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Abstract: Perfluorobutane sulfonate (PFBS) has been found in increasing concentrations in the
environment. However, its effect on litter decomposition in soils is still unclear. Therefore, the effect
of PFBS on the decomposition of various litter types was tested, as well as on selected aspects of soil
quality. Soil samples were treated with different concentrations of PFBS (0, 1, and 10 µg g–1) and
five organic litter materials were used with various C:N ratios. A soil microcosm experiment was
performed at 20 ◦C for 6 weeks. Litter decomposition, soil respiration, enzyme activities, soil pH,
water-stable aggregates (WSA), and soil total C and N contents were measured. PFBS treatments
were observed to have negligible effects on litter decomposition as well as on other soil properties.
This means that in the concentration range examined, this substance has no observable effects on the
key soil parameters examined. The present result was inconsistent with the findings of a previous
study with similar experimental microcosms but different soils. This study suggests that the effects
of PFBS may be less pronounced in the tested soil, but it cannot be concluded that PFBS is harmless
in soil ecosystems. A wider range of soil types and PFBS levels should be tested in future studies.

Keywords: per- and polyfluoroalkyl substances (PFAS); soil ecosystem functions; soil pH; soil
respiration; water-stable aggregates; soil enzyme activity

1. Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are compounds in which all
or part of the H atoms in the alkyl chain are substituted by F atoms [1]. The C–F bond is
very strong and stable compared to other substituents due to the strong electronegativity
of the F atom [2]. PFAS are chemically and thermally stable, and the fluorinated ‘tail’ of
PFAS makes them both hydrophobic and lipophilic. Therefore, these chemicals are widely
used in industry and daily life, including coating, aqueous film-forming foams, textiles,
and food packages [3–5]. However, these excellent properties for commercial materials are
also producing unexpected consequences in the natural environment. A recent study has
demonstrated that environmental PFAS levels have exceeded a new planetary boundary,
highlighting their threat to human and ecosystem health [6].

Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS) are two
common PFAS. PFOA and PFOS are defined as “long chain” PFAS, as they consist of
more than six carbon atoms [7]. They are resistant to natural degradation, resulting in
the persistence and accumulation in the environment, wildlife, and humans [8]. Previous
studies suggested that PFAS can cause a variety of health problems, including damage to
the immune system as well as liver and kidney disease [9]. Therefore, PFOS and PFOA
have been included in the Stockholm Convention in 2009 and 2019, and since then, they
have been gradually banned or restricted by the European Union as well as globally [10].
In turn, however, as an alternative to PFOS, perfluorobutane sulfonate (PFBS) containing
4 C has been frequently detected in the environment [11].

As a consequence of increasing production and application, PFBS accompanied
by PFOA and PFOS has also been widely detected in surface water, soil, plants, and
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animals [12,13], particularly in the sites around fluorochemical industry and military
bases [14,15]. In forest soils across Sweden, PFBS was detected with high frequency (70%),
and concentrations were as high as 1 ng g –1 [16]; more remarkably, it was reported that
PFBS concentration in the soil samples around a fluorochemical industrial park was up
to 5550 ng g –1 [16]. Furthermore, the environmental inventory of PFBS has significantly
increased globally since 2010, and it constitutes a prevalent PFAS in the environment [12].

The existing evidence has demonstrated the toxicity of PFBS on soil microorganisms
and model organisms, such as Caenorhabditis elegans, which play an important role in
litter decomposition [17]. Qiao et al. [18] reported that PFBS could change soil bacterial
richness and the activity of sucrase and urease. The significant toxicity of PFBS to the
reproduction and next generations of C. elegans was often observed at higher concentrations
(e.g., ≥0.1 mM) [11,19,20]. Moreover, PFBS seemed to exert a more profound effect on litter
decomposition and soil respiration than PFOA and PFOS [21]. Despite these results, more
information is warranted in order to better understand the risk of this unregulated PFAS in
soil ecosystems.

Litter decomposition is one of the vital processes in the Earth’s carbon and nutrient cy-
cles, a process that not only releases carbon dioxide into the atmosphere but also contributes
to soil fertility by producing soil organic matter. Despite the importance of organic matter
decomposition, this process is not yet fully understood because it is very complex [22]. With
the development of the litter bag technique, it is now possible to calculate mass loss and
estimate litter decomposition to understand the nutrients available to the ecosystem [23].
From a microbial perspective, litter decomposition in the soil is a result of the growth and
succession of microbial communities [24]. Hundreds of enzymes can be released from these
microbial communities, and the decomposition of litter can affect these enzymes through
enzyme-substrate interactions and, in turn, differences in enzyme activity can affect litter
decomposition [25].

Herein, the effects of PFBS on litter decomposition and associated soil processes were
investigated, including soil respiration, pH, soil total C and N, enzyme activities, and
water-stable aggregates. Given the fact that a significant effect on litter decomposition
was observed in a certain soil previously [21], it was hypothesized that this effect would
occur on various litter types in the soil used in the present experiment. Therefore, five
types of organic matter (i.e., Medicago lupulina leaves, Plantago lanceolata leaves, hemp stem,
wheat straw, and green tea) were selected to cover a broad range of litter quality, and their
decomposition in another agricultural soil in response to PFBS treatments was studied.

2. Materials and Methods
2.1. Soil and Perfluorobutane Sulfonate

The tested soil was collected from an agricultural station with a sampling depth of
25 cm in Alt-Madlitz, Germany (52◦38′ N, 14◦28′ E). The soil texture was determined as
sandy loam (0.27% clay, 21.8% silt and 77.9% sand) by a LS13320 Particle Size Analyzer
(Beckman Coulter Inc., Brea, CA, USA). The basic properties were as follows: 6.4 g kg–1

total C and 0.53 g kg–1 total N, measured by a Euro EA analyser (HEKAtech GmbH,
Wegberg, Germany), 112 mg kg–1 available P and 89.8 mg kg−1 exchangeable K, analyzed
by the Mehlich 3 Extractant Technique, and a pH (1:5 of soil: water) of 6.67, as determined
with a pH meter (Hanna Instruments, Woonsocket, RI, USA).

As with PFOS (pKa = –3.27), perfluorobutanesulfonic acid is a strong acid with
pKa = –3.31, making PFBS readily soluble and dissociable in water as well as in soil
solutions [26]. For PFAS with low pKa values and high acidity, the acidic form of PFAS
might affect the soil pH and microorganisms when added. Thus, to exclude the potential
acidity effect of PFBS on microbially driven processes [27], the potassium salt PFBS (CAS
29420-49-3, Sigma-Aldrich, Saint Louis, MO, USA) was used in this study.
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2.2. Organic Materials for Litter Decomposition

Five types of organic material were selected, namely Medicago lupulina leaves, Plantago
lanceolata leaves, commercial hemp stem (HS, REAL NATURE, Item no.: 1,259,176, Krefeld,
Germany), wheat straw (MultiFit, Item no.: 1,008,159, Krefeld, Germany) and fine green tea
(Meßmer Tee GmbH, Seevetal, Germany). The total C and N content, and the corresponding
C:N ratio of each material, are shown in Table 1. All organic materials were ground and
sieved to 1 mm and placed into a 2.5 cm × 3.5 cm nylon mesh bag (30 µm pore size). The
hemp stem and wheat straw have a lower density, making them relatively larger, and
therefore, to ensure the same size of the nylon bags, 200 mg of these two materials was
added, and 300 mg of others was added, respectively.

Table 1. The C and N content, and C:N ratios of organic materials.

Litter Type C:N Ratio C (%) N (%)

Medicago lupulina (ML) 12.85 40.69 3.16
Plantago lanceolata (PL) 14.76 36.16 2.45
Fine green tea (Tea) 14.91 48.77 3.29
Wheat straw (WS) 133.03 45.20 0.34
Hemp stem (HS) 153.04 48.97 0.32

2.3. Experimental Setup

The experimental treatments were first divided into six groups, five of which were
each amended with one type of organic material, and the remaining group, without organic
material, served as the control group. Each group was subsequently treated with different
concentrations of PFBS (0, 1, and 10 µg g–1), and ten replicates were used for each treatment.
The lower concentration was set with environmental relevance in mind, and the higher
concentration aimed to simulate the near-future scenario of PFBS contamination (twice the
currently-recorded highest concentration) [16], given its continuous use and persistence
in the environment. It should be noted that nominal concentrations of PFBS in soils were
added in this study, and the actual concentration was not measured.

The experimental microcosm was set up in line with the previous study, in which the
significant effect of PFBS treatments was recorded [21]. The PFBS solution was prepared
using sterilized deionized water, and 100 µL of the solution was added to 5 g of sterilized
loaded soil, which excluded excessive impacts on the soil communities [28]. Subsequently,
another 35 g of soil was added and mixed thoroughly with the loading soil. The well-mixed
40 g soil was then transferred to a 50-mL mini-bioreactor tube (Corning Inc., Corning, NY,
USA) with vented lids, in the middle of which a litter bag was placed. Deionized water
was added to each tube until reaching a 60% soil water holding capacity (WHC). All tubes
were incubated at 20 ◦C for 6 weeks in a randomized manner and watered every week to
maintain soil moisture.

2.4. Measurements

Both during and at the end of the experiment, the following parameters were mea-
sured: soil respiration, litter decomposition, enzyme activities, soil pH, water-stable
aggregates (WSA), and total C and N contents. After 6 weeks of incubation, the soil and
litter bags were removed from the tubes. Litter bags were dried in the oven at 60 ◦C,
and the litter decomposition was obtained by calculating the reduction of litter mass
from its initial weight. Soil respiration was measured every 3 weeks using an infrared
gas analyzer (LI-6400XT, LI-COR Inc., Bad Homburg, Germany). Soil pH was deter-
mined by shaking 5× g of soil with 25 mL of deionized water thoroughly, centrifuging,
and then measuring the pH of the supernatant with a pH meter (Hanna Instruments,
Smithfield, VA, USA). Enzyme activities of the soil were measured, including β-1,4-N-
acetyl-glucosaminidase (NAG), β-D-1,4-cellobiosidase, β-glucosidase, and phosphatase
according to a previously established approach with the use of artificial p-nitrophenyl
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linked substrates [29]. Water-stable aggregates were measured with the use of a wet-
sieving machine (Eijkelkamp, Giesbeek, The Netherlands), following the procedures of
previous studies [30,31]. Total C and N contents in the soil were determined by a Euro
EA analyzer (HEKAtech GmbH, Wegberg, Germany). For detailed protocols, please
refer to the previous study [27].

2.5. Data Analysis

Data were analyzed with R (R Core Team, 2022). The data were compared from three
perspectives, the first aiming to show the response of each parameter to different PFBS
concentrations within the litter type; the second to show the response of each parameter
to PFBS concentrations regardless of litter type; and the third to show the differences
between litter types regardless of PFBS concentrations. The R package ‘dabestr’ was used
to achieve these comparisons by calculating the 95% confidence interval (CI) of unpaired
mean differences [32]. This method was able to precisely illustrate the differences between
the test group and the control group. To compare the differences between each treatment
and the control, a one-way ANOVA with a post-hoc Tukey’s HSD Test (using the R package
‘multcomp’) was performed with the null hypothesis that the results would be no different
between the treatment and control group [33]. All t-plots were constructed using the
‘ggplot2′ package in R [34]. Moreover, Spearman correlations between all parameters
were calculated with the use of the R package ‘corrplot’ [35], and the plot is presented in
Figure S1 (see the Supporting Information).

3. Results and Discussion
3.1. Litter Decomposition

Figure 1a shows the effect of PFBS and litter type on the litter decomposition. The
addition of PFBS had little influence on the litter decomposition, regardless of the litter
type. It was only observed that PFBS at 10 µg g−1 negatively affected the litter decom-
position of hemp stem with the effect size of −1.0% (95% CI: −2.0% – −0.08%). In a
previous study, PFBS significantly increased the litter decomposition with even lower
concentrations, and the contrasting results were possibly related to the soil properties,
such as the lower soil C content (0.64% vs. 2.04%) [21], which might have shaped the
microbial abundance and community [36,37], and thus further altered the response of
microbially-driven litter decomposition to PFBS treatments. Even though both perfluo-
robutanesulfonic acid (pKa = −3.31) and PFOS (pKa = −3.27) are strong acids added in
soils, only perfluorobutanesulfonic acid affected litter decomposition, and hence it is
assumed that the effect of PFBS might be dependent on soil properties, rather than the
acidity of PFBS, as in the previous study [21].

The litter decomposition of different types of organic materials differed, as expected,
following the order Medicago lupulina (79.1%) > Plantago lanceolata (67.0%) > green tea
(55.3%) > wheat straw (49.5%) > hemp stem (44.4%) (Figure 1b). The litter decomposition
was inversely proportional to the C content (R = –0.74, p < 0.001, Figure S2a) and the C:N
ratio of organic materials (R = –0.81, p < 0.001, Figure 1c), and positively correlated with
the N content of organic materials (R = 0.75, p < 0.001, Figure S2b). Higher N contents
indicated higher nutrition supply and thus higher litter decomposition [22], and the low
decomposition of WS and HS may be due to the fact that both wheat straw and hemp stems
were rich in lignin, as previous studies suggested [38,39].



Soil Syst. 2023, 7, 13 5 of 13Soil Syst. 2023, 7, 13 5 of 13 
 

 

 
Figure 1. (A) Response of litter decomposition to PFBS concentrations within litter type; (B) 
Response of litter decomposition to litter type regardless of PFBS concentrations; (C) Correlations 
of litter decomposition with the C:N ratio of litter. The second row of the panel (A) showed the 
comparison of the unpaired mean difference between the treated and control group within a 95% 
confidence interval (CI). The grey spots indicated the neutral effects while the black arrows pointing 
downwards represented negative effects. Different letters above the boxes in panel (B) indicated 
statistically significant differences among treatments at p < 0.05. N, no litter; WS, wheat straw; HS, 
hemp stem; PL, Plantago lanceolate; ML, Medicago lupulina. 

The litter decomposition of different types of organic materials differed, as expected, 
following the order Medicago lupulina (79.1%) > Plantago lanceolata (67.0%) > green tea 
(55.3%) > wheat straw (49.5%) > hemp stem (44.4%) (Figure 1b). The litter decomposition 
was inversely proportional to the C content (R = –0.74, p < 0.001, Figure S2a) and the C:N 
ratio of organic materials (R = –0.81, p < 0.001, Figure 1c), and positively correlated with 
the N content of organic materials (R = 0.75, p < 0.001, Figure S2b). Higher N contents 
indicated higher nutrition supply and thus higher litter decomposition [22], and the low 
decomposition of WS and HS may be due to the fact that both wheat straw and hemp 
stems were rich in lignin, as previous studies suggested [38,39]. 

3.2. Soil Respiration 
The results of soil respiration at week 3 and week 6 are displayed in Figure S3, Figure 

2 and Figure  respectively. The results showed that there were no effects of PFBS on soil 
respiration. The addition of organic materials significantly increased soil respiration, the 
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Figure 1. (A) Response of litter decomposition to PFBS concentrations within litter type; (B) Response
of litter decomposition to litter type regardless of PFBS concentrations; (C) Correlations of litter
decomposition with the C:N ratio of litter. The second row of the panel (A) showed the comparison
of the unpaired mean difference between the treated and control group within a 95% confidence
interval (CI). The grey spots indicated the neutral effects while the black arrows pointing downwards
represented negative effects. Different letters above the boxes in panel (B) indicated statistically
significant differences among treatments at p < 0.05. N, no litter; WS, wheat straw; HS, hemp stem;
PL, Plantago lanceolate; ML, Medicago lupulina.

3.2. Soil Respiration

The results of soil respiration at week 3 and week 6 are displayed in Figure S3 and
Figure 2, respectively. The results showed that there were no effects of PFBS on soil
respiration. The addition of organic materials significantly increased soil respiration, the
intensity of which varies with different types of organic litter. Soil samples containing
hemp stem had the highest CO2 release in week 3, while soil with added Plantago lanceolata
had the lowest CO2 production. In week 6, soils with hemp stem and wheat straw had
higher CO2 production compared to soils containing the other three organic materials.
Furthermore, the intensity of soil respiration declined from the third week to the last week.
Interestingly, it was observed that there was a significantly negative correlation between
litter decomposition and soil respiration in both week 3 (R = −0.41, p < 0.001) and week 6
(R = −0.47, p < 0.001), which is in line with the previous study [21].
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Figure 2. (A) Response of soil respiration (week 6) to PFBS treatments within litter type; (B) Response
of soil respiration (week 6) to litter type regardless of PFBS concentrations; (C) Correlation of
soil respiration (week 6) with litter decomposition. The second row of the panel (A) showed the
comparison of the unpaired mean difference between the treated and control group within a 95%
confidence interval (CI). The grey spots indicated the neutral effects while the black arrows pointing
upwards and downwards represented positive and negative effects, respectively. Different letters
above the boxes in panel (B) indicated statistically significant differences among treatments at p < 0.05.
N, no litter; WS, wheat straw; HS, hemp stem; PL, Plantago lanceolate; ML, Medicago lupulina.

The litter decomposition lead to two processes, i.e., CO2 release and the leaching
of C- and N-containing compounds [40]. Organic materials, as a crucial carbon source
in the microcosm, significantly increased soil respiration in terms of CO2 production.
Nevertheless, the non-positive correlation between soil respiration and litter decomposition
indicated that more C was probably leached out in the form of C-containing organic
compounds for three organic materials with lower C:N ratios [40], based on the principle
of mass conservation in this soil microcosm. However, the leaching of more C-containing
compounds needs confirmation in future research.

3.3. Soil Water-Stable Aggregates

Regardless of the litter type, the PFBS at the two tested levels seemed not to affect
soil water-stable aggregates (Figure 3). The litter bag containing hemp stem significantly
increased the proportion of water-stable aggregates in spite of the PFBS concentration
(p < 0.05), with an effect size of 11.3% (95% CI: 7.65%–14.8%) (Figure 3b). However,
the soil water-stable aggregate was significantly negatively correlated with litter de-
composition (R = −0.19, p = 0.018, Figure 3c). As mentioned above, soil microcosms
with hemp stem showed the lowest decomposition but had the highest proportion of
water-stable aggregates. This means that the increased litter decomposition in soil may
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not directly enhance the formation of aggregates in the tested microcosms. In fact, only
soil total C was measured in this study, and more specific measurements may provide
insight into this observation, such as carbohydrate, organic C, and microbial biomass
C [41–43]. Previous research has suggested that WSA was dependent on organic materi-
als [44], and a lower C:N ratio and a higher level of C input may both lead to less WSA
formation [45,46].
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stable aggregates with litter decomposition. The second row of the panel (a) showed the comparison
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represented negative effects. Different letters above boxes in panel (b) indicated statistically significant
differences among treatments at p < 0.05. N, no litter; WS, wheat straw; HS, hemp stem; PL, Plantago
lanceolate; ML, Medicago lupulina.

Previous research has suggested that WSA was dependent on organic materials [44].
Le Guillou et al. compared the WSA of two litters with different C:N ratios under different
N inputs. Their results illustrated that WSA would be higher for litters with higher C:N
ratios, especially when the N content of the soil was low [45]. This may be one of the
reasons why the soil microcosms with hemp stem were observed to have the highest
proportion of WSA. Another study also suggested that the higher the level of C input, the
less incorporation of C with aggregates, which eventually led to less WSA formation [46].
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3.4. Soil pH

In the form of K ionic salts (potassium perfluorobutane sulfonate), PFBS treatments
would not directly change soil pH regardless of litter types (Figure 4a,b). Soil pH,
however, was significantly affected by litter decomposition, and the effect was dependent
on the litter type (Figure 4c). Specifically, soil pH was increased by 0.36 units (95% CI:
0.31–0.39) by the addition of wheat straw (p < 0.001), by 0.48 units (95% CI: 0.43–0.51)
by hemp stem (p < 0.001), and by 0.23 units (95% CI: 0.18–0.27) by Plantago lanceolate
(p < 0.001), while it was significantly decreased by 0.17 units (95% CI: 0.13–0.22) by the
addition of Medicago lupulina (p < 0.001), and by 0.20 units (95% CI: 0.16–0.26) by green
tea (p < 0.001). In addition, soil pH was negatively correlated to litter decomposition in
the test microcosm (R = −0.73, p < 0.001, Figure S1).
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Figure 4. (A) Response of soil pH to PFBS treatments within litter type; (B) Response of soil pH
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statistically significant differences among treatments at p < 0.05. N, no litter; WS, wheat straw; HS,
hemp stem; PL, Plantago lanceolate; ML, Medicago lupulina.

The return of plant residues has been indicated to change soil pH, and the direction
and extent largely depended on both the characteristics of plant materials and the initial soil
pH [47]. Previous studies have shown that adding plant materials could increase soil pH
to various extents, and the association of organic anions in plant residues and the further
release of alkaline cations by ammonification of the residue N were considered to be the
main reason for the increase in soil pH [48,49]. The specific composition of tested organic
materials was not comprehensively measured, since the aim here was to test the impact of
PFBS on various soil processes and properties, but it was supposed that this well-accepted
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mechanism can be applicable to current test microcosms to explain the increase in soil pH
by certain litter types. In the scenario of the decrease in soil pH by adding organic materials,
it was reported that when the soil initial pH (6.67 in this study) was higher than the pKa
value of the weak acid group (e.g., the mean pKa of 4.5 for carboxyl functional groups),
there would be a decrease in soil pH because of the dissociation of H+ from the organic
anions [47].

3.5. Enzyme Activities

The activities of NAG, β-D-1,4-cellobiosidase, β-glucosidase, and phosphatase
appeared to be minimally influenced by the addition of PFBS and organic materials
(Figures 5a and S4–S6). The addition of certain organic materials (i.e., Plantago lanceolate,
Medicago lupulina, and green tea) significantly increased NAG activity (p < 0.05), and
there was no significant difference in NAG activity among these three litters (Figure 5b).
Moreover, there was a significantly positive correlation of NAG activity with the litter
decomposition (R = 0.30, p = 0.00023, Figure 5c). Previous studies have also demonstrated
that the addition of PFAS with various chain lengths did not influence the activities of
these four enzymes [21,27], and the negligible effect of PFBS on soil sucrase activity was
also reported by another study [50]. Exogenous organic materials acted as the main N
suppliers, and NAG activity can be stimulated by N input [51].
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Figure 5. (a) Response of β-1,4-N-acetyl-glucosaminidase (NAG) activity to PFBS treatments within
litter type; (b) Response of NAG activity to litter type regardless of PFBS concentrations; (c) Cor-
relation of NAG activity with litter decomposition. The second row of the panel (a) showed the
comparison of the unpaired mean difference between the treated and control group within a 95%
confidence interval (CI). The grey spots indicated the neutral effects, while the black arrows pointing
upwards represented positive effects. Different letters above the boxes in panel (b) indicated statisti-
cally significant differences among treatments at p < 0.05. N, no litter; WS, wheat straw; HS, hemp
stem; PL, Plantago lanceolate; ML, Medicago lupulina.
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3.6. No Detectable Overall Impact of PFBS on Soil Processes

With the extensive application and further environmental ubiquity of short-chain
PFAS as an alternative to restricted long-chain PFAS, the environmental risk of these
short-chain PFAS has been largely overlooked within the terrestrial ecosystems [52]. This
study reported no detectable effect of PFBS on litter decomposition and associated soil
processes and properties in this test system. Some of the explanations, limitations, and
future perspectives are discussed below.

Because of the shorter chain and less hydrophobicity, PFBS has a much lower sorption
affinity to soil than PFOS [53], and it is also less bioaccumulative in soil organisms [11,54],
which might make a difference in their impact on soil ecosystems. A previous study has
demonstrated that short-chain PFBS was less toxic than long-chain PFOS to soil microorgan-
isms, and the IC50 (the PFAS concentration that produced the 50% inhibitory of microbial
activity) was estimated to be as high as at least 3000 µg g–1, which was much higher than the
test level in the present study [55]. Qiao et al. [18] also suggested that long-chain PFAS ex-
erted more remarkable effects on soil bacterial communities and functions than short-chain
ones. As for the toxicity to soil microbes, two orders of magnitude higher concentrations
of PFBS were needed to achieve comparatively negative effects on the reproduction of
the model soil-dwelling organism Caenorhabditis elegans, and the PFBS concentration with
significant effects was as high as 1000 µM (equivalent to 300 µg g–1) [20]. Therefore, the
relatively low but realistic concentration of PFBS used in this study may have led to the
lack of detectable effects in the soil microcosm.

Nevertheless, it cannot be concluded that PFBS is harmless to soil ecosystems based
on the findings of this study alone. It should be noted that a significant effect of PFBS in
another type of soil, such as its respiration and litter composition, was indeed observed
previously, in which the experimental microcosm was very similar to this study [21]. The
contrasting result might be attributed to different soil properties. Since the soil pH (neutral)
and texture (sandy loam) of both soils were comparable, soil C content (0.64% vs. 2.04%),
which regulated soil microbial abundance and community to alter the response of microbial
processes (e.g., respiration and litter decomposition), might explain the contrasting response
of the two soils to PFBS treatments, as discussed above. However, it can be arbitrary to
conclude which soil property would be the main contributor to affect the response to PFBS
and other PFAS members in general. Clearly, the effect of short-chain PFBS and other PFAS
should be tested within a wider range of soil properties and PFAS levels.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/soilsystems7010013/s1, Figure S1: Spearman correlations among
soil properties and functions. Figure S2 (a) Correlation of litter C content and litter decomposition.
(b) Correlation of litter N content and litter decomposition. Figure S3: (a) Response of soil respiration
(week 3) to PFBS concentrations within litter type. (b) Response of soil respiration (week 3) to
litter type regardless of PFBS concentrations. (c) Correlation of soil respiration (week 3) and litter
decomposition. Figure S4: (a) Response of β-glucosidase activity to PFBS concentrations within
litter type. (b) Response of β-glucosidase activity to PFBS concentrations regardless of litter type.
(c) Response of β-glucosidase activity to litter type regardless of PFBS concentrations. Figure S5:
(a) Response of β-D-1,4-cellobiosidase activity to PFBS concentrations within litter type. (b) Response
of β-D-1,4-cellobiosidase activity to PFBS concentrations regardless of litter type. (c) Response of β-D-
1,4-cellobiosidase activity to litter type regardless of PFBS concentrations. Figure S6: (a) Response of
phosphatase activity to PFBS concentrations within litter type. (b) Response of phosphatase activity
to PFBS concentrations regardless of litter type. (c) Response of phosphatase activity to litter type
regardless of PFBS concentrations.
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