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Abstract: Although numerous studies have demonstrated the toxic effects of fine particulates less
than 2.5 pm (PMj5) on the health of humans, little information is available on the ecotoxicity of
PM, 5. Water-soluble inorganic ions (WSII, including Na*, NH4*, K*, Mg2+, Ca2*, Cl-, NO;™,
and SO,427) can compose more than 60% of PM, 5. To better understand the possible impacts of
WSII-PM; 5 on leaf litter decomposition, we conducted an experiment in which two leaf litters
from oak (Quercus variabilis) and pine (Pinus massoniana) dominant forests in subtropical China
were incubated in microcosms containing their respective forest soils and treated with WSII-PMj 5.
Our results showed that, after six-months of decomposition, the WSII-PMj, 5 treatments inhibited
leaf litter decomposition rates, carbon and nitrogen loss, microbial biomass, and enzyme activities
in the two forests. In addition, higher WSII-PM; 5 concentration led to stronger negative effects.
Comparative analysis showed that the negative effects of WSII-PM; 5 on oak forest were greater
than on pine forest, relating to the higher susceptibility to changes of soil microenvironment in
oak forests. WSII-PM; 5 may influence decomposition through soil acidification and salinization,
which could also cause a sub-lethal depression in soil isopod activity. However, in the first month of
decomposition, mass loss of the oak and pine leaf litters under the low concentration WSII-PM, 5 were
21.63% and 35.64% higher than that under the control, respectively. This suggests that transitory low
concentrations of WSII-PM; 5 have a promoting effect on decomposition. Long-term PM, 5 exposure,
therefore, may have profound ecosystem consequences by altering the balance of ecosystem carbon
flux, nutrient cycling, and humus formation in the future.

Keywords: leaf litter decomposition; ecotoxicity; WSII-PM,5; extracellular enzyme activity;
microbial biomass; isopods; carbon flux

1. Introduction

Airborne pollutants are often microscopic particulates, which can come from factories, power
plants, refuse incinerators, motor vehicles, construction activity, fires, and natural windblown dust [1,2].
Particulate matter (PM) is a harmful form of air pollution due to its ability to penetrate deep into the lungs
and bloodstream unfiltered, causing permanent DNA mutations, heart attacks, respiratory disease,
and premature death [3,4]. Fine particles with a diameter of 2.5 um or less (PM; 5) are particularly
deadly [5]. Thus, an increasing number of studies are focused on this class of pollutants [6-8]. To the
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extent of our knowledge, although many studies have been performed examining the effects of PM, 5
on human health [1,4,9], very little information is available on the ecotoxicity of PM; 5 [6,7].

Recent research has shown that PM; 5 can affect aquatic ecosystems. Zhao et al. [6] found
that acute exposure to high concentrations of PM; 5 and prolonged exposure to low concentrations
of PM; 5 resulted in adverse effects on development, lifespan, reproduction, locomotive behavior,
and intestinal development of nematodes (Caenorhabditis elegans). Hartono et al. [7] showed that
high PM, 5 deposition in water bodies, associated with acidification, had an adverse effect on aquatic
organisms. Wu and Zhang [8] also found that PM; 5 had a significant impact on aquatic ecosystem
function, such as leaf litter decomposition, through increasing acidification in aquatic environments.

Terrestrial forest ecosystems are also exposed to the acidic and toxic chemicals in PM; 5 [10].
However, studies on the ecotoxicity of PM; 5 on leaf litter decomposition in terrestrial forest ecosystems
are still lacking. Water-soluble inorganic ions (WSIL, including Na*, NH,*, K*, Mg2+, Ca%*, Cl~,NO5",
and SO,4%7) constitute more than 60% of PM, 5, and SO42~, NO3~, and NH, " are greatly enhanced
during haze days [11-14]. In addition, ion balance calculations also showed that PM, 5 samples were
highly acidic during haze periods and close to neutral during non-haze days [14]. Lv et al. [15] and
Wang et al. [16] showed that acidic precipitation is associated with sulfates and nitrates, which are
also largely included in WSII-PM, 5, and this negatively affects litter decomposition by damaging
the ecological functions of soil microbes. Furthermore, an excess of water-soluble inorganic ions in
PM; 5 (WSII-PM; 5) may cause soil salinization, reducing the activity of soil enzyme proteins [17,18].
This suggests that the chemical compositions of PM; 5 have the ability to affect litter decomposition,
but the specific impact is rarely studied. Therefore, research on investigating the effects of WSII-PM, 5
on forest litter decomposition is an important topic of terrestrial ecology.

Soil organisms control many processes in detrital food webs, enhance the decomposition of
organic matter, and are essential for humus formation and its further transformation in all terrestrial
ecosystems [19]. Soil microbes are, therefore, an integral part of plant and soil ecosystems [20] and
play pivotal roles in litter decomposition and nutrient cycling in forest ecosystems [21]. Long-term
WHSII-PM; 5 exposure may alter vegetation and soil [22], possibly affecting soil microbial function [23].
Extracellular enzymes (such as cellobiohydrolase, glucosidase, nitrate reductase, urease, phosphatase,
polyphenol oxidase, and peroxidase) play a crucial role in litter decomposition and nutrient cycling in
forestecosystems [24]. Measurement of soil extracellular enzyme activities has been recommended as the
most appropriate indicator of microbial function, soil fertility, and ecological stability [25]. In addition,
soil faunas regulate litter decomposition directly by preying on litter and indirectly by interacting
with microbes [26]. Compared with the micro- (nematodes) and meso- invertebrates (oribatids and
collembolans), macro-invertebrates (woodlice and millipedes) are better able to dramatically affect
microbial function [27]. In a polluted ecosystem, terrestrial macro-invertebrates may be exposed to
pollutants because both their food source and their microhabitat in the upper layer of soil are likely
to be contaminated [28]. However, to our knowledge, no researchers have yet studied the effects of
WHSII-PM; 5 on the synergies between the soil microbes and faunas in regulating the decomposition of
litter belowground.

In the present study, we performed a microcosm experiment to investigate the potential impacts
of WSII-PM; 5 on leaf litter decomposition in two typical forests (oak forest vs. pine forest) in
subtropical China. We paid special attention to how WSII-PM; 5 alters the ecological functions of the
decomposer community in mediating litter decomposition, thereby regulating soil carbon and nutrient
cycles. Specifically, we tested three hypotheses. First, given the potential ecotoxicity of WSII-PM, s,
we hypothesized that leaf litter decomposition and the associated decomposer activities (e.g., soil
extracellular enzyme activities, microbial biomass, and survival of soil fauna) would be depressed
under WSII-PMj, 5 exposure. Second, a previous study confirmed that the litter—microbial decomposer
interactions may modify the trajectory of litter mineralization via extracellular enzymatic synthesis [29].
Thus, we hypothesize that the decreasing activity of the related soil extracellular enzymes under
WSII-PM,; 5 exposure would slow down carbon and nitrogen mineralization rates of the two leaf
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litters in their corresponding forest soils. Finally, it is suggested that biota may adapt more easily to
anthropogenic stresses after they are exposed to similar natural stresses [30]. Considering that the
initial soil acidity of the oak forest was higher than that of the pine forest in this study, we hypothesize
that the resistance of microbial communities to WSII-PM; 5 would be higher in the oak forest than that
in the pine forest [15,16].

2. Methods and Materials

2.1. Study Site

Soil and leaf litter for the experiments were collected from a 67-year-old oak forest dominated
by Q. acutissima and a 47-year-old pine plantation of P. massoniana in Xiashu forest farm (31°59” N,
119°14’E), Zhenjiang, Jiangsu, China. The mean diameter at breast height (DBH) was 32.50 cm in the
oak forest and 21.30 cm in the pine forest, and the height of the trees varied between 15 to 20 m in the
oak forest and 10 to 15 m in the pine forest. The region has an area of 314.40 ha, including forestland of
298.90 ha. The mean annual temperature is 15.20 °C. The recorded extreme maximum and minimum
temperatures are 39.60 and —16.70 °C, respectively. The mean annual precipitation is 1055.60 mm
with a range from 425.20 to 1408.30 mm. Based on the Chinese Soil Taxonomic Classification (Revised
Proposal, 1995), the soil was classified as luvisol. The humus content of the surface soil is generally
2.50%. Because most of the salts have been leached, the soil has an acid or strongly acid reaction [31].

2.2. Collection of Soil, Leaf Litter, and Isopods

Four discrete plots (2 X 2 m), separated from each other by approximately 10 m, were chosen in
both oak forest and pine forest. In December 2016, freshly fallen leaves of oak and pine were collected
at each of the four plots. All leaf litter samples were taken back to the laboratory and oven-dried at
60 °C for 48 h to achieve a constant weight for further study. Four soil samples from each forest type
were collected from the top layers (0-5 cm) of each plot. All soil samples were kept in sealed bags
and immediately taken back to the laboratory. After collection, soil samples were passed through
a 2-mm sieve to remove leaves, plant roots, and gravel. The soil samples derived from the two forests
were selected as the sources of microbes. Four soil samples from each forest type were then kept in
a refrigerator at 4 °C until the start of incubation.

Isopods (Armadillidium vulgare) are widespread, easily identified, and a dominant component
of the soil arthropod macro-decomposer community in the forest [32]. A. vulgare is also the most
extensively investigated terrestrial isopod species [33]. They feed on dead organic material and are key
system regulators of decomposition and nutrient recycling [34]. They can be sampled readily by hand,
through pitfall traps or extracted from soil by heat and light [34]. For our study, adult isopods (>1
cm) were hand-collected in oak and pine forests in March 2017 and were cultured in two large clear
plastic containers with soil from their respective forests. Isopods cultivated in the soil of oak forests
were fed with Q. variabilis leaf litter, while those from pine forests were fed with P. massoniana leaf litter.
Both containers were then stored in the dark at 25 °C and moistened weekly using deionized water
before being introduced into the experimental microcosms.

2.3. Experiment Design

To simulate the leaf litter decomposition process from natural ecosystems, 0.5 g air-dried leaf
litters of Q. acutissima and P. massoniana mixed with 40 g of their respective soils were put into 240 mL
plastic incubation boxes (a basal area of 75 cm?), and covered with a ventilated lid. Two isopods
with the same body size were put in each incubation box based on the average isopod density in
Jiangsu Province (approximately 180 individuals/m?) [35]. We checked all incubation boxes daily and
replaced the dead isopods with similarly sized ones from the container with the same food source
and treatment and then labeled to count the deaths of isopods. This study employed a full-factorial
experimental design with two representative forest types (oak and pine) X four treatments expressed
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as control (CK), low concentration WSII-PM, 5 (PML), medium concentration WSII-PM, 5 (PMM),
and high concentration WSII-PM, 5 (PMH) dose. As measured by the deposition quantity of PM; 5
per incubation box per day (DQ), 2 mL of simulated WSII-PM, 5 solution was sprayed evenly into
each incubation box every day. The experiment began on 5 April 2019 and ended on 5 October 2019.
Samples were harvested monthly. Overall, the experiment comprised 192 microcosms (2 forests x 4
repetitions X 4 treatments X 6 sampling times).

All incubation boxes were incubated at 25 °C and soil moisture was monitored and maintained
within 50% to 60% of the gravimetric moisture. From May to October 2017, 32 incubation boxes
(2 forests x 4 treatments X 4 repetitions) were harvested for monthly analysis. The leaf litters and soils
were harvested and put into sealed bags. The leaf litters were carefully cleaned and dried at 60 °C for
48 h to determine the mass loss.

2.4. Preparation of Simulated WSII-PM, 5 Solutions

Water-soluble inorganic ions in PM, 5 (WSII-PM, 5) mainly include Na*, NH*, K*, Mg?*, Ca?*,
Cl7, NO;~, and SO4%~ [11-14]. This study simulated WSII-PM, 5 concentrations during non-hazy,
mild, moderate and severe haze days according to the scale used in Zhang et al. [14]. The WSII-PM; 5
concentration on non-hazy days was used as the control (CK), and the WSII-PM, 5 concentrations
on the mild (low), moderate (medium), and severe (high) haze days were used as the PML, PMM,
and PMH, respectively (Table S1).

According to the PM; 5 concentrations in the air (Table S1) and deposition velocities (V) in
the study area (Table S2), the deposition quantity of PM; 5 per incubation box per day (DQ) was
calculated. The DQ corresponding to CK, PML, PMM, and PMH were 0.21, 0.39, 0.62, and 0.98 mg,
respectively. According to the DQ and the volume of quantitative nebulizer (2 mL), we calculated
the simulated WSII-PM; 5 solutions applied for the control and all PM; 5 treatments. The PM; 5
concentrations for CK, PML, PMM, and PMH were 105, 195, 310, and 490 mg-L_l. The WSII-PM, 5
solutions are shown in Table 1. The measured pH of the control and all WSII-PM; 5 solutions were
6.55,4.44, 3.59, and 3.32, respectively. The detailed calculation methods and procedures are shown in
the Supplementary Materials.

Table 1. Species of chemical substances and their quantities used in every 1 L of simulated
WSII-PM, 5 solution.

Species Treatments
(unit: mg/L) CK PML PMM PMH
NH,NO; 512 2382  60.83  33.44
(NH,),SO0, 3605 6578 10846  247.76
KCl 145 048 468 258
KNO;, 158 461 1.74 8.70
NaCl . - . 6.84
Na,SO, 213 210 275 -
Ca (NO3), 1033 369 639 64.33
Mg (NOs), 281 042 111 45.63
H,S0, - 1668 3710  57.92

Abbreviations: WSII-PM; 5 denotes water-soluble inorganic ions in PMj, 5. CK (control); PML (low concentration
WSII-PM; 5); PMM (medium concentration WSII-PM, 5); PMH (high concentration WSII-PM; 5). All chemicals
used in Table 1 are solid except sulfuric acid (H>SO4), which is liquid. We achieved the mass of sulfuric acid shown
in Table 1 by adjusting the volume of 98% concentrated sulfuric acid (g: 1.84 g/cm?®).

2.5. Soil Physiochemical Properties and Litter Decomposition Parameter

The leaf litter and soil samples were oven-dried at 60 °C for 48 h to determine initial chemical
properties before the experiments. The total C and N concentrations were determined with an elemental
analyzer (Elemental Vario MICRO, Germany). The lignin concentration of the leaf litter samples was



Forests 2020, 11, 238 50f 19

measured by a gravimeter using hot sulfuric acid digestion [36]. Soil pH values were measured using
a glass electrode at a ratio of 1:2.5 (soil: water) after shaking equilibration for approximately 30 min [21].

Soil microbial biomass and enzymatic activities were measured to monitor the functional responses
of microorganisms to WSII-PM, 5. All soil samples harvested each time were stored in the refrigerator
at 4 °C before the soil enzyme activity and microbial biomass were measured. Soil microbial biomass
was measured using the substrate-induced respiration (SIR) method [36]. Subsamples of fresh soil (1 g)
were placed in a 100-mL glass vial. Next, 1 mL of an aqueous glucose solution (10 mg glucose g~!
soil) was added to each vial. Then samples were sealed and incubated at 25 °C for 1 h. CO, produced
by soil microbes was determined using an infrared gas analyzer [37]. Initial chemical properties of
oak and pine leaf litters and soil characteristics of the two forests are shown in Table 2. Enzyme
activities involved in the cycling of C (cellobiohydrolase, (3-1,4-glucosidase), N (nitrate reductase,
urease), P (acid phosphatase, alkaline phosphatase), and polyphenol metabolism (peroxidase, phenol
oxidase) were determined with a spectrophotometer. The detailed assay methods are described in the
Supplementary Materials.

Table 2. Initial physicochemical properties of the fresh leaf litter (oak and pine) and soil from the oak
and pine forests (means + SD, n = 4).

Species
Leaf Litter Traits
Oak Pine
Total C (%) 4912 £0.07°  50.78 £0.10?
Total N (%) 1.00 £ 0.012 0.64 +0.02°
C/N 4913 £053P  79.87 +2.032
Lignin (%) 30.52 £ 0.00°  41.20+0.002
Lignin/N 30.53+ 035>  64.81+1.772
Species
Soil Characteristics
Oak Pine
Total C (%) 3.73+£0.17° 5.10 £ 0.14 2
Total N (%) 028 +0.01° 0.34+0.002
C/N 13.15+0.09%  14.84 +0.352
Soil pH 489+001°  527+0.002

Soil SIR (WL CO, h™' g7 Soil)  2525+0.26° 3513 +£0.837

Data with different superscript lowercase letters in a horizontal row are significantly different (p < 0.05). SIR
indicates substrate-induced respiration (SIR rate, pL CO, h~! g1 Soil).

2.6. Statistical Analyses

The decomposition coefficient (k, month~!) was calculated by fitting a negative exponential model
following Olson (1963) [38], using a nonlinear regression function as Equation (1):

x; = xpe M (1)

where xj is the original dry mass of leaf litter, x; is the mass at time ¢ (month), and k is the leaf litter
decomposition rate constant (month~!). Mean R? of the regressions was 0.92 + 0.047 (mean + SD).
The relative differences of leaf litter decomposition rates between contrasting treatments (hereafter,
Atreatment) were evaluated for each leaf litter, so as to directly test the influences of WSII-PM; 5 with
different concentrations on leaf litter decomposition in each forest. A bootstrapping technique (sample
size corresponded with the real data structure, 1000 permutations) was used to calculate the relative
differences of k in two contrasting treatments, which was referred as the effect size of Atreatment (EST)
in Equation (2):
EST/P = (kB — k) /K ¢)
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where k;* represents the mean decomposition rate k of species i in the treatment A, a positive EST;AP
indicates that leaf litter decomposed more rapidly in treatment B compared to A, and a negative EST;AB
indicates that leaf litter decomposed more slowly in treatment B compared to A. Moreover, the larger
the absolute values of EST;AB, the greater the effect size of A treatment (EST).

All statistical tests were performed using SPSS (version 19.0, SPSS Inc., Chicago, IL, USA). Data
were checked for deviations from normality and homogeneity of variance before analysis. Analysis
of variance (ANOVA) and Tukey’s HSD (honest significant difference) test were applied to assess
differences among treatments [39,40]. We used two-way ANOVAs to analyze the effects of leaf litter
species and treatment on leaf litter decomposition rates. Repeated-measures ANOVA was used to
determine the effects of sampling time (repeated factor), treatment, and leaf litter species on soil pH,
microbial biomass (SIR), and enzyme activities. The effects of leaf litter species and treatment on
mass loss over time were also analyzed by repeated-measures ANOVA. To evaluate and visualize
the relationship among enzymatic activities, treatment, and the decomposition coefficient, principal
component analysis (PCA) was carried out using CANOCO 5.0 for Windows (Microcomputer Power,
Ithaca, NY, USA).

3. Results

3.1. Soil pH, Carbon and Nitrogen Contents

After six-months of decomposition, the average soil pH values were higher in the pine forest
than in the oak forest under all WSII-PM, 5 treatments (Tukey’s test, p < 0.001, Table 3). Compared
with the control, the decreases in soil pH values with WSII-PMj 5 treatments were greater in oak
forest (PML—2.28%, PMM—3.65%, PMH—4.34%) than in pine forest (PML—0.65%, PMM—1.73%,
PMH—2.16%). Soil total C and N contents were higher in microcosms exposed to the WSII-PM, 5,
but C/N ratios were nearly the same among all WSII-PM, 5 treatments in the two forests (Table 3).



Forests 2020, 11, 238

7 of 19

Table 3. The chemical characteristics (means + SD, n = 4) of the litters and soils used for the leaf litter decomposition experiment after six months of decomposition.

Chemical Oak Forest Pine Forest
Characteristics CK PML PMM PMH CK PML PMM PMH
Litter
Total C (%) 4270 +020f 43.85 +0.16 € 44.86 +0.27 4 45.79 £0.11°¢ 46.96 +0.03° 4728 +0.18° 4733 +0.11° 48.12 +£0.022
Total N (%) 1.50 +0.01 ¢ 1.52 +0.00 1.61 +0.01b 1.69 +0.012 0.89 +0.01 0.89 +0.03 0.94 +0.014 0.95 +0.01 4
C/N 28.42 +0.23P 28.90 + 0.06 P 27.87 +0.24P 27.06 +0.20 P 52.95 +0.78 2 53.34 +£2.07 2 50.38 + 0.66 2 50.94 + 0.64 2
Soil
pH 438 +0.01¢ 428 +0.019 422 +0.01°¢ 419 +0.00 ¢ 4.63 +0.06 2 4.60 +0.032 455 +0.05P 453 +0.02°
Total C (%) 2.83+0.02f 3.09 +0.02°¢ 319 +0.014 342 +0.01°¢ 354+001P 352+001P 3.66 +0.012 3.70 +0.052
Total N (%) 022 +0.01°¢ 0.24 +0.01 4 0.25 + 0.00 <4 0.28 £0.012 0.25 +0.01 <4 0.26 + 0.01 b¢ 0.27 +0.00 2P 0.28 £0.002
C/N 12.88 £ 0.14Pcde 1286 +0.07e  12.64 +0.13 d¢ 12.45+0.11°¢ 14.02 £0.29 2 1342 £0.143b¢ 1342 £0.113¢  13.23 + (.20 bed
SIR (1L CO, h! g1 Soil) 10.15 £ 0.12P 7.33 +0.41°¢ 425+ 0.06 ¢ 243 £0.09f 12.18 + 0.4 2 955+ 0.03P 7.50 + 0.07 5.45 +0.34

Data with the different superscript lowercase letters in a transverse row are significantly different (p < 0.05).
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3.2. Leaf Litter Accumulative Mass Loss and Decomposition Rates

Our results showed that leaf litter mass loss varied with sampling time, leaf litter species,
WSII-PM,; 5 treatment, and their interactions during six-month decomposition (p < 0.05, Table S3).
Under the control (CK) and treatments (PML, PMM, and PMH)), the respective accumulative mass
losses of the oak leaf litters were 78.00%, 64.00%, 52.44%, 40.00% (p < 0.05, Figure 1a), while the
same of the pine leaf litters were 62.75%, 54.12%, 45.54%, 36.12% (p < 0.05, Figure 1b). The leaf litter
decomposition rates (k values) in oak forest were significantly higher than those in pine forest in
most cases (p < 0.05, Figure 2a). In addition, the k values decreased with the increasing WSII-PM, 5
concentrations (p < 0.05, Figure 2a).

100 100
(a) Oak lorest (b) Pine [orest

—0o—CK
—&— PMI

801 v pum /§
—/— PMH 5

/.

804

60

\F\%
iy
Mass loss of P. massoniana (%)

Mass loss of Q. variabilis (%)

40 - 40
T /: E
204 r 9 204
o
0 T T T T T T 0~
0 1 2 3 4 5 6 0

Time (months) Time (months)

Figure 1. The mass loss of (a) oak and (b) pine leaf litters under different treatments during the six-month
decomposition. Abbreviations: CK—control; PML—low concentration WSII-PM, 5; PMM—medium
concentration WSII-PM; 5; PMH—high concentration WSII-PMj 5.

0.30

(a) - Oak forest (b) k values A Oak forest
& Pine forest B Pinc forest
ACL_OF A A -0.33 (-0.37.-0.27)
~ ACL_PF A —a— -0.23 (-0.33,-0.13)
E
=
g
7 ACM_OF A [ -0.51 (-0.54,-0.47)
E}
z ACM_PF —a— -0.40 (-0.46, -0.33)
ACH_OF + HA -0.66 (-0.69, -0.64)
ACH_PF A —a— -0.56 (-0.62, -0.50)
T T T
PML. PMH -0.8 -0.6 -0.4 -0.2 0
Treatments EST (unitless)

Figure 2. Effects of WSII-PM,; 5 exposure on the decomposition rates of oak and pine leaf litter.
(a) Decomposition rates (mean k value, month™1) of the two leaf litters during the six-month
decomposition. Different lowercase letters above bars indicate significant differences at p < 0.05. Error
bars indicate standard deviation (SD, n = 4). (b) The relative differences of leaf litter decomposition
rates (k) between contrasting treatments, which are referred to as the effect size of Atreatments (EST)
on decomposition rate. The ACL_OF, ACM_OF, and ACH_OF are the ESTs of CK relative to PML,
PMM, and PMH on the oak forest. Similarly, the ACL_PF, ACM_PF, and ACH_PF are the ESTs of CK
relative to PML, PMM, and PMH on the pine forest. The means of EST and the 95% bootstrapping
confidence intervals are shown. Positive ESTs indicate that decomposition is promoted by WSII-PMj 5,
and negative ESTs indicate that decomposition is inhibited by WSII-PM, 5. The closer the EST is to 0,
the smaller the effect of WSII-PM, 5. Intervals non-crossed with the vertical zero dashed line indicate
a significant effect.
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Although WSII-PM; 5 treatments significantly inhibited the decomposition of both forest leaf
litters after the six-month incubation (p < 0.001, Figures 1 and 2a), the inhibitory effects were significantly
different between the two forests (p < 0.05, Figure 2b).

The effect size of WSII-PM, 5 (EST) is smaller in pine forests than in oak forests (i.e., ACL_OF vs.
ACL_PF; ACM_OF vs. ACM_PF; ACH_OF vs. ACH_PF, Figure 2b), implying higher negative impacts
of WSII-PMj, 5 on decomposition rates of oak leaf litter than that of pine leaf litter (p < 0.05, Figure 2b).
Statistical analysis of the factorial ANOVA showed that leaf litter species, WSII-PM, 5 treatments,
and their interactions had significant effects on the leaf litter decomposition rates (p < 0.001, Table S4).

We also found that during the first month, mass loss of the oak and pine leaf litters under the
PML treatment were 21.63% and 35.64% higher than in the control, respectively (Tukey test, p < 0.05,
Figure 1). However, the second month is a turning point, and the mass loss of the two leaf litters under low
concentration WSII-PM, 5 became lower than that of control from the third month on (Tukey’s test, p < 0.05).

3.3. Leaf Litter Carbon and Nitrogen Loss

Higher C content remaining in the oak leaf litters was observed under all the WSII-PM; 5
treatments compared with the control (Tukey’s test, p < 0.05), and higher leaf litter N contents were
observed in PMM and PMH (Tukey’s test, p < 0.05, Table 3) after six-month decomposition. C/N ratios
were not significantly different among all WSII-PM, 5 treatments in the two leaf litters (Tukey’s test,
p > 0.05, Table 3). After a six-month decomposition, the leaf litter C and N loss in oak forest were
significantly higher than those in pine forest in most cases (p < 0.05, Figure 3a,b). Leaf litter C and
N loss were inhibited in oak and pine forests, with increasing WSII-PM, 5 concentrations leading to
higher inhibition (p < 0.05, Figure 3a,b). Changes in leaf litter C/N ratios were similar between the
control and all treatments (p > 0.05, Figure 3c).

100 100
[ Oak forest (b)
Pine forest

80 80

60

C loss (%)
N loss (%)

40

20

PML PMM PMH PML PMM PMH
T3 ET13 EL3 * * ns ns
Treatments Treatments

40

304

¥
S
1

C/N ratios

ns ns
Treatments

Figure 3. Leaf litter (a) C loss, (b) N loss, and (c) changes in the C/N ratios (T0-T6) after six-month
decomposition (mean + SD, n = 4). Abbreviations: CK—control; PML—Ilow concentration WSII-PM; 5;
PMM—medium concentration WSII-PM, 5; PMH—high concentration WSII-PM, 5. Different uppercase
and lowercase letters indicate significant differences (p < 0.05) in oak and pine forests, respectively. Asterisks
indicate statistical significance: * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant.
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3.4. Soil Microbial Biomass and Survival of Isopods

Overall, compared with the control, all WSII-PM, 5 treatments significantly inhibited the SIR
of the oak (PML—27.83%, PMM—58.13%, PMH—76.11%) and pine (PML—21.56%, PMM—38.40%,
PMH—55.24%) forests after six-month decomposition (p < 0.001, Table 3). However, microbial biomass
in the oak and pine forests were increased by 9.31% and 8.47%, respectively, in the first month under
PML treatments (Figure 4), with the inhibitory effects emerging from months 2 (oak forest, Figure 4a)
and 3 (pine forest, Figure 4b). In addition, the decreases in SIR of oak forest were greater than those of
pine forest under the PMM and PMH treatments (Tukey’s test, p < 0.001). Repeated-measures ANOVA
also showed that habitat, treatment, sampling time, and their interactions had significant effects on the
SIR (p < 0.001, Table 4). Pearson’s correlation analysis showed negative relations between SIR and
decomposition rates of oak (r*> = 0.27, p = 0.009) and pine (* = 0.24, p = 0.014) leaf litters in the control,
and positive correlations between SIR and decomposition rates of the two leaf litters in the WSII-PM; 5
treatments (p < 0.001, Table S5) except the PMM in oak forest (12 = 0.02, p = 0.512).

40

(a) Oak forest |:| CK (b) Pine forest
= PML 404
E a I rvM
< b I PVH T
on
- 307 &H |c

204
20

104 10-

Soil respiration rate (uL CO, h' ¢ soil)

Soil respiration rate (uL CO, h

Time (months) Time (months)

Figure 4. Effects of WSII-PM; 5 exposure on substrate-induced respiration (SIR) in the (a) oak and
(b) pine forests during six-months of leaf litter decomposition. Error bars indicate standard error (n
= 4). Bars with different lowercase letters are significantly different at p < 0.05. Abbreviations:
CK—control; PML—Ilow concentration WSII-PM, 5; PMM—medium concentration WSII-PMj 5;
PMH—high concentration WSII-PM 5.

To examine the possible adverse effects of WSII-PM, 5 on isopods, we regularly scored the number
of dead isopods during the six-month incubation. No significant differences in mortality of the isopods
were observed among the various WSII-PMj, 5 treatments (Tukey’s test, p > 0.05), and total number of
dead isopods were similar between the two forests (f-test, p > 0.05, Figure S1).
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Table 4. Effects (indicated by p-values from repeated-measures ANOVA) of sampling date, habitat (oak forest and pine forest), treatment (control, low concentration
WHSII-PM; 5, medium concentration WSII-PM; 5, high concentration WSII-PM, 5) and their interactions on SIR, soil pH, and soil extracellular enzyme activity during
six months of decomposition.

Variation SIR pH BG CBH1 NR URE ACP ALP PER PHO
Between subjects
Intercept < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Habitat < 0.001 < 0.001 0.247 0.003 0.458 < 0.001 < 0.001 < 0.001 0.054 0.067
Treatment < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.427 0.054
Treatment X Habitat < 0.001 0.006 0.291 0.200 0.282 < 0.001 < 0.001 < 0.001 0.938 0.611
Within subjects
Date < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Date x Habitat < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Date x Treatment < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Date x Treatment X Habitat < 0.001 0.016 < 0.001 0.001 < 0.001 < 0.001 < 0.001 < 0.001 0.339 < 0.001

Significant p-values are presented in boldface. SIR: soil substrate-induced respiration; CBH1: cellobiohydrolase; BG: (3-1,4-glucosidase; NR: nitrate reductase; URE: urease; ACP: acid
phosphatase; ALP: alkaline phosphatase; PER: peroxidase; PHO: phenol oxidase
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3.5. Soil Extracellular Enzymes

In PCA, the first two axes explained 59.15% and 19.99% of the variation in the oak forest (Figure 5a),
while 64.97% and 18.45% of the variation in the pine forest (Figure 5b). We found that all the enzymatic
activities and k values were highly correlated with PC1 (except the PER and PHO in pine forest).
The control led to higher enzymatic activities than WSII-PM, 5 treatments, and enzymatic activities in
the PMH were the lowest (Table 5, Figure 5).

< <
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PMH
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Figure 5. Principal component analysis (PCA) ordination of enzymatic activities (arrows), decomposition
coefficient (k), and four treatments in the (a) oak and (b) pine forests. The traits were centered and transformed
logarithmically prior to ordination. Variance explained by each principal component (PC) are shown. CBH1:
cellobiohydrolase; BG: 3-1,4-glucosidase; NR: nitrate reductase; URE: urease; ACP: acid phosphatase; ALP:
alkaline phosphatase; PER: peroxidase; PHO: phenol oxidase. Legend: black circles represent CK; purple
squares represent PML; green thombuses represent PMM, and yellow rectangles represent PMH.
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Table 5. Effects of WSII-PM, 5 on extracellular enzyme activities during six months of decomposition in the two forests.

Treatment BG CBH1 NR URE ACP ALP PER PHO
Oak forest
CK 1.97 £ 0.03 2 1.81 £ 0.03 2 5.69 + 0.08 2 327 +0.102 1092 £ 0342  13.63+0482  0.16+0.042 0.20 £ 0.032
PML 1.82 £0.03b 1.68 £0.02b 410 +0.032b 279 £0.10° 10.71 £ 0432  13.08 £0.332>  0.11+0.02" 0.17 £ 0.02°
PMM 1.72 £ 0.03 be 1.57 £0.02° 3.85 +0.02° 268+0.13"  1030+0362P 1235+026b 011 +0.02° 0.16 + 0.02 b¢
PMH 1.60 £ 0.03 ¢ 1.30 £ 0.05 ¢ 3.13+£0.01° 255+ 0.12P 8.89 £ 0.35P 10.67 £0.26¢  0.11+0.01P 0.14 £ 0.02 ¢
Pine forest
CK 1.94 +0.03 2 1.87 £0.04 2 5.49 +0.082 340+0082 956+0292  1381+0212  021+0.032 0.29 £0.052
PML 1.82£0.02b 1.76 £0.047% 492 +0.083  323+007%®  10.06+020% 1268+0.17°  020+0.032 0.21 +0.032b
PMM 1.76 £0.03b¢  1.61 +0.05b¢ 439 +0.03" 310+ 0.06%¢  923+0302>  11.91+036P  0.17+0.022 0.16 + 0.02°
PMH 1.70 £ 0.02 ¢ 1.48 £0.05°¢ 312+ 0.01° 2.83 +0.06 ¢ 891 +0.42° 1147 £021¢ 016 +0.02P 0.14 £ 0.01°

13 of 19

Data represent mean values of 6 months sampling during leaf litter decomposition and standard deviation (1 = 4). Different superscript lowercase letters in a vertical row denote, for the
two given forests, significant differences among treatments (p < 0.05). CBH1: cellobiohydrolase; BG: 3-1,4-glucosidase; NR: nitrate reductase; URE: urease; ACP: acid phosphatase;
ALP: alkaline phosphatase; PER: peroxidase; PHO: phenol oxidase. Abbreviations: WSII-PM, 5 denotes water-soluble inorganic ions in PM; 5; CK—control; PML—Ilow concentration
WSII-PM, 5; PMM—medium concentration WSII-PM, 5; PMH—high concentration WSII-PM, 5.
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Compared with the control, soil extracellular enzyme activity involved in C (BG and CBH1), N
(NR and URE), and P (ACP, ALP) cycles decreased more in oak forest soil than in pine forest soil.
On the other hand, phenol oxidase activity decreased more in the pine forest soil than in the oak forest
soil under all WSII-PM, 5 treatments (Tukey’s test, p < 0.05, Table 5). Overall, soil enzyme activity
varied with collection time, habitat, and WSII-PMj 5 treatment during the incubation period (Table 4).
Most of the enzyme activity decreased with increasing WSII-PM, 5 concentration, except for the ACP,
which only significantly decreased in the PMH treatments (Table 5).

In addition, the alkaline phosphatase/acid phosphatase (ALP/ACP) ratios in oak forest were lower
than those in pine forest under the control, PMM, and PMH treatments during the incubation period
(p < 0.05, Figure S2). Results of two-way ANOVA showed that habitat and treatment had significant
effects on the ALP/ACP ratios (Tukey’s test, p < 0.001), but their interactions had no effects on the
ALP/ACP ratios (Tukey’s test, p = 0.164, Figure S2).

4. Discussion

Our study found strong and complex effects of WSII-PM; 5 on leaf litter decomposition,
significantly adding to our understanding of how particulate matter can affect terrestrial forest
ecosystems. Consistent with our first hypothesis, WSII-PM, 5 treatments showed obvious adverse
impacts in the decomposition of forest litter. For example, the accumulative mass loss and decomposition
rates (k values) of the two leaf litters were negatively affected by the WSII-PM; 5 treatments, with
higher WSII-PM, 5 concentrations showing stronger negative effects (Figures 1 and 2). Microbial
biomass (Table 3, Figure 4) and most soil extracellular enzyme activity involved in C, N, and P
cycles (Table 5, Figure 5) in both forests were also inhibited by all WSII-PM, 5 treatments. In addition,
WHSII-PM,; 5 treatments significantly decelerated the C and N mineralization rates of the two leaf litters
during six-month decomposition (Table 3, Figure 3), which was consistent with our second hypothesis.
We propose the following influencing mechanisms of WSII-PM, 5 on leaf litter decomposition.

First, WSII-PM; 5 may reduce microbial activities by acidifying the soil. Our results showed that
for oak forests, pH values for soil treated with WSII-PM, 5 decreased significantly compared to those
of control soils (p < 0.05, Table 3). Such acidity, an important characteristic of WSII-PMj 5, can alter soil
properties by decreasing soil pH or altering the quality of organic carbon sources, thereby affecting the soil
nutrient pool and associated micro-environmental factors [41-44]. These changes can lead to decreases
in the microbial biomass and extracellular enzyme activities, inhibiting leaf litter decomposition [15,16].
Acid characteristics of WSII-PM, 5 can also solidify soil structure and thus retard oxygen and water
circulation in soils [45] by reducing the amount of soil macro-aggregates, leading to a decline in microbial
activities [43]. In our study, most soil extracellular enzyme activities were inhibited by the WSII-PM, 5 in
the two forests, except acid phosphatase activity (Table 5). This may be due to the low pH mediated by
WHSII-PM,; 5, which was close to the optimal pH value of acid phosphatase [15].

Second, WSII-PM; 5 can accumulate over time and may cause soil salinization. Soil salinization has
a known negative effect on microbial biomass and enzyme activity [18]. In addition, soil salinization can
subject soil enzymes to a “salting-out” effect. This will subsequently modify the ionic conformation of the
active site of the enzyme, thereby reducing the activity of soil enzymes [17]. Furthermore, these WSII-PMj 5
may also inhibit microbial activity through cytotoxicity [46—48]. For example, among the multiple chemical
components in WSII-PM, 5, one of the primary components is SO4, which contains the sulfur necessary
for specific amino-acids (e.g., methionine and cysteine) that participate in the biosynthesis of proteins in
organisms [49]. A small quantity of sulfur increases cellular metabolism of microbes, but excess SO,
induces the production of reactive oxygen species in biological cells, causing an oxidative stress response,
and eventually leading to DNA damage, inhibiting cell proliferation, and damaging cell activity [50,51].
The same effects have been found for Ca?* and Mg?* [3].

We also uncovered a notable phenomenon in which low concentration WSII-PMj 5 accelerated
litter mass loss and soil respiration in the first month in both forests (Figures 1 and 4). The mechanisms
behind this phenomenon are rather complex. There are at least two possible explanations. First,
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the acidification and salinization effects resulting from the low WSII-PM,; 5 may be tolerable for soil
organisms in the short-term. Appropriate nutrient supply (such as N, S, K, Ca, Mg, and Na) in low
WSII-PM,; 5 concentrations can even cause some hyperactivity of soil organisms [7]. For example,
studies have shown that appropriate N addition can increase microbial biomass and enzyme activity,
enhancing decomposition by increasing soil N availability [24,52]. Second, leaching accounts for
a large proportion in the early stage of leaf litter decomposition. We suggest that moderate WSII-PM 5
concentration may aggravate leaching, promoting leaf litter mass loss. Meanwhile, leaching releases
a great proportion of nutrients into the surrounding environment, increasing decomposer colonization
and promoting their growth [53]. Moreover, short-term leaching can also change the chemical
composition of leaf litters, affecting the subsequent biodegradation [53,54].

Furthermore, WSII-PM, 5 treatments may affect the leaf litter decomposition by inhibiting soil
fauna activity. An animal’s behavioral activity [7], including feeding and grazing, and physiological
function, including defecation [6], respiratory and neural systems [55], may be affected by
WSII-PM,; 5-induced acidification and salinization. These individual changes may have important
ecosystem consequences by in turn affecting microbial activities [35,56,57] and leaf litter decomposition.
Notably, even high concentrations of WSII-PM; 5 did not induce significant lethality of isopods
(Tukey’s test, p > 0.05, Figure S1). The WSII-PM,; 5 may merely affect isopods via sub-lethal behavioral
depression [7]. Namely, the whole microcosms still maintained an equilibrium of leaf litter-microbe-soil
fauna. The potential behavioral changes are part of the conclusions of this study (i.e., that WSII-PM; 5
affects leaf litter decomposition in complex ways).

Compared with the pine leaf litter (higher C/N ratio), oak leaf litter (lower C/N ratio, Table 2) is
an easily degradable litter (e.g., rich in soluble and holocellulose contents). In contrast, pine leaf litter
is a recalcitrant litter that is more resistant to decay (e.g., rich in lignin and secondary metabolites) [29].
Thus, decomposition of oak leaf litter was faster than that of pine leaf litter (Figures 2a and 3a,b).
Considering that the initial soil acidity of the oak forest was higher than that of the pine forest in
this study (Table 2), we expected that resistance to WSII-PM, 5-induced acidification of microbial
communities in the pine forest would be lower than that in the oak forest, in accordance with previous
studies [15,16]. However, contrary to the third hypothesis, this study showed higher inhibitory effects
of WSII-PMj; 5 on the leaf litter decomposition in the oak forest (Figure 2b). This may be because the
acidic buffering capacity of oak forest soil was lower than that of pine forest soil. The results of this
study also showed that the decreases in soil pH values with WSII-PM; 5 treatments were greater in oak
forest than in pine forest (Table 3). Some investigators suggest that the ALP/ACP ratio is an indicator
of susceptibility to soil pH [21] and microbial community status [24,38]. Results in this study showed
that the ALP/ACP ratio of the oak forest was lower than that of the pine forest in most cases (p < 0.05,
Figure S2), suggesting that the susceptibility of microbial communities in the oak forest soil was higher
than that in the pine forest [44,58]. This, in turn, confirms the result that soil pH and microbial biomass
of oak forest decreased more significantly than those of pine forest under the WSII-PM, 5 treatments
(Table 3, Figure 4). Overall, this could be explained by the different initial status of the soil pH values,
metabolic activities of microbial communities, and/or other soil physicochemical properties between
the two forests [15,16].

We attribute the lower C and N losses under the WSII-PM, 5 treatments to the decreasing activity
of degradative enzymes (such as BG, CBH1, NR and URE), which play pivotal roles in the degradation
of C and N organic matter from the fallen leaf litter [15,16,59]. Soil extracellular enzymes have been
shown to be the main driver of litter-decomposer interactions modifying the trajectory of litter C and
N mineralization [29]. Given the higher resistance to WSII-PM; 5-induced acidification of microbial
communities in the pine forest as demonstrated above, C and N mineralization of oak leaf litter
were more inhibited compared to in the pine leaf litter (Figure 3). The higher soil C concentrations
in the microcosms exposed to the WSII-PMj 5 treatments (Table 3) suggest that soil organic carbon
may accumulate as a consequence of continuous WSII-PMj; 5 exposure. Additionally, this will have
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profound ecosystem consequences by altering the balance of ecosystem carbon flux, nutrient cycling,
and humus formation in the future.

5. Conclusions

In summary, the water-soluble chemicals in PM; 5 (WSII-PM; 5) inhibit leaf litter decomposition
rates (k values), carbon and nitrogen loss, extracellular enzyme activity and microbial biomass. Higher
WSII-PM,; 5 concentrations induce stronger negative effects. Our comparative analysis showed that
the negative effects of WSII-PM, 5 on oak forest were greater than on pine forest, relating to the
higher susceptibility to changes of soil microenvironment in oak forests. The possible mechanisms by
which WSII-PM; 5 affects decomposition include soil acidification and salinization, which can suppress
microbial activities and affect isopods as sub-lethal behavioral depression. However, in the first month of
decomposition, low WSII-PMj, 5 concentration had a positive promoting effect on leaf litter decomposition.
Long-term PM, 5 exposure may have profound ecosystem consequences by altering the balance of
ecosystem carbon flux, nutrient cycling, and humus formation in the future. This study provides novel
insights into understanding the ecotoxicity of WSII-PM; 5 on terrestrial forest ecosystems.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/2/238/s1,
Figure S1: The deaths of isopods (Armadillidium vulgare) (ind.) (mean + SD, n = 4) in the oak and pine forests under
different WSII-PM, 5 treatments. Different uppercase and lowercase letters indicate significant differences (p < 0.05)
in oak and pine forests, respectively. Asterisks indicate statistical significance: *p < 0.05; ** p < 0.01;*** p < 0.001; ns,
not significant. Abbreviations: CK—control; PML—Ilow concentration WSII-PM, 5; PMM—medium concentration
WSII-PM,; 5; PMH—high concentration WSII-PM, 5. Figure S2: Changes of ACP/ALP ratios with different
WESII-PM; 5 treatments in the two forests during 6 months of leaf litter decomposition. Error bars indicate standard
error. Different lowercase letters indicate significant differences (p < 0.05) in oak and pine forests, respectively.
See Figure S1 for abbreviations, Table S1: Mass concentrations of the main water-soluble inorganic ions (WSII)
in the PM; 5 (ug /m3). The WSII-PM, 5 concentration on non-hazy days was used as the control (CK), and the
WSII-PM,; 5 concentrations on the mild (low), moderate (medium), and severe (high) haze days were used as the
PML, PMM, and PMH, respectively, Table S2: Deposition velocities and percent resuspension by wind speed,
Table S3: Effects (indicated by P values from ANOVA for repeated measurements) of sampling time (repeated
factor), WSII-PM, 5 treatment, litter species, and their interactions on leaf litter mass loss. Significant differences
are indicated by bold-face p-values, Table S4: Statistics of the factorial ANOVA used to analyze the effects of
litter species (Quercus variabilis and Pinus massoniana) and treatments (control, low concentration WSII-PM, 5,
medium concentration WSII-PM, 5, high concentration WSII-PM; 5) on leaf litter decomposition rates (k, month™1).
Significant p values are highlighted in bold, Table S5: Correlations between microbial respiration (SIR) and leaf
litter decomposition rates under the control and all WSII-PM, 5 treatments. Significant differences are indicated
by bold-face p-values. See Figure S1 for abbreviations; detailed methods for soil enzyme activity analyses were
described in the supplementary materials as well.
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