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Abstract

Dissolved organic matter (DOM) is a vital component of organic material in ecosystems. While DOM dynamics in
general watersheds are well-studied, its composition and behavior in karst watersheds remain poorly constrained due to
unique hydrogeological complexities. The focus of this study is on the Lianjiang River Basin, which is a typical karst
watershed in southern China, and the objective of the study is to identify the sources of fatty acids, analyze the impact of
river water-groundwater relationships on the distribution of fatty acids, and investigate the behavior of dissolved organic
matter (DOM) in the karst water system. In this study, measurements of fatty acid and dissolved organic carbon (DOC)
concentrations, hydrochemical indicators, and stable isotopic compositions (3D and 8'%0) were taken for surface water
and groundwater samples, including both shallow and deep groundwater. Additionally, microbial analysis was conducted
on the groundwater samples to gain further insight into the microbial communities present in the karst water system. Fatty
acid contents in river water, shallow groundwater, and deep groundwater were 15,595+ 14,164 ng/L, 15,600+ 10,089 ng/L,
and 27,353+20,378 ng/L, respectively. The study found that deep groundwater had the highest concentrations of fatty
acids, while river water and shallow groundwater had similar fatty acid contents. The higher standard deviation of fatty
acids in surface water and groundwater samples can be attributed to the unique characteristics of karst aquifers. Fatty
acids in shallow groundwater mainly originate from three sources: surface soil-associated organic matter, fecal-associated
sources, and pharmaceutical or cosmetic-associated sources. Hydrochemical and stable isotope compositions (6D and
3'80) showed river water were recharged by adjacent groundwater, which influenced the spatial distribution of fatty acids
in the study area. The deep karst aquifer may serve as a DOM sink in the karst watershed, and the DOM in the karst
water system was affected by natural and anthropogenic sources input as well as surface water-groundwater relationships
during the dry season.
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Introduction

Dissolved organic matter (DOM) is a crucial and wide-
spread source of organic substances within ecosystems,
and its abundance and composition are subject to spatial
and temporal variations (Simon et al. 2010). DOM plays a
vital role in ecosystems by serving as a primary source of
nutrients for organisms dependent on groundwater, as well
as acting as a donor and acceptor of protons and electrons
in pH buffering and biogeochemical reactions. Additionally,
DOM contributes to the hydrodynamics of contaminant
transport (Bernhardt and Likens 2002; Cory and McKnight
2005).

In the Earth’s continental area karst regions constitute
about 7-12% of the total areas, and their groundwater
resources, which make up a quarter of the world’s fresh-
water supply, are crucial for the inhabitants of these areas
(Hartmann et al., 2014). Karst environments are frequently
used for the disposal of solid and liquid wastes from indus-
trial and agricultural activities, which can lead to the con-
tamination of karst groundwater. Due to the potential for
contamination from human activities, the critical zone in
karst environments is regarded as highly vulnerable to pol-
lution (Green et al. 2019; Worthington et al. 2012). In addi-
tion, karst aquifers are characterized by high heterogeneity,
which is attributed to transmissive fractures and conduits
embedded in a low-density rock matrix (Charlier et al.
2012; Zeljkovi¢ et al., 2015). As a result of their high het-
erogeneity, karst aquifers exhibit a high degree of hydraulic
connectivity with the land surface, which can lead to rapid
transport of contaminants (Borovi¢ et al. 2019; Medici et
al. 2021; Sullivan et al. 2019). Karst aquifers, due to their
high permeability, are hydrologically connected to surface
water, which makes them vulnerable to inputs of dissolved
organic matter as well as anthropogenic organic matter from
the surface (J Jin et al. 2014). Consequently, the behavior of
dissolved organic matter derived from the surface in karst
aquifers is primarily regulated by water-rock-microbe inter-
actions that occur on the surface.

DOM’s essential role in different biochemical and eco-
logical processes has led to extensive research on its behav-
ior in karst water systems. At the watershed scale, the
abundance of DOM is influenced by the dynamic interplay
of various sources of DOM and biogeochemical reactions
that occur along the flow paths of water as it traverses the
landscape (Bernhardt and Likens 2002; Jaff¢ et al. 2008;
Wen Liu et al. 2018a). Although numerous studies have
evaluated the characteristics of DOM in karst water systems
(Li et al. 2020; W. Liu et al. 2018b; Quiers et al. 2014; Yao
etal. 2014), DOM dynamics in general watersheds are well-
studied, its composition and behavior in karst watersheds
remain poorly constrained due to unique hydrogeological
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complexities or on the ways in which surface water-ground-
water interactions can influence DOM properties.

Fatty acids, recognized as one of the typical lipid bio-
markers, are valuable tools for identifying the sources of
DOM and the biogeochemical processes associated with it.
As an example, even-numbered carbon fatty acids (C16:0-
C30:0) are primarily derived from vascular plants, and
waxy coatings on plant leaves, flowers, and pollen are
primarily composed of long-chain fatty acids (Rieley et
al. 1991; Yoshinaga et al. 2008; Rielley et al., 1991); the
mono-unsaturated fatty acids (MUFA) C18:1w7 is com-
monly viewed as bacterial biomarkers(Christodoulou et al.
2009); C14:0, C16:0 and C18:0 were reported exclusively
in phytoplankton(Napolitano et al. 1997; Wakeham 1985).
Fatty acids offer several advantages over other methods for
identifying DOM characteristics in aqueous environments.
They not only provide reliable information on the major
sources of DOM but also enhance our understanding of the
associated biogeochemistry. Moreover, they can simulta-
neously identify a wide spectrum of different sources and
exhibit high resolution for mixed DOM sources. In addition,
critical biomarkers for tracking DOM sources and microbial
processes in aquatic systems, with high sensitivity to anthro-
pogenic inputs (Rieley et al.,1991). Therefore, fatty acids
can offer valuable insights into the environmental dynamics
of organic matter in diverse ecosystems. Moreover, isoto-
pic tracers (0D/5'%0) elucidate water source mixing, while
microbial communities provide direct evidence of DOM
processing pathways—complementing hydrochemical and
biomarker approaches in karst systems.

Our study involved examining the distribution and origin
of DOM using fatty acid lipid biomarkers in a typical karst
watershed in southern China. To explore the transforma-
tion of DOM, we examined the behavior of DOM in both
river water and groundwater, as well as the interrelationship
between river water and groundwater in the karst watershed.
During a field survey, we collected samples to achieve the
following objectives: (1) quantify the content of fatty acids
and study their spatial distribution characteristics in differ-
ent water bodies within the karst watershed, (2) identify the
sources of fatty acids in shallow groundwater and examine
the influence of surface water-groundwater interactions on
the distribution of fatty acids in the river water, and (3) char-
acterize DOM in the karst watershed during the dry season.

Material and methods

Study area

The Lianjiang River basin (located between 112°10'
E-113°18" E and 24°09" N-25°07" N) covers an area of
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10,061 km? in southern China. It has a typical subtropi-
cal monsoon climate, characterized by humid conditions
and annual rainfall ranging from 1400 to 2200 mm and the
mean annual rainfall is 1770+215 mm (SD, n=30 years).
The mean annual temperature is 19-20 °C, and precipitation
predominantly occurs from April to June, with 45-50% of
the annual rainfall received during this period. The region
experiences a distinct wet season (April-June), during
which>45% of annual rainfall occurs. Sampling was con-
ducted in April 2022 to capture baseline conditions with
minimal precipitation. The Lianjiang River basin is com-
prised of a shallow marine carbonate formation, which
accounts for over 60% of the total area.

Sample collection, preparation, and analytical
procedures

During the dry season (April 2022), although April marks the
onset of the rainy period, early April experiences sporadic rain-
fall (<10% of monthly average), sampling occurred during this
low-flow window to minimize transient hydrologic effects.
For shallow groundwater: Samples were collected from rural
household dug wells (depth<15 m), representing the phreatic
zone directly recharged by surface water infiltration. Deep
groundwater: Samples collected from environmental monitor-
ing wells managed by government agencies (depth>50 m),
accessing confined aquifers with minimal surface influence.
We collected a total of 4 L of water from the mainstream and
tributaries of the Lianjiang River basin, including 11 river
water samples, 19 shallow groundwater samples, and 11 deep
groundwater samples. Shallow groundwater samples were
also collected near surface sample sites (which are not distin-
guishable on the sampling map; see Fig. 1). More details about
the preparation and analytical procedures of water samples are
shown in supporting information.

To measure fatty acids, the collected samples were in 4-L
pre-combusted (450°C in a muffle furnace for 4.5 h) brown
glass bottles and added three drops of saturated HgCl, to pre-
vent microbial activity. The dissolved phase (<0.45 pm) was
stored in pre-cleaned 4-L brown glass containers with airtight
caps. We stored samples at 4°C and analyzed them within 3
days (Sun et al., 2021). For sample extraction, all lipid pro-
cessing glassware were combusted at 450°C for 4.5 h. Prior to
extraction, nonadecanoic acid was added as an indicator for
recovery, and extracted fatty acids using a separating funnel
with dichloromethane liquid. Then saponified (or base hydro-
lyzed) the total lipid extracts from DOM samples.

Water samples for cation analysis (K", Na*, Mg?" and
Ca*") were filtered through 0.22-pm pore-size membrane
filters (Millipore, Burlington, MA, USA); samples were
acidified to pH <2 immediately after sampling (Liang et al.,
2018). Water samples for isotope analysis (8'%0 and 5°H)
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Fig. 1 Characteristics of location, sampling sites, rock (Fig. 1a) and
land use types (Fig. 1b) in Lianjiang River watershed

and anions analysis (NO, ", SO,*” and CI") were also filtered
through 0.22-um pore-size membrane filters. Water samples
for total dissolved organic carbon (DOC) analysis were fil-
tered in-situ through 0.22-pum hydrophilic membrane filters.
For microbiological analysis, 2-L water samples were fil-
tered through 0.22-pm pore-size polycarbonate filters. To
extract total DNA from water samples, the PowerSoil DNA
Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA)
was utilized. After extraction, the quality of the DNA was
assessed through agarose gel electrophoresis, and it was
subsequently stored at —20 °C. A Qubit® 2.0 fluorometer
was used to determine DNA concentrations (Zhu et al.,
2020). To ensure accuracy, environmental parameters (pH,
electrical conductivity (EC), and temperature) were stabi-
lized and then measured using a multiparameter measure-
ment device (DR/800; HACH, Loveland, CO, USA).

To determine the concentrations of cations (K*, Na*,
Mg**, and Ca*"), inductively coupled plasma-atomic emis-
sion spectrometry (IRIS-HR, Thermo Jarrel Ash, Franklin,
MA, USA) was utilized, with a detection limit of £0.05
ppm. An analysis of anions (NO;~, SO,*", and CI") was
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performed using a DX-600 ion chromatograph (Dionex,
Sunnyvale, CA, USA), with a detection limit of £0.1 ppm.
HCO;™ was titrated in the field immediately using a portable
testing kit (Merck KGaA Co., Darmstadt, Germany), with
an accuracy of £0.05 mmol/L. The §'%0 and §°H values in
groundwater were determined using a high-precision laser
isotope analyzer (L2130-1 Analyzer, Picarro, Santa Clara,
CA, USA), with a measurement accuracy of +0.02%o; mea-
surements were reported relative to the Vienna Standard
Mean Ocean Water standard. DOC contents were deter-
mined by catalytic combustion using a total organic carbon
analyzer (TOC-V cph/cpn: Shimadzu Corporation, Kyoto,
Japan, with a measurement accuracy of +2% RSD). Extrac-
tion was performed by gas chromatography-mass spectrom-
etry (Agilent 7890 A GC, 5975 C MSD) in the selected ion
monitoring mode. Method blanks (solvent) were analyzed,
and no interference was observed. Microcosms were con-
structed, deployed, and analyzed using a modified version
of the method of Zhu et al. (2020). In brief, the primer pair
515 F and 806R were used to amplify the V4 region of bac-
terial 16 S rRNA. The resulting polymerase chain reaction
amplicons were sequenced on an Illumina MiSeq platform
at Beijing Biomarker Technologies. To obtain effective tags
and operational taxonomic units, sequences were analyzed
using QIIME and UPARSE software with default settings.

Results and discussion
General hydrogeochemistry of the study area
The range and mean values obtained during sampling cam-

paign of dry season for all parameters included in this study
are shown in Table 1 . The mean pH values showed no

significant variation from surface water to deep groundwa-
ter in the study area (p>0.05). The surface water’s EC val-
ues ranged from 107.2 pus/cm to 326.0 pus/cm, with a mean
value of 198.8 us/cm, which was relatively lower compared
to other groundwater samples (shallow and deep ground-
water). It should be noted that the higher standard deviation
value in deep groundwater was due to an abnormal value
in one sampling site, with a value of 2109.0 ps/cm, which
added to the mean value of EC in deep groundwater. In
general, the mean value of EC in shallow groundwater was
higher than those in surface water and deep groundwater.
Since EC can be used as an index of water quality in areas
unaffected by seawater, the higher EC value of shallow
groundwater in the study area indicates worse water quality
than other water sources (Z Jin et al. 2012; J Li et al. 2017).

The hydrogeochemistry regimes of surface water and
groundwater in the Lianjiang River watershed are illus-
trated in the Piper diagram in Fig. 2. Both surface water and
groundwater samples from the Lianjiang River watershed
are primarily located on the left side of the diagram, indicat-
ing that the primary hydrogeochemical facies is HCO;-Ca,
with three samples in the upper part of the diagram represen-
tative of the SO,-Ca water type. However, the relative con-
centration of SO, in shallow groundwater was higher than
that in river water and deep groundwater, and this increase
is not linked to geological conditions but rather to anthro-
pogenic pressure. Furthermore, the NO;™ concentrations in
most shallow groundwater samples exceed the maximum
permissible limit for drinking water according to WHO
standards. The higher NO;~ and SO,*" concentrations in
most shallow groundwater samples suggest anthropogenic
pollution resulting from the application of chemical fertil-
izers and manure in agricultural fields and rural residential
areas (Busico et al., 2020; Liang et al., 2018).

Table 1 Descriptive statistics of chemical constituents in the surface water and groundwater

Type pH T EC K" Na* Ca? Mg?* HCO,~ Cl” S0,% NO,”
CC) _ (uslem) __ (mglL)

Surface water (n=25)

Min. 6.2 19.7 107.2 1.0 1.0 15.5 1.7 61.0 1.7 3.8 0.0

Max. 7.7 27.1 326.0 32 9.3 50.5 8.3 146.4 6.5 12.1 7.2

Mean 6.9 23.7 198.8 1.7 3.1 34.8 4.1 115.9 3.1 7.8 3.9

SD 0.4 1.6 62.1 0.6 1.9 11.4 1.8 32.5 1.3 2.6 1.3

Shallow groundwater (n=20)

Min. 5.0 19.8 42.6 0.0 0.5 3.2 0.3 42.7 0.8 1.2 0.4

Max. 6.9 25.1 801.0 29.0 26.8 115.0 22.5 359.5 42.8 72.2 229.4

Mean 6.3 22.1 508.2 8.5 14.5 79.4 9.1 240.1 17.6 30.8 49.2

SD 0.4 1.5 159.1 8.1 10.1 21.6 5.8 82.0 11.8 18.6 57.8

Deep groundwater (n=13)

Min. 5.2 19.2 123.6 0.0 1.3 14.5 2.7 61.0 2.0 1.0 0.3

Max. 7.3 24.4 2109.0 5.3 42.8 427.0 82.1 420.9 154 2001.6 37.9

Mean 6.6 21.8 583.4 2.2 9.9 113.2 17.6 219.6 6.1 277.2 8.9

SD 0.7 1.7 637.5 1.7 14.0 131.0 26.9 116.8 4.7 700.2 12.8

@ Springer
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Piper Diagram
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Fig.2 Piper diagrams for the study areas
Stable isotopic characteristics

Stable water isotopes of oxygen and hydrogen are useful
for integrating hydrological process information across dif-
ferent systems (Gat 1996; Z J Li et al. 2019). The 8D and
3180 values of surface water and groundwater samples are
plotted in Fig. 3. As shown in Fig. 3, the 3D-3'%0 values
of all studied samples fall on a scatter line around the local
meteoric water line (LMWL). The 8D-3'%0 relationships
for surface water, shallow groundwater, and deep ground-
water were found to be: 8D=4.745'%0-6.03 (R*>=0.87),
dD=4.775'%0-6.04 (R?>=0.76), and 8D=4.905'0-5.92
(R?=0.84), respectively. The slope values of 4.74, 4.77, and
4.90 for these water samples indicate potential evaporation
of recharging water prior to infiltration (Gat 1996; Murad
and Krishnamurthy, 2008). Notably, the 5D-5'%0 relation-
ships for different water samples showed similar slope and
intercept values, especially in surface water and shallow

@ Surface water M Shallow groundwater A Deep groundwater
37.0 Y
Shallow groundwater
y=4.77x-6.04R*=0.76
33.0 4.9
T LMWL
g y=8.15x+124
IS
N
[Z =) 29 J
29.0 5 /K'/
/
250 + 4 . ‘
4.00 4.50 5.00 5.50 6.00 6.50

Fig. 3 Plots of 8 H versus 5'%0 of all water bodies

groundwater, suggesting that river water in the Lianjiang
River watershed during the dry season was mainly recharged
by adjacent groundwater.

Variation of fatty acids in surface water and
groundwater

The mean concentrations of X-Fatty acid (Z-Fatty acid
denotestotal quantified fatty acids (SFAs + MUFAs + PUFAs)
in deep groundwater samples during the dry season were
higher than those in surface water and shallow groundwater
samples (Table 2). SFA was the primary component of fatty
acids in all water samples, with PUFA contributing mini-
mally to the total fatty acid concentrations. Furthermore,
the large standard deviation values in SFA and X-Fatty acid
indicate significant variation (»<0.05), suggesting that dif-
ferent factors influenced the fatty acid concentrations in
various water samples.

Source identification of fatty acids in shallow
groundwater

As discussed above, concentrations of NO;~ and SO,>” in
shallow groundwater samples were higher than those in
river water and deep groundwater, and river water was
recharged by adjacent groundwater in dry season. Thus,
we inferred that anthropogenic activities were affecting the
fatty acids sources and behaviors in shallow groundwater.
As the multivariate analytical tool, principal component
analysis (PCA) is used to reduce a set of original variables

Table 2 Descriptive statistics of fatty acids in surface water and
groundwater (ng/L)

Type SFA? MFA® PUFA® >-Fatty acids
(ng/L)

Surface water (n=11)

Min. 5596 51 4 3918

Max. 54,225 2113 213 54,900

Mean 14,960 545 90 15,595

SD 14,175 564 127 14,164

Shallow groundwater (n=19)

Min. 6748 19 0 2389

Max. 34,102 2020 525 35,517

Mean 15,076 399 126 15,600

SD 9753 534 195 10,089

Deep groundwater (n=11)

Min. 2578 91 8 2677

Max. 72,280 2029 788 75,697

Mean 26,367 729 258 27,353

SD 19,754 701 298 20,378

# n-fatty acids are all straight-chained, saturated carboxylic acids
® Monounsaturated fatty acids

¢ Polyunsaturated fatty acids include all carboxylic acids with two or
more double bonds

@ Springer
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and to extract a small number of latent factors for analyzing
relationships among the observed variables (Golobocanin
et al. 2004). Accordingly, using Varimax normalized rota-
tion, three principal components with eigenvalues>1 were
extracted for fatty acids in shallow groundwater, accounting
for 74.99% of total variance in dataset (Table S1).

As shown in Table 3, Factor 1 (27.49% variance
explained) was primarily driven by saturated fatty acids
(SFAs: C16:0, C18:0, C20:0-C30:0), monounsaturated fatty
acids (MFAs: C18:1-trans-9), and polyunsaturated fatty

Table 3 The main calculated results of principal component analysis

Variables Rotated component matrix
F1 F2 F3

C27:0 0.94 0.07 0.05
C29:0 0.91 0.15 0.17
C20:3-cis-8,11,14 0.90 0.07 0.28
C30:0 0.85 0.04 0.12
C22:6 0.84 0.24 0.06
C22:5-4,7,10,13,16 0.74 —-0.10 0.07
C28:0 0.73 0.11 0.58
C18:0 0.72 0.11 0.48
C20:2-cis-11,14 0.72 0.09 0.49
C21:0 0.71 0.49 0.19
C16:0 0.70 0.16 0.15
Cl15:1 0.69 0.09 0.00
C20:0 0.67 0.31 0.65
C22:0 0.66 0.27 0.64
C18:1-trans-9 0.64 0.04 0.52
C26:0 0.62 0.03 0.49
C23:0 0.61 0.11 —0.04
C25:0 0.34 0.04 0.08
C13:0 —0.16 0.97 0.00
C14:0 0.02 0.94 0.01
Cle:1 —0.13 0.93 0.22
C15:0 —0.05 0.91 0.37
C20:5-Cis-5,8,11,14,17 0.16 0.90 0.02
C18:3-Cis-6,9,12 0.26 0.84 0.32
C20:4-cis-5,8,11,14 0.32 0.82 0.17
C22:4 0.35 0.79 0.15
C22:5n3-7,10,13,16 0.36 0.76 0.09
Cl4:1 0.40 0.74 0.01
C12:0 0.08 0.66 —0.31
C18:2-Trans-9,12 0.06 0.66 0.65
C10:0 0.02 0.61 —0.48
C24:1 0.00 0.19 0.95
C22:1-Cis-13 —0.04 0.13 0.90
C20:1-Cis-11 0.32 0.02 0.86
C22:2-Cis-13,16 0.47 0.22 0.83
C24:0 0.52 0.15 0.81
C18:2-Cis-9,12 0.40 0.49 0.72
C17:0 0.53 0.38 0.67
C17:1 0.31 0.64 0.67
C8:0 0.01 0.28 —0.55
C11:0 0.00 0.50 —0.52
C6:0 —0.20 0.07 —0.36
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acids (PUFAs: C20:2, C22:5, C20:3). While C16:0 and
C18:0 co-occur in plankton and bacteria (McCallister et al.
2006; Wakeham 1985), MFA (C18:1®9) and PUFA com-
ponents exhibited bacterial signatures, collectively indicat-
ing natural FA inputs from soil organic matter (S-P Chang
1977).

Factor 2 (25.15% variance explained) featured medium-
chain SFAs (C10:0-C15:0), MFAs (Cl14:1, Cl6:1, C17:1),
and PUFAs (C18:2t, C22:5n3, C20:4, C18:3, C20:5). C15:0
originated from ruminant fats (Smedman 1999; Brevik et
al. 2005), C16:1 was enriched in fish (Nair and Gopakumar
1978), C13:0/C17:1 represented ginkgolic acid pharma-
ceuticals (Ding et al. 2022), and C18:3/C20:4 (arachidonic
acid) derived from botanical oils and animal tissues (Ser-
geant et al. 2016; Hanna and Hafez 2018), jointly character-
izing pharmaceutical/cosmetic lipid inputs.

Factor 3 (22.36% variance explained) was dominated
by long-chain SFAs (C17:0, C20:0-C24:0), MFAs (C17:1,
C20:1, C22:1, C24:1), and PUFAs (C22:2, C18:2). C22:1
(erucic acid) served as a rapeseed oil biomarker (Jacobs
2011; Rabbani et al. 2017), C20:1 was enriched in Sapin-
daceae seed oils (Hopkins and Swingle 1967), and C17:0/
C18:2 indicated ruminant fats and soybean oil (Jenkins et
al. 2017; Gunawan et al., 2010), confirming fecal contami-
nation sources.

Generally, the sources of fatty acids in shallow ground-
water can be broadly categorized into three groups: natural
sources from soil organic matter (Rieley et al. 1991), anthro-
pogenic sources from feces or domestic wastewater (Jenkins
et al. 2017) and anthropogenic sources from pharmaceutical
or cosmetic products present in domestic wastewater (Ding
et al. 2022; Eini, 2002). Previous studies have identified and
recognized fatty acids from surface soil organic matter, such
as C26:0, C28:0, C30:0, and other typical PUFA (18:3w3,
18:3w6). However, the typical representative fatty acids
from anthropogenic sources in groundwater remain unclear,
and more evidence is needed to identify them.

Enhancing data interpretation using microbial data

Groundwater pollution identification using biological
indicators

Previous studies suggest that feces-associated bacterial
families, including Bacteroidaceae, Porphyromonadaceae,
Clostridiaceae, Lachnospiraceae, and Ruminococcaceae,
can serve as indicators of sewage and fecal contamination
(Newton et al. 2013). When the relative contribution of these
signatures exceeds 2% of the total microbial community,
it suggests that the water may be affected by sewage and
fecal contamination (Newton et al. 2013; Zhu et al. 2019).
As depicted in Fig. 4, the sequences of these five families
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typically represent 0.3%—20.7% of the total sequences in
shallow groundwater. With the exception of sites ‘S1’ and
‘S19°, the relative contribution of sewage and fecal signa-
tures at all other sites exceeded 2%, indicating that most
groundwater samples were affected by manure and sewage.

Fecal-associated sources of fatty acid identification

Based on the PCA results in Sect. 3.3, factors 2 and 3 pri-
marily indicate fatty acids that originate from sewage and
fecal inputs in shallow groundwater. Therefore, we selected
variables with coefficients>0.8 in factors 2 and 3 as typi-
cal representative fatty acids to represent fatty acids from
sewage and fecal inputs in shallow groundwater. The
pharmaceutical or cosmetic sources of fatty acids include
SFA (C13:0, C14:0, C15:0), MFA (C16:1), and PUFA
(C20:5-Cis-5,8,11,14,17; C18:3-Cis-6,9,12, and C20:4-
cis-5,8,11,14) in factor 2. The fecal-associated sources
of fatty acids include SFA (C24:0), MFA (C22:1-Cis-13;
C20:1-Cis-11), and PUFA (C24:1; C22:2-Cis-13,16) in fac-
tor 3.

To determine the specific sources of fatty acids in shallow
groundwater between factor 2 and factor 3, we constructed a
relationship between feces-associated bacterial families and
the specific sources of fatty acids selected in factor 2 and
factor 3. As shown in Fig. 5, a strong positive relationship
was observed between feces-associated bacterial families
and fecal-associated sources of fatty acids (Fig. 5b), while
no significant relationship was found between feces-asso-
ciated bacterial families and pharmaceutical or cosmetic
sources of fatty acids (Fig. 5a). Thus, the typical representa-
tive fatty acids (C24:0; C22:1-Cis-13; C20:1-Cis-11; C24:1
and C22:2-Cis-13,16) in factor 3 are indicative of fecal-
associated sources.

Surface water—groundwater relationship, and their
influence on the occurrence of fatty acids

The water chemistry and stable isotopes (3D and 5'30) of
surface water and groundwater in the Lianjiang river water-
shed indicated that the river water was recharged by adjacent
groundwater, and that groundwater samples, particularly
shallow groundwater, were impacted by human activities.
Rapid infiltration via karst conduits facilitates downward
transport of river-derived fatty acids, amplified by micro-
bial solubilization (Zhu et al., 2020) and colloid-mediated
mobility (Sun et al., 2021). Given the water environment
characteristics and the relationship between surface water
and groundwater, it is necessary to study the occurrence of
fatty acids in karst watersheds. Based on the PCA results
and microbial data interpretation, the sources of fatty acids
in groundwater can be classified into three categories: @Soil
organic matter-associated source (C27:0+C29:0+C20:3-
cis-8,11,14+C30:0+C22:6); ®Pharmaceutical or
cosmetic-associatedsource(C13:0+C14:0+C16:1+C15:0+C20:5-
Cis-5,8,11,14,17+C18:3-Cis-6,9,12 + C20:4-cis-5,8,11,14);
and®Fecal-associatedsource(C24:1+C22:1-Cis-13+C20:1-
Cis-11+C22:2-Cis-13,16+C24:0)0.3.6.1. Spatial distribu-
tion characteristics of different sources of fatty acids.

Our study found that the concentrations of three differ-
ent sources of fatty acids in deep groundwater were much
higher than those in surface water and shallow groundwater,
and that the concentrations of these fatty acids in shallow
groundwater were the lowest. The concentrations of three
different sources of fatty acids in surface water were similar
to those in river water. Moreover, the concentration of phar-
maceutical or cosmetic-associated source fatty acids was
much higher than those of soil organic matter-associated
and fecal-associated source fatty acids (Table 4).

@ Springer
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Table 4 Descriptive statistics of fatty acids in different water bodies In the study area, soil organic matter-associated source of
(ng/L) fatty acids is not the primary contributor to the natural sources
Item River water  Shallow Deep of fatty acids in surface water (river water). This is because
groundwater _groundwater autochthonous sources of fatty acids in groundwater, includ-
A Range 9.7-80.8 1.7-518.0 13.7-1535.0 . L.
> ing plankton, algae, macrophytes, and bacteria in river water,
Median+=SD  38.0+20.6 36.7+117.6 87.7+468.5 1 | ionificant role i tributine to ids. Th
B Range 416 472043373 17— also play a significant role in contributing to atty acids. There-
3197.1.6.1 1177.6.7.6 fore, soil organic matter-associated source of fatty acids cannot
Median+=SD  160.6+955.4 106.1+£662.7 683.3+769.2 represent the entirety of natural sources of fatty acids in river
C  Range 16.0-849.5.0.5 52-796.52.5 37.2- water. Additionally, during the dry season when agricultural
452.8.2.8 activities are minimal and precipitation is scarce, river water is
Median+=SD  76.9+238.0 62.9+179.1 105.5+156.4

SD Standard deviation
A: Soil organic matter-associated source fatty acids
B: Pharmaceutical or cosmetic-associated source fatty acids

C: Fecal-associated source fatty acids

Our study found that the characteristics of the fatty
acids in surface water (river water) were similar to those
in groundwater, with pharmaceutical or cosmetic-associated
source of fatty acids dominating, followed by soil organic
matter-associated source of fatty acids. This suggests that
the fatty acids in river waters may serve as sources of
groundwater fatty acids. Additionally, a strong positive rela-
tionship was observed between DOC concentrations and the
concentrations of pharmaceutical or cosmetic-associated
source of fatty acids (p<0.05), as well as the concentrations
of fecal-associated source of fatty acids (p<0.05) in both
surface water and shallow groundwater (Fig. 6e, d, and h).
However, no significant relationship was found between the
concentrations of soil organic matter-associated source of
fatty acids and DOC concentrations in both river water and
shallow groundwater (Fig. 6a and b).

@ Springer

less affected by non-point source pollution. As a result, anthro-
pogenic sources of fatty acids through groundwater recharge,
specifically pharmaceutical or cosmetic-associated source and
fecal-associated source, are the primary sources of fatty acids
in river water. Interestingly, no significant positive relationships
were observed between the concentrations of fatty acids and
DOC in deep groundwater (Fig. 6e, f, and i). This suggests that
allochthonous sources (soil organic matter-associated sources)
and anthropogenic sources of organic matter (pharmaceutical
or cosmetic-associated source &. fecal-associated source) con-
tribute little to the total organic matter concentrations in deep
groundwater. However, the concentration of fatty acids in deep
groundwater was higher than those in shallow groundwater
and river water, indicating that the deep karst aquifer may act
as an organic matter sink during the dry season.

Conclusions

This study aimed to assess the concentration and spa-
tial variations of fatty acids, determine their sources in
shallow groundwater, and investigate the impact of the
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surface-groundwater relationship on fatty acids distribution
in the Lianjiang river watershed. The main conclusions of
this study are as follows: Fatty acids concentrations in shal-
low groundwater were similar to those in river water, while
fatty acid concentrations in deep groundwater were high-
est during the dry season. Fatty acids in shallow groundwa-
ter were classified into two main sources: natural sources
(soil organic matter sources) and anthropogenic sources
(pharmaceutical or cosmetic-associated source &. fecal-
associated source) based on PCA statistical methods and
microbial data. There was a significant positive correlation
(R?=0.53 for quadratic fit) between anthropogenic sources
of fatty acids in river water and shallow groundwater, which
explains the consistent anthropogenic sources of fatty acids
in both river water and deep groundwater. Hydrochemistry
and stable isotopes evidence showed that river water was
recharged by adjacent groundwater and was influenced by
the relationship between river water and shallow groundwa-
ter, which affected the spatial distribution of anthropogenic
sources of fatty acids. The deep karst aquifer may serve
as an organic matter sink in the karst watershed due to its
unique structural characteristics. In summary, findings from
this study have shown the importance of the interaction
between river and groundwater and their implications for
the potential DOM behavior in karst river basin. However,
further studies should be carried out to fully understand the
potential DOM behavior in karst river basin.
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