account for temporal autocorrelation among sampling dates within each
plot; and εl(ijk) (l = 1, 2, 3) is the random sampling error. We conducted mixed effect analysis using
maximum likelihood with the lme4 package in R 3.4.1 [51]. Shapiro-Wilk’s tests of model residuals
indicated that the assumption of normality was not met at α = 0.05 for most models. Hence, we
bootstrapped parameter estimates by 1000 iterations using the ‘boot’ [52] and ‘ggplot2’ packages [53].
To examine the effects of stand age and sampling date on arthropod composition, we used
permutational multivariate analysis of variance (PerMANOVA) [54]. When analyzing counts of
abundances (which are often overdispersed), we calculated lg(x + 1)-transformed data prior to the
perMANOVA [55]. The perMANOVA was implemented using the Adonis function of the ‘vegan’
package in R with the Bray–Curtis dissimilarity measure and 999 permutations for the compositional
data [56]. Subsequently, we visualized the compositional data using non-metric multidimensional
scaling of the Bray–Curtis dissimilarity measure. Moreover, we used indicator analyses to identify the
arthropod orders that were associated with particular stand ages and sampling date combinations [57],
computing the specificity (i.e., the positive predictive value of species as an indicator of a group)
and sensitivity (i.e., the probability of identifying an arthropod belonging to the group) associated
with each indicator value [57]. Spearman correlation analysis was used to examine the relationships
between community or major group-level variables for soil arthropods, and environmental variables
for the samples extracted in September.
3. Results
Stand age had a significant impact on soil arthropod total abundance, which was significantly
higher in the 10-year-old stand (Table 1). Furthermore, stand age had an interaction with sampling
date (Table S1). In June, the total abundance was highest in the 10-year-old stands and lowest in the
5-year-old stands. In September, the total abundance increased in the 5- to 21-year-old stands; however,
the stand-age-dependent trends were less apparent in March and December (Figure 1a).
Dominant soil arthropod orders included Prostigmata mites (40%) and Oribatida mites (26.4%),
followed by Hymenoptera (11.8%), Collembola (9.6%), and Diptera (7.2%). The others were
Mesostigmata, Coleoptera, Araneae, Scolopendromorpha, Polydesmida, Thysanoptera, Siphonaptera,
and Lepidoptera. The abundance of Prostigmata, Oribatida, and Diptera increased from the 5- to
21-year-old stands, with the highest level being in the 10-year-old stands, while the abundance of
Collembola increased with stand development (Table 2). In addition, there were some interactions
with the sampling dates. The abundance of Prostigmata revealed similar stand age and sampling
date trends to those for total abundance. The abundance of Oribatida was higher in the 10-year-old
stands than in the other stands for the March, June, and September sampling dates; however, this
was not the case in December. The abundance of Hymenoptera (Formicidae) was highest in the
10-year-old stands in June; however, in September, it peaked in the 21-year-old stands. The abundance
of Collembola increased with stand age in September and December; however, the effect of stand age
was less apparent in March or June. The stand age and sampling date interaction had weak effects on
the abundance of epedaphic Collembola (Table S1). The stand age or sampling date had no impact on
the abundance of euedaphic and hemiedaphic Collembola. The abundance of Diptera (larvae) did not
differ significantly with stand age.
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Table 1. The abundance (ind m−2) of soil arthropod groups in the three stand ages.

Parameters
Forests
2018, 9, 644

5 Year Old
10 Year Old
21 Year Old5 of 13
Total abundance
7433.3 ± 1823.4 a 27,271.8 ± 5837.8 b 18,113.7 ± 2935.7 ab
Prostigmata
2454.9 ± 762.0 a
13,402.3 ± 3569.8 b
5241.5 ± 856.9 a
−2 ) of soil arthropod groups in the three stand ages.
OribatidaTable 1. The abundance (ind m
3118.4
± 992.0 a
7099.3 ± 810.9 b
3781.8 ± 955.8 a
Mesostigmata
66.3
± 66.3
530.8
± 315.0
66.3
Parameters
5 Year
Old
10 Year
Old
2166.3
Year± Old
Collembola
597.1 ± 199.0 a
1791.4 ± 450.4 ab
2653.9 ± 816.0 b
Total abundance
7433.3 ± 1823.4 a
27,271.8 ± 5837.8 b
18,113.7 ± 2935.7 ab
Epedaphic
265.4 ±
± 113.2
663.5 ±
± 165.0
1194.3
443.7
Prostigmata
2454.9
762.0 a
13,402.3
3569.8 b
5241.5
± ±856.9
a
Hemiedaphic
199.0 ±
± 142.9
597.1 ±
± 810.9
221.9b
729.8±±955.8
206.9a
Oribatida
3118.4
992.0 a
7099.3
3781.8
Mesostigmata
66.3 ±
66.3
530.8 ±
315.0
66.3 ±±66.3
Euedaphic
133.0
± 89.5
530.8
± 149.7
729.8
267.6
Collembola
597.1
±
199.0
a
1791.4
±
450.4
ab
2653.9
±
816.0
b
Diptera
796.5 ± 240.0
1659.4 ± 494.8
1327.0 ± 436.1
Epedaphic
265.4 ± 113.2
663.5 ± 165.0
1194.3 ± 443.7
Coleoptera
133.4 ± 89.4
199.0 ± 142.9
531.1 ± 246.8
Hemiedaphic
199.0 ± 142.9
597.1 ± 221.9
729.8 ± 206.9
Hymenoptera
0
2056.8
±
1071.1
4179.9
2165.2
Euedaphic
133.0 ± 89.5
530.8 ± 149.7
729.8 ±±267.6
Araneae
66.4±± 436.1
66.3
Diptera
796.5 0± 240.0
1659.4 0± 494.8
1327.0
Coleoptera
133.4±±66.3
89.4
199.0 ±
142.9
531.1 ±0246.8
Scolopendromorpha
66.7
256.7
± 149.6
Hymenoptera
2056.8 ± 1071.1
4179.9 ± 2165.2
Polydesmida
0.67 ±0 0.45
133.4 ± 89.9
0.33 ± 0.33
Araneae
0
0
66.4 ± 66.3
Thysanoptera
66.3
±
66.3
0.33
±
0.33
66.3
Scolopendromorpha
66.7 ± 66.3
256.7 ± 149.6
0± 66.3
Siphonaptera
132.7
±
89.4
0.33
±
0.33
199.0
199.0
Polydesmida
0.67 ± 0.45
133.4 ± 89.9
0.33 ±±0.33
Thysanoptera
66.3
±
66.3
0.33
±
0.33
66.3
±
66.3
Lepidoptera
0.33 ± 0.33
133.0 ± 89.4
0
Siphonaptera
132.7 ± 89.4
0.33 ± 0.33
± 199.0
Different lowercases letters indicate significant
differences between
stand ages at α199.0
= 0.05.
Lepidoptera
0.33 ± 0.33
133.0 ± 89.4
0
Different lowercases letters indicate significant differences between stand ages at α = 0.05.

Figure1.1.The
Theeffects
effectsofofstand
standage
ageand
andsampling
samplingdate
dateon
onthe
theabundance
abundance(ind.
(ind.m
m−2−)2of
) ofsoil
soilarthropods.
arthropods.
Figure
Filledcircles
circlesare
arebootstrapped
bootstrappedmeans
meanswith
with95%
95%bootstrapped
bootstrappedconfidence
confidenceintervals
intervals(error
(errorbars).
bars).
Filled
Difference
is
statistically
significant
at
α
=
0.05
when
95%
bootstrapped
confidence
intervals
do
not
Difference is statistically significant at α = 0.05 when 95% bootstrapped confidence intervals do not
overlap
other
means.
(a–f)
stands
for
the
abundance
of
Total,
Prostigmata,
Oribatida,
Hymeoptera,
overlap other means. (a–f) stands for the abundance of Total, Prostigmata, Oribatida, Hymeoptera,
Collembolaand
andDiptera,
Diptera,respectively.
respectively.
Collembola

the5-year-old
5-year-oldstands
stands(Figure
(Figure2),
2),Oribatida,
Oribatida,Prostigmata,
Prostigmata,and
andDiptera
Dipteracomprised
comprisedthe
themost
most
InInthe
abundant groups,
85.7%
of the
followedfollowed
by Collembola,
Coleoptera,
abundant
groups, accounting
accountingforfor
85.7%
oftotal
the abundance,
total abundance,
by Collembola,
and Siphonaptera, which together accounted for 11.6% of the total abundance. Less abundant groups
included (in a decreasing order of abundance), Scolopendromorpha, Mesostigmata, Thysanoptera,
Polydesmida, Lepidoptera, Hymeoptera, and Araneae. In contrast to the 5-year-old stands,
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Coleoptera, and Siphonaptera, which together accounted for 11.6% of the total abundance. Less
abundant
groups
included (in
a decreasing
orderfivefold
of abundance),
Scolopendromorpha,
the abundance
levels
of Prostigmata
increased
more than
and twofold
in the 10- and 21-year-old
Mesostigmata, Thysanoptera, Polydesmida, Lepidoptera, Hymeoptera, and Araneae. In contrast to
stands, respectively,
and
ranked
highest
among
arthropod
levels
in
the
10and 21-year-old stands.
the 5-year-old stands, the abundance levels of Prostigmata increased more than fivefold and
Accordingly,
theinranks
transitioned
to second
and
thirdamong
fromarthropod
the toplevels
in the 10- and
twofold
the 10- of
andOribatida
21-year-old stands,
respectively,
and ranked
highest
in the
10- and
21-year-old stands.
Accordingly,
the ranks
of Oribatida
transitioned
to second
and 5-year-old
21-year-old
stands,
respectively.
The rank
of Diptera
was altered
from
third position
in the
the topininthe
the 1010- and
stands,
respectively.
The rank of
Diptera was
stands, tothird
fifthfrom
position
and21-year-old
21-year-old
stands.
Hymenoptera
emerged
andaltered
ranked in third
from third position in the 5-year-old stands, to fifth position in the 10- and 21-year-old stands.
and second
positions in the 10- and 21-year-old stands, respectively. The rank order of Collembola did
Hymenoptera emerged and ranked in third and second positions in the 10- and 21-year-old stands,
not change
in
the three
ages.
respectively.
The stand
rank order
of Collembola did not change in the three stand ages.

Figure 2.Figure
Rank-abundance
ofofdifferent
arthropod
orders.
Filled
are bootstrapped
means,
2. Rank-abundance
different arthropod
orders.
Filled circles
arecircles
bootstrapped
means, with
bootstrappedconfidence
confidence intervals
(error
bars). bars).
with 95%95%
bootstrapped
intervals
(error
The diversity differences among the three stand ages can be seen in rarefaction and
The diversity
differences among the three stand ages can be seen in rarefaction and extrapolation
extrapolation curves with 95% bootstrapped confidence intervals (Figure 3). The similarities of
curves with
95% bootstrapped
confidence
intervals
3).that
Thethesimilarities
of richness
richness
(q = 0) among the
three ages can
be seen(Figure
in the fact
95% confidence
intervals (q
all= 0) among
the three overlapped.
ages can be
seen
in the
fact that
95%
confidence
intervals
all overlapped.
The
Shannon
diversity
(q =the
1) and
Simpson
diversity
(q = 2) differed
between the The
10- Shannon
stand ages.
They showed
andiffered
almost similar
trend,the
and10theand
highest
and loweststand ages.
diversity and
(q =21-year-old
1) and Simpson
diversity
(q = 2)
between
21-year-old
values were recorded in the 21- and 10- year-old stands, respectively.
They showed an almost similar trend, and the highest and lowest values were recorded in the 21- and
10- year-old
stands, respectively.
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Figure
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size based
rarefaction
and extrapolation
soil arthropod
diversity
fornumber
Hill (a)
Figure
3. Sample
size based
rarefaction
and extrapolation
of soilofarthropod
diversity
for Hill
number
(q = 0),diversity
(b) Shannon
(q =Simpson
1), and (c)
Simpson(qdiversity
(q 95%
= 2) with
95%
richness
(q =(a)
0),richness
(b) Shannon
(q =diversity
1), and (c)
diversity
= 2) with
bootstrapped
bootstrapped confidence intervals (shaded areas).
confidence
intervals (shaded areas).

PerMANOVA analysis revealed that the composition of arthropods differed significantly
among stand ages, sampling dates, and their interactions, accounting for 56% of the observed
variation (Table 2). The nonmetric multidimensional scaling ordination (NMDS) with a stress of
0.105 indicated that the arthropod composition of the 10-year-old stands in June was well-separated
from that of the other stands (Figure 4). Among the sampling dates, the arthropod communities
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PerMANOVA analysis revealed that the composition of arthropods differed significantly among
stand ages, sampling dates, and their interactions, accounting for 56% of the observed variation
(Table 2). The nonmetric multidimensional scaling ordination (NMDS) with a stress of 0.105 indicated
that the arthropod composition of the 10-year-old stands in June was well-separated from that
of the other stands (Figure 4). Among the sampling dates, the arthropod communities found in
June and September were distinct from those found in March and December. Indicator analysis
revealed that Scolopendromorpha and Prostigmata were indicators in June for the 10-year-old stands,
while Collembola were indicators for the 21-year-old stands sampled in September (Table 3).
Table 2. Results of permutation multivariate analysis of variance testing (perMANOVA) for the effects
of stand age (A), sampling date (D), and their interactions on soil arthropod Order composition.
Source

df

Sum Squares

F

R2

p

A
D
A×D
Residuals

2
3
6
24

0.26
1.01
0.69
1.53

2.05
5.27
1.79

0.08
0.29
0.19
0.44

0.04
0.001
0.015

Table 3. Indicators for stand ages and overstory types.
Stand Age (Years)
10
10
Forests 2018,219, x

Date

Indicator

Indicator Value

Specificity

Sensitivity

June
June
September

Scolopendromorpha
Prostigmata
Collembola

0.800
0.377
0.290

1.00
1.00
1.00

0.894
0.614
0.538

p
0.005
0.001
0.0358 of 14

Figure
Figure 4.4. Nonmetric
Nonmetric multidimensional
multidimensional scaling
scaling ordination
ordination (NMDS)
(NMDS) showing
showing aa two-dimensional
two-dimensional
representation
of
the
soil
arthropod
composition.
The
best
NMDS
solution
representation of the soil arthropod composition. The best NMDS solutionwas
wasattained
attainedat
ataastress
stressof
of
0.105.
0.105. The
The circles
circles nearest
nearesteach
eachother
otherin
inthe
theordination
ordinationspace
spacehave
havesimilar
similarassemblages,
assemblages,whereas
whereasthose
those
located
locatedfarther
fartherapart
apartare
areless
lesssimilar.
similar.

Environmental variables differed with stand development (Table 4). Significant differences were
Environmental variables differed with stand development (Table 4). Significant differences
observed in the top 0–10 cm of soil. Aboveground plant species richness and plant coverage were higher
were observed in the top 0–10 cm of soil. Aboveground plant species richness and plant coverage
in the 10-year-old stand (Table 4). The Spearman correlation (Table 5) showed that the total abundance
were higher in the 10-year-old stand (Table 4). The Spearman correlation (Table 5) showed that the
of Oribatida was correlated with soil moisture and plant coverage (p < 0.05). Prostigmata abundance
total abundance of Oribatida was correlated with soil moisture and plant coverage (p < 0.05).
was significantly correlated with soil moisture and nitrogen, while Collembola was correlated with
Prostigmata abundance was significantly correlated with soil moisture and nitrogen, while
Collembola was correlated with nitrogen. Multiple correlation results revealed that the abundance
of the soil arthropod community was primarily related to soil variables.
Table 4. Stand characteristics (n = 3) along an age chronosequence of poplar plantations in a coastal
region of Eastern China.
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nitrogen. Multiple correlation results revealed that the abundance of the soil arthropod community
was primarily related to soil variables.
Table 4. Stand characteristics (n = 3) along an age chronosequence of poplar plantations in a coastal
region of Eastern China.
Dimension
Aboveground

0–10 cm soil

10–20 cm soil

Characteristics

5 Year Old

10 Year Old

21 Year Old

DBH (cm)
Plant species richness
Plant coverage (%)
Moisture (%)
pH
N (g kg−1 )
C (g kg−1 )
Moisture (%)
pH
N (g kg−1 )
C (g kg−1 )

16.50 ± 1.63 c
19.0 ± 0.58 ab
75.37 ± 3.87 a
19.74 ± 0.79 b
8.25 ± 0.12
1.69 ± 0.04 b
17.05 ± 0.23
19.25 ± 0.2 b
8.35 ± 0.06
1.66 ± 0.02 b
16.07 ± 0.23

26.04 ± 0.46 b
23.0 ± 1.52 a
91.1 ± 2.74 b
24.88 ± 0.36 a
8.09 ± 0.11
2.10 ± 0.06 a
17.25 ± 0.30
24.6 ± 0.27 a
8.31 ± 0.13
1.93 ± 0.05 a
16.27 ± 0.30

32.77 ± 1.48 a
17.3 ± 3.79 b
77.5 ± 4.22 a
23.61 ± 1.43 a
8.03 ± 0.09
2.24 ± 0.02 a
18.26 ± 0.35
23.59 ± 1.11 a
8.29 ± 0.13
1.97 ± 0.07 a
16.09 ± 0.35

Different lowercase letters indicate significant differences between stand ages at α = 0.05. DBH: Diameters at
breast height.

Table 5. Correlation between abundance of soil arthropods and soil characteristics. Values are Spearman
correlation coefficients.
Parameters

Plant Species Richness

Plant Coverage

Total abundance
Prostigmata
Oribatida
Hymenoptera
Collembola
Diptera

0.11
0.24
0.39
−0.38
−0.39
0.29

0.10
0.31
0.54 *
−0.15
−0.29
0.33

Moisture
0.55 *
0.59 **
0.52 *
0.22
0.28
0.34

pH

C

N

−0.37
−0.18
−0.02
−0.38
−0.40
0.23

0.51 *
0.08
0.04
0.71 **
0.41
−0.53 *

0.75 ***
0.47 *
0.33
0.63 **
0.56 *
−0.1

Statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion
We found that the abundance and composition of soil arthropod communities were strongly
affected by stand age and sampling date in the poplar plantations. On average, the total abundance
increased from the 5-year-old to the 10-year-old stands, while remaining similar, or declining, in the
21-year-old stands. The soil arthropod assemblage composition in the 10-year-old stands was
well-separated from that of the other two stand ages. The sampling dates explained a similar or
greater variation in the abundance and composition of the soil arthropods with their interactions,
which accounted for more than the sum of the primary effects and revealed that stand age-associated
trends were strongly dependent on the sampling date. These findings supported our expectations that
soil arthropod abundance and composition were altered with stand development.
Our findings partially supported previous results on the abundance and diversity of soil arthropods
that were associated with forest stand development [20,25–27]. For our study, only Shannon and
Simpson diversity of soil arthropods changed across the plantation chronosequence. The distribution of
mites, particularly Oribatida, was also in contrast with that recorded in a spruce plantation in northern
Germany [58], where no differences in Oribatida abundance between development phases were
observed, while [26] found that the Oribatida density increased from that in 5- to that in 25-year-old
stands in Tharandter Wald, Germany. However, a direct comparison of stand-age-associated trends,
between our study and those published earlier, was rather difficult due to the available stand ages
for sampling and the role of vegetation types in soil resources. The physical conditions and quality
of soil and organic matter are known to impact soil faunal communities [33]. Soil fauna populations
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appeared to be lower when the uptake of water and nutrients were greatest during the stem exclusion
stage, leaving fewer resources available for soil fauna [28,59].
In our study system, the available nitrogen tended to be higher in the 10-year-old stands than
in the other stands (Table 1), and published data have demonstrated that microbial biomass carbon
exhibited the same trend [16]. There was also a strong relationship between the total abundance and
soil properties [17], but we lacked the litter data required to analyze the correlation between the litter
quantity and soil arthropod activities. Their abundance may have been more strongly impacted by
soil properties than by the plant community [22,60]. For this study, plant species richness and plant
coverage were higher in the 10-year-old stands (Table 4), which not only prevented UV damage to soil
arthropods, but also supplied them with improved living conditions. Thus, the soil properties and
habitat conditions may have contributed to the higher total abundance of soil arthropods observed
in the 10-year-old stands than in the 5- and 21-year-old stands. Formicidae were only captured in
the 10- and 21-year-old stands in June and September, respectively. Ants are not only herbivores
and predominant in older fragments [20,61], but are also predators [62]. Our finding of peak total
abundance in the 10-year-old stands suggested that arthropod abundance could peak at an intermediate
stage of stand development in these poplar plantations. The peak of abundance in an intermediate
stand age may be the result of compositional shifts, from pioneer to mature species, or in conjunction
with stand development [63]. Indeed, our compositional analysis supported the premise that the
composition of soil arthropods shifted along the chronosequence.
Supporting our second hypothesis, the responses of soil arthropod assemblages to stand
development varied widely by sampling date. The effects of stand age were more pronounced
during the warm and wet seasons than in the cold and dry seasons. These findings are consistent with
the results from desertified steppes [20] and dry tropical forests [64]. As poplar forests are deciduous,
there was little difference in the canopy cover among the three age groups of stands in winter; thus,
the microclimatic conditions were likely to be similar during this period. However, favorable climatic
conditions in summer, combined with differences in soil moisture and nutrient availabilities [22,65,66],
contributed to the higher abundance and distinct community composition in the 10-year-old stands.
The compositions of arthropod communities in June and September were distinct from those
surveyed in March and December. Previous studies reported that soil arthropod abundance
was directly or indirectly influenced by changing climate factors, such as solar radiation [24],
temperature [67,68], precipitation [69], and moisture [70,71], among which soil moisture was found
to be the most important factor in the control of soil arthropod communities [64]. In our study area,
the precipitation and temperature both increased from December to June, and attained their highest
levels in September (Figure S1). This observation suggests that June or September provides the most
suitable climate conditions for soil arthropods in the study area. However, we could not attribute the
observed seasonal dynamics of soil arthropods to strong climate seasonality due to a lack of sufficient
field data for testing in our study.
The increase in total abundance with stand development largely resulted from the higher number
of Collembola in September. This result is similar to previous findings in beech and spruce forests [72].
Collembola feed predominantly on plant detritus and fungi, with a preference for fungi [73,74],
whose biomass increases with stand development [24]. In this study, the increased abundance of
euedaphic Collembola with stand age in September may be attributable to the N content, as high N
availability might increase the availability of potential food sources (e.g., fungal biomass) for euedaphic
Collembola [46]. Further, the population of centipedes increased with the higher accumulation of litter
and prey [75]. Since centipedes prey on Collembola [76,77], they were an indicator for the 10-year-old
stands sampled in June for this study. It appeared that predation by centipedes was responsible for
the fewer Collembola in the 10-year-old stands compared with in the 21-year-old stands by the next
sampling date (September).
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5. Conclusions
In summary, the total abundance was higher, on average, in the 10-year-old stands during the
summer months, with potent interactive effects between the stand age and sampling date. Further,
the soil arthropod community composition differed strongly with changing sampling date and stand
age, with the 10-year-old stands sampled in June being well-separated from the others. The responses
of soil arthropod assemblages to stand development were most pronounced during the warm and
wet summer seasons. Indicator analysis revealed that Scolopendromorpha and Prostigmata were
indicators for the 10-year-old stands sampled in June, while Collembola were indicators for the
21-year-old stands sampled in September. To elucidate the mechanisms that initiated these changes,
more detailed work should be done in the next phases of study, particularly on individual taxonomic
soil arthropod groups or functional groups; however, these findings will provide valuable guidelines
for plantation managers, considering the conservation of biodiversity in reclaimed coastal saline soil
hosting managed poplar plantations.
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/10/644/s1,
Figure S1: Total precipitation (mm) and mean temperature (◦ C) three months prior to sampling dates in the study
area, during 2013–2014. The data are from the local meteorological station, Table S1: The effects of stand age (A)
and sampling date (D) on the abundance of total groups and major groups.
Author Contributions: H.R. and Y.L. conceived and designed the experiments; Y.L., Q.S., J.L., Z.X., and S.H
performed the experiments; H.Y.H.C., Y.L, and J.L. analyzed the data; Y.L. and H.Y.H.C. wrote the manuscript;
and all co-authors edited numerous drafts.
Funding: This study was supported by the National Key Research and Development Program of China (No.
2016YFD0600204) and Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD).
Acknowledgments: We gratefully acknowledge and thank David C. Coleman for his review and revision of
this paper.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

3.
4.
5.
6.
7.
8.
9.
10.
11.
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