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Lipid biomarkers are amongst the most widely used proxies in studies of the

structure and functioning of marine food webs. However, vertical distributions of

lipid biomarkers and their controlling mechanisms remain unclear, especially in

highly dynamic coastal ecosystems. Here we tested vertical profiles of key lipid

biomarkers (sterols and fatty acids) in suspended particles and their correlations

with water masses in spring of 2017 and summer of 2018 in the Zhejiang coasts of

the East China Sea. The Changjiang Diluted Water, the Taiwan Strait Water and

the Kuroshio Subsurface Water showed strong contributions in the surface layer

in spring, the surface layer in summer, and the deep layer in both seasons,

respectively. Accordingly, lipid biomarker composition also varied between

different water layers. Overall, lipid biomarker concentrations in the surface

layer were around 2 ~ 7 times higher than those in the deep layer, indicating

high phytoplankton biomass in the surface layer. The ratio of docosahexaenoic

acid to eicosapentaenoic acid was also higher in the surface layer, especially in

the south of our study region, suggesting high nutritional quality of particulate

organic matters in the surface layer. Significant correlations between the depth

profiles of lipid biomarkers and water masses suggested the control of water

masses on lipid biomarker production. The distribution patterns of lipid

biomarkers in our study are consistent with previous findings on zooplankton

grazing and fish larvae, highlighting the significance of lipid biomarkers as trophic

markers to study food web structure and functioning in highly dynamic coasts.
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1 Introduction

Coastal ecosystems, located at the land-open ocean interaction

zone, possess rich biological and commercial resources, and they are

influenced by complex climate forcing and anthropogenic activities

(Lotze et al., 2006; Dai et al., 2023). The East China Sea (ECS)

coastal region along the Zhejiang Province nourishes a fast-growing

and high-density population. The hydrography in this region is

strongly affected by not only large riverine inputs from the adjacent

rivers such as the Changjiang River, but also the western boundary

current, the Kuroshio. Thus, riverine inputs and oceanic water

masses jointly regulate the ecosystems in the Zhejiang coast

(Peng et al., 2023).

Phytoplankton dynamics show strong spatiotemporal

variations in the Zhejiang coast, which further governs the

structure and functioning of marine food webs (Bai et al., 2015;

Zheng et al., 2015). Diatoms and dinoflagellates are dominant

phytoplankton groups in the Changjiang River Estuary (CRE)

and adjacent areas in the ECS. Diatoms are especially important

in summer influenced by the Changjiang River plume, while

dinoflagellates are important during spring blooms with a mid-

range salinity optimum and more pronounced temperature effects

(Liu et al., 2016; Li et al., 2023). The upwelling of Kuroshio

Subsurface Water (KSSW) has been also considered as a main

factor regulating diatom flourishing in the ECS coasts (Xu et al.,

2020). It has been reported that the variations in phytoplankton

growth closely coupled with zooplankton grazing, and both showed

significantly higher values in the surface water than in the deep

water (Zheng et al., 2015). Fish larvae assemblages also showed

regional characteristics, which fit perfectly with water masses (Lin

et al., 2016). Altogether, bottom-up processes have been shown to

control the trophic structure in the ECS (Bai et al., 2015). Food

chain effects of phytoplankton nutritional quality have been widely

observed, and phytoplankton chemical composition (e.g., essential

fatty acids (FAs) and sterols) determines nutritional quality of

phytoplankton as food for herbivores (Ruess and Müller-Navarra,

2019; Straile and Martin-Creuzburg, 2022). Thus, the shifts in

nutritional quality of phytoplankton should be considered for a

more complete understanding of food web dynamics in the

changing coastal ecosystems in the ECS.

Fatty acids and sterols are crucial components in all

eukaryotic cells, while in marine ecosystems, essential FAs and

sterols are mainly produced by phytoplankton (Dalsgaard et al.,

2003; Volkman, 2003). Besides being applied as nutritional

quality indicators, FAs and sterols can be also used as

phytoplankton chemotaxonomic biomarkers, as the presence

and combinations of certain FAs and sterols are characteristic

of particular phytoplankton classes (Dalsgaard et al., 2003; Cao

et al., 2023). Previous studies have reported the distributions of

FAs and sterols in suspended particles in the ECS (Sicre et al.,

1994; Shin et al., 2003; Nakanishi et al., 2012; Wu et al., 2016; Cao

et al., 2022), as well as other coastal regions in the world oceans

(e.g., Tolosa et al., 2003; Mayzaud et al., 2014; McLaskey et al.,

2024). For example, the concentration of a major polyunsaturated

fatty acid (PUFA) component, DHA [docosahexaenoic acid

(22:6n-3)], was highest at 5 ~ 20 m and decreased with depth
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at the contact zone between the Kuroshio water and the

Changjiang Diluted Water (CDW)/Yellow Sea central cold-

water masses in the ECS in spring 2008 (Nakanishi et al.,

2012). Bi et al. (2018) observed that lipid biomarkers (sterols

and C37 alkenones) in surface suspended particles can reflect

phytoplankton biomass and community structure, and the

variations of phytoplankton biomass and community structure

can be well elucidated by water masses in the northeastern ECS

and adjacent areas. To date, the distribution of lipid biomarkers

and its controlling mechanisms have been mostly illustrated

in the surface water, while our understanding of vertical

distributions of multiple lipid biomarkers and their correlations

with water masses is still limited in the ECS.

In this study, we assess vertical distribution patterns of lipid

biomarkers (FAs and sterols) and their correlations with water

masses in spring 2017 and summer 2018 in the Zhejiang coasts of

the ECS. Based on our previous studies in the ECS (Wu et al., 2016;

Bi et al., 2018), brassicasterol and dinosterol have been validated as

proxies of the biomass of diatoms and dinoflagellates, respectively.

As mentioned above, diatoms and dinoflagellates are dominant

phytoplankton groups in our study region, we thus also use

brassicasterol and dinosterol as proxies of diatom-dinoflagellate

community structure, with their sum (SPB) as a proxy of

total phytoplankton biomass and their proportion (% of SPB)
denoting the contribution of each phytoplankton group to

total phytoplankton biomass. The ratio of DHA to EPA

[eicosapentaenoic acid (20:5n-3)] (DHA/EPA) is applied as an

indicator of food quality, with the ratios of ~1 being considered

sufficient for most fish species (Copeman and Laurel, 2010). We

address the following questions: (1) Do lipid biomarkers show clear

vertical profiles? (2) Are there significant correlations between the

distributions of lipid biomarkers and water masses in the

ECS coasts?
2 Materials and methods

2.1 Study area

The study area is located at the edge of the coastal zone along

the coast of Zhejiang Province, with a water depth of about 50 m

and an offshore distance of about 100 km (Figure 1). This region is

the interface between land and sea in the western ECS. The CDW,

the Taiwan Strait Water (TSW) and the KSSW are the three most

important water masses and regulate the hydrophysical and

chemical properties, nutrients and ecological environments in this

region (Zhang et al., 2019; Luo et al., 2023). Among them, the

CDW, the diluted water of the largest river of China (Changjiang

River) which flows over 6300 km, is characterized by high nutrient

concentrations and high ratios of nitrogen to phosphorus (N:P),

caused by human activities such as fertilization (Zhang et al., 2021).

Both the TSW and the KSSW invade the ECS shelf under the effect

of monsoon. The TSW has high temperature, high salinity and

relatively low nutrient concentrations, while the KSSW

characteristically carries a high proportion of phosphorus (Chen,

1996; Zhang et al., 2021).
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Our cruises were carried out during April to May in spring of

2017 (cruises: MZ17SP during April 22 ~ May 13, and NORC2017–

03 during May 5 ~ 19) and August in summer of 2018 (cruise:

MZ18SU during August 4 ~ 21), with the study area spanning

between 27 ~ 32°N and 121 ~ 123.5°E. Analysis of temperature,

salinity, chlorophyll a (Chl a), dissolved oxygen (DO)

concentrations, nutrient concentrations and suspended particles

were conducted at a total of 20 stations. For samples of suspended

particles, sampling layers included the surface layer at 20 stations,

the middle layer at 13 stations and the bottom layer at 17 stations,

with the sampling depth shown in the Supplementary Table S1.

Temperature, salinity, and the concentrations of DO and Chl a were

measured in situ using CTD instruments (SBE 25 for the cruise

NORC2017–03, RBR concerto logger for the cruise MZ17SP, and

RBR XR–620 for the cruise MZ18SU). Sensors for the above

parameters were all calibrated before the cruises and Chl a based

on CTD in the summer cruise was calibrated with the solvent-

extracted ones. Parts of the data for temperature, salinity, Chl a

concentrations and nutrient concentrations were obtained from

previous studies: (Wei et al., 2021; Che et al., 2022).
2.2 Sampling and organic carbon,
biomarker and nutrient analysis

Samples for lipid biomarker analyses and particulate organic

carbon (POC) were collected by filtration on Whatman GF/F filters

(150 mm diameter, 0.7 µm). 10 ~ 100 L water was filtered for

suspended particles analysis (Supplementary Table S1). Analysis of

sterols (brassicasterol and dinosterol) and FAs were carried out

following the methods in Galy et al. (2011) and Zhao et al. (2000).
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Briefly, freeze-dried samples were firstly extracted using organic

solvent (methanol/dichloromethane = 1:3, v:v), then hydrolyzed

with 6% KOH in methanol and separated into the “neutral” fraction

and the “acid” fraction. The polar fraction (including sterols) in the

“neutral” fraction was subsequently separated using silica gel

column chromatography. Sterols were then derivatized by N,O-bis

(trimethylsily)-trifluoroacetamide at 70°C for 1 h. The “acid”

fraction, which was adjusted to the pH = 1, was extracted with

hexane and then derivatized at 70°C, with a mixture of HCl and

methanol (95:5, v:v). C19-alkanol and 19:0 were added as internal

standards. Sterols and FAs were analyzed by gas chromatography

(Agilent 7890 N and 8890A, respectively) with a HP-1 capillary

column (50 m × 0.32 mm × 0.17 mm) and a SP-2560 capillary

column (100 m × 0.25 mm × 0.20 mm), respectively. Individual FAs

were identified with reference to Supelco 37 component FAME

mixture. The recovery rate of the extraction based on the spiked

surrogate standard was 79 ± 11%. The detection limits for sterols

and FAs analysis were 5 ng L-1. POC was analyzed using an

Elemental Analyzer (Thermo Flash 2000), with the precision of

0.02% (wt%, n = 6). Before POC analysis, PIC was removed from

samples using HCl. For nutrient analysis, samples were collected at

6 and 10 stations in spring and summer, respectively. For samples

collected in spring, the concentrations of NOx (NO2
–+NO3

–), DIP

(dissolved inorganic phosphorus) and DSi (dissolved silicon) were

measured with a SAN Plus continuous-flow analyzer and 4802 UV/

VIS Double Beam Spectrophotometer for the cruise NORC2017–

03, and an AA3 continuous-flow analyzer for the cruise MZ17SP.

For samples collected in summer, the concentrations of NOx, NH4
+,

DIP and DSi were analyzed with a QUAATRO continuous-flow

analyzer for the cruise MZ18SU. The detection limits for nutrients

are shown in Supplementary Table S2.
A

B

FIGURE 1

Maps of current systems in the East China Sea in summer (A) and sampling stations (B) along the Zhejiang coast in spring of 2017 (blue dots) and
summer of 2018 (red triangles). KC, TC, TWC, ECSCC and YSCC represent the Kuroshio Current, the Tsushima Current, the Taiwan Warm Current,
the East China Sea Coastal Current and the Yellow Sea Coastal Current, respectively. The Changjiang Diluted Water (CDW), the Taiwan Strait Water
(TSW) and the Kuroshio Subsurface Water (KSSW) are the three most important water masses in the study area, regulated by ECSCC, KC and TWC.
The figure is based on data from Bian et al. (2013) and Wu et al. (2016).
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2.3 Water mass analysis

A MATLAB package, using a Bayesian Markov chain Monte

Carlo method (Bosch et al., 2015), was applied to test the relative

contributions of the three water masses (the CDW, the TSW and

the KSSW) in a three end-member mixing model based on mass

conservation of temperature and salinity. The end-members of the

CDW, the TSW and the KSSW were obtained based on the sample

locations, T-S properties and previous studies (Zhou et al., 2018;

Che et al., 2022) (Supplementary Figure S1; Supplementary Table

S3). The CDW was identified based on low salinity and low

temperature in spring, and low salinity and high temperature in

summer (Zhou et al., 2018; Chen et al., 2021). In both seasons, the

TSW was characterized by high temperature and high salinity,

while the KSSW was characterized by high salinity and a

temperature of ~ 19°C (Chen, 1996; Qi et al., 2017). The mean

SD for the calculated proportions of CDW, TSW and KSSW water

was 1%, 3% and 3% in spring, and 3%, 5% and 3% in

summer, respectively.
2.4 Statistics

To elucidate a common vertical distribution patterns, we

defined the surface and deep layers in data and statistical analysis.

The surface layer was defined as the depth < 5 m, consistent with

our previous work (Wu et al., 2016; Bi et al., 2018). The middle layer

(sampling depth: 12 ~ 30 m) was determined according to the depth

of deep chlorophyll maximum layer, and middle layer with high Chl

a concentrations or low DO concentrations. Water mass

proportions showed no significant difference between the middle

layer and bottom layer according to Mann-Whitney U test

(Supplementary Table S4), thus, the middle layer and bottom

layer were grouped as the deep layer and their values of lipid

biomarkers (and water mass proportions) were averaged.

Cluster analysis was utilized to explore the similarity of

water mass composition between the surface and deep layers

using Origin (version: Origin 2021). Subsequently, principal

component analysis (PCA) was performed based on water mass

proportions to explore the contributions of water masses to the

surface and deep layers in spring and summer. The same analysis

was implemented based on sterol proportions (as % of SPB) and
FA composition [as % of total fatty acids (TFAs)] to distinguish

the differences at each station in the surface and deep layer in both

seasons. PCA was also conducted based on the proportions of lipid

biomarkers under the dominance of different water masses in the

surface and deep layer in both seasons. PCA analysis was

conducted in R studio (version 4.3.0).

Spearman correlations were conducted using Origin (version:

Origin 2021) to explore the correlations between lipid biomarkers

(concentrations and proportions) and environmental variables (water

masses, hydrological parameters and nutrients). Correlations were

considered to be significant with p value < 0.05.
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3 Results

3.1 Distributions of water constituents

In spring, temperature ranged between 18.1 ~ 22.0°C and

showed higher values in the southern region of our study area

(Figure 2A). Salinity (range: 26 ~ 34.6) showed a clear increasing

trend from the surface layer in the north to the south (Figure 2B).

DO in the surface layer was 4.9 ~ 12.3 mg L-1, and it decreased with

depth (Figure 2C). NOx (0.1 ~ 27.6 mmol L-1) showed higher

concentrations north of 28.5°N, while DIP (0 ~ 0.5 mmol L-1) and

DSi (1.7 ~ 27.4 mmol L-1) showed high concentrations in the deep

layer and the whole water column, respectively, at 28 ~ 31°N

(Figures 2D–F). The concentration of Chl a (0.1 ~ 18.9 mg L-1)

had high values in the surface layer at 29.5°N (Figure 2G).

In summer, we observed warmer and fresher water in the upper

layers (temperature > 27.5°C; salinity < 31), and colder and saltier

water in the deep layer (temperature < 22.5°C; salinity > 33)

(Figures 2H, I). However, surface salinity in the south also reached

33. Overall, surface DO was higher than 5 mg L-1, with the formation

of hypoxia found at the deep layer at 28 ~ 29.5°N (Figure 2J). NOx

(0.1 ~ 32.9 mmol L-1) showed the highest concentrations in the

surface layer in the north, and it decreased southward (Figure 2K).

The concentrations of both DIP (0.1 ~ 1 mmol L-1) and DSi (1.4 ~

26.5 mmol L-1) showed higher values in the deep layer

(Figures 2L, M). The Chl a concentration (0.1 ~ 31.7 mg L-1)

showed high values in the surface layer north of 30°N (Figure 2N).
3.2 Characteristics of water masses

In spring, the CDW (proportion: 0.8 ~ 100%) spread southward

from the CRE, with the highest proportions (100%) in the surface

layer in the north and the lowest one in the bottom layer (Figure 3A).

In contrast, the KSSW (proportion: 0 ~ 98%) had high proportions

(up to 98%) in the deep layer across the study region (Figure 3B). The

TSW (proportion: 0 ~ 83%) showed high proportions (up to 83%) in

the south (Figure 3C). In summer, the CDW (proportion: 0.7 ~ 68%)

covered a smaller area compared to that in spring (Figure 3D). In

contrast, the TSW (proportion: 1.4 ~ 93%) covered a larger area

compared to that in spring (Figure 3F). For the KSSW (proportion: 0

~ 95%), the distribution of high-proportion area in summer was

similar to that in spring and occurred in the deep layer (Figure 3E).

The results of cluster analysis show that sampling seasons and

layers could be classified into three groups (surface layer in spring,

surface layer in summer, and deep layers in spring and summer) at

the 70% Bray-Curtis similarity level (Figure 4A). PCA on the

contribution of water masses shows a clear separation of the three

groups along the first two dimensions (Figure 4B). PC1 and PC2

explained 56.9% and 43.1% of the total variance, respectively.

Deep layers clearly separated from surface layers in both seasons

along the PC1, and the KSSW explained most of the PC1 pattern

(PCA loadings: -0.558 ~ 0.994; Supplementary Table S5). Surface

layers in spring and summer separated from each other along the
frontiersin.org
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PC2, with the CDW and in the opposite direction the TSW

explaining most of the PC2 pattern (PCA loadings: -1.012 ~

1.202; Supplementary Table S5).
3.3 Distributions of lipid biomarkers

In spring, total sterol concentrations (SPB) ranged from 49 to

1738 ng L−1, showing high values in surface waters in the south
Frontiers in Marine Science 05
(Figure 5A). The proportions of brassicasterol ranged from 50.2% to

98.4%, with high values in the south (> 90%; Figure 5B). In contrast,

dinosterol proportions (range: 1.6 ~ 49.8%) were relatively high in

the northern region (Figure 5C). The concentrations of TFAs

(range: 4.2 ~ 70.7 mg L−1) were higher in surface waters in the

south (Figure 6A). The proportions of saturated fatty acids (SFAs)

(range: 56.9 ~ 95.8%) showed lower values in surface waters where

those of monounsaturated fatty acids (MUFAs) (range: 3.2 ~ 41.1%)

were higher (Figures 6B, C). PUFA proportions areas were higher in
A

B

D

E

F

G

I

H

J

K

L

M

N

C

FIGURE 2

Vertical distributions of temperature (°C), salinity, DO (dissolved oxygen; mg L-1), NOx (NO2
–+NO3

–, mmol L–1), DIP (dissolved phosphate; mmol L–1),
DSi (dissolved silicate; mmol L–1) and Chl a (Chlorophyll a; mg L–1) in spring 2017 (A–G) and summer 2018 (H–N).
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the north, respectively (Figure 6D). DHA/EPA (range: 0 ~ 1.8) was

higher in upper layers in the south (> 1; Figure 6E). The organic

carbon-normalized concentrations of both SPB (range: 0.03 ~ 2.32

mg mg-1 C-1) and brassicasterol (range: 0.02 ~ 2.26 mg mg-1 C-1)

showed high values in surface waters in the south and in the north

at around 30.5°N (Supplementary Figures S2B, C), while high

carbon-normalized concentrations of dinosterol (range: 0.01 ~

0.45 mg mg-1 C-1) were only observed in surface waters in the

north (Supplementary Figure S2D). The organic carbon-normalized

concentrations of TFAs (range: 1.32 ~ 180.98 mg mg-1 C-1), SFAs

(range: 1.08 ~ 159.39 mg mg-1 C-1) and PUFAs (range: 0.04 ~ 2.22

mg mg-1 C-1) showed two high-value areas in the south and north,

respectively (Supplementary Figures S3A, B, D), while MUFAs

(range: 0.11 ~ 19.38 mg mg-1 C-1) had another high-value area at

~29°N (Supplementary Figure S3C). Note that the large ranges of

organic carbon-normalized concentrations of lipids were due to the

extremely low concentration of lipids at certain stations. For

example, at station A2–3 there was the lowest organic carbon-

normalized concentrations of SPB of (0.03 mg mg-1 C-1), among all

stations, resulting in the large range of SPB (mg mg-1 C-1)

(Supplementary Table S6).

In summer, the concentrations of SPB (range: 53 ~ 2125 ng L−1)

were markedly high in the north (Figure 5D). Brassicasterol

proportions (range: 36.6 ~ 97.4%) were higher in the north (>

90%; Figure 5E) and those of dinosterol (range: 2.6 ~ 63.4%) were

higher in the south (Figure 5F). Similar to SPB, TFA concentrations

were also clearly high in the north (Figure 6F). The proportions of

SFAs (range: 56.9 ~ 91.2%) were generally higher in the upper layers

in the south and deeper layers in the north (Figure 6G). The

proportions of MUFAs (range: 6.1 ~ 34.8%) were higher in deep
Frontiers in Marine Science 06
layers at around 29°N and in surface waters in the north

(Figure 6H), while PUFAs (range: 1.7 ~ 8.3%) were higher in

deep layers across the study region (Figure 6I). DHA/EPA (range:

0.4 ~ 1.9) was higher in upper layers in the south and deep layers in

the north (> 1; Figure 6J). For organic carbon-normalized

concentrations, SPB (range: 0.19 ~ 2.00 mg mg-1 C-1) and

brassicasterol (range: 0.08 ~ 1.95 mg mg-1 C-1) had similar

distribution patterns, showing the highest values in the surface

layer in the north at around 30°N (Supplementary Figures S2E, F),

while dinosterol (range: 0.03 ~ 0.36 mg mg-1 C-1) showed high

values in the south (Supplementary Figure S2G). The organic

carbon-normalized concentrations of all FA groups showed

similar distribution patterns, with higher values observed in the

middle layer at around 28.5°N and in the surface layer north of 29.5°

N (Supplementary Figures S3E–H).

The results of PCA on the proportions of lipid biomarkers show

that the deep layer in spring was clearly separated from surface layers in

both seasons and the deep layer in summer along the PC1, with PC1

and PC2 explaining 24.8% and 21.1% of the total variance, respectively

(Figure 7). The characteristic lipid biomarker profile for the deep layer

in spring was high proportions of 16:0 and 18:0 (PCA loadings along

the PC1: -2.478 to 1.105; Supplementary Tables S7, S8).
3.4 Correlations between lipid biomarkers
and environmental factors

In spring in the surface layer, significant correlations were found

between the proportions of brassicasterol (and dinosterol) and most

environmental parameters (Figure 8A). Significant positive
A

B

D

E

FC

FIGURE 3

Vertical distributions of the proportions (%) of the three water masses in spring 2017 (A–C) and summer 2018 (D–F). The CDW (Changjiang Diluted
Water), the KSSW (Kuroshio Subsurface Water) and the TSW (Taiwan Strait Water) are shown in in (A, D), (B, E) and (C, F), respectively.
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correlations were also observed between MUFA proportions (and

DHA proportions) and N:P, and between DHA/EPA and the TSW

(and temperature). DHA/EPA correlated negatively with DO. In

spring in the deep layer, most lipid biomarkers showed significant

correlations with nutrient parameters (Figure 8B).

In summer in the surface layer, significant correlations were

observed between most lipid biomarkers and environmental factors,

except for the proportions of brassicasterol, dinosterol and DHA
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(Figure 8C). However, in the deep layer significant correlations were

only observed between total sterol concentrations and DIP, and

between TFA concentrations and N:Si (Figure 8D).

In both seasons, the concentrations of SPB and Chl a showed

significant positive correlations in the deep layer in spring (r = 0.90;

p = 0.0003) and the surface layer in summer (r = 0.76; p = 0.01),

while they showed non-significant correlations in the surface layer

in spring or the deep layer in summer.
B

A

FIGURE 4

Cluster analysis (A) among the sampling stations and PCA biplot (B) based on the proportions of water masses (CDW, Changjiang Diluted Water;
KSSW, Kuroshio Subsurface Water; TSW, Taiwan Strait Water) at each station in the surface and deep layer in spring 2017 and summer 2018.
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4 Discussions

Our study shows that the three primary water masses (the

CDW, the TSW and the KSSW) had clear vertical distribution

patterns in our study region (Figures 3, 4). Lipid biomarker

concentrations and composition also varied throughout the water

column (Figure 9; Supplementary Figures S4, S5). As the high-

values areas of organic carbon-normalized concentrations were

similar between lipid biomarkers (Supplementary Figures S2, S3,

S6), our discussion will focus on lipid biomarker proportions. Our

results showed that the effects of water masses on lipid biomarker

composition varied among different depth and different seasons

(Supplementary Figure S4; Supplementary Tables S7, S9). As the

presence and combinations of certain lipid biomarkers can be

applied as phytoplankton chemotaxonomic biomarkers, the

relationship between lipid biomarkers and water masses indicates

the regulation of water masses in phytoplankton distribution. The

influence of water masses on plankton and fishes has been also

observed in the ECS (Bi et al., 2018; Sun et al., 2021; Shin et al.,

2022), the Faroe Shelf in the northeast Atlantic (Eliasen et al., 2017),

and the western tropical South Atlantic (Giachini Tosetto et al.,

2022). These findings suggest that the influence of water masses

should be considered in elucidating the mechanisms controlling

vertical distribution of phytoplankton and higher trophic levels.
4.1 Lipid biomarkers in the surface layer

We observed that among the three water masses studied, the

CDW and the TSW showed highest contributions in the surface
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layer in spring and summer, respectively (Figures 3, 4B). Similarly,

previous studies also found that water masses varied seasonally in

our study region (Che and Zhang, 2018; Zhou et al., 2018; Che et al.,

2022). This seasonal variation can be attributed to the changes in

wind and riverine discharge. From spring to summer, the southerly

winds and riverine discharge become stronger. As a result, the main

body of CDW occurred further northeast of the CRE (Qi et al.,

2014) and the influence area of TSW became larger in our

study region.

Simultaneously, the proportions of lipid biomarkers in the

surface layer also varied between spring and summer and showed

significant correlations with water masses in certain conditions

(Supplementary Figures S4A, C; Figures 8A, C). For example, we

observed that the proportions of dinosterol showed significant

positive correlation with the CDW in the surface layer during

spring (Figure 8A). In contrast, the proportions of brassicasterol

showed a significant negative correlation with the CDW in the

surface layer during spring (Figure 8A). Previous results of

phytoplankton enumerations showed high abundance of

dinoflagellates outside the CRE and that of diatoms further

seaward in the surface layer in spring (20 April ~ 9 May of 2017,

the same period with our cruise) (Guo et al., 2020). Thus, our lipid

biomarker results are comparable with that of phytoplankton

enumerations, indicating the applicability of brassicasterol and

dinosterol as proxies of diatom and dinoflagellate biomass,

respectively, in our study region.

For FAs, we observed significant positive correlations between

DHA/EPA and TSW proportions in both seasons (Figures 8A, C).

While neither DHA nor EPA proportions showed significant

correlations with water masses in spring, we found significant
A

B

D

E

FC

FIGURE 5

Vertical distributions of total sterol concentrations (SPB, the sum of brassicasterol and dinosterol, ng L–1) and the proportions of each sterol in spring
2017 (A–C) and summer 2018 (D–F).
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A

B

D

E

F

G

I

H

J

C

FIGURE 6

Vertical distributions of the concentrations of total fatty acids (TFAs, mg L–1), the proportions of saturated fatty acids (SFAs), monounsaturated fatty
acids (MUFAs) and polyunsaturated fatty acids (PUFAs), and the ratios of DHA to EPA (DHA/EPA; C22:6n-3/C20:5n-3) in spring 2017 (A–E) and
summer 2018 (F–J).
FIGURE 7

PCA biplot based on the proportions (%) of lipid biomarkers at each station in the surface and deep layer in spring 2017 and summer 2018.
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negative correlations between EPA and TSW proportions and non-

significant correlations between DHA and TSW proportions in

summer, which can explain significant positive correlations

between DHA/EPA and TSW proportions. A high level of EPA is

a characteristic FA pattern in diatoms (Kelly and Scheibling, 2012;

Bi et al., 2014; Cao et al., 2023). The TSW is derived from the South

China Sea Warm Current Water (Bian et al., 2013) and

characterized by low nutrient concentrations (Chen, 1996; Zhang

et al., 2019). A recent laboratory study reported significant positive

effects of nutrient concentrations on carbon-normalized

concentrations of EPA in marine diatom Phaeodactylum

tricornutum (Cao et al., 2023). Thus, EPA production in diatoms

may reduce in low-nutrient regions where TSW proportions were

high, resulting in high DHA/EPA in the surface layer in these

regions in summer. It should be noted that as a high ratio of EPA/

DHA has been considered as biomarkers for diatom-dominated

phytoplankton communities (Kelly and Scheibling, 2012), a positive

correlation between the CDW and DHA/EPA should be expected,

because the CDW showed significant positive correlations with

dinosterol proportions and negative ones with brassicasterol in
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surface water in spring (Figure 8A). However, the opposite was

observed in surface water of both seasons (non-significant negative

correlations in spring, and significant negative correlations in

summer) (Figures 8A, C). As discussed above, the distribution of

DHA/EPA correlated significantly with TSW proportions surface

water in both seasons (Figures 8A, C). Thus, the effects of multiple

water masses should be considered in explaining the distribution of

lipid biomarkers.
4.2 Vertical distribution patterns of
lipid biomarkers

We observed clearly different FA composition between spring

and summer in the deep layer, with the spring samples

characterized by high proportions of 16:0 and 18:0, and the

summer samples characterized by high proportions of PUFAs

such as EPA and DHA (Figure 7). The proportions of SFAs

decreased from 86 ~ 95% in spring to 64 ~ 85% in summer, while

the proportions of MUFAs and PUFAs in increased from 5 ~ 13%
B

C

D

A

FIGURE 8

Spearman’s rank correlation coefficients between lipid biomarkers and environmental factors in the surface and deep layer in spring 2017 (A, B) and
summer 2018 (C, D). TFAs, total fatty acids; SFAs, saturated fatty acids; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids;
DHA, C22,6n-3; EPA, C20,5n-3; CDW, the Changjiang Diluted Water; TSW, the Taiwan Strait Water; KSSW, the Kuroshio Subsurface Water; DO,
dissolved oxygen; NOx, NO2

– + NO3
–; DIP, dissolved phosphate; DSi, dissolved silicate. Red and blue solid circles refer to positive and negative

correlations, respectively. The size and shade of the circles represent correlation coefficients, with a larger size and deeper color referring a higher
coefficient. *Significant correlation at p < 0.05; **significant correlation at p ≤ 0.01; ***significant correlation at p ≤ 0.001.
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in spring to 15 ~ 36% in summer (Supplementary Figures S5B, D).

Connelly et al. (2016) also observed seasonal patterns of FA

proportions in the Beaufort Sea shelf, showing higher proportions

of 18:0 in winter/spring and deeper water samples, and higher EPA

proportions in summer and autumn. High proportions of SFAs

typify detrital and degrading materials, indicating poor quality of

particulate organic matters (Leu et al., 2006; Connelly et al., 2016).

However, high proportions of PUFAs are essential for many

animals and maintain their high food conversion efficiency,

growth and reproduction (Brett and Müller-Navarra, 1997;

McLaskey et al., 2022). Indeed, it has been reported that

zooplankton abundance in summer was higher than that in

spring during the 1960s ~ 2020 in the CRE and adjacent areas

(Du et al., 2022). More recently, Wang et al. (2023) observed

significant positive correlations between the abundance of

dominant zooplankton species and Chl a concentrations in the

summer of 2019 in the CRE and adjacent areas, suggesting that high

food availability and favorable environment supported high

abundance of zooplankton. Our results show that the mean

PUFA concentrations were clearly higher in summer (4.66 mg L-1)

than that in spring (0.34 mg L-1) in the north of our study region, i.e.,
adjacent areas of the CRE (stations A2–3 and A3–8 in spring, and

stations A2–4 and A4–5 in summer; Supplementary Figures

S7B, D), indicating that higher nutritional quality of food may

also play important roles in supporting higher zooplankton

abundance in summer than in spring in the north of our

study region.

Overall, we found that lipid biomarker concentrations (ng L-1)

in the surface layer were around 2 ~ 7 times higher than those in the

deep layer, with the largest difference between the surface and deep

layers observed for sterol concentrations in spring (Figure 9A).

Similar results were reported in the South East Pacific, showing that
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the concentrations of the sum of 24-methylcholesta-5,24(28)dien-

3b-ol and dinosterol decreased with depth at most stations (Tolosa

et al., 2008). Also in the northern Sargasso Sea off Bermuda, higher

sterol concentrations (carbon-normalized) were observed in the

surface layer within the depth < 100 m during April and November

2015 (Pedrosa-Pamies et al., 2018). These depth profiles of

phytoplankton-derived lipids within the epipelagic layer clearly

reflected vertical variation in phytoplankton abundance (Pedrosa-

Pamies et al., 2018). In our study, high concentrations of lipid

biomarkers in suspended particles in the surface layer are consistent

with previous observations in phytoplankton abundance, which was

generally higher in the surface layer than the deep layer (Jiang et al.,

2015; Guo et al., 2020). Our study thus provides the first evidence

for the applicability of lipid biomarkers as proxies of vertical

variations in phytoplankton abundance in highly dynamic

coastal regions.

Moreover, DHA/EPA in the surface layer was overall higher

than that in the deep layer, especially in the southern part of our

study region, in both seasons (Figures 6E, J; Supplementary

Figure S8). As mentioned above, significant correlations between

DHA/EPA (and EPA proportions) between TSW proportions

suggest the important roles of TSW in regulating the production

of EPA in diatoms, i.e. high temperature at the high TSW-

proportion regions resulting in low production of EPA in diatoms

(Figures 8A, C). Also, we found high total sterol concentrations

(SPB) in the surface layer in the southern region, indicating high

phytoplankton biomass (Figure 5A). Both food quantity and quality

regulate zooplankton nutrition and thus the trophic interaction

across the phytoplankton-zooplankton interface (Sterner and

Schulz, 1998; Boersma and Kreutzer, 2002; Bi and Sommer,

2020). In our study, high food quantity (as revealed by total sterol

concentrations) and quality (as revealed by DHA/EPA) in the
B

C

D

A

FIGURE 9

The concentrations and proportions of sterols (A, C) and fatty acids (B, D) in the surface and deep layer in spring 2017 (A, B) and summer 2018 (C, D).
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surface layer in the southern region were in agreement with the

significantly higher microzooplankton grazing rates in the surface

water than in the deep water in summer in the ECS (Zheng et al.,

2015). For fishes at high trophic levels, it has been observed that

mixed-shore and northern-offshore assemblages of fish larvae are

present in the southern and northern parts of our study region,

respectively (Lin et al., 2016). This distribution pattern of fish larvae

may be influenced by the adult fishes, currents and feeding behavior

of the larvae (Lin et al., 2016). The consistent distributions between

lipid biomarkers in our study and zooplankton grazing/fish larvae

in previous work highlight the important roles of nutritional quality

of phytoplankton in regulating trophic dynamics in coastal

food webs.

In summary, our results show that the effect of water mass on

lipid biomarkers varied with conditions, i.e., between different

depths and between different seasons. For example, in both

seasons the correlations between the KSSW proportions and SPB
concentrations were positive in the surface layer and negative in the

deep layer (Figure 8). This depth-dependent effect of water masses

was associated with differential proportions of KSSW between

depths, i.e., lower proportions in the surface layer (mixing with

the CDW and TSW) and higher ones in the deep layer. The above

results suggest that the increase in the KSSW would enhance SPB in

the surface layer but not in the deep layer. Moreover, the seasonal

dependence of water mass effects was also observed, e.g., significant

negative correlations between TSW and PUFA proportions in

summer but not in spring (Figure 8). This seasonal pattern may

be related to the increasing proportion of TSW from spring to

summer, with high proportions of TSW occurred only in the

southern region (stations G4 and H5) in spring and throughout

the study region in summer (Figure 3). In addition, laboratory

experiments showed that characteristic FA profi les of

phytoplankton classes underlie fluctuations according to culture

conditions (Bi et al., 2014; Cao et al., 2023). Environmental changes

can alter the production of lipid biomarkers, e.g., up to ca. 103%

increase observed in carbon-normalized concentrations of EPA in

the diatom P. tricornutum under high nutrient conditions (Cao

et al., 2023). Thus, the variations in water mass distribution and

proportions, as well as associated environmental drivers (e.g.,

nutrient concentrations), should be systematically considered

when applying lipids as proxies of phytoplankton community,

particularly in highly dynamic coastal regions.
5 Conclusions

This study first illustrates the vertical distribution of lipid

biomarkers and its correlations with water masses in spring and

summer in the Zhejiang coast of the ECS. The three major water

masses, CDW, TSW and KSSW, showed a clear vertical profiles and

seasonal variations, strongly contributing to the surface layer in

spring, the surface layer in summer, and the deep layer in both

seasons, respectively. Accordingly, the distribution patterns and

composition of lipid biomarkers were also depth dependent and

varied between spring and summer. Specifically, the deep layer in
Frontiers in Marine Science 12
spring was characterized by high proportions of 16:0 and 18:0, and

the surface layer in spring and the two layers in summer were

characterized by high proportions of PUFAs such as EPA and DHA.

Overall, the concentrations (ng L-1) of lipid biomarkers were 2 ~ 7

times higher in the surface layer than in the deep layer. The

nutritional quality indicator DHA/EPA was also higher in the

surface layer than in the deep layer in both seasons. These

distribution patterns of lipid biomarker concentrations and

composition are consistent with those of zooplankton grazing and

fish larvae in previous work, revealing the important roles of lipid

biomarkers in energy flow of food webs and the applicability of lipid

biomarkers as proxies for marine ecosystem changes.
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