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Water-extractable organic matter (WEOM) in soil is the critical substrate that fuels microbial-
driven biogeochemical cycles. However, questions remain regarding whether and how
expanding impervious surface area under global urbanization may alter soil WEOM cycling.
Based on absorbance and fluorescence spectroscopy and Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS), we compared the content and chemical
signatures of soil WEOM under impervious surfaces with those in adjoining open areas and
evaluated the impacts of types (complete sealing by concrete and partial sealing by house
structures) and durations (1.5, 27, and 114 years) of impervious surface coverage. The
content of soil WEOM and its chromophoric and fluorescent fractions were not significantly
changed (less than 20%) after 1.5 years of coverage by concrete and house structures.
However, these parameters decreased by more than 30% with 27 and 114 years of
coverage by the residential home structures. The microbial-humic-like and protein-like
fluorescent WEOM persisted preferentially over the terrestrial-humic-like and
nonfluorescent WEOM. FT-ICR MS results suggest various degrees of depletion of
biochemical groups in WEOM. While the water-extractable lipid-like compounds
increased with 1.5 years of coverage, all studied biochemical groups were depleted
with long-term coverage, which might reduce the microbial processing of suberin-
derived compounds. This study highlights the remarkable impacts of soil sealing on
reducing substrate availability for microbial carbon processing in urban environments.
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INTRODUCTION

Soil organic matter (SOM) is a critical regulator of the global carbon cycle, and its water-extractable
fraction is referred to as soil-derived dissolved organic matter (DOM) or water-extractable organic
matter (WEOM), which represents the most mobile and active carbon pool of SOM (Kalbitz et al.,
2000; Bolan et al., 2011). WEOM is the main source of carbon and energy for soil microorganisms
and regulates the carbon cycle and associated nutrient cycles (Wu et al., 2018) and also an important
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carrier of nutrients and pollutants that actively regulate soil and
water quality (Aiken et al., 2011; Fu et al., 2018). Soil WEOM is
involved in many environmental biogeochemical processes and
has different fates and functions depending on its chemical
properties (Bolan et al., 2011). Therefore, the properties of
WEOM are important indicators of soil quality (Bongiorno
et al., 2019). The chemodiversity of WEOM has been related
to soil physical-chemical properties and soil microbial
community characteristics (Roth et al., 2019; Ding et al.,
2020). Anthropogenic irruptions, such as global warming,
increased nitrogen deposition, and frequently occurring fires,
could also alter the composition of WEOM (Dittmar et al.,
2012; Fröberg et al., 2013; Wang et al., 2019).

With the development of the global economy, urban land is
expanding at an unprecedented pace (Chen et al., 2020b).
Impervious surfaces, such as roads, roofs, and parking lots, are
anthropogenic features in urban environments that keep
water from filtrating into the soil (Scalenghe and Marsan,
2009). The global impervious surface area in 2010 was
estimated to account for 60% of the global urban area and
will continuously increase in future decades (Kuang, 2019).
Constructions of impervious surfaces strongly impact soil
functions in urban ecosystems by landscape renovation
(Scalenghe and Marsan, 2009). Soils under impervious
surfaces encounter soil sealing and compaction, which will
inevitably decrease organic matter mobility and seem to
benefit the conservation of soil organic carbon (SOC).
Nevertheless, with no plant carbon inputs, many studies
have reported a 26–74% decrease in SOC content under
impervious surfaces compared with soil in open areas (Yan
et al., 2015; Cambou et al., 2018), and the SOM became
depleted in carbohydrate components and enriched in
suberin- and lignin-derived carbon (Wang et al., 2020). As
soils under impervious surfaces could have elevated soil
temperature and reduced soil aeration compared to soils
with vegetation coverage (Scalenghe and Marsan, 2009), the
soil microbial community tends to shift and drive the selective
depletion of SOC (Piotrowska-Długosz and Charzyński, 2014;
Hu et al., 2018). Impervious surfaces could increase the
surface runoff and decrease the infiltration (Lorenz and
Lal, 2009). Soil hydrological conditions can strongly
influence the export of soil DOM not only in quantity but
also in quality (Mead et al., 2013). WEOM under impervious
surfaces is expected to change in response to limited water
filtration and microbial community changes, which, however,
remaining untested. Revealing how WEOM content and
signatures change under impervious surfaces will be
essential for understanding the biogeochemical cycle of
organic carbon in urban ecosystems.

The construction of impervious surfaces usually involves
topsoil removal (Piotrowska-Długosz and Charzyński, 2014;
Yan et al., 2015). Ignoring the impacts of the initial
disturbances may overestimate the impact of impervious
surface coverage on soil properties. Comparing two types of
reference soils (0–10 cm and 10–20 cm) and soils under
impervious surfaces (soil originally 10–20 cm and now
0–10 cm because the top 10-cm soil was removed) allow more

accurate assessment of the sealing impacts on soil properties such
as soil moisture, temperature, and nutrients (Majidzadeh et al.,
2018). Based on this setting, we previously investigated how
different types and durations of impervious surface coverage
impact SOM content and signatures using 13C nuclear
magnetic resonance and specific biomarker analyses. Depletion
in carbohydrates and an increase in aromatics in SOM
composition were found in soils under impervious surfaces,
and such an alteration was greater with coverage by concrete
slabs (complete sealing) than home structures built on crawl
spaces (partial sealing that allows some air and moisture
ventilation) and was greater as the duration of coverage by
residential home structures increased (Wang et al., 2020).
However, how the content and signatures of WEOM, the most
active part of SOM, would vary with the type and duration of
impervious surface coverage remains unknown.

In this study, we applied optical analysis, including
absorption and fluorescence spectroscopy, to capture the
chemical changes of WEOM. We also used Fourier
transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) to track the molecular-level signatures of WEOM.
The objectives of this study were to 1) evaluate the changes of
soil WEOM content and composition in response to the
coverage of different types of impervious surfaces, and 2)
reveal the different responses to the short- (1.5 years) and
long-term (17 and 114 years) coverage by home structures.
We will provide a fundamental understanding of the
biogeochemical cycling of organic carbon under impervious
surfaces.

MATERIALS AND METHODS

Site Description and Sample Collection
The controlled field experiment site was located at Auburn,
Alabama, the United States. The soil at the site was classified
as an Acrisol according to World Reference Base for Soil
Resources (IUSS Working Group WRB, 2015). The mean
annual air temperature and mean precipitation were 17.4°C
and 1,337 mm, respectively, and two types of impervious
surfaces were constructed on the grassland in October 2014. A
detailed description can be found in the research of Majidzadeh
et al. (2018). Briefly, concrete slabs and simulated home buildings
on a crawl space (hereafter denoted as “simulated home
structures”) were used to represent impervious surfaces that
result in poor and well-aerated conditions, respectively. After
the removal of grasses and the top 10 cm of soil, impervious
surfaces were set up in four random plots (5 × 5 m2 in size). Four
open grassland plots nearby without impervious surface coverage
were used as references. After 1.5 years of coverage, four replicate
samples from each treatment plot were collected at a depth of
0–10 cm, which was originally the 10–20 cm layer before topsoil
removal. From the reference plots, both the 0–10 cm and
10–20 cm soil layers were collected and used as the surface
reference (Surf-ref) and the subsurface reference (Sub-ref).

Soils under existing homes built on a crawl space (denoted as
“residential home structures”) were also collected in residential
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areas in Auburn, Alabama (Majidzadeh et al., 2017). The soil type
was the same as in the field site. Duplicate soil samples from the
0–10 cm depth were collected from 27-year-old and 114-year-old
residential home structures to represent the long-term coverage
of impervious surfaces on decadal and century scales,
respectively. Home age information was obtained from the city
of Auburn Planning Commission and Lee County Courthouse,
Opelika, Alabama. The homes we sampled (similar to most
homes in that area) did not have a basement or a foundation
and were built on a concrete slab. Topsoil removal was thus
limited and was approximately 10 cm based on personal
communications with homeowners and local contractors.

Water Extractable Organic Carbon
Concentration Analysis and Optical
Characterization
Soil WEOM was extracted in precombusted glass bottles with a
modified procedure based on Chantigny et al. (2014). A total of
5.0 g soil was added to 100 ml of Milli-Q water and shaken at
200 rpm for 2 h at 20°C. The suspension was fully filtered through
a 0.45 μm polyethersulfone membrane (Millipore). The filtrate
was stored in the dark at 4°C prior to further analyses.

Aliquots of water extracts were added to precombusted 24 ml
glass vials, acidified to pH 2 by 6 N hydrochloric acid, and
analyzed for the organic carbon concentration using a
combustion method on a total organic carbon analyzer [TOC-
L CSN, Shimadzu, Japan; (Stubbins et al., 2015)]. The coefficient
of variance was lower than 2% with 3–5 injections for each
sample. The water-extractable organic carbon content per dry
soil mass (noted as “WEOC concentration” in this study; in
mg C/g dws) was calculated to indicate the quantity of WEOM.

Ultraviolet-visible absorbance spectra and fluorescence
matrices were collected simultaneously over an Aqualog®
spectrophotometer (Horiba, Japan). The sample was placed in
an acid-cleaned 10 mm quartz cell, and the spectra were collected
with excitation (Ex) and emission (Em) wavelengths of 240–450
and 240–550 nm in 3 and 1 nm increments, respectively. The
integration time was set as 0.5 s. To minimize temperature and
inner filter effects, all the samples were analyzed at constant
laboratory temperature and diluted if the absorbance at 254 nm
(A254) was higher than 0.1 (Murphy et al., 2013).

Absorbance and fluorescence data were processed and
calculated for the spectroscopic indices to characterize the
WEOM properties. Carbon-specific ultraviolet absorbance at
254 nm (SUVA254) was calculated by dividing A254 by the
DOC concentration and reported in units of liters per
milligram carbon per meter to indicate the WEOM
aromaticity (Weishaar et al., 2003). The spectral slope between
275 and 295 nm was calculated (S275-295) to evaluate the relative
molecular size across samples (Helms et al., 2008). The
absorption coefficient at 350 nm (a350) was used to indicate
the abundance of chromophoric dissolved organic matter
(CDOM) (Spencer et al., 2013). All EEMs were blank-
subtracted, corrected for inner-filter effects, and further
normalized to Raman units. PARAFAC modeling was
performed using MATLAB with the drEEM toolbox (Murphy

et al., 2013). The number of components was validated based on
split-half analysis, and a three-component model was established.
Similar to SUVA254, the carbon-specific fluorescence intensity of
each component was calculated as Fmax divided by the WEOC
concentration to indicate the relative abundance of each
component per milligram WEOC (noted as C1OrgC –
C3 OrgC). The fluorescence index (FI) was determined as the
ratio of the fluorescence intensity at Em 470 nm to that at 520 nm
when Ex was 370 nm (McKnight et al., 2001). The biological
index (BIX), calculated as the ratio of Em intensity at 380 nm to
the maximum Em between 420 and 435 nm when Ex was 310 nm
(Wilson and Xenopoulos, 2009), was used to assess changes in the
fluorescent components.

Fourier Transform IonCyclotron Resonance
Mass Spectrometry Analysis
The WEOM was solid-phase extracted (SPE) by an Agilent Bond
Elut PPL cartridge (100 mg PPL in 3 ml cartridge) following the
method of Spencer et al. (2014). Briefly, the PPL cartridges were
rinsed with methanol, Milli-Q water, and then 0.01 M formic
acid. A calculated volume of formic acid-acidified samples was
loaded on the cartridge at a flow rate of 0.5 ml per minute. Aliquot
volumes of samples were calculated based on WEOC
concentration and adjusted based on a conservative average
SPE recovery of 40% to obtain a target content of 50 μg C.
The cartridge was then rinsed with 0.01 M formic acid again
to elute out the inorganics and was dried with ultrahigh purity
nitrogen gas. WEOM was eluted with 2.5 ml GC-MS grade
methanol. The WEOM was analyzed in negative electrospray
ionization mode using a 9.4 Tesla FT-ICRMS (Bruker, Germany)
with a standard method developed by Chen et al. (2020a). A total
of 128 broadband scans between m/z 200 and 800 were
accumulated for each analysis. Mass peaks with signal-to-noise
ratios greater than 6 were considered for formula assignment
following compositional constraints: 12C1-60,

1H1-120,
16O0-30,

14N0-3, and 32S0-1. The mass accuracy window was set to
1.0 ppm. The modified aromaticity index (AImod) and
double-bond equivalent (DBE) values were calculated, and the
intensity was weighted to reveal the molecular-level
characteristics of WEOM (Kellerman et al., 2018). Assigned
formulae were classified into CHO, CHON, CHOS, and
CHONS elemental groups and categorized into seven
biochemical groups based upon their elemental composition
(Kim et al., 2003; Wu et al., 2018), which included 1) lipid-
like (1.5 ≤H/C ≤ 2.3, 0 ≤ O/C ≤ 0.2, and N/C ≤ 0.04), 2) peptide-
like (1.5 ≤ H/C ≤ 2.2, 0.2 ≤ O/C ≤ 0.52, and 0.178 ≤ N/C ≤ 0.44),
3) amino sugar-like (1.5 ≤H/C ≤ 2.2, 0.52 ≤O/C ≤ 0.7, and 0.07 ≤
N/C ≤ 0.182), 4) carbohydrate-like (1.5 ≤ H/C ≤ 2.4, 0.7 ≤ O/C ≤
1.1, and n � 0), 5) dissolved black carbon-like (AImod ≥ 0.67 and
C ≥ 15), 6) lignin-like (0.75 ≤ H/C ≤ 1.5 and 0.25 ≤ O/C ≤ 0.67),
and 7) tannin-like (0.53 ≤ H/C ≤ 1.5 and 0.67 ≤ O/C ≤ 0.97).
The relative abundance of each elemental group and
biochemical group was calculated in terms of formula
numbers. In addition, the estimated percent change in WEOM
component i under impervious surfaces relative to the reference
soil was calculated as the estimated content of WEOM
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component i (relative abundance of component i multiplied by
WEOC concentration) in soils under impervious surfaces
divided by that in reference soil and subtracted by 100%
(Wang et al., 2019).

Statistical Analyses and Data Processing
The differences among sample groups (soils under impervious
surface and their Surf-ref or Sub-ref) of the field-controlled
experiment were assessed using one-way analysis of variance
(ANOVA) with Tukey’s HSD test. The limited sample number of
real residential land (n � 2) did not allow us to make a satisfactory
statistical analysis. Therefore, we defined operationally that there
was a “considerable difference” when the numerical ranges
between the treatment and the reference groups did not
overlap and the percentage change of the average value of
WEOM parameter of soil under impervious surface relative to
that of reference soil was >20% or <−20%.

RESULTS AND DISCUSSION

Variation in DOC Stocks Under Impervious
Surface Coverage
The soils under impervious surfaces had much lower WEOM
content than the Surf-ref, as indicated by WEOC concentrations

(Figure 1A). The WEOC concentrations were 47 and 40% lower
in soils with 1.5 years of coverage by concrete slabs and simulated
home structures than in Surf-ref and did not differ between the
two different types of impervious surfaces. However, they were
not significantly different compared to those in the Sub-ref. For
the soils with 27 and 114 years of coverage by the residential
home structures, the WEOC concentrations were 80 and 71%
lower than those in their related Surf-ref and 48 and 37% lower
than their respective Sub-ref.

Although the WEOC concentration was considerably lower in
Sub-ref than in Surf-ref due to the lower SOC content in Sub-ref,
the WEOC/SOC did not significantly differ between Surf-ref and
Sub-ref (Figure 1B). With 1.5 years of coverage by impervious
surfaces, WEOC/SOC did not change significantly compared to
Surf-ref or Sub-ref. However, the WEOC/SOC decreased by
approximately half (48–55%) with 27 and 114 years of
coverage regardless of which reference soil was used
(Figure 1B). These results imply that blocking fresh plant
inputs on a yearly scale may not result in significant WEOC
depletion, but doing so on decadal or century scales. This is
probably because even without fresh plant inputs, extra WEOC
could be temporarily released via desorption processes or
microbial production to supplement WEOC consumption and
degradation in soils under impervious surfaces (Wang et al.,
2017). However, desorption or microbial production of WEOC

FIGURE 1 | The variation in dissolved organic carbon in soils with and without coverage by impervious surfaces. (A) Total dissolved organic carbon concentration;
(B) relative content of the dissolved organic carbon to the soil organic carbon; (C) abundance of the chromophoric dissolved organic matter; (D–F) intensities of the three
components of the fluorescent dissolved organic matter. Surface and subsurface references are surface (0–10 cm) soils and subsurface (10–20 cm) soils from nearby
open areas without coverage by impervious surfaces. Treatment groups are soils with impervious surface coverage, which include 1.5 years of coverage by
concrete slabs and simulated home structures and 27 and 114 years of coverage by residential home structures built on crawl spaces. For the concrete-1.5 years and
home-1.5 years groups, error bars represent the SD (n � 4), lowercase letters indicate significantly different groups (p < 0.05). For the other two groups, error bars
represent the average deviation (n � 2).
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would becomeweaker with increasing time, and thus, there would
be a net loss of WEOC on a long-term scale. As WEOC is the
most active part of the SOC to provide essential carbon and
energy to microbes (Wu et al., 2018), the decreases in WEOC
concentration and the WEOC/SOC ratio explain well the
decreased activity of microbes under impervious surfaces (Wei
et al., 2013; Hu et al., 2018). While microbial activity was
suppressed, the microbial capacities for processing various
SOM components were inevitably altered. Indeed, our
previous study on the same sites found considerable
preservation of suberin-derived compounds in SOM with
114 years of impervious surface coverage (Wang et al., 2020).
Similarly, a 20-year-long litter removal manipulation experiment
showed that limited fresh litter and root inputs caused the
accumulation of suberin-derived compounds (Wang et al., 2017).

Chromophoric dissolved organic matter (CDOM) is an
important portion of dissolved organic matter with many
conjugated and aromatic structures and is hypothesized to be
sensitive to photochemical degradation but relatively resistant to
microbial degradation (Li and Hur, 2017; Spencer et al., 2009).
The absorption coefficient at 350 nm is often used as a proxy for
the abundance of CDOM (Spencer et al., 2013). The results
showed that CDOM (indicated by a350) was more abundant in
Surf-ref than in Sub-ref (Figure 1C), whichmay have been caused
by the higher WEOC concentration and more phenol
components from plant and litter leachates in the surface soil
than in subsurface soil (Stubbins et al., 2017; Ye et al., 2020). The
a350 in soils with 1.5 years of coverage by concrete slabs or
simulated home structures was lower than that in Surf-ref but
similar to that in Sub-ref. The a350 in soils with 27 and 114 years
of coverage by the residential home structures were 81 and 76%
lower than those in Surf-ref and 52 and 48% lower than those in
Sub-ref. The percent decreases in CDOM were similar to those in
WEOC, which suggests that at the long-term scale, the CDOM
was consumed to similar extents as the nonchromophoric DOM.
This finding suggests that CDOM can also be biodegradable and
serve as an important carbon source for microbes on a long-term
scale (Cory and Kaplan, 2012).

A fraction of CDOM is fluorescent and is commonly referred
to as fluorescent DOM (FDOM). PARAFAC analysis of the
excitation-emission matrix and comparison with OpenFluor
validated three fluorescence components in our samples

(Figure 2, Murphy et al. (2014)). Component 1 had an
excitation maximum <250 nm (secondary at 310 nm) and an
emission maximum at 420 nm and can be classically described as
a microbial-humic-like fluorescence component related to
biological activity; component 2 [ex < 260 (350) and em:
495 nm] was redshifted terrestrial-humic-like fluorescence;
component 3 (ex: 270; em: 305) is similar to tyrosine-like
fluorescence (Fellman et al., 2010; Kellerman et al., 2018).
Humic-like components C1 and C2 contributed the most to
the fluorescence intensity. Most of the Fmax values of each
component derived from the same mass of soil did not show
significant decreases in response to coverage by impervious
surfaces (Figures 1D–F), except for the considerably decreased
Fmax values of C2 after 27 and 114 years of impervious surface
coverage. This result indicated that FDOM could be more
resistant to biogeochemical processing than nonfluorescent
CDOM and nonchromophoric DOM; in addition, terrestrial-
humic-like C2 could be preferentially consumed over microbial-
humic-like C1 and protein-like C3 in FDOM on long-term scales.

Variations in the Spectroscopic
Characteristics of WEOM
Spectroscopic characteristics provided additional information
about the impacts of impervious surface coverage on soil
WEOM chemistry. SUVA is commonly used to indicate the
relative abundance of aromatic materials or CDOM within the
total WEOC (Weishaar et al., 2003). SUVA, an indicator of
WEOM aromaticity, did not show any consistent trend with
impervious surface coverage (Figure 3A). Therefore, the relative
abundance of aromatic WEOM in the total WEOM pool
remained relatively stable because of the simultaneous
decreases in nonchromophoric WEOM and CDOM (mostly
aromatic WEOM) with the long-term coverage of impervious
surfaces. As a high S275–295 reflects relatively low molecular size,
soil with 1.5 years of coverage by concrete slabs and simulated
home structures appeared to have a lower molecular size of
WEOM (indicated by higher S275–295) than that of Surf-ref but
similar molecular size of WEOM to that of Sub-ref (Figure 3E).
However, soils with 27 and 114 years coverage with home
structures appeared to have higher molecular sizes of WEOM
(indicated by lower S275–295) than Surf-ref and Sub-ref. The

FIGURE 2 | Fluorescence spectra of three PARAFAC components identified in this study.
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increased molecular size of WEOM in soils with long-term
coverage of impervious surfaces than Sub-ref might be due to
preferential utilization of low-molecular-weight carbohydrates,
organic acids, and peptides, which are more accessible to
microbes (Hansen et al., 2016).

The relative abundance of each fluorescence component in the
total dissolved organic carbon (C1OrgC, C2OrgC, and C3OrgC) in
soils increased with long-term impervious surface coverage. In
soils with 27 and 114 years of home structure coverage, C1OrgC
was 86 and 251% higher than that in Surf-ref and 34 and 45%
higher than that in Sub-ref, respectively. Similar to C1OrgC,
C3OrgC in soils with 27 and 114 years of coverage by home
structures were almost tripled than those in Surf-ref and
doubled compared to those in Sub-ref. However, different
from C1OrgC and C3OrgC, C2OrgC was not considerably
increased in soils with 27 and 114 years of home structure
coverage compared to their respective Sub-ref values. The
Fmax and relative abundances of three components
consistently indicate that the FDOM was more persistent than
the nonfluorescent CDOM. Among the FDOM, the terrestrial-
humic-like component C2 was most depleted, followed by the
microbial-humic-like component C1 and the protein-like
component C3. The microbe-related fluorescent C1 and C3

were persistent, probably due to their efficient recycling
between living and dead microbes (Kellerman et al., 2015;
Liang et al., 2019). Rather than being recalcitrant to microbial
utilization, local turnover could be the main reason for the
increases in C1OrgC and C3OrgC when the amount of WEOM
decreased. BIX and FI are often used to indicate contributions
from newly produced microbe-related components. Consistent
with the greater persistence of C1 and C3 than C2, both BIX and
FI increased considerably in soils with 27 and 114 years of home
structure coverage and indicated greater microbial contributions
in the WEOM.

Compositional Changes in Soil WEOM From
a Molecular Perspective
FT-ICR MS captured molecular-level signatures of WEOM in
soils with and without coverage of impervious surfaces. More
than 4,300 molecular formulae were assigned to each soil sample
(Table 1). CHO formulae were identified as the most abundant
group (47–56%), followed by CHON and CHOS. Consistent with
the S275–295 results, the average molecular weight of WEOM
increased from 349 Da in Sub-ref to 407 Da in soils with
114 years of home structure coverage, which could be

FIGURE 3 | Spectroscopic characteristics of dissolved organic matter in soils with and without coverage by impervious surfaces. (A) SUVA254, specific ultraviolet
absorbance at 254 nm; (B–D) C1OrgC–C3OrgC relative abundance of fluorescent components per total dissolved organic carbon; (E) S275–295, the absorbance slope
between 275 and 295 nm; (F) BIX, biological index; (G) FI, fluorescence index.
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explained by the preferential use of small molecules. Other bulk
characteristics of WEOM, such as double-bond equivalent and
modified aromaticity index based on FT-ICR MS analysis did not
show a consistent trend in soils with short- and long-term
coverage of impervious surfaces, which could be attributed to
no significant alteration in WEOM aromaticity (indicated by
SUVA254).

The molecular composition of WEOM showed various
changes with the coverage of impervious surfaces
(Figure 4). Compared to Surf-ref, soils with 1.5 years of
coverage by impervious surfaces had decreased abundances
of all biochemical groups except tannin-like compounds.
When compared to Sub-ref, they had a decreased
abundance of carbohydrate-like compounds and an
increased abundance of lipid-like compounds, and the
decrease in soluble carbohydrate-like compounds was
greater in soils with coverage by concrete slabs than home
structures built on crawl spaces. The increases in soluble lipid-
like compounds could be due to the contribution from the
apoptosis of microbes and release of soluble microbial
byproducts (Majidzadeh et al., 2018). In addition, the
decreases in soluble carbohydrate-like components,
particularly when the soil was covered by concrete, are
consistent with our previous findings that the total
carbohydrates in SOM were depleted and that greater
depletion occurred with concrete coverage than with home
structure coverage (Wang et al., 2020).

Different from the 1.5 years of coverage by home structures,
the 27 and 114 years of coverage by home structures led to the
consumption of all seven biochemical groups and greater
consumption of carbohydrate-like formulae (Figure 4). The
greater consumption of carbohydrates with a longer duration
of coverage is consistent with our previous findings on changes in
SOM components (Wang et al., 2020), which showed a depletion
of carbohydrates and preservation of suberin-derived

components with long-term coverage of home structures.
Moreover, although condensed aromatics are often believed to
be resistant to microbial degradation (Marschner and Kalbitz,
2003), they all showed decreased abundance in soils under
impervious surfaces regardless of which reference soils were
used. Therefore, under carbohydrate-limited conditions,
aromatic compounds could also be used to maintain the
biogeochemical cycle (Liang et al., 2019), and the
transformation of aromatic components during the
biodegradation process is actively (Wang et al., 2021).

Future Implications
Previous studies have stressed the potential risks of expanding
impervious surfaces due to changes in soil physical and chemical
properties, such as the urban heat island effect and water quality
degradation (Brabec et al., 2002; Scalenghe and Marsan, 2009).
Our study highlights the changes in the content and chemical
signatures of the soil WEOM in response to the coverage of
impervious surfaces. Due to the limited carbon inputs, the
biogeochemical process in soils was preferentially maintained
by WEOM over other SOM components. However, the
assessment of the degree of WEOM losses largely depended
on the reference groups. Specifically, using the surface
reference instead of the subsurface reference could cause a
32–39% overestimation of WEOM loss due to long-term
impervious surface coverage. Therefore, identifying the proper
reference soil from the corresponding soil depth is very important
in objectively evaluating the impacts of coverage by impervious
surfaces. Nevertheless, depletion in labile WEOM under
impervious surfaces would lead to low soil quality and a weak
microbial community structure. The coverage of impervious
surfaces had negative consequences for carbon conservation,
and the impacts could be much stronger as the coverage
duration increases. Sustainable developments with a focus on
the resilience of the ecosystem should be given more attention.

TABLE 1 | Molecular characterization of the solid-phase extracted WEOM in soils with and without coverage by impervious surfaces.

Parameters Concrete-1.5 years Home-1.5 years Home-27 years Home-114 years

Under IM Surf-ref Sub-ref Under IM Surf-ref Sub-ref Under IM Surf-ref Sub-ref Under IM Surf-ref Sub-ref

No. of assigned formulae 5,428 5,966 6,182 5,853 5,966 6,182 5,344 5,025 4,964 5,567 4,318 4,807
Average m/z 404.11 378.10 406.46 390.75 378.10 406.46 411.45 367.72 420.28 407.12 353.63 349.30
Average H/C 1.08 1.32 1.09 1.15 1.32 1.09 1.24 1.32 1.16 1.14 1.32 1.47
Average O/C 0.51 0.42 0.50 0.48 0.42 0.50 0.46 0.42 0.50 0.49 0.44 0.37
Average DBE 9.83 7.59 9.85 9.07 7.59 9.85 8.68 7.43 9.53 9.45 7.02 5.93
Average AImod 0.35 0.25 0.35 0.32 0.25 0.35 0.27 0.26 0.31 0.32 0.25 0.19
% CHO 52.67 46.82 50.86 51.99 46.82 50.86 48.43 53.35 55.32 52.97 55.84 53.30
% CHON 38.08 39.94 38.22 39.98 39.94 38.22 33.89 34.95 31.18 30.34 31.59 32.35
% CHOS 8.73 12.30 9.50 8.03 12.30 9.50 11.99 6.99 9.99 12.04 7.55 8.78
% CHONS 0.52 0.94 1.42 0.00 0.94 1.42 5.69 4.72 3.51 4.65 5.03 5.58
% Lipid-like 1.95 2.41 1.20 2.20 2.41 1.20 1.72 3.00 1.49 1.19 3.38 3.95
% Peptide-like 0.42 1.22 0.73 0.96 1.22 0.73 1.03 1.83 1.13 0.38 1.81 1.56
% Amino sugar-like 0.41 0.96 0.63 0.72 0.96 0.63 1.09 0.92 0.91 0.84 0.90 1.10
% Carbohydrate-like 0.63 1.68 1.33 1.30 1.68 1.33 0.41 1.75 0.87 0.54 1.39 1.00
% Dissolved BC-like 1.84 4.21 2.54 2.19 4.21 2.54 6.34 4.80 3.51 4.80 3.50 5.03
% Lignin-like 52.49 55.41 53.96 53.05 55.41 53.96 56.36 47.82 54.21 55.15 43.96 42.23
% Tannin-like 12.44 5.36 10.97 9.40 5.36 10.97 5.61 5.41 9.37 8.28 9.52 5.60

Abbreviations: Under IM, under impervious surface; Surf-ref, surface soil reference; Sub-ref, subsurface soil reference; DBE, double-bond equivalent; AImod, modified aromaticity index;
Dissolved BC-like, dissolved black carbon-like.
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Implementation of pervious concrete and other low-impact
development that maximize water infiltration is urgent and
essential.

CONCLUSION

This study revealed the hitherto unknown impacts of impervious
surfaces on soil WEOM, the critical substrate fueling

microbial-driven biogeochemical processes. The WEOC content
and its abundance in SOC (i.e., WEOC/SOC) in soils covered by
impervious surfaces was not significantly depleted on a yearly scale
but was depleted by 37–53% on a decadal or century scale. This
highlights the importance of WEOM in maintaining the long-term
biogeochemical cycle in soils with limited carbon inputs. Based on the
optical properties, we found that CDOM could also be involved in
microbial activity, but protein-like and microbial-humic-like FDOM
have relatively high persistence. The molecular signatures of WEOM

FIGURE 4 | Variations in the chemical composition of soil dissolved organic matter indicated by FT-ICR MS. The left column (A, D, G, J) shows the relative
abundance of seven different biochemical groups based on the number of formulae. The estimated content of different biochemical groups was calculated as the relative
abundancemultiplied by theWEOC concentration. Themiddle (B, E, H, K) and right (C, F, I, L) columns show the estimated percent changes of each biochemical group
in content relative to the Sur-ref soil and the Sub-ref soil. The first panel is the group with 1.5 years of coverage by concrete slabs, and the second panel is the group
with 1.5 years of coverage by simulated home structures. The last two panels are the groups with 27 and 114 years of coverage by residential home structures.
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confirmed the selective consumption of carbohydrates within the
short term and all soluble biochemical types in the long term, which
means high substrate deletion for microbial processing of other SOM
components. We highlight the need for long-term evaluation of
anthropogenic disturbances. Additionally, beyond the SOM and
WEOM, the related microbial community should be further
investigated to obtain a comprehensive understanding of the
biogeochemical cycle of SOM in soils covered with impervious
surfaces.
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