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Predicting the magnitude of herbicide impacts on marine primary productivity
remains challenging because the extent of worldwide herbicide pollution in
coastal waters and the concentration-response relationships of phytoplankton
communities to multiple herbicides are unclear. By analyzing the spatio-
temporal distribution of herbicides at 661 bay and gulf stations worldwide
from 1990 to 2022, we determined median, third quartile and maximum
concentrations of 12 triazine herbicides of 0.18 nmol L™, 1.27 nmol L™ and
29.50 nmol L™ (95%Confidence Interval: Cl 1.06, 1.47), respectively. Under
current herbicide stress, phytoplankton primary productivity was inhibited by
more than 5% at 25% of the sites and by more than 10% at 10% of the sites (95%
Cl 3.67, 4.34), due to the inhibition of highly abundant sensitive species,
community structure/particle size succession (from Bacillariophyta to Dino-
phyceae and from nano-phytoplankton to micro-phytoplankton), and result-
ing growth rate reduction. Concurrently, due to food chain cascade effects, the
dominant micro-zooplankton population shifted from larger copepod larvae
to smaller unicellular ciliates, which might prolong the transmission process in
marine food chain and reduce the primary productivity transmission effi-
ciency. As herbicide application rates on farmlands worldwide are correlated
with residues in their adjacent seas, a continued future increase in herbicide
input may seriously affect the stability of coastal waters.

Millions of tonnes of herbicides are used annually worldwide'?, 70% of
which eventually enter the ocean through runoff?, and various herbi-
cides are frequently detected at concentrations that pose risks in
seawaters throughout the world*®. More than half of these herbicides
are photosynthetic inhibitors that can significantly inhibit the photo-
synthesis of phytoplankton at very low concentrations (ppb)°. The
inhibition of photosynthesis in coral symbiotic algae (zooxanthellae)
by herbicides is thought to be an important factor contributing to the
bleaching of coral reefs in Australia’s Great Barrier Refs. 7,8. Our pre-
vious study found that some dominant offshore species (e.g., Phaeo-
dactylum tricornutum and Chaetoceros sp.) were extremely sensitive to

triazine herbicides, and atrazine at ambient concentrations (1 pgL™)
significantly inhibited their photosynthesis (approximately 57% of
photosynthetic genes were significantly downregulated) and wea-
kened their chlorophyll a fluorescence intensity”'°. Marine phyto-
plankton contribute approximately 50% of the total global primary
productivity and play a vital role in global carbon cycling". Whether
the inhibition of sensitive phytoplankton communities by herbicides
will seriously affect offshore primary productivity and thus lead to
offshore desertification is an important potential problem.

Many studies on the toxicity of herbicides to microalgae have
been carried out, and the results showed that herbicides have
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significant effects on the photosynthetic physiology, nutrient uptake
rate, and the expression of key carbon sequestration enzyme-encoding
genes of planktonic algae”™. These findings are very helpful for
understanding the sensitivity differences of different phytoplankton
species to herbicides. However, it is difficult to truly understand the
ecological effects of herbicides in situ from the individual or popula-
tion response level of algae alone, and the impact of herbicides on the
structure of the phytoplankton community cannot be based on
changes in photosynthetic physiological indicators alone. Marine pri-
mary productivity is the aggregate of various phytoplankton groups,
and the community structure and particle size of phytoplankton are
two key indicators of primary productivity">'®. Different phytoplankton
groups have different preferences for substrates (such as NO;~ and
NH,") and different growth rates, leading to different production levels
and ecological significance”®, In addition, the productivity and energy
flow pathways formed by phytoplankton with different particle sizes
are also different. The smaller pico-phytoplankton mainly enter the
complex microbial loop through ingestion by heterotrophic protists'?,
while the larger nano- and micro-phytoplankton mainly enter the
classic food chain (phytoplankton->heterotrophic protists->zoo-
plankton), with higher energy conversion efficiency”. Therefore, the
inhibitory effects of herbicides on high-abundance and sensitive
groups (e.g., P. tricornutum and Chaetoceros sp.) may not only lead to a
decrease in overall primary productivity but may increase the pro-
portion of phytoplankton groups that are resistant to herbicides,
which may trigger succession of the community structure and changes
in the algal cell particle size composition, thus changing the growth
rate and energy conversion efficiency. Therefore, exploring the effects
of the suppression of sensitive algae on the abundance, community
composition, and particle size of phytoplankton is expected to explain
the effects of modern intensive agriculture on marine primary
production.

However, it is not enough to simply establish the concentration-
response relationship between herbicides and phytoplankton primary
productivity to assess the extent of herbicide effects on primary pro-
ductivity in coastal waters, which is closely related to the residual
status of herbicides in the coastal waters. Rather, determining the
scope and degree of offshore herbicide pollution is critical. However,
most of the current research on herbicide toxicity is based on risk
assessments of a single herbicide in a small region’*”, and a compre-
hensive understanding of the current status of herbicide pollution in
global coastal waters is lacking, which severely limits the assessment of
herbicide effects on primary productivity. To quantify the impact of
current herbicide pollution on offshore primary productivity on a
larger scale, we first collected survey data published from 1995 to 2022
on herbicide pollution in bay and gulf around the world. The temporal
and spatial distribution patterns and background values of herbicides
in the coastal waters of typical bay and gulf areas on all continents were
determined. This approach aimed to help answer key scientific ques-
tions such as the scope of herbicide pollution in offshore waters and
how large of an area of phytoplankton primary productivity is affected.

In fact, even after understanding the distribution of various her-
bicides in coastal waters, exploring the effects of these herbicides on
coastal primary productivity at current environmental concentrations
is still challenging. In contrast to the single herbicide types typically
found in farmland soils, the ocean is the final sink for nearly all her-
bicides, and the composition of herbicides in seawater is extremely
complex'®*72, There is an additive toxicity effect among herbicides
with the same mode of action®. Thus, assessing the ecotoxicity of
individual herbicides does not reflect in situ conditions. However, few
studies have evaluated the cumulative toxicity of herbicides to phy-
toplankton. In addition, there are differences in the types, concentra-
tions, and proportions of herbicides in different sea areas and even at
different locations within the same area. It is unrealistic to simulate the
distribution of herbicides at various sites and to test their ecological

effects through experiments. To truly reflect the stress effects on
phytoplankton under the current herbicide pollution levels, we first
established the concentration-effect relationship curve and a toxicity
equivalence database for each herbicide to a representative popula-
tion of phytoplankton. Then, these were combined with the con-
centration addition model, in which the total concentration of various
herbicides in a specific sea area/station that was obtained from a
marine survey was expressed by the toxic equivalent quantity (TEQ) of
a typical herbicide to normalize the various herbicide homologs
remaining in the water body. On this basis, a comprehensive analysis of
the responses of key indicators of phytoplankton primary productivity
to herbicide stress within an equivalent TEQ range could be used to
quantify the impact of compound pollution from multiple herbicides
on the primary productivity of large sea areas.

Agricultural production is the main source of herbicides in coastal
waters, and the types and dosages of herbicides used on farmlands
largely determine the herbicide pollution status in the adjacent
seas”>”. At present, there are more than 1500 herbicides on the market
worldwide, with more than 300 active ingredients®. There are differ-
ences in the types of herbicides applied in different regions and on
different crops. If a geographic, quantitative database of global her-
bicide usage and residues can be established, it will be possible to
predict the types and even concentrations of herbicides in coastal sea
areas based on the nearby herbicide usage, which may guide marine
monitoring of herbicides. Therefore, we first tried to retrieve the
average usage data of 52 herbicides that are currently being widely
used worldwide from the PEST-CHEMGRIDSv1 global database”
established by Maggi et al., and reanalyzed them in combination with
the Food and Agriculture Organization (FAO) Enterprise Statistics
Database”® and the National Integrated Pesticide Project Database” of
the United States Geological Survey to draw the geographic distribu-
tion map and ecological risk level map of global herbicide usage.
Combined with marine surveys, the indication effects of the types and
amounts of herbicides used on farmlands on the pollution status of
herbicides in adjacent sea areas were tested, and the correlation was
verified between the inhibition degree of primary productivity in each
bay and gulf area and the ecological risk level of the herbicide residues
in its surrounding farmlands. This work will provide suggestions for
reducing emissions, preventing herbicide overuse on the premise of
ensuring food security, and ensuring coastal ecological health.

This study aims to reveal the current global status of marine
herbicide pollution and evaluate its impacts on marine primary pro-
ductivity and secondary effects on higher trophic levels (Fig. S1). By
analyzing the spatiotemporal distribution of herbicides at 661 bay and
gulf stations worldwide from 1990 to 2022, an overall picture of the
current status of herbicide pollution in global coastal waters was
obtained; by establishing the toxicity equivalent database of each
herbicide and the dose-response relationship between the con-
centration of atrazine and chlorophyll a in seawater at the phyto-
plankton community level, the overall inhibition effect of 12 triazine
herbicides on phytoplankton primary productivity was quantified; by
analyzing the effects of herbicides on phytoplankton community
structure, particle size composition, production cycle, and energy
transfer process (Fig. S2), the potential mechanism of herbicides
inhibiting phytoplankton primary productivity was elucidated; More-
over, the effect of herbicides on higher trophic levels and the possi-
bility of predicting marine herbicide pollution through indicators of
herbicide use on land were explored.

Results

Temporal and spatial distribution of herbicides in global bay
and gulf waters

Among 32 herbicides in 5 categories, triazine herbicides (12) accoun-
ted for 37.5% of the total types, and their detection frequency reached
95% among the 661 stations within the 7 sea areas of 5 continents
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(Fig. 1). The Gulf of Mexico, East Asia and Vilaine Bay were areas of high
concentrations of triazine herbicides, with median concentrations of
3.84 nmol L™ (95%Confidence Interval: CI 1.82, 9.93), 2.28 (95%Cl 1.89,
2.61) nmol L™ and 1.64 (95%Cl 0.52, 2.76) nmol L™ and the highest
detection concentrations of up to 13.67 nmol L™, 12.07 nmol L and
11.68 nmol L7, respectively (Fig. 1, Table S1). The total concentration of
triazine herbicides in water bodies such as East Asia (one-way ANOVA,
p <0.001), the US East Coast (one-way ANOVA, p <0.001), and South
Africa (one-way ANOVA, p=0.042) showed a gradual upward trend
over time (Fig. 1).

Prediction of the effects of herbicide pollution on phyto-
plankton primary productivity
Here and elsewhere, uncertainties were reported as mean + standard
deviation (SD). The toxicity of 12 triazine herbicides to P. tricornutum
Pt-1 were significantly different (EC50 values were between 4.3 + 0.3
and 849.1+21.7 nmol L™) (Fig. S3). Cybertron and terbutryn showed
high toxicity values, 30 and 16 times higher than that of atrazine,
respectively (Table S2). Therefore, the overall toxicity of these 12
herbicides cannot be expressed simply by adding up the concentra-
tions of each herbicide. The concentration-response curves of the 12
triazine herbicides all conformed to the logistic or Weibull equation
(Fig. S3, Table S2), and the fitting coefficients (R?=0.989-0.999)
indicated that the toxicity of each herbicide to phytoplankton had a
good dose correlation, indicating that the precondition for equivalent
conversion was met. The concentrations of atrazine that had an
equivalent toxic effect to that of the in situ concentrations (equi-
effective concentrations) of all 12 detected triazine residues were
180°

120°W 60°W

calculated to be 0-47.58 nmol L™ (Fig. S3, Table S2), and the corre-
sponding median, third quartile, and maximum concentration values
were 0.54 nmol L™, 5.09 nmol L™ and 47.58 nmol L™ (95%CI 3.33, 4.33),
respectively (Fig. 2). Camps Bay and Maputo Bay in South Africa, the
Yellow Sea and the Bohai Sea in Asia, and the Gulf of Mexico in North
America were high-value areas, with median equi-effective con-
centrations of 9.47 nmol L™ (95%Cl 3.33, 14.33), 8.74 (95%Cl 7.90,
9.58) nmol L™, and 7.31 nmol L™ (95%CI 2.32, 11.28), respectively. The
highest equivalent concentrations in Maputo Bay, the Yellow River
estuary, and the coastal waters of the Gulf of Mexico even reached
47.58nmol L7, 23.16 nmol L™, and 22.91 nmol L7, respectively (Fig. 2,
Table S1). With reference to the equi-effective concentrations, three
concentrations that were similar to the in situ concentrations of tria-
zine herbicides, that is, a low dose (0.5 nmol L™), an intermediate dose
(5nmol L™), and a high dose (50 nmol L), were established to study
the impacts of triazine herbicides on phytoplankton primary
productivity.

High-throughput sequencing showed that Bacillariophyta (Chae-
toceros tenuissimus, nano-phytoplankton) and Dinophyceae (Gyrodi-
nium jinhaense, Adenoides eludens, Ankistrodinium semilunatum and
Euduboscquella sp., micro-phytoplankton) were the dominant groups
of phytoplankton in the natural seawater, with relative proportions
(OTU count data) of 77.4 + 5.87% and 17.8 + 2.16%, respectively (Fig. 3,
Table S4). Atrazine exposure had significant impacts on the phyto-
plankton community, which was indicated by both the significant
variation in alpha diversity (p=0.041) (Table S3) and the principal
coordinate analysis (PCoA) profile (p=0.01; R = 0.81) (Fig. S4a, Fig. 3).
Under the stress of low, medium and high doses of atrazine, the
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Fig. 1| Geographical distribution of the total concentration (nM) of 12 triazine
herbicides in typical bay and gulf worldwide. The box-scatter plots show the
residual concentrations of herbicides. Each point in the scatter plots corresponds
to a survey site, arranged from left to right in chronological order (1990-2000,
2001-2011, and 2012-2022). Significant differences among chronological stages
were calculated using one-way analysis of variance (ANOVA). Box plot whiskers of
the box chart on the left represent the minimum and maximum values, with bounds

of the box representing the first quartile, median (marked by yellow line), and third
quartile of 12 triazine herbicides at all sites in the corresponding sea area (n =16,
128, 34, 271, 21, 168, and 22 independent survey sites, from left to right). The solid
circle in each sea area represents the median value of the total concentration of the
12 triazine herbicides at each station in that area, with a larger circle size repre-
senting a larger median value. Source data are provided as a Source Data file.
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Fig. 2| Geographical distribution of equi-effective concentrations of atrazine in
typical bay and gulf worldwide. The box-scatter plots show the equi-effective

concentrations of atrazine. Each point in the scatter plot on the right corresponds
to a survey site, arranged from left to right in chronological order. Box plot whis-
kers of the box chart on the left represent the minimum and maximum values, with
bounds of the box representing The box chart on the left shows the first quartile,
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median (marked by yellow line) and third quartile of the equi-effective con-
centrations of atrazine at all sites in the corresponding sea area (n =16, 128, 34, 271,
21,168, and 22 independent survey sites, from left to right). The solid circle in each
sea area represents the median value of the equi-effective concentrations of atra-
zine at each station in that area, with a larger circle size representing a larger
median value. Source data are provided as a Source Data file.

proportion of Bacillariophyta decreased from 77.4+5.87% to
15.5+5.21%, 10.7 £3.35% and 0.7 + 0.23%, respectively. At the same
time, Dinophyceae increased from 17.8+2.16% to 47.5+6.87%,
53.6 £10.06% and 79.2 +11.17%, respectively, and the phytoplankton
community changed from Bacillariophyta-dominated to Dinophyceae-
dominated (Table S3). At genus or species level (Table S4), the genus
Chaetoceros, which was the most common representative of the
Bacillariophyta, suffered the most significant inhibitory effects. Under
the stress of low, medium, and high doses of atrazine, the proportion
of Chaetoceros decreased from 73.0% to 5.2% (p=0.0007), 2.9%
(p=0.00029) and 0.3% (p=0.00013), respectively. Moreover, most
members of the Dinophyceae (Gyrodinium jinhaense, Adenoides elu-
dens, Ankistrodinium semilunatum, and Euduboscquella sp.) were
more resistant to atrazine stress. The relative abundances of Gyrodi-
nium jinhaense significantly increased from 9.8% to 17.2%
(p=0.00075), 14.0% (p = 0.00046), and 60.5% (p = 0.00028), respec-
tively, under exposure to low, medium and high doses of atrazine.

In terms of particle size, based on high-throughput sequencing
data, the control group was dominated by nano-phytoplankton
(Chaetoceros tenuissimus and Goniomonas avonlea, 273.1%), while the
low-dose atrazine treatment group was dominated by micro-
phytoplankton (Gyrodinium jinhaense, Adenoides eludens, Fudu-
boscquella sp.JMC-2019a, and Ankistrodinium semilunatum, 31.9%) and
pico-phytoplankton (Chrysochromulina rotalis and Chrysochromulina
leadbeateri, 27.3%) (Fig. 3, Table S4). The dominance of micro-
phytoplankton (Gyrodinium jinhaense, Euduboscquella sp. J]MC-2019a,
Woloszynskia halophila and Fibrocapsa japonica, 69.4%) was more
obvious in the treatment group that received a high dose of atrazine.

The phytoplankton community changed from nano-phytoplankton-
dominated to micro-phytoplankton-dominated. Even within the class
Bacillariophyta, the dominant taxa showed a transition from small-
sized Chaetoceros (from 73% to 1%) to larger-sized Thalassiosira (from
2.7% to 8.5%) sp. (Table S4). Atrazine exposure led to a decrease in the
total chlorophyll a concentration (indicating primary productivity). In
comparison to that in the control groups, the chlorophyll a con-
centration of phytoplankton decreased by 9.1% (p=0.048), 8.8%
(p=0.047), and 18.8% (p = 0.004) after 2 days of exposure to 0.5, 5, and
50nmolL™? of atrazine, respectively, and decreased by 16.9%
(p=0.00053) and 24.5% (p = 0.000071) after 30 days of exposure to 5
and 50 nmol L™ of atrazine, respectively (Fig. 4, Table S4). By com-
paring the changes in the Chl a concentration of each particle size
(<2 um, Pico-; 2-20 pm, Nano-; 20-200 pum, Micro-) in the control
group and the experimental group, the potential effects of environ-
mental concentrations of triazine herbicides on the particle size
structure of phytoplankton were characterized. We revealed that the
contribution of nano-phytoplankton decreased significantly after two
days of atrazine exposure. On the 30th day, the contribution of nano-
phytoplankton to the primary productivity decreased from
75.3+3.52% in the control group to 44.9 +4.79%, 23.7+2.87% and
16.7 +3.91% in the treatment groups dosed with 0.5, 5 and 50 nmol L
of atrazine, while the proportion of micro-phytoplankton increased
from 21.7+217% to 52.7+6.32%, 66.7+9.57% and 74.1+11.21%,
respectively. This indicated that nano-phytoplankton were more sen-
sitive than micro-phytoplankton to atrazine (Fig. 4, Table S4), which
was consistent with the results of the high-throughput sequencing. It is
worth noting that although the total concentration of Chl a under a low
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Fig. 3 | Comparison of phytoplankton community structure between the
control and atrazine-treated groups at the phylum/class level. CK, 0.5, 5, and
50 nmol L™ represent the control and the treatment groups dosed with

0.5-50 nmol L of atrazine, respectively, on the 21st day (with three replicates). A
total of 566,933,791 high-quality sequences (average length of 464) from 12 sam-
ples were obtained and clustered into 99 OTUs (97% cutoff). Phyla or classes that
did not represent at least 1% of the sequences in at least one sample were regrouped
as “Others.” n=3 samples per group. Uncertainties were reported as mean +
standard deviation (SD). Statistical significance was determined at p <0.05 and
comparisons used Kruskal-Wallis tests with FDR adjusted for multiple comparisons
using the Benjamini and Hochberg method. Exact p values and H values can be
found in the Source Data file. Source data are provided as a Source Data file.

atrazine dose basically recovered to the control level on the fourth day,
the inhibition of nano-phytoplankton was not relieved even by the end
of the experiment, indicating that atrazine had a more persistent effect
on the size fraction of phytoplankton. The intrinsic growth rates (u) of
micro-, nano- and pico-phytoplankton in the control group were
0.65d™, 0.74d" and 1.14 d™* (Table S5), respectively, which indicated
that the larger the size fraction was, the slower the growth rate. Atra-
zine significantly reduced the intrinsic growth rate of phytoplankton
(Table S5). Especially in the groups treated with intermediate and high
doses of atrazine, the intrinsic growth rates of micro, nano- and pico-
phytoplankton decreased by 18.5% (p = 0.014) and 32.3% (p = 0.0072),
36.5% (p=0.00081) and 52.7% (p=0.00047), and 14.9% (p =0.029)
and 71.9% (p = 0.0028), respectively, which meant that atrazine slowed
the growth rate of phytoplankton. Compared with micro- and pico-
phytoplankton, the intrinsic growth rate of nano-phytoplankton was
more inhibited under low, medium, and high atrazine stress (Table S5).
In addition, since the net growth rate (NGR) of nano- and pico-
phytoplankton was negative under atrazine stress, while the micro-
phytoplankton still showed a positive growth trend, the proportion of
micro-phytoplankton increased. Therefore, the increase in micro-
phytoplankton caused by atrazine exposure might slow the growth
rate of phytoplankton primary productivity.

In addition to slowing the growth rate, atrazine interfered with
the energy transfer process of primary productivity (Table S5).
Although the grazing rate (g) of zooplankton on phytoplankton did
not change under low-dose atrazine treatment, it decreased sig-
nificantly (P<0.01) with increasing atrazine dosage. On the fourth
day, the grazing rates of zooplankton on micro, nano- and pico-
phytoplankton under intermediate and high doses of atrazine
decreased by 18.1% (p=0.0026) and 37.7% (p=0.00041), 16.9%
(p=0.0019) and 11.9% (p = 0.00027), and 2.9% (p = 0.029) and 24.5%
(p=0.0044) (Table S5), respectively, indicating that atrazine impe-
ded the energy transfer process of phytoplankton primary pro-
ductivity and might have triggered a series of secondary effects by
altering the grazing activities of zooplankton.

Il Nano-phytoplankton

4
4

0 4 14 21 30
Time (days)

Il Micro-phytoplankton Pico-phytoplankton

a
1

Chlorophyll a (ng L)

Fig. 4 | Size-fractionated chlorophyll a concentrations of the phytoplankton
communities in the control and atrazine-treated groups. Within each time
period the four bars depict respectively the values for control, 0.5, 5, and 50 nmol/L
of atrazine. n=3 samples per group. Uncertainties were reported as mean +
standard deviation (SD). P values were calculated using a two-sided ¢-test. The exact
p values were provided in the Source data. The asterisk represents a significant
difference (p < 0.05) in the chlorophyll a concentration of phytoplankton between
the treatment group and the control group. Source data are provided as a Source
Data file.

Secondary effects of environmental concentrations of triazine
herbicides due to structural changes in phytoplankton
community

A total of 45-78% of the fixed carbon of phytoplankton enters the food
chain through ingestion by zooplankton, especially micro-
zooplankton®’. Therefore, the impact of triazine herbicides on phyto-
plankton must have secondary effects on micro-zooplankton.

The results of high-throughput sequencing showed that metazo-
ans such as copepod larvae were the dominant group (97%) of micro-
zooplankton in the control group, while the proportion of hetero-
trophic protists was only 3%. The alpha (p=0.035) and beta diversity
(p=0.01;, R=0.54) (Table S3, Fig. S4b) of the micro-zooplankton
community were both significantly changed under low and inter-
mediate doses of atrazine exposure. The relative abundance of het-
erotrophic protists (Ciliophora) significantly (p =0.011) increased to
10% under exposure to 5 nmol L™ atrazine, although metazoan larvae
were still predominant (Fig. 5, Table S4). With a further increase in
atrazine concentration (50 nmolL™), the dominant phyla of micro-
plankton changed drastically, and the proportion of heterotrophic
protists (Holosticha diademata) significantly (p=0.00058) increased
to 40.0% (Table S4, S6), becoming the most dominant group. In con-
trast, the relative abundance of arthropod larvae decreased from
74.4% in the intermediate-concentration group to 21.1% in the high-
concentration group. Concomitantly, the proportion of Platy-
helminthes (Paraplehnia seisuiae) significantly increased, from <1% in
the intermediate-concentration group to 19.9% in the high-
concentration group (Fig. 5, Table S4, S6).

The morphological identification results were consistent with the
trend of the high-throughput sequencing (Table S6): The dominant
groups of micro-zooplankton in the control group were mainly cope-
pod larvae (Table S6). Under atrazine exposure, the abundance of
copepod larvae showed a downward trend. Especially in the treatment
groups dosed with medium and high concentrations of atrazine, the
abundance of copepod larvae decreased by an order of magnitude; the
abundance of ciliates such as Tintinnopsis and Euplotes showed an
upward trend and became the new dominant group, indicating that
atrazine exposure had a greater impact on the population of copepod
larvae. The micro-zooplankton community succeeded from large
copepod larvae-dominated to small ciliate-dominated under atrazine
stress. In addition, there were also community changes in ciliates,
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Fig. 5 | Comparison of the micro-zooplankton community structure between
the control and atrazine-treated groups at the phylum/class level. CK, 0.5, 5,
and 50 nmol L™ represent the control and treatment groups dosed with

0.5-50 nmol L™ of atrazine, respectively, on the 21st day (with three replicates). A
total of 566,933,791 high-quality sequences (average length of 464) from 12 sam-
ples were obtained and clustered into 99 OTUs (97% cutoff). Phyla or classes that
did not represent at least 1% of the sequences in at least one sample were regrouped
as “Others.” Statistical significance was determined at p < 0.05 and comparisons
used Kruskal-Wallis tests with FDR adjusted for multiple comparisons using the
Benjamini and Hochberg method. Exact p values can be found in the Source Data
file. n =3 samples per group. Uncertainties were reported as mean + standard
deviation (SD). Source data are provided as a Source Data file.

showing a transition from smaller Choreotrichida (such as Strombidium
sp. and Pelagostrobilidium sp.) to larger Tintinnida sp. Changes in
micro-zooplankton community structure in response to atrazine
exposure revealed that atrazine at environmental concentrations can
cause significant responses in some copepod larvae and cili-
ates (Fig. 5).

To distinguish whether these responses are caused by the direct
toxicity of atrazine to microplankton, or whether they are caused
indirectly by atrazine altering the phytoplankton community structure
and particle size composition, thereby affecting microplankton fora-
ging, the larvae of two copepods (Oithona similis and Paracalanus
parvus) and two ciliates (Euplotes sp. and Strombidium sp.) were
employed to evaluate their susceptibility to atrazine. Toxicity experi-
ments at the species level showed that the EC50 values of atrazine in
the four micro-zooplankton ranged from 0.35 to 3.26 pmol L™ (Fig. S5).
The two copepod larvae (LC50 values of 0.35pmolL™ and
0.73 umol L) were more sensitive to atrazine than were the two cili-
ates (LC50 values of 1.82 pmol L™ and 3.26 pmol L™). However, even
the most sensitive zooplankton to atrazine, Oithona similis, had a
mortality rate of only 14% after 24 h of exposure to 50 nmolL™ of
atrazine. The other three examined species barely experienced a sig-
nificant change at this dose, indicating that the direct toxicity of
atrazine was not the main factor causing the change in the zoo-
plankton community structure.

The results of correlation network analysis indicated that the
Bacillariophyta (Chaetoceros and Thalassiosira) phytoplankton
showed strong positive correlations with the micro-zooplankton taxa
Oithonidae (Oithona), Chrysopetalidae (Paleanotus), Ostreidae (Cras-
sostrea), and Veneridae (Ruditapes) (Fig. 6). Correspondingly, the
Dinophyceae (Getia, Woloszynskia, Adenoides, and Heterocapsa) phy-
toplankton were significantly positively correlated with Hypotrichia,
Aegisthidae, Plehniidae and Euplotia; Haptista (Chrysochromulina)

showed strong positive correlations with the micro-zooplankton taxa
Arthropoda (Acartia and Pyrgoma) and Annelida (Pseudopolydora).

Quantifying the ecological effects of triazine herbicides on
phytoplankton primary productivity in global bay and

gulf waters

The fitting results showed that the concentration-response curve of
atrazine on the inhibition rate of phytoplankton chlorophyll a con-
centration at the community level conforms to the logistic functional
equation (Fig. S3b, Table S2), indicating that the toxicity of atrazine to
phytoplankton in seawater showed a good concentration correlation
in situ, and the degree of inhibition of primary productivity can be
estimated by the equivalent concentration of atrazine remaining in the
water body at each station. The inhibition rates of the chlorophyll a
concentration corresponding to S.1nmolL”, 11.9nmolL™? and
35.2 nmol L™ of atrazine were 5%, 10%, and 25%, respectively (Fig. S3b,
Table S2). According to this functional equation, among the 661 sta-
tions within the 7 sea areas of 5 continents, the primary productivity of
25% (167) of the stations was inhibited by more than 5% (Fig. 7) and that
of 10% (67) of the stations was inhibited by more than 10% (95%Cl 3.67,
4.34). The primary productivity in Camps Bay and Maputo Bay in South
Africa, the Yellow Sea and Bohai Sea in Asia (including Jiaozhou Bay
and Xiangshan Bay), and the Gulf of Mexico experienced the highest
degree of impact, with median inhibition rates of 11.59%, 7.72%, and
6.60%, respectively. Some stations near estuaries reached 48.97%,
17.86%, and 12.23% inhibition rates (Fig. 7), respectively.

Herbicide risk in global agricultural lands

The residue data of 59 widely used herbicides in the soils/water bodies
of global agricultural areas showed that approximately 65.02% of the
global agricultural land (approximately 23.63 million km?) was at some
risk of herbicide pollution (i.e., RS>0, Fig. 8); remarkably, 16.84%
(approximately 6.12 million km?) of that was considered high risk (i.e.,
RS > 3). Regional analysis showed that Latin America, Europe, Asia, and
North America had the highest proportions of high-risk areas, with
proportions of 29% (approximately 1.76 million km?), 25% (approxi-
mately 0.94 million km?), 22% (approximately 2.49 million km?) and
11% (approximately 0.4 millionkm?), respectively (Fig. 8). Among
them, Brazil, Ukraine, China and the United States were the countries
with the largest land area at high risk in Latin America, Europe, Asia and
North America, respectively. As the major grain-producing areas of
China, the North China Plain, the Yangtze Plain, and the Songnen Plain
were all within the high-risk class. Through runoff (Yangtze River,
Yellow River, etc.) and rainwater transport, the adjacent Bohai and
Yellow Seas faced potentially high herbicide stress risks.

Analysis of herbicide residues in waters adjacent to high-risk
agricultural areas

There is a good correlation between the use of herbicides in various
agricultural areas worldwide and the residues of herbicides in their
adjacent sea areas (Fig. 9). Brazil, Ukraine, China, and the United States
had the highest proportion of high-risk areas. Atrazine is widely used in
northern China at a dose of 0.5kgkm? (Fig. S6). The marine survey
results (Fig. S7) also confirmed that atrazine is one of the most widely
distributed herbicides (detected at all 64 stations) with the highest
concentration (up to 7.26 nmol L), which is closely related to its high
application rate. In addition, the residues of 22 herbicides in 3 cate-
gories, which are widely used in agricultural areas, were detected in the
waters of the Bohai and Yellow Seas (Fig. 1).

The detection rate of 10 triazine herbicides (Fig. S7a, d), 4 phe-
nylurea herbicides (Fig. S7b, e), and 3 amide herbicides (Fig. S7c, f) in
spring and autumn was 100%. The maximum total concentrations of
the three herbicide categories reached 12.07 nmol L™, 6.97 nmol L™
and 2.79 nmol L7, respectively, which is several times higher than the

Nature Communications | (2024)15:1783



Article

https://doi.org/10.1038/s41467-024-46059-4

a

Color Key

0
Value

LA

92010

$95NLO

1SNLO |
981110

L6010

PEENLO

£1010

9SVNLO

1£2010

282010

87010

61€N0.LO0

02010

09€0.10|

$8¥010 | |
$€9N.LO|

L81N10 |
6520.10|

SSENLO

6L2010|

TrENLO|

98€N.L0|

18L010|

£€£5N10|

119010

%9010

0£90.10|

$59010

Fig. 6 | Correlation patterns between phytoplankton and their associated
micro-zooplankton at the genus level. a The Spearman rank correlation coeffi-
cients between the phytoplankton and micro-zooplankton taxa. b The taxonomy of
the phytoplankton and micro-zooplankton at the genus level. Correlations were
calculated for phytoplankton (Bacillariophyta, Dinophyceae, and Cryptophyceae)
and zooplankton groups with an abundance > 1% in at least one sample. The groups
marked unclassified in the high-throughput sequencing results were manually

OTU OTU Genus Family Phylum/Class
OTU655 OTU655 Woloszynskia Lophodini: Dinop.

OTU630 OTU630 Holosticha Hypotrichia Ciliophora
OTU641 OTU641 Cerviniella Acgisthidae Arthropoda
OTU611 OTU611 Paraplehnia Plehniidae Platyhelminthes
OTUS533 OTU533 Syndiniales IIT Syndiniales Dinophyceae
OTU781 OTU781 Heterocapsa Dinop.

OTU386 OTU386 Syndiniales Syndiniales Dinophyceae
OTU342 OTU342 Adenoides G Dinop

0TU279 0TU279 Karlodinium Kareniaceae Dinophyceae
0OTU355 0TU355 Gertia Kareniaceae Dinophyceae
0TU259 OTU259 Aspidisca Euplotia Ciliophora
OTU187 0TU187 Gyrodinium G; ini: Dinop.
0TU634 OTU634 Euplotes Euplotia Ciliophora
OTU484 OTU484 Aureococcus Aureococcus Pelagophyceae
0TU360 OTU360 Picomonas Picomonadidae Picozoa
0TU270 0TU270 Pseudopolydora Spionidae Annelida
OTU319 OTU319 Chrysochromulina Chrysochromulinaceae Haptista
0TU285 0TU285 Chrysochromulina Chrysochromulinaceae Haptista
0TU282 OTU282 Acartia Acartiidae Arthropoda
0TU231 0TU231 Pyrgoma F i¢ A

OTU456 OTU456 Pseudopolydora Spionidae Annelida
OTU13 OTU13 Paleanotus Chrysopetalidae Annelida
0TU334 0TU334 Chaetoceros Chaetocerotaceae Bacillariophyta
0OTU97 0OTU97 Ruditapes Veneridae Mollusca
OTU186 OTU186 Teleaulax G Cryptop
OTUS51 OTUS1 Crassostrea Ostreidae Mollusca
OTUS565 OTUS565 Thalassiosira iosil illariophyta
OTU264 OTU264 | Oithona Oithonidae Arthropoda

blast-searched against the NCBI nucleotide collection and EzBioCloud Database.
Sequences with the same taxonomic assignment at the genus level were combined.
The Spearman rank correlation coefficients between the phytoplankton and micro-
zooplankton taxa were calculated in R (version 3.5.3). Yellow represents a positive
correlation, blue represents a negative correlation; and the darker the color, the
greater the correlation coefficient (r). Source data are provided as a Source

Data file.

EU standard for water safety (2.5 nmol L™). The spatial distribution of
the herbicides at the 64 survey sites showed typical characteristics of
terrestrial input, which was a greater distribution in the estuaries and
coastal waters than that in the bay and gulf mouths and open sea. In
particular, the estuaries of the Yellow River and the Yangtze River were
areas with high herbicide concentrations. The residual concentration
of herbicides in the Bohai Sea was significantly higher (P<0.01, two-
sided t-test) than that in the Yellow Sea. From the time series, the
herbicide concentration in spring 2018 was generally higher than that
in autumn 2017, which is closely related to agricultural production
schedules.

Discussion

Agricultural practices determine levels of food production and largely
determine the state of the global environment® In recent years,
water pollution caused by herbicides has been spreading rapidly from
freshwater to seawater, due to the increasing food demand caused by
population growth and the acceleration of global urbanization®,
Various herbicide residues have been detected frequently in coastal
waters worldwide. Residual risk analysis of 59 herbicides in agricultural
areas based on the PEST-CHEMGRIDSV1 global database” showed that
65.02% of the world’s agricultural areas are at risk of pollution, 16.84%
of which are at high-risk levels, which are concentrated in food pro-
duction areas such as southeastern Brazil, western Europe, eastern
China and the eastern United States (Fig. 8). The bay and gulf adjacent
to these areas, such as Vilaine Bay, Mediterranean Sea, East Asia and
the Gulf of Mexico, also have high herbicide residues (Fig. 2, Fig. 9).
More than half of the herbicides are photosynthesis inhibitors®. Pre-
vious studies’® have shown that herbicides such as triazines have
obvious inhibitory effects on the photosynthesis of sensitive groups
(e.g., P. tricornutum and Chaetoceros sp.). Based on this, scientists
predict that such widespread herbicide contamination could have

immeasurable effects on oceanic productivity’**’. However, due to the
inability to conduct in situ photosynthesis inhibition experiments on
marine algae, there have been no research reports or clear conclusions
on the impact of herbicide pollution on marine primary productivity.
Therefore, by comprehensively analyzing the spatiotemporal dis-
tribution of herbicides at 661 bay and gulf stations worldwide from
1990 to 2022, we determined the median, third quartile, and maximum
concentrations of 12 triazine herbicides of 0.54 nmol L™, 5.09 nmol L
and 47.58 nmol L™, respectively (Table S1). Coastal investigations
revealed that the concentrations of triazine herbicide in coastal waters,
although relatively low, were also within this range. The results of
microcosmic experiment confirmed that the inhibition degree of off-
shore primary productivity under the three abovementioned atrazine
concentrations reached 9.1%, 8.8%, and 18.8% (Fig. 7), indicating that
herbicides had a great impact on primary productivity under envir-
onmental background concentrations. The composition of offshore
herbicides is extremely complex, including 12 kinds of triazine herbi-
cides alone (Fig. 1). The ecotoxicity of herbicides is largely determined
by their types and residual concentrations. However, due to the large
differences in the types and concentrations of herbicides between
different sites (Fig. 1), there is no unified prediction scale or compar-
ison benchmark for the effects of herbicides on primary productivity.
To compare the herbicide contamination between stations, according
to the relative toxicity of the typical atrazine herbicide and its homo-
logs (Fig. S3a, Fig. 2), the concentrations of 12 triazine herbicides were
converted into equi-effective concentrations of atrazine (Fig. 2), which
were uniformly used to measure the degree of herbicide pollution at
each site in this experiment. By establishing an in situ concentration-
response relationship between atrazine and the chlorophyll a con-
centration at the level of the phytoplankton community in seawater
(Fig. S3b), the overall inhibition of 12 triazine herbicides on phyto-
plankton primary productivity was quantified for the first time. The
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Fig. 7 | Inhibition levels of environmental concentrations of triazine herbicides
on phytoplankton primary productivity in typical bay and gulf worldwide. The
box-scatter plots show the inhibition levels. Each point in the scatter plot on the
right corresponds to a survey site, which is arranged from left to right in chron-
ological order. Box plot whiskers of the box chart on the left represent the mini-
mum and maximum values, with bounds of the box representing The box chart on

the left shows the first quartile, median (marked by yellow line), and third quartile
of triazine herbicides on phytoplankton primary productivity at all sites in the
corresponding sea area (n =16, 128, 34, 271, 21, 168, and 22 independent survey
sites, from left to right). The solid circle in each sea area represents the median
value of the inhibition level at each station in that area, with a larger circle size
indicating a larger median value. Source data are provided as a Source Data file.

results showed that among the 661 sites with herbicide residue data,
primary productivity was inhibited by more than 5% at 25% of the
stations and by more than 10% at 10% of the stations (Fig. 7). The
primary productivity near the estuaries of Camps Bay and Maputo Bay
in South Africa, the Yellow Sea and Bohai Sea in Asia and the Gulf of
Mexico was affected by as much as 48.97%, 17.86% and 12.23%,
respectively (Fig. 7). A 30-year time series of monitoring data indicated
that the biomass of phytoplankton in the Bohai Sea showed an overall
downward trend from 2005 to 2018, especially of dominant diatom
groups such as Chaetoceros and Coscinodiscus sp., which showed a
significant declining trend reaching up to 87% in some years. The
period of rapid growth in herbicide use in China began in the mid-
1990s*, and there is a temporal correlation between these two find-
ings. The primary production of marine phytoplankton worldwide is
estimated to be 3-7x10" tons of carbon/year™***, Although the
coastal ocean accounts for only 7-8% of the ocean area, it contributes
more than 25-28% of the global ocean primary productivity*. If her-
bicide pollution causes a 5% drop in coastal primary productivity, the
annual carbon fixation amounts of phytoplankton will decrease by
3.75-8.75 x 108 tons, which is equivalent to the carbon fixation by the
Amazon rainforest. These losses will be difficult to measure if the
secondary effects on marine organisms at different trophic levels
throughout the food chain are considered. Marine primary pro-
ductivity is determined by phytoplankton abundance, community
structure, and particle size, but the mechanisms by which herbicides
affect phytoplankton primary productivity are currently unclear.

At present, most studies on the impacts of herbicides on marine
primary productivity are based on single species or artificially mixed
species”™*, Qur experiment employed natural seawater and

identified as many as 117 OTUs, so it could more objectively reflect the
in situ response trends of plankton in water bodies to herbicide stress
at the community level. Under the stresses of low, medium, and high
concentrations of atrazine, the proportion of Bacillariophyta (groups
with the highest relative abundance) decreased from 77.4% to 15.5%,
10.7%, and 0.7%, respectively, while the proportion of Dinophyceae
increased from 17.8% to 47.5%, 53.6%, and 79.2%, respectively (Fig. 3,
Table S4). The dominant species changed from C. tenuissimus (Bacil-
lariophyta) to G. jinhaense (Dinophyceae). While herbicides inhibited
the growth of sensitive Bacillariophyta, the proportion of tolerant
“opportunistic” groups, such as Dinophyceae, greatly increased,
resulting in significant changes in the phytoplankton community
structure and abundance. Diatoms are the most dominant phyto-
plankton in coastal oceans, contributing up to 40% of the total marine
primary production. Moreover, it is well known that the production
originating from larger phytoplankton, such as diatoms, is the portion
most efficiently transferred to higher levels of the food web®. The
inhibitory effect of herbicides on diatoms and the changes in the
phytoplankton community will inevitably have a profound impact on
the higher trophic levels of natural ecosystems. Changes in the com-
munity structure inevitably lead to changes in the particle size struc-
ture. Tiny cells have a higher surface area to volume ratio than larger
cells***”, Thus, for the same biomass, nano-phytoplankton contributes
more to primary productivity than micro-phytoplankton*®, However, it
is still unclear how herbicides change primary productivity by chan-
ging the particle size of phytoplankton. As the reads from high-
throughput sequencing techniques are relatively short, it is difficult to
obtain information such as the full-length 18 S/ITS rDNA sequences in
phytoplankton, and these techniques cannot provide particle size
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information at the species level. Via BLAST alignment of the
sequenced nucleic acid sequences on the NCBI database, the
sequences were linked with the particle size information of the
species (Fig. 2). The results showed that under the stresses of low,
medium, and high concentrations of atrazine, the proportion of
nano-phytoplankton decreased from 74.2% to 37.5%, 48.5% and 22.1%,
respectively, while that of micro-phytoplankton increased from 9.8%
to 33.1%, 33.4% and 69.4%, respectively. This trend was also con-
firmed by the results of the size-fractionated chlorophyll a con-
centration (Fig. 4, Table S4). The proportion of nano-phytoplankton
decreased from 60.02% to 23.68%, and the particle size composition
of chlorophyll a transitioned from nano- to micro-sized. We revealed
that the difference in the growth rate sensitivity of phytoplankton of
different particle sizes to herbicide stress was an important reason
for the change in phytoplankton particle size (Table S5). The intrinsic
growth rates of nano-phytoplankton decreased by 18-53% under
atrazine stress compared with a maximum of 18% for micro-phyto-
plankton, which increased even in the low-dose atrazine exposure. In
summary, our experimental results elucidated, for the first time, the
underlying mechanism by which herbicides inhibit phytoplankton
primary productivity from three levels, including the inhibition of
highly abundant-sensitive species, succession of community struc-
ture/particle size, and resulting growth rate reduction. Under the
influence of these factors, the primary productivity of the groups
treated with low, medium, and high doses of atrazine decreased by
9.1%, 8.8%, and 18.8%, respectively. Since the concentration range of
atrazine (0.5-50 nmol L™) used in this experiment corresponded to
the median and maximum concentrations of the equivalent triazine
concentrations at all 661 stations, the results obtained here can
characterize the degree of primary productivity inhibition at half of
the stations and support the accuracy of the results estimated by the
abovementioned quantitative model. Phytoplankton are the main
food source of zooplankton and control the zooplankton community
in a bottom-up manner through changes in phytoplankton commu-
nity structure and particle size***°. However, the secondary effects of
herbicides on zooplankton communities due to phytoplankton
changes are still unclear.

Our molecular experiment showed that under the stress of
low, medium, and high concentrations of atrazine, the proportion
of copepod larvae (the most abundant zooplankton group in
natural waters) changed from 90.4% to 95.5%, 85.1%, and 31.1%,
respectively, while the ciliate groups (such as Tintinnopsis and
Euplotes) increased from less than 1% to 1.3%, 9.7%, and 50.7%,
respectively (Fig. 5, Table S4, S6). This result is unexpected
considering the results of a single species-based micro-zoo-
plankton toxicity test. Herbicides mainly target the photosynth-
esis system, which does not exist in micro-zooplankton, and
therefore are generally considered to have low toxicity to micro-
zooplankton. According to existing literature reports, the herbi-
cide concentration needs to reach the milligram level to have a
significant impact on some micro-zooplankton, under pure cul-
ture conditions®*2. It should be noted that large differences in
growth rate and taxon size across species do introduce some bias
in DNA-sequencing-based results for micro-zooplankton com-
munities, which is an inevitable challenge of the current meta-
barcoding approach. Even so, due to the advantages of time
savings, high throughput, low cost, high sensitivity, and minimal
destructiveness of this method, it is increasingly being used to
determine the taxonomic composition of higher trophic
levels®~°. Here, to reduce the bias caused by this method, we also
included the method of microscopic morphological observation
(Table S6), which can reflect the number of species of different
sizes at different growth stages. The results of our toxicity
experiments and correlation network analysis also showed that
the reduction in copepods was not caused by the toxicity of the

herbicides but was significantly positively correlated with the
sharp decline in nano-phytoplankton (e.g., Chaetoceros sp.)
(Fig. S5, Fig. 6). Although low and medium doses of atrazine can
inhibit the intrinsic and net growth rates of nano-phytoplankton,
their relative abundance remained high (37.5% and 48.5%,
respectively), so atrazine did not cause a sharp decline of cope-
pod larvae. However, at high doses of atrazine, the abundance of
nano-phytoplankton rapidly dropped to 22.1%, resulting in a ser-
ious lack of food for copepod larvae, whose abundance then
plummeted to 31.1%. In contrast, the proportion of ciliates
increased because nano-phytoplankton were not their main food
source®®”’, which resulted in a zooplankton community transition
from larger copepod larvae to smaller unicellular ciliates. Marine
organisms of different particle sizes and different nutrient levels
form a complex network structure through predatory relation-
ships, and changes in any one population may affect the entire
offshore ecosystem®®. The change in particle size might modify
the flux of matter from the main and traditional food chain to the
microbial loop, which might prolong the transmission process of
the marine food chain and reduce the transmission efficiency of
primary productivity since the microbial loop was the most
inefficient among multiple routes for algal primary production to
transfer to higher trophic levels in terms of respiratory carbon
losses'”*®°. As herbicides are considered a typical non-point-
source agricultural pollutant, previous studies on the ecological
risks of herbicides mainly focused on farmland and freshwater
ecosystems. However, the global coastal pollution status of her-
bicides and their negative impact on marine life (especially phy-
toplankton) in natural environmental concentrations are poorly
understood except for few special environments (e.g. the Great
Barrier Refs. 61,62, Australia). Due to the hydrodynamic diffusion
and self-purification effects of the oceans®*®*, the in situ impact of
herbicides on primary productivity in seawater may be lower than
that estimated by microcosmic experiments. To clarify this issue,
we conducted a large-scale investigation of herbicide pollution in
the Bohai Sea and the Yellow Sea, observing the spread of her-
bicides along the estuary, bay and gulf, and open sea. The results
confirmed that the concentration of triazine herbicide at each
sampling station was negatively correlated with its distance from
the estuaries. However, all ten triazine herbicides were detected
at nearly all the 64 stations. Even in the sea areas more than 50
nautical miles offshore (S11, for example), the total concentration
of 10 triazine herbicides was still as high as 1.99 nmol L™, which
was equivalent to or higher than the concentrations at some sites
in the Bohai Sea. These indicate that even in coastal areas, her-
bicide pollution is also quite serious. Moreover, it should be
noted that our estimate considers only triazine herbicides with
serious pollution levels, and other herbicide types in the seawater
have not been assessed, so these results may still underestimate
the global impact of herbicides on marine primary productivity.

In the past 20 years, the global population has increased by 21%,
while the area of arable land per capita has declined by more than
10%. According to the latest global population forecast of the United
Nations®**’, the world population will peak at 10.4 billion by 2080. Due
to the limited cultivated land, the trend of ensuring food security
through herbicide application may be inevitable. Therefore, if herbi-
cide reduction measures are not taken in the future, herbicide residues
in global bay and gulf and coastal waters will show an overall increasing
trend. At that time, the impact of herbicides on marine primary pro-
ductivity will further expand. Whether this will lead to a serious decline
in the potential of ocean carbon sequestration is a global environ-
mental issue that deserves attention. In addition, terrestrial nutrients
(such as overused fertilizers) will also be imported into the ocean
together with herbicides, and the trade-off effect between the pro-
motion of phytoplankton primary productivity by terrestrial input of
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nutrients and the weakening effect of herbicides also deserves
further study.

Methods

Data collection of the spatiotemporal distribution of herbicide
residues in typical bay and gulf worldwide

Based on the Web of Science (WoS) Core Collection database, a total of
568 papers related to herbicides in bay and gulf were retrieved with the
following search string: “Title=(bay* OR gulf *) AND Topic=
herbicides* AND Published Year =1990-2022". Data on the types and
concentrations of herbicides in each bay and gulf were collected in
each article, as well as the survey dates and geographical location.
When the data in the papers were presented in graphical form, Plot
Digitizer 3.3 software was used to extract the data from the figures. A
dataset was compiled of the spatial distribution of herbicide residues
in the coastal waters of typical bay gulf worldwide, which included 760
water samples and 4253 herbicide concentration data from 15 bays and
gulfs (Fig. S8). The 15 bays and gulfs were clustered into seven sea
areas, including the east coast of the United States, the Gulf of Mexico,
France, the Mediterranean Sea, South Africa, East Asia, and Australia.
The mean value of all survey data corresponding to each bay and gulf
was used as the background value of herbicides in the coastal waters of
the bay and gulf. In addition, from 1990 to 2022, the agricultural
consumption of herbicides worldwide showed an overall increasing
trend: the level was relatively flat from 1990 to 2000, increased rapidly
from 2001 to 2012, and then stabilized (FAOSTAT (Jun 16, 2023)
https://www.fao.org/faostat/en/#data/RP/visualize). The survey data
of each sea area were roughly divided into three chronological stages
(1990-2000, 2001-2011, and 2012-2022) to analyze (one-way ANOVA)
the changes in herbicide residue concentration in each sea area
over time.

Potential effects of environmental concentrations of triazine
herbicides on phytoplankton primary productivity

The results in the above section showed that triazine herbicides were
the most widely distributed herbicides in all coastal waters (covering
all 15 bays and gulfs), with the highest determined concentration
(several times higher than the water quality safety standard®®, which
sets a maximum allowable concentration of 0.1pugL™ for any single
pesticide and 0.5 ug L™ for the total pesticide concentration) and tar-
geted inhibitory effects on phytoplankton photosynthesis, which
makes them most likely to have a significant impact on primary pro-
ductivity in the ocean. Therefore, the 12 triazine herbicides in the
dataset above were selected for evaluation of their overall ecological
impact on coastal primary productivity.

Toxicity equivalent conversion of triazine herbicides and micro-
cosmic system construction: due to the large differences in herbicide
types and concentrations between locations (Table S1), there is no
unified prediction scale and comparison benchmark for the effects of
herbicides on primary productivity. To truly reflect the stress effects
on phytoplankton under the current herbicide pollution levels, the
dose-effect relationship curves and toxicity equivalent database of the
12 triazine herbicides on a representative population (i.e., Fig. S3) of
phytoplankton were firstly established. Then, according to the relative
toxicity of the typical atrazine herbicide and its homologs, the con-
centrations of 12 triazine herbicides were converted into equi-effective
concentrations of atrazine, which is uniformly used to measure the
degree of herbicide pollution at each site in this experiment.

Selection of model organism: Phaeodactylum tricornutum (CCMP
2561) was used in this study for the toxicity equivalent conversion of
triazine herbicides for three reasons: (1) it is one of the best-known
cosmopolitan diatom species®’, especially in nutrient-rich coastal
ecosystems’®’; (2) it is a model organism among diatoms, widely used
in research on global climate change’>”, eutrophication’*”, marine
pollution’®”, etc., (3) among five dominant diatom species

(Chaetoceros muelleri CCMP1316, Phaeodactylum tricornutum Pt-1,
Thalassiosira pseudonana CCMP1335, Nitzschia closterium, and Skele-
tonema costatum), it is moderately sensitive to atrazine’® and is
therefore suitable for the calculation of the inhibition rate of atrazine
on diatoms in offshore waters.

Toxicity equivalent conversion of triazine herbicides: The P. tri-
cornutum Pt-1 cellswere cultivated in f/2 medium’® at 20 °C under
60 pmol photons m™2s™ irradiance and a 12 L:12D photoperiod until
they reached the exponential phase. Cell concentrations were mea-
sured microscopically using a Sedgewick-Rafter (SR) counting cham-
ber (Phycotech, MI, USA) to monitor the growth of these cultures”.
Briefly, the sample was homogenized gently before analysis. One mil-
liliter of fully mixed sample was carefully dispensed into the counting
cells. The average cell number of P. tricornutum Pt-1in 20 sub-cells of
the Sedgewick-Rafter counting chamber was counted. The algae were
harvested by centrifugation at 4 °C (5000 x g, 10 min). The cell pellets
were washed twice and suspended in the f/2 liquid medium to an
OD730 of 3.0.

The test of short-term toxicity effects of the twelve triazine her-
bicides on P. tricornutum Pt-1 was performed on the Infinite M200 Pro
plate reader (Tecan, Zurich, Switzerland) using excitation and emis-
sion wavelengths of 440 and 680 nm*°, respectively. 5 pmol of each
herbicide was weighed accurately and diluted in 5mL methanol as
stock solution (1mmol L™). A series of two-fold dilution of the stock
solution were performed. The concentration series from 0.1 nmol L™
to 32 pmol L™ were arranged in 48-well microtiter plates (NEST Bio-
tech, Shanghai, China) with three replicates. The procedure was
detailed as follows. 10 pL herbicide solution was added into the cor-
responding well and dried in a clean bench. Then 1 mL algae suspen-
sion prepared as described in section 2.1 was added. After being
shaken for 10 min, the plates were incubated at 20 °C as described
above. The fluorescence intensity was detected every 12 h and the data
at the 72 h were selected for the determination of the inhibition effects
of each herbicide on the chlorophyll a fluorescence of cell P. tri-
cornutum Pt-1. Toxicity data were recorded for the description of the
complete effect range (0-100%) for each individual triazine herbicides.
The best-fitting model for each concentration-response relationship
was chosen as described by Scholze et al.®".

Based on the concentration addition (CA) model® and the single-
substance concentration-response curves, the residual distribution
data of the 12 triazine herbicides in each bay and gulf in the dataset
mentioned above were normalized according to Eq. (1):

n

G _
2 cx, 7! ®
i=1 {

In this equation, n is the number of herbicide types contained in
the water body; ECx; is the concentration of the single substance i
provoking x% effects; c¢; denotes the concentration of component i in
the mixture; and c;/ECx; is called the toxicity unit (TU) of component /
i.e®. Combined with the best-fitting model mentioned above and the
Eq. (1), the detected concentration of triazine herbicide i (c;) in a spe-
cific sea area/station that was obtained from a marine survey can be
converted into the concentration of atrazine with the same TU. Then
the total concentration of various herbicides was expressed by the TEQ
of atrazine to normalize the various herbicide homologs remaining in
the water body, which made it possible to assess accurately the joint
effects of multiple herbicides in natural seawaters (Fig. 2). The joint
toxicity of the twelve triazine was predicted based on the
concentration-response curve of atrazine on the phytoplankton
chlorophyll a concentration at the community level.

Although this toxicity equivalent conversion based on the con-
centration addition model®? has been widely used in the study of var-
ious pollutants®**°and makes it possible to assess the combined
toxicity of multiple herbicides in natural seawater, it is also necessary
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to admit that it may introduce some bias due to the varying suscept-
ibility of different species to herbicides. To minimize this effect, we
selected the most representative species possible for the single-
substance concentration-response experiments, as mentioned above.

Construction of the herbicide microcosm system: Through the
establishment of a controllable herbicide microcosm system, the
interference of other environmental factors was eliminated to accu-
rately reflect the impact of the current environmental concentration of
triazine herbicides on offshore primary productivity. On 5 July 2018,
1200 liters of clean seawater (with no detected herbicide residue) was
collected from the estuary of Shilaoren Bay (120°49°E, 36°09'N),
Qingdao, China, and filtered through a 200 pm-mesh net to remove
large particles. In the laboratory, four atrazine doses (0, 0.5, 5, and
50 nmol L™) were used in the treatment groups: (1) control check (CK),
consisting of uncontaminated seawater; (2) 0.5nmol L™ atrazine; (3)
5nmol L™ atrazine; and (4) 50 nmol L™ atrazine. Each treatment sample
consisted of 80 L of seawater in a transparent polycarbonate bottle
(100 L), and each treatment had three replicates (Fig. S2a). The mouth
of each bottle was covered with a parafilm membrane to ensure gas
exchange while preventing contamination. The bottles were incubated
at room temperature (25°C+3°C) for 30d in the laboratory under
natural light conditions, and subsamples were collected from each
bottle on days 0, 1, 2, 4, 7, 14, 21, and 30 for subsequent analyses.

Potential effects of environmental concentrations of triazine
herbicides on the particle size structure of phytoplankton: chlorophyll
a was extracted and measured with the method described by Yentsch
and Mezel et al.¥’. Briefly, a 0.5-liter subsample from each bottle was
sequentially filtered through 20, 2, and 0.2um pore-size poly-
carbonate filters. The phytoplankton retained on the 20, 2, and 0.2 pm
pore-size filters were designated as micro-phytoplankton, nano-phy-
toplankton, and pico-phytoplankton, respectively. Following filtration,
the filters were wrapped in foil and frozen at —80 °C for fluorometric
analysis. Filters were extracted using acetone solution (acetone:
water = 9:1, v/v) overnight in the dark, and the extract was centrifuged
at 5000 x g for 10 min to remove cell debris. Chlorophyll was quanti-
fied by fluorometry analysis (Hitachi F-2500), using an excitation
wavelength of 470 nm and an emission of 680 nm. By comparing the
changes in the Chl a concentration of each particle size in the control
group and the experimental group, the response trend of the particle
size composition of phytoplankton to herbicide stress could be char-
acterized. Statistical analyses were performed using SPSS Statistics
(version 22; IBM Corporation, Armonk, NY). A two-sided t-test was
performed to identify the difference of Chl a concentration between
CK group and every atrazine-treated group, with two-sided 95% con-
fidence interval and considered significant when P<0.05.

Potential effects of environmental concentrations of triazine
herbicides on the phytoplankton community structure by high-
throughput sequencing: the samples of each treatment group that
were collected on the 21st day were used for phytoplankton commu-
nity structure analysis. For DNA extraction, the phytoplankton in1L of
each water sample was filtered onto a 0.22 um pore-size polycarbonate
membrane (47 mm diameter, Millipore, MA, USA) and stored at -80 °C
for analysis. Blank filters were treated in the same manner as the
samples. Total DNA was extracted from each filter using a FastDNA
Spin Kit for soil (MP Biomedicals, Solon, OH, USA) according to the
manufacturer’s instructions. A NanoDrop spectrophotometer (Nano-
Drop, Wilmington, USA) was used to measure the genomic DNA con-
centration and purity. The VI-V3 hypervariable region of the
phytoplankton 18 S rRNA gene was amplified with the eukaryote-spe-
cific primers 18 S-82 F (5-GAAACTGCGAATGGCTC-3’) and Ek-516 R (5-
ACCAGACTTGCCCTCC-3)%. The coverage and specificity of this pri-
mer set for the major taxonomic groups of phytoplankton and micro-
zooplankton were evaluated using SILVA TestPrime 1.0 with version
138.1 of the SILVA SSU Ref database®, with no mismatches allowed.
This primer set was previously shown to theoretically amplify the 18 S

rDNA region from all major taxonomic groups (Fig. S9). The PCR
samples were sent to Shanghai Majorbio Bio-Pharm Technology Co.,
Ltd. (Shanghai, China) and sequenced (2 x 300) on an lllumina MiSeq
platform. The DNA concentrations in parallel incubations of blank fil-
ters were below the detection limit, and no detectable amplification of
18 S rRNA gene products was observed.

Raw data were quality-filtered using QIIME software (v1.8),
and the paired reads were merged using FLASH software (v1.2.7).
Sequences meeting the following three criteria were included in
the downstream analyses: 200<sequence length <600, mean
quality >30, ambiguous bases <1, and homopolymer length <6.
Erroneous and chimeric sequences were further eliminated by
USEARCH. Then, the remaining sequences were clustered into
operational taxonomic units (OTUs) according to a 97% sequence
similarity threshold using UCLUST (v1.2.22). OTUs containing
fewer than five sequences were eliminated. The same number of
sequences (30,000) were randomly selected from each sample
for standardization. Statistical analyses were performed using the
R base package (R Foundation for Statistical Computing, Vienna
Austria). The association between atrazine concentration and
phytoplankton community was investigated by Spearman’s rank
correlation coefficient, and then, clustering analysis was carried
out to clarify the impact of atrazine treatment.

In addition, the DNA sequences corresponding to OTUs with
significant changes in relative abundance under herbicide stress
were extracted. By aligning these sequences with the NCBI BLAST
database, the phytoplankton species with the highest sequence
similarity were identified, and the particle size information of the
corresponding species of each taxon was obtained. The corre-
sponding results were helpful to further analyze the relationship
between the changes in the particle size structure and the com-
munity structure of phytoplankton under different environmental
concentrations of triazine herbicides.

Potential effects of environmental concentrations of triazine
herbicides on phytoplankton growth rate and energy flow trans-
fer: the changes in community structure and particle size of
phytoplankton can modify the overall growth rate and even the
energy flow of phytoplankton to higher trophic levels. Based on
the classical model (dilution method)’°~*?of energy flow transfer
between phytoplankton and micro-zooplankton, the effect of
atrazine on the net (NGR) or intrinsic (1) growth rate of phyto-
plankton and the grazing rate (g) of zooplankton in natural sea-
water were measured. Briefly, subsamples of each treatment
group (mentioned above 2.2.1) that were collected on the fourth
day (according to the changes in the Chl a concentration for each
particle size in Fig. 4) were considered as the initial seawater
(ISW) samples, and particle-free water (PFW) samples were pre-
pared by filtering the ISW samples through Millipore filters (pore
size: 0.2 um). Then, the ISW was diluted with PFW to five target
dilutions of 100%, 80%, 60%, 40%, and 20% in 2.8 L transparent
polycarbonate bottles. The incubation volume was 2.5L with tri-
plicates. All the bottles were incubated in a water incubator for
24 h, and then the subsample of each dilution gradient was fil-
tered sequentially through 20, 2, and 0.2 pm pore-size poly-
carbonate filters and stored in the dark at -20°C for further
analysis. The phytoplankton retained on the 20, 2, and 0.2 um
pore-size filters were designated as micro-phytoplankton, nano-
phytoplankton, and pico-phytoplankton, respectively.

The dilution approach rests on two fundamental assump-
tions: (1) that dilution ratio has no effect on phytoplankton
growth rate, and (2) that grazing impact is a linear function of the
experimental dilution®>. Rates of phytoplankton growth and
grazing mortality can be inferred from observed changes in
population density following incubations of different dilutions of
natural seawater. The changes in phytoplankton density over time
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for the above dilution series can be represented appropriately by
the following exponential equations.

P,=Pyeh-8r 2)
P, =P elh-088)x 3)
P, =Pelr-0-681 “)
P, =Pyelt-048)1 )
P, =P,et-021 (6)

where Py and P; are the initial and post-24h incubation time (t, d?)
phytoplankton biomass, respectively; u (d) and g (d™) are values of
phytoplankton intrinsic growth rate in the absence of grazing and the
phytoplankton mortality rate due to herbivory, respectively. Phyto-
plankton net growth rate (d™) is related to grazing and mortality by
Eq. 6 at each dilution level.

1\, P
(E)InPTt) =H—-8 7)

The negative slope of this relationship is the grazing mortality rate
(g); the Y-axis intercept is the intrinsic growth rate (u). Phytoplankton
net growth rate (NGR) is subtracted by p and g.

Secondary effects of triazine herbicides at environmental con-
centrations due to structural changes in phytoplankton

Effects of triazine herbicides at environmental concentrations on
micro-zooplankton community structure in natural seawater: with
reference to the high-throughput sequencing of phytoplankton, the
specific primer 82 F/ Ek-516 R was used to amplify the 18 S rRNA gene of
micro-zooplankton in herbicide microcosm system mentioned above.

Morphological identification of micro-zooplankton: for each
micro-zooplankton sample, 250 mL of seawater from each treatment
group collected on the 2Ist day was fixed with formalin (final con-
centration 10%, v/v) and set aside to settle in the dark at 4°C for
3-4 days. Then, the supernatant was removed, and the concentrate
was carefully transferred to 1.5mL microcentrifuge tubes. Micro-
zooplankton in at least 20 random fields were identified and counted
by using a Sedgwick-Rafter counting chamber under a light inverted
microscope (magnification x100). Ciliates, heterotrophic flagellates,
and metazoan larvae were morphologically identified down to the
genus or the lowest taxonomic level possible. Works used for identi-
fications included Campbell®*, Dolan’’, and Bachy et al.”°.

Direct toxicity of atrazine to sensitive/tolerant microplankton
groups: the four experimental micro-zooplankton were isolated from
the coastal waters of Shilaoren Bay (120°49’E, 36°09’N) and cultured in
artificial seawater medium on 17 July 2021. Before the toxicity test, the
copepods and ciliates stored in the laboratory were transferred with a
micropipette to a new culture medium. Individuals of a uniform size
and with good activity levels were selected and precultured at 25°C
for 48 h.

Atrazine toxicity to copepods: a 96-h toxicity test was conducted
on the two species of copepod in 50 mL beakers containing 20 mL of
artificial seawater (S =28-30%o; pH=8.2+ 0.1). A serial 2-fold dilution
of atrazine concentrations (0.1nmol L™ to 32 pmol L™) was prepared
by adding appropriate amount of atrazine stock solution, including 20
copepods in 3 replicates for each concentration. Copepods were
transferred into test solutions using disposable Pasteur pipettes in a
minimum of seawater to reduce dilution. The two species of copepods
were fed daily with Isochrysis galbana (1.0 x10° ind mL™). The stock

cultures were maintained in a climate-controlled room/chamber at
20 +1°C and a14:10 h light:dark cycle. After 96 h, the animal’s mobility
was examined by stereomicroscopic observation’. The observed
immobility was determined by lack of movement when gently prodded
or blown with water. By the end of the experiment, the survival rate of
copepods in the control group should be greater than 80%”*%. The
data at 96 h were recorded to calculate the mortality (0-100%) of each
copepods across a range of atrazine exposures. The best-fitting model
for each concentration-response relationship was chosen according to
Scholze et al.”".

Atrazine toxicity to ciliates: the toxicity tests to ciliates were
conducted in a 24-well plate, and 1 mL of boiled rice and wheat grain
culture solution was added to each well. No more food was added
during the subsequent toxicity tests. A serial 2-fold dilution of atrazine
concentrations (0.1nmol L™ to 32 umol L™) was prepared by adding
appropriate amount of atrazine stock solution. Both the atrazine-
treated and control groups were established with 3 replicates. Twenty
precultured ciliates were added to each microwell with a micropipette
and incubated in a constant-temperature incubator at 25 °C, oxygen
saturation >45%, and photoperiod of 14:10 h light:dark. After 96 h, the
number of surviving ciliates in each group was counted under a ste-
reomicroscope and recorded. Individuals that were incapacitated or
had significant morphological changes were considered dead.

The 96 h LC50 value of atrazine for each zooplankton species was
obtained by performing a probit regression analysis and a chi-squared
goodness of fit test on the experimental data with SPSS17.0%°. Taking
the logarithm of the atrazine concentration as the x value and the
mortality of the test species as the y value, a regression curve was
drawn and a regression equation was fitted to the data.

Correlation analysis of sensitive species of phytoplankton and
microplankton: the phytoplankton and micro-zooplankton OTUs that
were significantly (p < 0.05) affected by at least one atrazine level (0.5,
5, or 50 nmol L™) were used in co-occurrence network analysis. The
relative abundances of phytoplankton and micro-zooplankton OTUs in
the control and atrazine-treated groups were employed to construct
Bray-Curtis similarity matrices. The Spearman rank correlation coeffi-
cients between the phytoplankton and micro-zooplankton taxa were
calculated in R (version 3.5.3). To reduce noise and the occurrence of
false-positive predictions, only strong correlations (| r|>0.9, p < 0.05)
were selected for Gephi network visualization (version 0.9.2).

Quantifying the ecological effects of triazine herbicides on
phytoplankton primary productivity in global bay and
gulf waters
The atrazine stock solution (100 mmol L™) was prepared by accurately
weighing 1mmol of atrazine standard and dissolving it in 10 mL of
methanol. Then, a series of 2-fold serial dilutions of the stock solution
were performed to obtain atrazine standard solutions with con-
centrations of 1nmol L™ to 320 pumol L. One milliliter of each of the
abovementioned standard solutions was added to a series of 2L con-
ical flasks in triplicate. To prevent methanol from interfering with the
experimental results, the methanol in each flask was blown dry with N,
in a fume hood, and then one liter of the clean seawater mentioned
above was added to each of the flasks and fully mixed on a shaker for a
final concentration range of atrazine ranging from 0.001 nmol L™ to
320 nmol L™ After 72 h of incubation at 20 °C under an irradiance of
60 pmol photons m?2s™ and a 12 L:12 D photoperiod, the concentra-
tion of chlorophyll a (representing the phytoplankton primary pro-
ductivity) in each treatment group was measured, and the inhibition
rate (0-100%) was calculated. The best-fitting model for the
concentration-response relationship between chlorophyll a and atra-
zine concentration was chosen as described by Scholze et al.®".

By substituting the equi-effective concentrations of atrazine cor-
responding to each bay and gulf that were obtained in the above
equation, the degree of inhibition of triazine herbicides on
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phytoplankton primary productivity in global bay and gulf waters can
be estimated.

Herbicide risk on global agricultural land

Application rates (ARs) of herbicides. At a 5 arcmin resolution
(approximately 10 km x10 km at the Equator), the Earth’s land area
(excluding the North and South poles) is divided into 7.3 million grid
cells. Herbicide usage in each grid cell was estimated with reference to
the method established by Maggi et al.”. In short, 175 crops were
classified into six dominant crops (alfalfa, corn, cotton, rice, soybean,
and wheat) and four aggregated crop classes (fruit and vegetables,
orchards and grapes, pasture and hay, and others). The top 20 herbi-
cides (based on the CHENGRIDS database”) used for each crop class in
2015 were selected as the statistical range of the global herbicide
geographical distribution (approximately 84% of the herbicide use in
2015). The global georeferenced, crop-specific, annual herbicide
application rates were obtained from the PEST-CHENGRIDS database”
and constrained against the country-specific pesticide use data
reported in the FAOSTAT database® on chlorophyll a content and
phytoplankton abundance.

The crop-specific risk quotient (RQ) of each herbicide was calcu-
lated as the ratio between the predicted environmental concentration
(PEC) and the predicted no-effect concentration (PNEC) (that
is, RQ=PEC/PNEC).

The PEC in this study refers to the noncumulative environmental
concentration due to the lack of historical data on herbicide use. The
spatially explicit approach of the Environmental Potential Risk Indi-
cator for Pesticide version 2.1'° was employed to estimate the PEC
value of herbicide i on crop j (PEC;)) as follows:

AR;

S,;=VDT; 108 )

Sij t cOde
o= - 8
PEC., 4500 / ¢ 100 ®)

Note: S; ; is the absorption amount of the herbicide i on crop j;
AR; ; is the usage amount of herbicide i on crop j; VDT; is the per-
centage of soil coverage found in the coverage table (%)*%; and Cdt is
the residual proportion of herbicide after ¢ days of application (based
on DTso and DT90 values).

PNECs

The PNEC values of herbicide i in soil (PNEC") and water (PNECS")
were estimated from the LC50 values of earthworms and fish respec-
tively as follows:

1C5 Ogarthworms
SL_ZX2Mi 9)
PNEC; 1000
LCSO_fishes
SW_ 200 (10)
PNEC; 1000

Assuming that the number of herbicide residues in a grid cell is i,
the risk point (RP) was calculated as the log-transformed sum of all RQs
of each grid cell that is,

RP=log ZiRQi. 1)

According to the species sensitivity distribution data of 59 pesti-
cides reported by Nagai et al.'”’, RP values are divided into four grades:
RP <0, negligible; 0 <RP<1, low risk; 1<RP<3, medium risk; and
RP > 3, high risk. RP < 0 means that the probability of any species being
affected is less than 5%; RP > 3 means that the probability of a randomly
selected species being affected by the herbicide exceeds 90%'".

The above work will provide a comprehensive understanding of
herbicide residue status and risk levels in agricultural soils/runoff in
various regions of the world. The maximum safety threshold of total
herbicide usage in farmland ecosystems can be obtained by comparing
the herbicide pollution in adjacent sea areas and its inhibitory effect on
primary productivity.

Analysis of herbicide residues in waters adjacent to high-risk
agricultural areas

Based on the global geographic distribution map of herbicide risk
described, the Bohai Sea and Yellow Sea adjacent to the North China
Plain (RP value > 3) were selected as study sites to determine the cor-
relation between the ecological risk level of herbicides in farmlands
and the degree of inhibition of phytoplankton primary productivity in
the adjacent sea areas. Environmental surveys were carried out in
autumn (August 29-September 24) 2017 and spring (March 26-April
16) 2018 to determine the spatial distribution and seasonal variation in
22 herbicides that are widely used in upstream agricultural areas in the
Bohai Sea and Yellow Sea®. The distribution of the 64 monitoring
stations is shown (Fig. S10), covering the estuary areas of the Yangtze
River and the Yellow River. Surface seawater (0-50 cm) samples were
collected. For each sample, 5L of water was collected using Niskin
bottles and filtered through a 200-pm-mesh net to remove large
zooplankton. Then, the water samples were immediately transported
to the laboratory for further treatment. The concentrations of 10
triazine herbicides and their derivatives (i.e., atrazine, desethyla-
trazine, propazine, simazine, terbutryn, ametryn, dipropetryn, deiso-
propylatrazine, prometryn, and prometon), six phenylurea herbicides
(chlortoluron, diuron, fluometuron, isoproturon, metobromuron, and
linuron), and six amide herbicides (propachlor, alachlor, metolachlor,
metazachlor, propanil, and napropamide) in the water samples were
analyzed. 400 mL of water treatment was adjusted to pH 7 and filtered
through a 0.7-um GF/F filter (47 mm). Then, 10 pL of internal standard
solution (acetonitrile) containing 1 pmol L™ atrazine DS, diuron D6,
and metolachlor D6 was added. After successive activation with
methanol (10 mL) and deionized water (10 mL), Oasis HLB cartridges
(Milford) were employed to pre-concentrate the analytes from the
water samples, with a vacuum maintained at 400 mmHg with a Vac Elut
SPS 24 vacuum manifold (Agilent Technology). The cartridge was then
dried with N, for 30 min and then eluted with 5 mL of methanol. The
eluant was evaporated under N,, dissolved in a 1 mL mixture (acet-
onitrile: water =10: 90, v/v), and filtered through a 0.22-um nylon filter
(MoBio). The subsamples were analyzed with high-performance liquid
chromatography (HPLC) coupled to electrospray ionization tandem
mass spectrometry (ESI-MS/MS) as described by Mazzella et al. (2008).
The limits of quantifications (LOQ) were from 0.004 to 0.016 nmol L™
for the triazines, from 0.007 to 0.023 ng L™ for the phenylureas, and
from 0.005 to 0.01 nmol L™ for the amides (Supporting Information
Table S1). Concentrations below these LOQ were not included for the
calculation of summed herbicide concentrations, and the values were
corrected to two decimal places. Both external and internal calibration
procedures were performed and the concentration ranges for the
calibration curves were from 0.01 to 100 nmol L™ for the triazines and
from 0.1 to 100 nmol L™ for phenylureas and amide. The concentra-
tions of atrazine D5, diuron D6, and metolachlor D6 were used for the
respective internal quantifications of triazines, phenylureas, and
amides. Blank controls were set during sample preparation and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis to
avoid any false-positive results.

The degree of inhibition of phytoplankton primary productivity
by herbicides in the Bohai Sea and the Yellow Sea was obtained by
substituting the triazine herbicide concentration data obtained from
the survey into the concentration-response equation of the inhibition
rate of atrazine on the phytoplankton chlorophyll a concentration at
the community level, as described in the section above.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw sequencing data generated in this study have been depos-
ited in the National Center for Biotechnology Information (NCBI)
Sequence Read Archive (SRA, http://www.ncbi.nlm.nih.gov/Traces/
sra/sra.cgi) under accession number PRJNA913270 (https://www.
ncbi.nlm.nih.gov/). The data of global georeferenced, crop-specific,
annual herbicide application rates were obtained from the PEST-
CHEMGRIDSV1 global database (https://doi.org/10.7927/weq9-pv30).
Herbicide data are available in Tables 1, 2, and 5. Source data are
provided with this paper.

Code availability

The code used to calculate pesticide risk scores is provided as a
MATLAB file available via Figshare at https://doi.org/10.6084/m9.
figshare.23735130.
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