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Environmental significance 

Freshwater harmful algal blooms (HABs) are increasingly observed worldwide, driven in 
part by agricultural nutrient runoff, which can leave freshwater systems susceptible to 
bloom formation. These events generate a myriad of cyanobacterial secondary 
metabolites (CSMs), including cyanotoxins, generating exposure risk for humans and 
ecosystems. This study characterizes the occurrence and spatiotemporal dynamics of 
complex CSM mixtures in two agroecosystem lakes undergoing active HABs. By 
extending the analytical scope beyond commonly monitored microcystins through a 
high-resolution mass spectrometry suspect-screening approach, we identified chemical 
patterns that were undetected using conventional methods. The findings demonstrate 
how comprehensive suspect screening can yield previously inaccessible insights into 
the fine-scale chemical mixture dynamics underlying HAB development and 
progression.
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Abstract. Freshwater harmful algal blooms (HABs) pose significant health risks to communities 
through drinking water sources and contact recreation. Cyanobacteria that drive HABs produce a 
complex array of secondary metabolites, notably cyanotoxins. The spatiotemporal variability of 
cyanometabolite mixtures during HABs events remains poorly understood, particularly in 
agroecosystems, where heavy nutrient loading can alter normal lake dynamics. Therefore, we 
applied high-resolution mass spectrometry-based suspect screening to characterize 
cyanometabolite mixture dynamics during active HAB events in two Eastern Iowa lakes as test 
sites, using time-controlled sampling at one lake and locationally controlled sampling at the other. 
Using the CyanoMetDB to enable complex mixture comparisons alongside ELISA-based 
microcystin (MC) quantification, we tentatively identified 38 unique cyanometabolites, revealing 
substantial chemical diversity beyond traditional monitoring targets. Spatial analysis at one of the 
lakes exhibited dramatic variability across a 104-meter beach, where MC concentrations ranged 
from 0.65 µg/L (below advisory limits) to 36.86 µg/L (4.6-fold greater than the USEPA health 
advisory threshold), with metabolite mixtures exhibiting low similarity (cos(θ)=0.38) for those 
same sites. Temporal monitoring at the other test lake demonstrated rapid temporal changes, with 
MC concentrations dropping from 19.98 to 8.64 µg/L within one hour; however, the 
cyanometabolite mixtures over the same time were similar (cos(θ)=0.97). Collectively, these 
findings demonstrate that HAB chemical composition and toxicity fluctuate substantially over 
short distances and time scales. This first HAB metabolite suspect screening in agroecosystem 
lakes thus provides a useful initial framework for characterizing overlooked cyanometabolite 
diversity and tracking chemical dynamics, advancing efforts to better understand, monitor, and 
mitigate HAB-related exposure.
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Environmental significance.
Freshwater harmful algal blooms (HABs) are increasingly observed worldwide, driven in part by 
agricultural nutrient runoff, which can leave freshwater systems susceptible to bloom formation. 
These events generate a myriad of cyanobacterial secondary metabolites (CSMs), including 
cyanotoxins, generating exposure risk for humans and ecosystems. This study characterizes the 
occurrence and spatiotemporal dynamics of complex CSM mixtures in two agroecosystem lakes 
undergoing active HABs. By extending the analytical scope beyond commonly monitored 
microcystins through a high-resolution mass spectrometry suspect-screening approach, we 
identified chemical patterns that were undetected using conventional methods. The findings 
demonstrate how comprehensive suspect screening can yield previously inaccessible insights 
into the fine-scale chemical mixture dynamics underlying HAB development and progression.
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INTRODUCTION. 

Freshwater harmful algal blooms (HABs) are a global water-quality problem that pose 

important and emerging human and environmental health risks. HABs are increasing in frequency 

and severity worldwide, driven at least in part by nutrient pollution and rising global 

temperatures.1,2 Caused by cyanobacteria, HABs can produce a variety of cyanotoxins, including 

potent neurotoxins (anatoxin-a, saxitoxin) and hepatotoxins (microcystins, nodularins), posing 

significant risks to communities that rely on surface waters for drinking water and recreation (e.g., 

swimming).3,4 For example, during the 2014 Toledo (Ohio USA) water crisis, more than 400,000 

residents lost access to tap water due to unsafe levels of HAB derived microcystins.5 Recreational 

exposure to HABs and associated cyanotoxins can occur through accidental ingestion of water, 

inhalation of aerosols, or dermal contact.6 Although HAB dynamics are complex, excessive 

nutrient pollution (i.e., nitrogen and phosphorus) is a known driver of HAB occurrence,7 with 

examples of nutrient control strategies being able to decrease the propensity for HABs.8–

10Agricultural land use is strongly associated with excess nutrient loading, making agroecosystems 

particularly vulnerable to HAB events.11,12 In Iowa, where ~85% of land is dedicated to agriculture, 

HABs are recurring problems in lakes and reservoirs with at least six and up to 50 unique 

microcystin derived swim advisories (microcystin concentrations >8 µg/L) issued by the Iowa 

DNR  annually between 2006 and 2022.13,14 Effective management and risk abatement rely on 

accurate characterization of bloom chemistry and toxicity dynamics.  

HABs produce a myriad of secondary metabolites, including cyanotoxins, resulting in 

spatiotemporally dynamic complex mixtures of cyanobacterial secondary metabolites (CSMs). 

CSM mixtures can include microcystins, anatoxin-a, saxitoxin congeners with unique toxicities, 

and other CSMs with often indeterminate toxicity.15–17 Additionally, there are potential concerns 
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regarding the production of non-proteinogenic amino acids (NRPs) by cyanobacteria (i.e., BMAA) 

due to the potential connections to degenerative diseases.18 Although microcystins, specifically 

microcystin-LR,19 are the most commonly reported cyanotoxins, the complex mixture present 

could result in unexpected interactive exposure effects (e.g., antagonistic or synergistic 

effects).20,21 CSM mixtures of active HABs vary spatially and temporally because of factors 

controlling cyanobacterial activity and CSM fate, potentially including cyanobacterial population 

dynamics, environmental stressors, wind-driven lake mixing, and product degradation.22–28 

Risk assessment typically relies on enzyme-linked immunosorbent assay (ELISA) tests, 

despite the known complexity of HABs. ELISA tests are effective for determining the 

concentration of bindable toxin in a sample and can be used in conjunction with a threshold value 

(e.g., 8 µg/L microcystin in Iowa) to estimate risk, but ELISA cannot assess variability among 

individual microcystin congeners.29 To quantify individual cyanotoxin congeners, targeted 

analytical techniques such as LC-MS/MS are the primary approach. Nevertheless, the need for a 

broad suite of expensive authentic standards increases analytical expense and limits the scope of 

possible analysis to only cyanotoxins with commercially available authentic standards.20,30 

Although both binding assays and targeted analytical approaches are critical for estimating risk 

from cyanotoxins during a HAB event, neither approach captures the dynamics of the complex 

CSM mixture, which is relevant to understanding HAB event mixture dynamics.

High-resolution mass spectrometry (HRMS) is an emerging analytical technique that 

enables screening of unknown chemical substances without analytical standards and thus 

facilitates examination of a broader chemical space. The CyanoMetDB, which aggregates 3085 

identified CSMs from peer-reviewed papers as of 2023, is a complementary tool that enables 

analysis of the chemical fingerprint of HAB-relevant features within the observable chemical 
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space using suspect-screening HRMS methods.16,31 Although suspect screening cannot provide 

quantitative concentrations, this analytical approach allows for tentative identification of CSMs 

and their relative abundances, enabling more detailed analysis of the chemical spatiotemporal 

dynamics of complex mixtures within HAB systems. Since the publication of the CyanoMetDB, 

there has been a limited body of work applying the database towards CSM-focused suspect 

screening. For example, Wang et al. performed a comprehensive study of 859 samples collected 

over four years at Lake Greifensee, Switzerland.32 The authors reported 46 unique 

cyanometabolites identified via the CyanoMetDB and targeted methods, demonstrating 

correlations between CSM mixture composition and cyanobacterial species.32 Using 16 samples 

over the course of a year from Lake Karaoun, LB Zervou et al. measured 92 CSMs identified using 

targeted and CyanoMetDB enabled suspect screening.17 In another study, Roy-Lachapelle et al. 

integrated targeted, suspect, and non-targeted analysis to identify 61 CSMs, including seven new 

transformation products and potential microcystins through predictive biotransformation tools 

coupled with their non-targeted analysis.33 Additionally, Shang et al. observed 155 tentative CSMs 

from 22 sites in and around Shanghai, China.34 Using an estimate to convert between CSM feature 

peak area and an estimated MC-LReq concentration, the researchers demonstrated a correlation 

between total CSM feature abundance and T. platyurus toxicity.34 This limited but growing body 

of previous work proves the efficacy of applying suspect screening to CSM mixture 

characterization and compound identification. To date, however, the use of HRMS based 

techniques and the CyanoMetDB have yet to be applied to capture finer-scale spatiotemporal 

dynamics—with a particular critical need in agoecosystem lakes that experience heavy nutrient 

loading conditions such as in Iowa of the agriculturally-dominated Midwestern US. 
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The drivers of spatiotemporal dynamics of CSM mixtures, including cyanobacterial 

growth, bulk transport, and toxin production, remain poorly understood. Moreover, the expected 

spatiotemporal variability of the CSM mixtures creates the potential for co-exposure to several 

CSMs during contact recreation, but the extent of these co-exposures and the corresponding 

spatiotemporal variations in risk resulting from potential toxicant interactions (e.g., additive, 

synergistic, antagonistic) are poorly understood. Knowledge of the spatial variability of CSMs is 

limited, with most research focusing on single-location sampling.15,35,36 Additionally, temporal 

investigations of CSMs are typically limited to weekly or daily resolutions in many academic 

studies and most public health monitoring.15,35,37 For example, the Iowa Department of Natural 

Resources conducts a summer weekly beach monitoring program that reports microcystin 

concentrations from a composite sample collected at three points along the beach earlier in the 

week. Nevertheless, these spatially averaged and time-delayed results may poorly represent the 

rapidly changing characteristics of HAB-impacted lake systems and may not represent the 

exposure conditions experienced by a water recreationalist.15,27,38 There is a critical need to apply 

suspect screening approaches using the CyanoMetDB in an intensive agroecosystem region, such 

as Iowa, to characterize the spatiotemporal dynamics of an active HAB event to address these 

research gaps. Therefore, the objective of this study was to comprehensively quantify the 

spatiotemporal dynamics of CSM mixtures using suspect screening techniques in an 

agroecosystem region at test lakes experiencing active HAB events. With our focus on mixture 

analysis, the goal of this study was not to achieve high-confidence identifications or quantification, 

but rather to capture the broad dynamics of cyanobacteria-associated compounds. We 

hypothesized that when controlling for either location or time of samples during an active HAB 

event, significant variation in the CSM mixture would occur. Through this work, we were the first 
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to apply the suspect screening approach to understand the dynamics of CSM mixtures in an 

intensive agroecosystem, providing an initial snapshot of spatial and temporal variability in CSM 

mixtures in two representative lakes with recurring blooms.

  

METHODS and MATERIALS. 

Experimental Design

Site Description: Two test lake study locations, Lake MacBride and Lake Darling in eastern Iowa, 

USA, were selected as sampling sites (Figure S1, Table S1). The lakes, used for public recreation, 

are in watersheds with greater than 50% row crop agricultural land use, which is representative of 

lakes found in agroecosystems (detailed in Figure S2). The two lakes were sampled during active 

HAB events (as indicated by microcystin detection in Iowa’s weekly monitoring) to determine the 

impacts of sampling location and time, separately, on microcystin concentrations and the CSM 

mixture (conditions at time of sampling shown in figure S3).14 Lake MacBride was sampled at two 

public access beaches on the lake, with one sample collected each end of each beach on August 

17th, 2022, at the same time (sampling duration: approximately 20-30 minutes) to allow spatially 

dependent comparisons of the sites. Lake Darling was sampled at one primary public access beach 

location over a 3.6-hour interval on August 7th, 2023, allowing investigation of the temporal 

evolution of CSM mixtures. The samples (n=7) were collected from 11:20 to 15:00 (t=0 hours to 

t=3.63 hours), representing a typical time window for recreation (Table 1). Although sampling 

occurred at only two lakes in this study, limiting the scope of fully generalizable conclusions, the 

sites provide a critical snapshot for agroecosystem lakes experiencing an active HAB event and 

thus provide useful insights on application of emerging analytical approaches to characterizing 

complex spatiotemporal mixture dynamics and thus represent the first study of this kind.

Page 9 of 30 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/5
/2

02
6 

1:
13

:5
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EM01071C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em01071c


9

Sample collection: The sampling protocol was adapted from the Ohio EPA Method 546 

(determination of total MCs in ambient water). Briefly, at each beach site, 200 mL surface water 

grab samples were taken . At each sampling location, the polyethylene sample dipper was washed 

in the water three times, to remove surface scum, at approximately 1 meter off the shore before 

taking about 200 mL of water to pour into a pre-labeled and sterilized 250 mL amber glass jar.39 

All samples were immediately stored on ice in a cooler, returned to the lab, and frozen at -20°C 

until ELISA and suspect screening analyses (additional details in SI Section S2.1).

Analytical Methods

ELISA: Samples were first subject to ELISA testing using Eurofins Abraxixs ELISA kits, 

following the manufacturer's instructions. ELISA testing was used for quantification of 

cyanotoxins over direct conger measurement via LC-MS/MS because the objective of this work 

focused on mixture dynamics, and ELISA tests can capture the concentration of the mixture of 

cyanotoxin congers potentially present. Additionally, ELISA is the commonly used approach for 

monitoring HABs from a public health perspective, and thus results provide context with publicly 

available data.29 The kits used were the Microcystins-ADDA ELISA (product no. 520011, 

Microcystins-ADDA ELISA) and the Anatoxin-a Receptor Binding Assay (product no. 520050. 

Anatoxin-a ELISA) (detailed in SI Section S2.2). Anatoxin-a was only measured at the Lake 

MacBride site to check for consistency in the cyanotoxin concentration measurement (Table S8). 

It should be noted that following Ohio EPA Method 546 for the SCM product liberation (freeze-

thaw), will result in neither the truly dissolved nor fully extracted concentrations of toxins being 

present in the measured samples.39,40 Following ELISA, the remaining sample volume was returned 

to a -20°C freezer and stored until ultra-high-performance liquid-chromatography coupled with 

high resolution mass spectrometry (UHPLC-HRMS) based suspect screening analysis.
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UHPLC-HRMS: The remaining sample volume was vortexed to mix the sample to homogeneity, 

and a 2 mL aliquot was passed through a 0.22 µm PTFE syringe filter (13 mm diameter Luer lock 

from MDI Membrane Technologies [type SY13TF], used as packaged). No further enrichment or 

cleanup was conducted due to limited available sample volume (some samples were used in other 

studies and reduced available volume, and a consistent method was required for the samples), 

which also helped limit potential bias in the detectable chemical space.31 Analytical blanks of 

Milli-Q water (18 MΩ-cm) were also prepared. Filtered samples were analyzed at the UIowa 

HRMS Facility on a Thermo Q Exactive Orbitrap MS using a Poroshell 120 C18 HPLC column 

with an Eclipse Plus C18 guard column. The chromatography mobile phases consisted of water 

and acetonitrile with 0.1% formic acid at 0.4 mL/min (see Table S3 for gradient details). Injection 

volumes were 10µL. All samples underwent two polarity-switching full scans and a positive- and 

negative-mode data-dependent MS2 scan (ddMS2) (See Tables S4 and S5 for detailed MS 

acquisition parameters). The mass scan range of the instrument was set to 100-1500 m/z to ensure 

capture of lower-molecular-weight compounds in the CyanoMetDB (118.13-11009.12 Da), while 

selecting the maximum m/z possible within the instrumentation constraints, allowing capture of 

96% of the identifiable CSM.16 The Lake MacBride and Lake Darling samples were analyzed over 

two separate injection sequences (see Table S6 for the injection sequence). Analytical blanks were 

used to evaluate potential carryover between injection sets and to remove background. 

Study Reporting Tool: The NTA Study Reporting Tool (SRT) was used in the preparation of this 

manuscript and is available as Supporting Information.41
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Data processing and analysis

The data were maintained in .raw format and analyzed in Compound Discoverer (Thermo 

Scientific V3.3.3) using a suspect screening workflow modified from the preset Environmental w 

Stats Unknown ID w Online and Local Database Searches workflow (see Figure S4 and Table S7 

for details). Specifically, the CyanoMetDB V2 was included as a mass list for tentatively 

identifying features via a mass-list-matching suspect screening approach, although the database 

lacks associated MS2 data. Results were systematically filtered for peak quality and mass matching 

(see the complete list of filters applied in Figure S5). When MS2 data were available, in silico 

fragmentation and spectra scoring were conducted using the structural information reported in the 

CyanoMetDB and Compound Discoverer’s Fragment Ion Search (FISh) scoring (reported in tables 

S14 and S18), respectively. Additionally, MS2 data were further investigated using MS2Query,42 

a reliable machine learning-based tool that generates analog and exact matches for MS2 spectra 

(see SI S3.2). MS2Query provides a secondary identification method for the CSMs; however, the 

GNPS library43 on which the tool is based does not contain spectra for many of the CSMs in the 

CyanoMetDB.16 Results from MS2Query can be found in Tables S10 and S11. Neither the FISh 

score nor the MS2Query results were used to further filter the dataset. The full mass-matching list 

was used for secondary analysis (i.e., all confidence level 4 and above features) because critical 

information regarding the dynamics of CSM mixtures can be derived even at lower confidence 

levels, which is the primary goal of this study rather than generating a high-confidence CSM 

inventory.44 A summary of the identification confidence levels, based on the Schymanski scale,44 

can be found in Table S9, with all subsequent references to specific features having their 

confidence level in [] after their name. Comparisons between tentatively identified features in each 

sample were based on relative abundance, as determined by the ratio between the feature’s average  
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peak area for an individual sample’s full scan injections and the average response for the feature 

among all full scan injections for all samples. It must be recognized that matrix effects resulting 

from background sample composition may influence the feature peak area used for these 

comparisons, which may vary between sites and samples. To highlight temporal variability 

specifically, a time-zero-normalized log10 response was used to quantify changes relative to the 

initial conditions. Hierarchical clustering analysis was conducted within Compound Discoverer 

using Euclidean distance and the complete linkage method. The relative abundance data for the 

tentatively identified feature list were used in R (version 4.4.1) to determine the cos() similarity 

score between each sample to quantify the mixture’s similarity with respect to all the tentatively 

identified features. The cos() approach computes the angle between a higher-dimensional vector 

formed by a feature identifier (i.e., the relative abundance) and a score vector, where one represents 

complete correlation, and zero indicates no correlation.

RESULTS and DISCUSSION

High Spatial Variability of Microcystins and Cyanometabolite Mixtures. The cyanotoxin 

concentrations and tentatively identified CSMs at Lake MacBride demonstrate spatial 

heterogeneity in mixture composition and exposure potential. ELISA-measured microcystin 

concentrations varied across the four sampling sites, ranging from 0.65 µg/L to 36.86 µg/L. Site 

South 2 exceeded Iowa’s eight ppb advisory threshold by 4.6-fold, while the microcystin 

concentrations at the other three sites were less than 2.20 µg/L (Fig. 1b). Anatoxin-a concentrations 

(Table S8) were lower than the concentrations of microcystins (9.53 µg/L at South 2 and <1 µg/L 

at the other sites), but mirrored the spatial variation pattern, indicating consistent cyanobacterial 

activity.45 These differences in ELISA-measured cyanotoxin concentrations reveal location-
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dependent exposure potential. Nevertheless, ELISA, as a receptor-binding assay, cannot identify 

or characterize the composition of CSMs present. We therefore employed an HRMS suspect-

screening approach to analyze the observed complex CSM mixture.

Suspect screening enabled the tentative identification of thirty CSM features. Notably, only 

two were potentially microcystins (MC-RR [level 2(b)]and [D-Asp3]MC-HilR [level 3b]) and one 

a potential anatoxin-a (cis-Carboxydihydroanatoxin-a [level 3a]). The remaining 27 features were 

other potential CSM peptides and non-peptides, with no saxitoxins or nodularins identified. A 

complete list of tentatively identified features with associated information from the CyanometDB, 

critical acquisition results, and scored MS2 spectra when available, are provided in Tables S12-

S14. Additionally, it should be noted that these compounds were initially isolated from a diverse 

group of cyanobacterial species, including species from marine and freshwater systems from 

across the globe. Although the global nature of the CyanoMetDB is a substantial asset due to the 

comprehensive nature, this also presents a potential limitation for suspect screening approaches of 

a localized natures such as this study. Nevertheless, specific CSMs are known to be produced 

across different species and locations; for example, recent research has demonstrated high 

variability in the distribution of CSMs globally.46 Moreover, specific CSM products have been 

isolated from multiple cyanobacterial species, such as Anabaenopeptin F, which has been isolated 

from five different genus of cyanobacteria.47 Microcystins have also been shown to be produced 

by marine species of cyanobacteria, though specific conger determination has yet to be 

performed.48–50 The number of tentatively identified high-confidence features (as determined by 

in silico MS2 matches and MS2Query results) was low compared to previous suspect screening 

work for CSM, potentially due to factors such as watershed land use, bloom species composition, 

or differences in analytical methods.17,34,51 Nevertheless, the features, including mass matching 
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only tentative identifications, expand the range of observed CSM beyond typically studied toxins, 

enabling critical insight into spatial variability across sampling locations. 

Applying hierarchical cluster analysis (HCA) and cosine similarity (cos(θ)) analyses to the 

tentatively identified CSMs revealed distinctive mixture profiles across sites (Figure 1). The 

dendrograms derived from the HCA indicate the similarity of sites (columns) and chemical 

features (rows) relatedness based on Euclidean distances derived from relative abundances of 

CSMs in the mixtures. The HCA identified Site South 2 as the most unique, with a Euclidean 

distance of 12.36 (unitless) from other sites, more than twice the maximum value observed 

between the remaining three sites. Cosine similarity mirrored the HCA findings, with Site South 

2 exhibiting weak correlation to all other locations (cos(θ)MacBride <0.46). In contrast, Sites South 

1 and North 2 were highly correlated (cos(θ)MacBride=0.983), despite a physical spatial separation 

of 1.4 km and being on opposite sides of the lake (see Table S15 for the full cos(θ)MacBride matrix). 

The high similarity may be a reflection of shared low relative abundance of CSM features at South 

1 and North 2 rather than actual compositional similarity. Nevertheless, these results indicate a 

weak correlation between the sample location and the mixture composition, suggesting yet 

unexplained drivers of potential exposures. 

Although spatial heterogeneity in algal bloom extent has been documented through remote 

sensing or pigment measurements, previous studies have not characterized the spatial variation of 

CSM mixtures.23,27 The heterogeneity we observed may be expected, given that lakes are 

heterogeneous systems, with bloom extent, localized cyanobacterial activity, and beach-scale 

drainage basin variations likely driving the observed variation.23,52 Nevertheless, the magnitude of 

this heterogeneity is notable. Most HAB monitoring programs sample individual locations or small 

numbers of sites, focusing on longer-term trends, which may mask the variability in potential 
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exposure documented here.17,34,53 For example, a recreationist at the South Site beach during our 

sampling period would have experienced a microcystin exposure 4.6-fold above the advisory 

threshold on the east side of the beach, but a potential exposure well below the threshold on the 

west side, only 103m apart. In addition, a recreationist would have been exposed to a more 

pronounced complex mixture of CSM with an undetermined potential risk. Suspect screening thus 

provides a critical tool for revealing and characterizing HAB spatial dynamics from a CSM 

mixture perspective, enabling enhanced assessment of the spatially heterogeneous exposure 

imparted during active HAB events.
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Figure 1: The sampling site location map and associated ELISA-measured microcystin 

concentrations. The bottom panel shows the HCA plot of the 30 tentatively identified CSM 

features. Each row represents a single chemical feature, with cell color indicating its relative scaled 

response (blue: high; red: low). The dendrograms display the relatedness of both sites (columns) 

and features (rows), with groupings based on the complete linkage method using Euclidean 

distances and relative response values. As a binding assay, the ELISA-measured microcystin 

concentrations reflect total microcystin concentrations contributed from a mixture of congeners. 
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Temporal Variation of Microcystin and Cyanometabolite Mixtures. Samples were collected 

from one location over a 4-hour sampling period at Lake Darling’s public access beach to 

document temporal HAB toxin and mixture variability. Over the sampling period, ELISA-

measured microcystin concentrations declined by 4.8-fold, from 20 ppb to 4.2 ppb (Table 1). The 

rapid decline may be caused by (among other factors): wind-driven mixing, the photolabile nature 

of microcystins, and/or their metabolism by other microorganisms.24,54,55 To investigate whether 

this temporal pattern exhibited by the ELISA data extended to the CSM mixture, the described 

suspect screening method was applied. We tentatively identified 18 CSMs, including two potential 

microcystins ([D-Asp3]MC-HilR [level 4] and MC-RR [level 2b]) and one potential anatoxin-a 

(11-Carboxyanatoxin-a [level 4]), with no saxitoxins or nodularins identified. A complete list of 

tentatively identified features with associated information from the cyanometDB, critical 

acquisition results, and scored MS2 spectra when available, is provided in Tables S15-S18. 

Although both ELISA and suspect screening data demonstrate an overall decrease in 

microcystin abundance over the sampling period (16 of the 18 features decreased overall), more 

detailed resolution revealed a much more dynamic system. Rapid up-and-down regulation (i.e., 

increases or decreases, respectively, in relative abundance based on specific feature peak area) of 

the CSM features occurred, with 9 of the 18 features up-regulated between the first two sample 

events (Table 1). Specific features, such as one tentatively identified as Palmyrrolinone [level 3a], 

experienced both up- and down-regulation in their responses over the course of sampling. With 

respect to the initial sample, the immediately following sample exhibited initially high similarity 

(t=1h; cos(θ)Darling 0.97); however, by the next sequential sample (t=2.6h), the similarity dropped 

(cos(θ)Darling 0.73) (see Table S19 for the full cos(θ)Darling matrix). The samples collected between 

2.6h and 3.4h remained similar (cos(θ)Darling >0.88 between all samples). One final major shift 
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occurred in the final sample (t=3.6h), with cos(θ)Darling<0.76 between the final sample and all 

earlier samples, likely due to the significant increase in the relative abundance of the tentatively 

identified CSM Palmyrrolinone [level 3a], a dicraboximide with molluscicidal properties.56 In 

contrast to the decrease in ELISA-measured microcystin concentration, the variability in trends 

observed in the feature mixture indicates potential cyanobacterial activity independent of 

cyanotoxin concentrations. These results demonstrate great temporal variability in the overall 

ELISA response and increases and decreases in the CSM complex mixture representation over a 

time period relevant to a recreationalist at a beach, with concomitant implications for highly 

variable exposure potential. 

Table 1: Microcystin Concentrations and CSM Feature Normalized Response at Lake Darling.
Time (Hours)†

 0.00 0.97 2.63 2.88 3.13 3.38 3.63
 ELISA  

Microcystin (µg/L) 19.98 8.64 4.16 5.72 6.20 5.45 4.18
Suspect Screening

Feature Class‡
Tentative Feature Identification 

[conf. level] Normalized Log Response§

Anatoxin-a 11-Carboxyanatoxin-a [4] 1 0.97 0.98 1.00 0.97 1.02 0.96
MC-RR [2a] 1 0.98 0.87 0.86 0.78 0.87 0.70Microcystin [D-Asp3]MC-HilR [4] 1 0.96 0.83 0.88 0.77 0.88 0.76
Sacrolide A [3b] 1 0.98 0.90 0.88 0.90 0.88 0.87other cyclic non-

peptide 15,16-dihydrosacrolide A [3b] 1 0.99 0.92 0.91 0.93 0.91 0.90
Tricholactone [3a] 1 0.98 1.00 0.98 0.99 0.95 0.98other cyclic peptide Palmyrrolinone [3a] 1 0.98 0.89 1.02 0.99 0.99 1.12
Koshikalide [3b] 1 1.00 1.01 1.01 1.00 1.01 0.99
N-butyryl-L-homoserine lactone [4] 1 0.99 0.98 0.97 0.95 0.97 0.97
Lyngbyacarbonate [4] 1 1.02 1.02 1.03 1.00 1.04 1.00
6-Acetamidotridecane [4] 1 0.98 1.01 1.01 0.88 0.98 0.80
Palythene [3b] 1 1.08 1.18 1.20 1.13 1.16 1.14
Gloeolactone [3b] 1 1.02 0.92 0.91 0.93 0.90 0.87
7-methoxy-9-methylhexadecadienoic 
acid [3b] 1 1.01 0.95 0.98 0.97 0.94 0.98

Pukeleimide D [4] 1 0.98 0.94 0.94 0.92 0.96 0.92
Puna'auic acid [4] 1 1.00 0.92 0.92 0.93 0.92 0.95
Malyngic acid [3b] 1 1.01 0.94 0.92 0.95 0.91 0.93
Microcystbiopterin A [4] 1 1.01 0.93 0.90 0.91 0.91 0.90

other linear non-
peptide

478-Da MAA [3b] 1 1.00 0.91 0.91 0.91 0.89 0.90
†Time series from 11:22 until 15:00 (t=0 hours to t=3.63 hours). ‡Feature Class as listed in the CyanoMetDB. 
§Tentatively identified cyanometabolite features log response value normalized to t=0 with boxes shaded according 
to results greater than response=0 (blue) and less than response=0 (red), with color intensity reflecting the magnitude 
of the deviation. 
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Beach Monitoring Implications. Iowa has a weekly beach monitoring program for all State Park 

beaches (41 unique sites) throughout the state, including the two test lake study sites, to help 

protect recreationalists from HABs and exposure to bacteria. The beach samples are composite 

samples from nine subsamples (three depths at three locations) along each beach, collected weekly 

from Memorial Day (late May) through Labor Day (early September) each year. Iowa’s weekly 

beach monitoring program detected and reported microcystin concentrations of 1.23 ppb at Lake 

MacBride (August 16th, 2022) and 14.2 ppb at Lake Darling (August 9th, 2023), triggering an 

advisory only at Lake Darling but not Lake MacBride.14 Nevertheless, our spatial and temporal 

sampling at those lakes revealed substantial discordance between weekly monitoring snapshots 

and potential exposure later in the same week (Figure 2). This CSM variability observed at both 

lakes reveals limitations in current monitoring approaches.

At Lake MacBride, while weekly monitoring detected 1.23 ppb, our spatial sampling from 

the following day detected 36.89 µg/L at site South 2, a 30-fold greater value. Moreover, the spatial 

difference in microcystin concentration between the eastern and western ends of South Beach 

(36.86 µg/L and 0.65 µg/L, respectively) has implications for potential exposures, as beachgoers 

could experience concentrations well below and above the EPA advisory threshold despite being 

only 103m apart and visiting during a no-advisory period. At Lake Darling, temporal data 

demonstrated substantial variability within a single monitoring period. The four-hour time-series 

concentrations dropped from 19.98 µg/L to 4.16 µg/L (from 2.5 times higher than the advisory 

threshold to approximately half the advisory threshold value) within 2.6 hours of the initial 

sampling. Beachgoers arriving in the late morning versus early afternoon would have experienced 

a 4.8-fold higher potential exposure to microcystins despite both periods being covered by the 

same weekly advisory, based on the 14.2 µg/L concentration detected by routine monitoring. 
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Additionally, suspect screening indicates that HAB systems are dynamic beyond the well-studied 

cyanotoxins, underscoring the highly dynamic potential for exposure to HAB-associated CSM 

complex mixtures, posing greater challenges for modeling, monitoring, and public health 

communication efforts. Additional research to characterize HAB CSM spatiotemporal mixture 

dynamics using emerging methods such as HRMS suspect screening is warranted to inform 

exposure risk for water recreationalists. 

Figure 2: Results from Iowa DNR beach monitoring14 and the collected ELISA data for Lake 
MacBride and Lake Darling. The dashed line indicates the EPA advisory threshold for 
microcystin (8 µg/L). The inset figure under Lake Darling highlights the intraday timeseries for 
the UIowa collected samples (data also in Table 1).

Conclusions. In this work, we demonstrate the short-term spatiotemporal complexity of CSM 

complex mixtures during an active HAB event with novel suspect screening methods. With 38 

unique tentatively identified CSMs from the two sites, each test site exhibited notable variability 

between samples (cos(θ)MacBride_min=0.375 and cos(θ)Darling_min=0.515) that would not have been 

captured using standard approaches. Although these approaches cannot explain the observed 
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variability, the presented data highlight a critical need for further investigation into the drivers of 

sub-daily spatiotemporal dynamics of HAB events, which have not received substantial attention.57 

Notably, CSM mixture characterization through suspect screening remains a developing 

approach for understanding HAB activity and dynamics. Although the CyanoMetDB is the most 

compressive database for CSMs, the lack of MS2 inherent in the data limits the ability of higher 

quality compound identifications. Indeed, there are MS2 spectra for CSMs that exist (and which 

were used for improving confidence of identification when available in databases and our samples; 

see SI), these spectra are split among several different databases, with many of the CSMs in the 

CyanoMetDB not present in commonly used databases like GNPS and mzVault. A more 

comprehensive spectral library is needed to support high-confidence identifications beyond in 

silico fragment matching. Improvements in identification confidence, while not the direct focus of 

this study, would help reduce potential error and could allow for a better understanding of the 

geographical distribution of CSMs. Importantly, this work shows that applying the CyanoMetDB 

as a NTA suspect screening approach could help reveal the underlying drivers and dynamics of 

HAB events that are unrecognized by conventional monitoring approaches. To the best of our 

knowledge, this work represents the first attempt to apply suspect screening for CSM in 

agroecosystem lakes specifically and should thus be viewed as an initial groundwork study 

quantitatively demonstrating complexity and bolstering the need for further investigation.

This work demonstrates that high spatiotemporal variation of CSM mixtures in 

agroecosystem lakes can alter the potential exposure faced by recreationists. HAB events need to 

be better understood across the extent of a lake and on sub-daily time scales to better characterize 

the variation in potential exposure during an active HAB event. Future work should further 

investigate the correlation between CSM mixtures and known drivers of bloom growth and 
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degradation, employing suspect screening approaches in conjunction with remote sensing 

techniques to enhance the scope of future studies. This multi-faceted approach could help 

illuminate drivers of mixture change beyond what has been hypothesized. Future work should also 

consider pairing 16S rRNA sequencing and/or flow cytometry methods with suspect screening to 

better understand the linkages between cyanobacterial phylogenetic characterization and/or 

speciation with CSM mixture composition to better inform their relationships as well as broader 

distributions.46,58 Moreover, further investigation into the impact of CSM mixtures on the actual 

risk posed to recreationists should be conducted, potentially using effect-directed analysis and 

direct CSM concentration measurements to both incorporate existing dose-response information 

and bolster suspect screening identification confidence.20,44,59 The suspect screening for CSM in 

this work provides critical additional insight, illustrates the spatiotemporal variability in potential 

exposure, and lays the groundwork for understanding active HAB event dynamics in 

agroecosystem lakes. 

Author contributions.

Stanley W. Kohls: conceptualization, methodology, software, formal analysis, investigation, data 

curation, writing – original draft, visualization, project administration. Lyndy Holt: formal 

analysis, writing – review & editing. Nervana Metwali: formal analysis, writing – review & 

editing. Corey D. Markfort: writing – review & editing, funding acquisition. Peter S. Thorne: 

writing – review & editing, funding acquisition. Gregory H. LeFevre: conceptualization, 

methodology, resources, writing – review & editing, supervision, visualization, project 

administration, funding acquisition.

Page 23 of 30 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/5
/2

02
6 

1:
13

:5
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EM01071C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em01071c


23

Conflicts of interest.

There are no conflicts of interest to declare.

Data availability.

The data supporting this article have been included as part of the Supplementary Information. 

Supplementary Information includes: Site and Sample Descriptions, Analytical Methods and 

Chemicals, Data Processing, Supplemental Results Figures/ Tables/ Statistics, and the NTA Study 

Reporting Tool (SRT). The .raw files from the UPHLC-HRMS analysis are available from the 

corresponding author.

Acknowledgements. 

This work was funded by the University of Iowa Office of Vice President of Research P3 Jumpstart 

Tomorrow grant (Iowa Healthy Lakes Initiative). We thank Mary Skopec, executive director of 

the Iowa Lakeside Laboratory, for her inputs to the Iowa Healthy Lakes Initiative. We 

acknowledge the support of the Environmental Health Sciences Research Center (P30 ES005605) 

for providing a collaborative research environment. The authors thank Lynn Teesch and Vic 

Parcell of the University of Iowa High Resolution Mass Spectrometry Facility. 

REFERENCES. 
(1) Feng, L.; Wang, Y.; Hou, X.; Qin, B.; Kutser, T.; Qu, F.; Chen, N.; Paerl, H. W.; Zheng, 

C. Harmful Algal Blooms in Inland Waters. Nat. Rev. Earth Environ. 2024, 5 (9), 631–
644. https://doi.org/10.1038/s43017-024-00578-2.

(2) Fang, C.; Song, K.; Paerl, H. W.; Jacinthe, P.-A.; Wen, Z.; Liu, G.; Tao, H.; Xu, X.; 
Kutser, T.; Wang, Z.; Duan, H.; Shi, K.; Shang, Y.; Lyu, L.; Li, S.; Yang, Q.; Lyu, D.; 
Mao, D.; Zhang, B.; Cheng, S.; Lyu, Y. Global Divergent Trends of Algal Blooms 
Detected by Satellite during 1982–2018. Glob. Chang. Biol. 2022, 28 (7), 2327–2340. 
https://doi.org/https://doi.org/10.1111/gcb.16077.

(3) Al Haffar, M.; Fajloun, Z.; Azar, S.; Sabatier, J.-M.; Abi Khattar, Z. Lesser-Known 

Page 24 of 30Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/5
/2

02
6 

1:
13

:5
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EM01071C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em01071c


24

Cyanotoxins: A Comprehensive Review of Their Health and Environmental Impacts. 
Toxins. 2024. https://doi.org/10.3390/toxins16120551.

(4) Merel, S.; Walker, D.; Chicana, R.; Snyder, S.; Baurès, E.; Thomas, O. State of 
Knowledge and Concerns on Cyanobacterial Blooms and Cyanotoxins. Environ. Int. 2013, 
59, 303–327. https://doi.org/https://doi.org/10.1016/j.envint.2013.06.013.

(5) Wilson, K. . E. Danger from Microcystins in Toledo Water Unclear. Chem.Eng.News 
2014, 92 (32), 9–9.

(6) Koreivienė, J.; Anne, O.; Kasperovičienė, J.; Burškytė, V. Cyanotoxin Management and 
Human Health Risk Mitigation in Recreational Waters. Environ. Monit. Assess. 2014, 186 
(7), 4443–4459. https://doi.org/10.1007/s10661-014-3710-0.

(7) Conley, D. J.; Paerl, H. W.; Howarth, R. W.; Boesch, D. F.; Seitzinger, S. P.; Havens, K. 
E.; Lancelot, C.; Likens, G. E. Controlling Eutrophication: Nitrogen and Phosphorus. 
Science (80-. ). 2009, 323 (5917), 1014–1015. https://doi.org/10.1126/science.1167755.

(8) Jacquemin, S. J.; Johnson, L. T.; Dirksen, T. A.; McGlinch, G. Changes in Water Quality 
of Grand Lake St. Marys Watershed Following Implementation of a Distressed Watershed 
Rules Package. J. Environ. Qual. 2018, 47 (1), 113–120. 
https://doi.org/https://doi.org/10.2134/jeq2017.08.0338.

(9) Summers, E. J.; Ryder, J. L. A Critical Review of Operational Strategies for the 
Management of Harmful Algal Blooms (HABs) in Inland Reservoirs. J. Environ. Manage. 
2023, 330, 117141. https://doi.org/https://doi.org/10.1016/j.jenvman.2022.117141.

(10) L., Y. L.; I., P. A. Classifying Lakes to Improve Precision of Nutrient–Chlorophyll 
Relationships. Freshw. Sci. 2014, 33 (4), 1184–1194. https://doi.org/10.1086/678465.

(11) Iiames, J. S.; Salls, W. B.; Mehaffey, M. H.; Nash, M. S.; Christensen, J. R.; Schaeffer, B. 
A. Modeling Anthropogenic and Environmental Influences on Freshwater Harmful Algal 
Bloom Development Detected by MERIS Over the Central United States. Water Resour. 
Res. 2021, 57 (10), e2020WR028946. 
https://doi.org/https://doi.org/10.1029/2020WR028946.

(12) Bijay-Singh; Craswell, E. Fertilizers and Nitrate Pollution of Surface and Ground Water: 
An Increasingly Pervasive Global Problem. SN Appl. Sci. 2021, 3 (4), 518. 
https://doi.org/10.1007/s42452-021-04521-8.

(13) Miller, J. . B.; Cordero, M.; Jordan, E. Voluntary Measures May Not Be Enough: Bacteria 
and Algae Plague Iowa Beaches. TheGazette. CedarRapid August 2024. 
https://www.thegazette.com/environment-nature/iowa-beaches-have-been-plagued-for-
two-decades-by-algae-bacteria-why-experts-say-we-need-to-be-doi/ (accessed 2025-01-
14).

(14) Iowa, D. N. R. AQuIA, Beach Monitoring. https://programs.iowadnr.gov/aquia/beaches 
(accessed 2025-04-09).

(15) Maurer, J. A.; Xia, R.; Kim, A. M.; Oblie, N.; Hefferan, S.; Xie, H.; Slitt, A.; Jenkins, B. 
D.; Bertin, M. J. Temporal Dynamics of Cyanobacterial Bloom Community Composition 
and Toxin Production from Urban Lakes. ACS ES&T Water 2024. 
https://doi.org/10.1021/acsestwater.4c00266.

(16) Jones, M. R.; Pinto, E.; Torres, M. A.; Dörr, F.; Mazur-Marzec, H.; Szubert, K.; 
Tartaglione, L.; Dell’Aversano, C.; Miles, C. O.; Beach, D. G.; McCarron, P.; Sivonen, 
K.; Fewer, D. P.; Jokela, J.; Janssen, E. M.-L. CyanoMetDB, a Comprehensive Public 
Database of Secondary Metabolites from Cyanobacteria. Water Res. 2021, 196, 117017. 
https://doi.org/https://doi.org/10.1016/j.watres.2021.117017.

Page 25 of 30 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/5
/2

02
6 

1:
13

:5
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EM01071C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em01071c


25

(17) Zervou, S.-K.; Hammoud, N. A.; Godin, S.; Hiskia, A.; Szpunar, J.; Lobinski, R. 
Detection of Secondary Cyanobacterial Metabolites Using LC-HRMS in Lake Karaoun. 
Sci. Total Environ. 2023, 892, 164725. https://doi.org/10.1016/j.scitotenv.2023.164725.

(18) Nugumanova, G.; Ponomarev, E. D.; Askarova, S.; Fasler-Kan, E.; Barteneva, N. S. 
Freshwater Cyanobacterial Toxins, Cyanopeptides and Neurodegenerative Diseases. 
Toxins. 2023, p 233. https://doi.org/10.3390/toxins15030233.

(19) Massey, I. Y.; Wu, P.; Wei, J.; Luo, J.; Ding, P.; Wei, H.; Yang, F. A Mini-Review on 
Detection Methods of Microcystins. Toxins. 2020. 
https://doi.org/10.3390/toxins12100641.

(20) Douglas Greene, S. B.; LeFevre, G. H.; Markfort, C. D. Improving the Spatial and 
Temporal Monitoring of Cyanotoxins in Iowa Lakes Using a Multiscale and Multi-Modal 
Monitoring Approach. Sci. Total Environ. 2021, 760, 143327. 
https://doi.org/10.1016/j.scitotenv.2020.143327.

(21) Janssen, E. M.-L. Cyanobacterial Peptides beyond Microcystins – A Review on Co-
Occurrence, Toxicity, and Challenges for Risk Assessment. Water Res. 2019, 151, 488–
499. https://doi.org/10.1016/j.watres.2018.12.048.

(22) Savadova-Ratkus, K.; Mazur-Marzec, H.; Karosienė, J.; Kasperovičienė, J.; Paškauskas, 
R.; Vitonytė, I.; Koreivienė, J. Interplay of Nutrients, Temperature, and Competition of 
Native and Alien Cyanobacteria Species Growth and Cyanotoxin Production in Temperate 
Lakes. Toxins. 2021. https://doi.org/10.3390/toxins13010023.

(23) Galat, D. L.; Verdin, J. P. Patchiness, Collapse and Succession of a Cyanobacterial Bloom 
Evaluated by Synoptic Sampling and Remote Sensing. J. Plankton Res. 1989, 11 (5), 925–
948. https://doi.org/10.1093/plankt/11.5.925.

(24) Schmidt, J. R.; Wilhelm, S. W.; Boyer, G. L. The Fate of Microcystins in the Environment 
and Challenges for Monitoring. Toxins. 2014, pp 3354–3387. 
https://doi.org/10.3390/toxins6123354.

(25) Huisman, J.; van Oostveen, P.; Weissing, F. J. Species Dynamics in Phytoplankton 
Blooms: Incomplete Mixing and Competition for Light. Am. Nat. 1999, 154 (1), 46–68. 
https://doi.org/10.1086/303220.

(26) Trimbee, A. M.; Harris, G. P. Phytoplankton Population Dynamics of a Small Reservoir: 
Effect of Intermittent Mixing on Phytoplankton Succession and the Growth of Blue-Green 
Algae. J. Plankton Res. 1984, 6 (4), 699–713. https://doi.org/10.1093/plankt/6.4.699.

(27) Ortiz, D. A.; Wilkinson, G. M. Capturing the Spatial Variability of Algal Bloom 
Development in a Shallow Temperate Lake. Freshw. Biol. 2021, 66 (11), 2064–2075. 
https://doi.org/https://doi.org/10.1111/fwb.13814.

(28) Christensen, V. G.; Stelzer, E. A.; Eikenberry, B. C.; Olds, H. T.; LeDuc, J. F.; Maki, R. 
P.; Saley, A. M.; Norland, J.; Khan, E. Cyanotoxin Mixture Models: Relating 
Environmental Variables and Toxin Co-Occurrence to Human Exposure Risk. J. Hazard. 
Mater. 2021, 415, 125560. https://doi.org/https://doi.org/10.1016/j.jhazmat.2021.125560.

(29) Gaget, V.; Lau, M.; Sendall, B.; Froscio, S.; Humpage, A. R. Cyanotoxins: Which 
Detection Technique for an Optimum Risk Assessment? Water Res. 2017, 118, 227–238. 
https://doi.org/https://doi.org/10.1016/j.watres.2017.04.025.

(30) Wang, S.; Zhang, X.; Wang, C.; Chen, N. Multivariable Integrated Risk Assessment for 
Cyanobacterial Blooms in Eutrophic Lakes and Its Spatiotemporal Characteristics. Water 
Res. 2023, 228, 119367. https://doi.org/https://doi.org/10.1016/j.watres.2022.119367.

(31) Black, G.; Lowe, C.; Anumol, T.; Bade, J.; Favela, K.; Feng, Y.-L.; Knolhoff, A.; 

Page 26 of 30Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/5
/2

02
6 

1:
13

:5
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EM01071C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em01071c


26

Mceachran, A.; Nuñez, J.; Fisher, C.; Peter, K.; Quinete, N. S.; Sobus, J.; Sussman, E.; 
Watson, W.; Wickramasekara, S.; Williams, A.; Young, T. Exploring Chemical Space in 
Non-Targeted Analysis: A Proposed ChemSpace Tool. Anal. Bioanal. Chem. 2023, 415 
(1), 35–44. https://doi.org/10.1007/s00216-022-04434-4.

(32) Wang, X.; Ingold, A.; Janssen, E. M.-L. Biotransformation Dynamics and Products of 
Cyanobacterial Secondary Metabolites in Surface Waters. Environ. Sci. Technol. 2025, 59 
(38), 20726–20737. https://doi.org/10.1021/acs.est.5c09247.

(33) Roy-Lachapelle, A.; Solliec, M.; Gagnon, C. Characterizing Cyanopeptides and 
Transformation Products in Freshwater: Integrating Targeted, Suspect, and Non-Targeted 
Analysis with in Silico Modeling. Anal. Bioanal. Chem. 2025, 417 (21), 4829–4846. 
https://doi.org/10.1007/s00216-025-05999-6.

(34) Shang, J.; Zhao, M.; Yan, S. Comprehensive Analysis of Cyanobacterial Secondary 
Metabolites Distribution and Toxicity in Urban Water Bodies. Sci. Total Environ. 2024, 
932, 173023. https://doi.org/https://doi.org/10.1016/j.scitotenv.2024.173023.

(35) Aguilera, A.; Almanza, V.; Haakonsson, S.; Palacio, H.; Benitez Rodas, G. A.; Barros, M. 
U. G.; Capelo-Neto, J.; Urrutia, R.; Aubriot, L.; Bonilla, S. Cyanobacterial Bloom 
Monitoring and Assessment in Latin America. Harmful Algae 2023, 125, 102429. 
https://doi.org/https://doi.org/10.1016/j.hal.2023.102429.

(36) Agathokleous, E.; Peñuelas, J.; Azevedo, R. A.; Rillig, M. C.; Sun, H.; Calabrese, E. J. 
Low Levels of Contaminants Stimulate Harmful Algal Organisms and Enrich Their 
Toxins. Environ. Sci. Technol. 2022, 56 (17), 11991–12002. 
https://doi.org/10.1021/acs.est.2c02763.

(37) Hardy, F. J.; Preece, E.; Backer, L. Status of State CyanoHAB Outreach and Monitoring 
Efforts, United States. Lake Reserv. Manag. 2021, 37 (3), 246–260. 
https://doi.org/10.1080/10402381.2020.1863530.

(38) Pierce, E. F.; Schnetzer, A. Microcystin Concentrations, Partitioning, and Structural 
Composition during Active Growth and Decline: A Laboratory Study. Toxins. 2023. 
https://doi.org/10.3390/toxins15120684.

(39) Zaffiro, A.; Rosenblum, L.; Wendelken, S. C. Method 546: Determination of Total 
Microcystins and Nodularins in Drinking Water and Ambient Water by Adda Enzyme-
Linked Immunosorbent Assay. United States Environ. Prot. Agency 2016, No. 815-B-16–
011, 1–21.

(40) Haque, F.; Banayan, S.; Yee, J.; Chiang, Y. W. Extraction and Applications of 
Cyanotoxins and Other Cyanobacterial Secondary Metabolites. Chemosphere 2017, 183, 
164–175. https://doi.org/https://doi.org/10.1016/j.chemosphere.2017.05.106.

(41) Peter, K. T.; Phillips, A. L.; Knolhoff, A. M.; Gardinali, P. R.; Manzano, C. A.; Miller, K. 
E.; Pristner, M.; Sabourin, L.; Sumarah, M. W.; Warth, B.; Sobus, J. R. Nontargeted 
Analysis Study Reporting Tool: A Framework to Improve Research Transparency and 
Reproducibility. Anal. Chem. 2021, 93 (41), 13870–13879. 
https://doi.org/10.1021/acs.analchem.1c02621.

(42) de Jonge, N. F.; Louwen, J. J. R.; Chekmeneva, E.; Camuzeaux, S.; Vermeir, F. J.; Jansen, 
R. S.; Huber, F.; van der Hooft, J. J. J. MS2Query: Reliable and Scalable MS2 Mass 
Spectra-Based Analogue Search. Nat. Commun. 2023, 14 (1), 1752. 
https://doi.org/10.1038/s41467-023-37446-4.

(43) Wang, M.; Carver, J. J.; Phelan, V. V; Sanchez, L. M.; Garg, N.; Peng, Y.; Nguyen, D. D.; 
Watrous, J.; Kapono, C. A.; Luzzatto-Knaan, T.; Porto, C.; Bouslimani, A.; Melnik, A. V; 

Page 27 of 30 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/5
/2

02
6 

1:
13

:5
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EM01071C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em01071c


27

Meehan, M. J.; Liu, W.-T.; Crüsemann, M.; Boudreau, P. D.; Esquenazi, E.; Sandoval-
Calderón, M.; Kersten, R. D.; Pace, L. A.; Quinn, R. A.; Duncan, K. R.; Hsu, C.-C.; 
Floros, D. J.; Gavilan, R. G.; Kleigrewe, K.; Northen, T.; Dutton, R. J.; Parrot, D.; 
Carlson, E. E.; Aigle, B.; Michelsen, C. F.; Jelsbak, L.; Sohlenkamp, C.; Pevzner, P.; 
Edlund, A.; McLean, J.; Piel, J.; Murphy, B. T.; Gerwick, L.; Liaw, C.-C.; Yang, Y.-L.; 
Humpf, H.-U.; Maansson, M.; Keyzers, R. A.; Sims, A. C.; Johnson, A. R.; Sidebottom, 
A. M.; Sedio, B. E.; Klitgaard, A.; Larson, C. B.; Boya P, C. A.; Torres-Mendoza, D.; 
Gonzalez, D. J.; Silva, D. B.; Marques, L. M.; Demarque, D. P.; Pociute, E.; O’Neill, E. 
C.; Briand, E.; Helfrich, E. J. N.; Granatosky, E. A.; Glukhov, E.; Ryffel, F.; Houson, H.; 
Mohimani, H.; Kharbush, J. J.; Zeng, Y.; Vorholt, J. A.; Kurita, K. L.; Charusanti, P.; 
McPhail, K. L.; Nielsen, K. F.; Vuong, L.; Elfeki, M.; Traxler, M. F.; Engene, N.; 
Koyama, N.; Vining, O. B.; Baric, R.; Silva, R. R.; Mascuch, S. J.; Tomasi, S.; Jenkins, 
S.; Macherla, V.; Hoffman, T.; Agarwal, V.; Williams, P. G.; Dai, J.; Neupane, R.; Gurr, 
J.; Rodríguez, A. M. C.; Lamsa, A.; Zhang, C.; Dorrestein, K.; Duggan, B. M.; Almaliti, 
J.; Allard, P.-M.; Phapale, P.; Nothias, L.-F.; Alexandrov, T.; Litaudon, M.; Wolfender, J.-
L.; Kyle, J. E.; Metz, T. O.; Peryea, T.; Nguyen, D.-T.; VanLeer, D.; Shinn, P.; Jadhav, 
A.; Müller, R.; Waters, K. M.; Shi, W.; Liu, X.; Zhang, L.; Knight, R.; Jensen, P. R.; 
Palsson, B. Ø.; Pogliano, K.; Linington, R. G.; Gutiérrez, M.; Lopes, N. P.; Gerwick, W. 
H.; Moore, B. S.; Dorrestein, P. C.; Bandeira, N. Sharing and Community Curation of 
Mass Spectrometry Data with Global Natural Products Social Molecular Networking. Nat. 
Biotechnol. 2016, 34 (8), 828–837. https://doi.org/10.1038/nbt.3597.

(44) Schymanski, E. L.; Jeon, J.; Gulde, R.; Fenner, K.; Ruff, M.; Singer, H. P.; Hollender, J. 
Identifying Small Molecules via High Resolution Mass Spectrometry: Communicating 
Confidence. Environ. Sci. Technol. 2014, 48 (4), 2097–2098. 
https://doi.org/10.1021/es5002105.

(45) Park, H.-D.; Watanabe, M. F.; Harada, K.-I.; Nagai, H.; Suzuki, M.; Watanabe, M.; 
Hayashi, H. Hepatotoxin (Microcystin) and Neurotoxin (Anatoxin-a) Contained in Natural 
Blooms and Strains of Cyanobacteria from Japanese Freshwaters. Nat. Toxins 1993, 1 (6), 
353–360. https://doi.org/https://doi.org/10.1002/nt.2620010606.

(46) Du, X.; Liu, H.; Yuan, L.; Wang, Y.; Ma, Y.; Wang, R.; Chen, X.; Losiewicz, M. D.; Guo, 
H.; Zhang, H. The Diversity of Cyanobacterial Toxins on Structural Characterization, 
Distribution and Identification: A Systematic Review. Toxins. 2019, p 530. 
https://doi.org/10.3390/toxins11090530.

(47) Spoof, L.; Błaszczyk, A.; Meriluoto, J.; Cegłowska, M.; Mazur-Marzec, H. Structures and 
Activity of New Anabaenopeptins Produced by Baltic Sea Cyanobacteria. Marine Drugs. 
2016, p 8. https://doi.org/10.3390/md14010008.

(48) Ramos, A. G.; Martel, A.; Codd, G. A.; Soler, E.; Coca, J.; Redondo, A.; Morrison, L. F.; 
Metcalf, J. S.; Ojeda, A.; Suárez, S.; Petit, M. Bloom of the Marine Diazotrophic 
Cyanobacterium Trichodesmium Erythraeum in the Northwest African Upwelling. Mar. 
Ecol. Prog. Ser. 2005, 301, 303–305.

(49) Gantar, M.; Sekar, R.; Richardson, L. L. Cyanotoxins from Black Band Disease of Corals 
and from Other Coral Reef Environments. Microb. Ecol. 2009, 58 (4), 856–864. 
https://doi.org/10.1007/s00248-009-9540-x.

(50) Stanić, D.; Oehrle, S.; Gantar, M.; Richardson, L. L. Microcystin Production and 
Ecological Physiology of Caribbean Black Band Disease Cyanobacteria. Environ. 
Microbiol. 2011, 13 (4), 900–910. https://doi.org/https://doi.org/10.1111/j.1462-

Page 28 of 30Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/5
/2

02
6 

1:
13

:5
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EM01071C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em01071c


28

2920.2010.02388.x.
(51) Varriale, F.; Tartaglione, L.; Zervou, S.-K.; Miles, C. O.; Mazur-Marzec, H.; Triantis, T. 

M.; Kaloudis, T.; Hiskia, A.; Dell’Aversano, C. Untargeted and Targeted LC-MS and 
Data Processing Workflow for the Comprehensive Analysis of Oligopeptides from 
Cyanobacteria. Chemosphere 2023, 311, 137012. 
https://doi.org/https://doi.org/10.1016/j.chemosphere.2022.137012.

(52) Ortiz, D. A.; Wilkinson, G. M. Capturing the Spatial Variability of Algal Bloom 
Development in a Shallow Temperate Lake. Freshw. Biol. 2021, 66 (11), 2064–2075. 
https://doi.org/10.1111/fwb.13814.

(53) Martínez-Piernas, A. B.; Badagian, N.; Brena, B. M.; Pérez-Parada, A.; García-Reyes, J. 
F. Identification and Occurrence of Microcystins in Freshwaters and Fish from a 
Eutrophic Dam through LC-HRMS. Sci. Total Environ. 2025, 959, 178230. 
https://doi.org/https://doi.org/10.1016/j.scitotenv.2024.178230.

(54) Feng, J.; Kiki, C.; Li, X.; Sun, Q.; Zhao, F. Deciphering the Natural Attenuation of 
Cyanotoxins: Dissipation, Transformation Pathways, and Genotoxicity. Environ. Heal. 
2025, 3 (2), 154–163. https://doi.org/10.1021/envhealth.4c00149.

(55) Natumi, R.; Dieziger, C.; Janssen, E. M.-L. Cyanobacterial Toxins and Cyanopeptide 
Transformation Kinetics by Singlet Oxygen and PH-Dependence in Sunlit Surface 
Waters. Environ. Sci. Technol. 2021. https://doi.org/10.1021/acs.est.1c04194.

(56) Pereira, A. R.; Etzbach, L.; Engene, N.; Müller, R.; Gerwick, W. H. Molluscicidal 
Metabolites from an Assemblage of Palmyra Atoll Cyanobacteria. J. Nat. Prod. 2011, 74 
(5), 1175–1181. https://doi.org/10.1021/np200106b.

(57) Stauffer, B. A.; Bowers, H. A.; Buckley, E.; Davis, T. W.; Johengen, T. H.; Kudela, R.; 
McManus, M. A.; Purcell, H.; Smith, G. J.; Vander Woude, A.; Tamburri, M. N. 
Considerations in Harmful Algal Bloom Research and Monitoring: Perspectives From a 
Consensus-Building Workshop and Technology Testing. Front. Mar. Sci. 2019, Volume 
6-.

(58) Wang, X.; Wullschleger, S.; Jones, M.; Reyes, M.; Bossart, R.; Pomati, F.; Janssen, E. M.-
L. Tracking Extensive Portfolio of Cyanotoxins in Five-Year Lake Survey and Identifying 
Indicator Metabolites of Cyanobacterial Taxa. Environ. Sci. Technol. 2024, 58 (37), 
16560–16569. https://doi.org/10.1021/acs.est.4c04813.

(59) Tkalec, Ž.; Antignac, J.-P.; Bandow, N.; Béen, F. M.; Belova, L.; Bessems, J.; Le Bizec, 
B.; Brack, W.; Cano-Sancho, G.; Chaker, J.; Covaci, A.; Creusot, N.; David, A.; 
Debrauwer, L.; Dervilly, G.; Duca, R. C.; Fessard, V.; Grimalt, J. O.; Guerin, T.; Habchi, 
B.; Hecht, H.; Hollender, J.; Jamin, E. L.; Klánová, J.; Kosjek, T.; Krauss, M.; Lamoree, 
M.; Lavison-Bompard, G.; Meijer, J.; Moeller, R.; Mol, H.; Mompelat, S.; Van 
Nieuwenhuyse, A.; Oberacher, H.; Parinet, J.; Van Poucke, C.; Roškar, R.; Togola, A.; 
Trontelj, J.; Price, E. J. Innovative Analytical Methodologies for Characterizing Chemical 
Exposure with a View to Next-Generation Risk Assessment. Environ. Int. 2024, 186, 
108585. https://doi.org/https://doi.org/10.1016/j.envint.2024.108585.

Page 29 of 30 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/5
/2

02
6 

1:
13

:5
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5EM01071C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em01071c


Data availability 

The data supporting this article have been included as part of the Supplementary Information. 

Supplementary Information includes: Site and Sample Descriptions, Analytical Methods and 

Chemicals, Data Processing, Supplemental Results Figures/ Tables/ Statistics, and the NTA Study 

Reporting Tool (SRT). The .raw files from the UPHLC-HRMS analysis are available from the 

corresponding author. 
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