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EXECUTIVE SUMMARY
Harmful cyanobacterial blooms (cyanoHABs) are an increasingly common water quality issue
that poses a risk to human, wildlife, livestock, and pets due to the production of toxins by many
cyanobacterial species. In California, lentic habitats are subject to cyanobacteria proliferation
due to increased anthropogenic nutrient inputs from urban and agricultural point and nonpoint
sources. Previously in Southern California, a recent study identified ubiquitous distributions of
cyanobacteria in lakes, depressional wetlands and coastal lagoons, with Microcystis spp.
dominating the community in 96% of the 39 sites surveyed. However, the occurrence of
cyanotoxins, particularly microcystins, has been poorly characterized in waterbodies within the
bounds of the Los Angeles Regional Water Quality Control Board (RWQCB; Region 4).
The goal of this project was to 1) document the occurrence of microcystins in water in selected
Region 4 waterbodies; and 2) compare the utility of passive sampling methods for measuring the
occurrence of microcystins in freshwater systems. Here, bench-scale tests on organic diffusive
gradients in thin films samplers (o-DGT) were conducted with three microcystin (MC)
congeners, MC-LR, MC-RR, and MC-YR, to evaluate the sorption and uptake capacities of the
sampler. The o-DGT samplers were then piloted in the field alongside Solid Phase Adsorption
Toxin Tracking device (SPATT) samplers and paired with traditional water grab sampling.
A total of 9 sites in the Los Angeles RWQCB’s region were screened for the presence of
microcystins during the summer-fall seasons of 2018 and 7 of these sites tested positive. No
microcystins were detected at El Dorado Park lakes and Malibu Creek. At Pyramid Lake,
microcystins were detected above California Cyanobacteria and Harmful Algal Bloom Network
danger levels (Tier II) level (20 µg/L).
During the summer-fall of 2019, passive sampling devices (o-DGT and SPATT bags) were
deployed concurrently at Pyramid Lake, Castaic Lake, Clear Lake (Northern California), and
Huntington Harbor and microcystins were detected at all sites except Huntington Harbor. The
result of this study indicated the potential advantages of using o-DGT over SPATT due to the
more quantitative nature of o-DGT. The o-DGT results indicated a comparable prevalence as the
grab sample results when microcystins were detected at low levels (under 100 ng/L).
Microcystins were detected almost ubiquitously in most waterbodies; however, the magnitude of
microcystin concentrations detected varied by several orders of magnitude. Future research and
monitoring efforts should focus on temporal/seasonal variability in toxin production and
determine the sampling frequency needs to better understand the risks to human and animal
health. Better ambient assessment of cyanotoxin prevalence and risk across waterbodies also will
allow for more targeted monitoring of sites that are of higher risk. Our results demonstrate that
reproducible sampling rates consistent with existing efforts on polar CEC uptake by o-DGT are
possible, and that this device is feasible for monitoring of microcystins subject to successful field
characterization. Additionally, more work is needed to understand the extent and magnitude of
other cyanotoxin classes. The efficacy of o-DGT should be explored for anatoxin-a,
cylindrospermopsin and saxitoxin.
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INTRODUCTION
Harmful cyanobacterial blooms (cyanoHABs) are an increasingly common water quality issue
that poses a risk to humans, wildlife, livestock, and pets due to the production of toxins by many
cyanobacterial species (Backer et al. 2008, Edwards et al. 1992, Mez et al. 1997, Pouria et al.
1998, Trevino-Garrison et al. 2015, Wood et al. 2010). Collectively, the toxins produced by
cyanobacteria are referred to as cyanotoxins and represent multiple classes of toxins, including
microcystins, cylindrospermopsin, anatoxin-a and saxitoxins. Cyanotoxin producing blooms
have been occurring nationally at more locations with increasing frequency and severity and, as a
result, several cyanotoxin classes have recently been integrated into monitoring programs by
both USGS and EPA. Within the last decade, health advisory thresholds have also been
developed by EPA for drinking and recreational waters for microcystins and cylindrospermopsin
(USEPA, 2015a, 2015b, 2019). Similarly, the State of California has developed recreational
trigger levels for microcystins, anatoxin-a, and cylindrospermopsin with the aim of safeguarding
human and animal health (OEHHA, 2012;
https://mywaterquality.ca.gov/monitoring_council/Cyanohab_network/docs/triggers.pdf)
Proliferation of planktonic cyanobacteria commonly occurs in lentic waterbodies, including
lakes, reservoirs, depressional wetlands, and coastal lagoons, which are replete for nutrients,
have calm and/or stratified water columns, and have plenty of irradiance and warm water
temperatures, which may be exacerbated with climate change (O’Neil et al. 2012, Paerl and
Huisman 2008, Paerl and Paul 2012, Xu et al. 2010). In California, lentic habitats are often
subject to further risk of cyanobacteria proliferation due to increased anthropogenic nutrient
inputs via point and nonpoint source runoff from urban and agricultural areas. Cyanotoxins can
also be produced in benthic blooms of cyanobacteria, which can occur in lakes, rivers, and
wadable streams. There are an increasing number of waterbodies in California that have
recurrent toxic cyanobacteria blooms, including the Klamath River watershed, Clear Lake, Pinto
Lake, lower Sacramento and San Joaquin Rivers and Delta, Lake Elsinore, and several East San
Francisco Bay Area lakes. However, beyond these systems, the overall extent and magnitude of
cyanobacteria and cyanotoxin prevalence is largely under-characterized in California, especially
in Southern California.
Recent studies identified ubiquitous distributions of cyanobacteria in 30 lakes, depressional
wetlands and coastal lagoons in Southern California. Of these sites, Microcystis spp. dominated
the community in 96% of study sites (Magrann et al. 2015). Most species of Microcystis can
produce one or more variants of microcystin, and some species and strains can produce
additional classes of cyanotoxins. Microcystins are a group of over 90 hepatotoxins produced by
cyanobacteria, of which microcystin-LR is the most common (Schmidt et al. 2014; Pearson et al.
2010). Additionally, microcystins were prevalent in all types of lentic waterbodies surveyed
across the land-sea continuum in Southern California (Howard et al. 2017). To date, the
occurrence of cyanotoxins, particularly microcystins, is poorly characterized in Region 4
waterbodies.
The occurrence of cyanotoxins in freshwater systems is challenging to characterize due to the
ephemeral nature of toxin producing cyanobacterial blooms, creating challenges to capture toxin
occurrence using conventional (grab) sampling techniques unless systems are monitored
regularly. The large number of fresh and brackish waterbodies that can support cyanobacterial
1

growth makes routine monitoring of cyanoHABs in all potentially vulnerable systems
challenging and resource intensive. To overcome these challenges, equilibrium passive sampling
devices that utilize sorptive resins (e.g., the Solid Phase Adsorption Toxin Tracking device, or
SPATT) have been developed as an assessment and monitoring tool to provide time integrated
data on the presence of cyanotoxins. A key feature of SPATT is that the resin (HP20,
polystyrene/divinylbenzene) used in the sampler both adsorbs and desorbs toxins depending on
the ambient concentration in order to mimic bioaccumulating organisms. A key constraint of
SPATT samplers is that they are not fully calibrated to allow for more quantitative estimations
and comparisons of cyanotoxin concentrations across systems, and thus are difficult to put into
the context of human health risks. The nature of the SPATT samplers also makes the devices
sampling rates subject to environmental factors such as pH, ionic strength or flow rate (Kudela
2017).
In contrast, aquatic passive samplers such as the polar organic chemical integrative sampler
(POCIS, (Alvarez et al. 2004)) and the organic diffusive gradients in thin films sampler (o-DGT,
(Chen et al. 2012)), have been successfully calibrated for the continuous time-weighted-average
quantitation of freely dissolved concentrations of polar organic contaminants in water and
sediment. The o-DGT has advantages over other aquatic passive samplers for polar organic
contaminants, including POCIS, in that sampling rates on o-DGT are dependent mainly on the
thickness of the diffusive layer used to construct the sampler (Chen et al. 2012). As a result,
sampling rates for o-DGT are controlled mainly by chemical diffusivity through the diffusive
layer. This is a physical-chemical property that depends on chemical structure and on
temperature, both of which are predictable (Challis et al. 2016). As a result, o-DGT chemical
sampling rates, which are necessary for calculating time-weighted-average concentrations, are
much less dependent on flow rate, ionic strength, pH, and other environmental factors than they
are for kinetic samplers that are boundary-layer controlled, such as POCIS. Flow-rate
dependence on such factors is often complex and difficult to predict, particularly in flowing
environments, such as rivers, lake inlets/outlets and tidal lagoons. Additionally, o-DGT differs
from SPATT in that the sorption of target analytes to the resins used in o-DGT samplers is
typically irreversible in aqueous solution. However, the o-DGT, which has been validated for
small polar organic contaminants (Challis et al. 2016, Chen et al. 2012, Stroski et al. 2018), has
not been fully optimized for use with cyanotoxins in field monitoring projects and has been
utilized far less than the SPATT samplers for monitoring cyanotoxins (Kudela 2017). Previous
efforts to adapt o-DGT for cyanotoxins have been limited only to microcystin-LR (D’Angelo
2019, Yao et al. 2019).
In the current study, we focused on microcystins due to the previously reported dominance of
Microcystis spp. in Southern California systems and because they are the most common
cyanotoxin detected in the U.S. lakes in previous screening assessments (Fetscher et al. 2014,
Magrann et al. 2015). Hence, this project aims to 1) document the occurrence of microcystins in
water in selected Region 4 waterbodies; and 2) compare the utility of resin- and film-based
passive sampling methods for measuring the occurrence of microcystins in freshwater systems.
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METHODS
Study area
The field surveys were conducted at waterbodies within the Los Angeles Regional Water Quality
Control Board (Region 4, LARWQCB). These waterbodies are in the most densely populated
region in the state and typically receive nutrient loading through upstream runoff. The majority
of these waterbodies serve as drinking water and recreational reservoirs, or as stormwater
detention basins. Other sites of initial interest included ponds in city and state parks, recreational
creeks, and gravel pits.
Site selection and sample collection for 2018 survey
The selection of study sites was based on the previous bloom events and on suggestions from the
State Water Board. Fourteen waterbodies were initially prioritized for field surveys: Pyramid
Lake, Lake Piru, Lake Casitas, Castaic Lake, Malibu Creek (near Century Dam and the Rock
Pools), El Dorado East Regional Park Lake, Lincoln Park Lake, Bouquet Reservoir, Elderberry
Forebay, Irwindale Gravel Pit, Lake Bard (Wood Ranch Reservoir), Morris Reservoir,
Puddingstone Dam and Reservoir, and San Gabriel Reservoir. Due to logistical constraints and
inability to receive site access permissions in a timely manner, Elderberry Forebay, Irwindale
Gravel Pit, Morris Reservoir, Puddingstone Dam and Reservoir, and San Gabriel Reservoir were
not able to be sampled in the preliminary survey.
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Figure 1. Map showing sampling locations in Region 4.

Grab water samples were collected during the summer-fall seasons of 2018 at each of the nine
preliminary survey sites in Year 1. At each site, one sample was collected at a reference site at
the center of the waterbody and another sample was collected along the windward shore. In cases
where there was no access to the center of the waterbody, the second sample was collected at the
opposite shore to serve as a reference site. In Malibu Creek, which is flowing system, samples
were taken downstream and upstream of Century dam. Water samples were collected in 1-L prerinsed amber glass bottles without headspace and transported to the laboratory on ice. The
sampling date, time, and coordinates of location are shown in the Table 1.
Table 1. List of study sites with sampling date, time and coordinates in 2018.
Date

Waterbody
Time

Reference
Latitude

Longitude

Time

Windward
Latitude

Longitude

9/18

Pyramid Lake

10:51

34.6546

-118.7754

11:40

34.6777

-118.7818

9/18

Castaic Lake

13:02

34.5263

-118.6041

13:14

34.5561

-118.6175

9/28

Lake Casitas

11:00

34.3813

-119.3399

11:53

34.4021

-119.3274

9/28

Malibu Creek

15:45

34.1027

-118.7381

16:05

34.0985

-118.7328

10/1

Lincoln Park

12:30

34.0670

-118.2017

12:10

34.0659

-118.2038

10/1

El Dorado Park

14:20

33.8149

-118.0857

14:40

33.8171

-118.0860

10/12

Bard Lake

9:49

34.2372

-118.8255

10:08

34.2338

-118.8198

11/2

Lake Piru

10:49

34.4726

-118.7525

11:23

34.4750

-118.7572

11/7

Bouquet Reservoir

11:42

34.0823

-118.0473

11:54

34.0861

-118.0389

Site selection and sample collection for 2019 survey
During the summer-fall of 2019, passive sampling devices (o-DGT and SPATT bags) were
deployed at a single location in Pyramid Lake, Castaic Lake, Clear Lake (Northern California),
and Huntington Harbor (Table 2). Sites were selected based on previous detection of toxins and
feasibility of deployment. SPATT samplers have been a useful tool in monitoring the prevalence
of microcystins and other algal toxins in multiple ambient monitoring and assessment programs.
At present, SPATT samplers are only able to provide semi-quantitative estimates of toxin
concentrations due to challenges in calibrating toxin concentrations in the environment. In the
present study, SPATT samplers were co-deployed with o-DGT to compare and contrast the
performance of both passive sampling approaches.
At each site, three o-DGT samplers and two SPATT bags were deployed for a period of 1-3
weeks. The duration of deployments was decided based on the suspected bloom intensity at the
time of deployment, given that biofouling may reduce the adsorption capacity as well as
complicate the evaluation of performance between o-DGT and SPATT. Due to the presence of a
high biomass bloom of Microcystis spp. at Pyramid Lake in September 2019, we deployed again
in October 2019 to assess the temporal differences during a bloom. Grab water samples were
also collected at the time of deployment and retrieval.
Table 2. Waterbodies sampled by passive samplers in 2019.
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Waterbody

Latitude

Longitude

Deployment

Retrieval

Temperature (ºC, ±SD)

Pyramid Lake-Sep

34.6777

-118.7829

9/13

9/23

22.9 ± 1.1

Pyramid Lake-Oct

34.6777

-118.7829

10/14

10/21

20.4 ± 0.5

Castaic Lake

34.5192

-118.6008

10/21

10/29

18.5 ± 0.5

Clear Lake

39.0662

-122.8431

10/8

10/31

16.7 ± 1.6

Huntington Harbor

33.7271

-118.0763

10/2

10/23

20.9 ± 0.8

Construction of passive samplers
o-DGT sampler construction
Binding and diffusive gels for o-DGT were created following the procedures of Stroski et al.
(2018). In brief, agarose binding gels were prepared by casting a 1.5% agarose mixture with 0.35
g Oasis HLB resin into sheets using a Bio-Rad Mini-Protean casting system. Once set, the gels
were cut into 1” diameter disks, rinsed with pure water (Milli-Q, 18 MΩ-cm), then stored in 5
mM KNO3 solution until use. Polyacrylamide diffusive gels were prepared using 12.5 mL of
30% acrylamide monomer, 2.5 mL of 1% N,N’-methylenebisacrylamide cross-linker, 9.79 mL
Milli-Q water, 200 µL of 10% ammonium persulfate initiator, and 10 µL of N,N,N’,N’tetramethylethylenediamine catalyst. After casting to a thickness of 0.75 mm, the diffusive gel
sheets were hydrated with Milli-Q for 24 h to swell them to stable dimensions (0.90 mm final
width). This procedure results in gels with 0.1% cross-linker and 15% polyacrylamide monomer,
a well-studied amount in the DGT literature (Scally et al. 2006). Both binding and diffusive gels
were placed into standard-sized plastic DGT holders (DGT Research, Lancaster, UK) with the
binding gel against the base, sorbent side up, and the diffusive gel on top and sealed with a
standard cap. Polyethersulfone membranes were not used, given potential issues with sorption of
some analytes to these membranes that would confound sampling rates (Challis et al. 2016).
SPATT sampler construction
SPATT bags were constructed with Diaion HP20 resin (Sorbtech; Norcross, GA) and 100 µm
mesh (Wildco; Yulee, FL) and supported by an embroidery hoop ring (Figure 2B). After
construction, the bags were activated in 100% MeOH at 4°C for 24 hrs, then rinsed and stored in
ultrapure water at 4°C until use as described in Lane et al. (2010).
Development of o-DGT
The o-DGT passive sampling device consists of a diffusive gel and a binding gel (Figure 2A).
Based on Fick’s First Law of Diffusion (Davison and Zhang 1994), dissolved-phase chemicals
diffuse through the diffusive gel and attach to the resin in the binding gel. The time-averaged
aqueous concentration (Cw) can then be calculated:
MDGT = (DA/∆g)Cwt = RsCwt
where MDGT is the measured mass of the chemical associated with the binding gel, D is the
chemical’s diffusivity through the diffusive gel, A is the cross-sectional area of the sampler, ∆g
is the measured thickness of the diffusive gel, t is the amount of time that the sampler has been
deployed. The sampling rate Rs = DA/∆g (units cm3/d) is a measure of how much water is
effectively sampled per day by the device.
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Calibration of o-DGT passive sampler for Microcystins
The Diffusive Gradients in Thin-Films (DGT) sampling technique was originally developed to
determine dissolved metal concentrations (Davison and Zhang 1994), but has since been used to
monitor dissolved inorganic and organic pollutant (o-DGT) concentrations in different matrices
(Challis et al. 2016, D’Angelo 2019, Kim et al. 2016, Mason et al. 2010). Unlike the solid phase
adsorption toxin tracking (SPATT) sampler, the DGT includes a diffusive layer that allows
chemicals that are sampled by the device to accumulate in the resin at a controlled diffusion rate.
Bench-scale tests were conducted with three microcystins (MC), including MC-LR, MC-RR, and
MC-YR, to evaluate the sorption and uptake capacities of the sampler.
A

B

Figure 2. Schematic of an o-DGT passive sampling device (A) and a SPATT bag (B).

Sorption experiment
The polyacrylamide diffusive (PA) gels and hydrophilic-lipophilic balance (HLB) binding gels
were separately immersed in glass tubes in triplicate both with microcystins at the concentration
of 5 µg/L and blank control. Each treatment was agitated for 20 h at 80 rpm. Triplicate aliquots
of water samples were collected directly from the tubes prior to and post the experiment to
capture the change of exposure concentration in response to sorption to either PA gels or HLB
binding gels.
Table 3. Summary of methods used to quantify microcystins.
Quantification Approach
LC-MS/MS

Sample Type(s)
Whole water grabs*

LC-MS/MS

Whole water grabs*, oDGT, SPATT

Congeners/Metabolites Quantified
MC-LA, MC-LR, MC-RR, MC-YR,
MC-LY, MC-LW, MC-LF, MC-HilR,
and MC-WR,desmethyl-MC-LR,
desmethyl-MC-RR
MC-LR, MC-RR and MC-YR
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Sample Set
2018 Survey

2019 Survey

Total MC ADDA ELISA

Whole water grabs*, oDGT, SPATT

Quantifies total of all MC congeners

2018 Survey,
2019 Survey

*Whole water grabs refer to samples collected and extracted for the particulate + dissolved fractions of microcystins.

Calibration experiment
Uptake kinetics for o-DGT were determined by deploying PA-HLB assembled o-DGT in a
mixture with KNO3 of 5 mM an microcystin -LR, -RR, -YR each at a concentration of 1 µg/L at
20 ± 0.5°C. Over the 10-day duration, two o-DGTs were collected each on days 1, 2, 4, 7, and
10. To ensure constant aqueous concentration throughout the experiment, water renewals were
conducted at day 5. Aliquots of grab water samples were collected from all the containers prior
to and post water renewal and at the end of the experiment to verify the constant exposure levels.
Laboratory analyses of microcystins via LC-MS/MS
The whole water samples collected in 2018 were analyzed for 9 microcystin congeners (MC-LA,
MC-LR, MC-RR, MC-YR, MC-LY, MC-LW, MC-LF, MC-HilR, and MC-WR) and 2
microcystin metabolites (desmethyl-MC-LR and desmethyl-MC-RR) by liquid chromatography
tandem mass spectrometry (LC-MS/MS) or (for the eleven in aggregate) by enzyme-linked
immunosorbent assay (ELISA). The whole water samples and passive sampler samples collected
in the field in 2019 were analyzed with the same fashion. In addition, those samples from benchscale o-DGT experiments were analyzed for the three major microcystin congeners (MC-LR,
MC-RR, and MC-YR) by LC-MS/MS. Note that, hereafter, “microcystins” refers to the
combined values for all amenable microcystin congeners detectable by the quantification method
(Table 3).
Table 4. Instrumental settings of LC-MS/MS.
LC conditions
Column
Column temperature
Injection volume
Mobile phase
Linear gradient

Flow rate
MS/MS conditions
Ionization Mode
Drying gas temperature
Drying gas flow
Nebulizer gas
Capillary voltage

Agilent ZORBAX Eclipse Plus C18 2.1˟50mm, 1.8µm
35°C
20 µL
A) Water, 0.1% formic acid
B) Acetonitrile, 0.1% formic acid
Time (min) %B
0
6
1
6
4
50
5
50
8
95
9
95
9.01
6
12
6
Post time 2 min
0.4 mL/min
ESI positive, dMRM
350°C
11 L/min
40 psi
4000 V
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For the samples analyzed by LC-MS/MS (Table 4), electrospray ionization (ESI) with dynamic
multiple reaction monitoring (dMRM) was employed using an Agilent 1260 liquid
chromatograph and Agilent 6470 triple quadrupole mass spectrometry system (Santa Clara, CA).
An Agilent Zorbax Eclipse Plus C18 column (2.1˟50 mm, 1.8 µm) was employed. This method
was adapted from EPA method 544 with minor modifications, to account for the choice of
supplies and instrument parameters. Aqueous samples were spiked with internal standards (MCLR d7) then filtered through Whatman GF/F filters. The filtrate was extracted with Waters Oasis
HLB solid phase extraction (SPE) cartridges 6cc (200 mg). The lowest concentration of
calibration curves was adopted as the reporting limit.
The o-DGT samplers were extracted with 100% methanol. The HLB binding gels were collected
and used to verify the extraction efficiency. HLB binding gel from the sorption experiment was
extracted for 3 times with 3 mL of methanol (×3) with sonication for 2 min. The extracts were
combined and spiked with the internal standard prior to LC-MS/MS analysis. An additional
methanol rinse following the extraction was analyzed separately to determine the remaining mass
left on the binding gel, which help characterize the extraction recovery.
Toxin extractions from SPATT samplers was conducted as described in Lane et al. (2010),
resulting in 3 extracts from each individual SPATT bag. Extract 1 and Extract 2 was eluted with
10 mL of 50% MeOH (v/v) and Extract 3 was eluted with 20 mL of 50% MeOH. The final
concentration extracted from the bag was calculated by summing the concentrations of all 3
extracts.
Laboratory analyses of microcystins via ELISA
Microcystins were analyzed in grab water samples, SPATT and o-DGT extracts by ELISA using
the ADDA ELISA test kits (Abraxis, Part No. 520011OH, Warminster, PA). This assay detects
all microcystin and nodularin variants with the ADDA side group in bulk and does not provide
data about concentrations of specific variants.
Water samples collected in 2018 and 2019 were analyzed for microcystins in the dissolved and
particulate pools following EPA method 546. Prior to analysis, the samples were lysed by freezethaw three times to ensure cell disruption. The extract was then analyzed according to the
manufacturer’s instructions. Samples with concentrations higher that the standard curve were
serially diluted with kit provided dilution buffer until sample concentration was within the
working range of the kit.
Extractions of o-DGT samplers followed the same protocol as described for analysis via LCMS/MS with slight modifications. O-DGT extracts used for analysis via ELISA were not spiked
with an internal standard. Extracts were blown to dryness under nitrogen, reconstituted with
MeOH:H2O 1:1, and then filtered. Finally, after extracts were combined, the sample was blown
to half the volume to volatize the MeOH. Sample extracts were loaded directly on to kit without
dilution following manufacturer’s instructions.
Extractions of SPATT samplers followed the same protocol as described for analysis via LCMS/MS Extracts were analyzed following the manufacturer’s guidelines and extracts were
diluted a minimum of 1:10 in the manufacturer supplied dilution buffers to reduce the MeOH
concentration prior to analysis.
8

RESULTS AND DISCUSSION
Occurrence of microcystins in water grab samples from Region 4 waterbodies in
2018
Of the 9 sites sampled for microcystins analysis using ELISA, 7 sites tested positive during the
preliminary survey in 2018. No microcystins were detected in the samples collected from El
Dorado Park Lake and Malibu Creek. At 5 of 7 sites where microcystins were detected, totalmicrocystin concentrations were below the caution trigger level (0.8 µg/L) for human health
based on California recreational health trigger levels (OEHHA, 2012;
https://mywaterquality.ca.gov/monitoring_council/Cyanohab_network/docs/triggers.pdf). At
Lincoln Park Lake and Pyramid Lake, microcystins were detected above the warning (Tier I)
level (6 µg/L). At the windward locations, where higher concentrations were typically observed
than the reference locations, very high concentrations of microcystins (78 µg/L) were detected at
Pyramid Lake. This concentration is well above the danger level (Tier 2) of 20 µg/L. The
occurrence of microcystins at all sites is shown in Table 5.
Given the lack of specificity from the ELISA analysis, the initial results from ELISA screening
were further confirmed by LC-MS/MS to quantify the individual microcystin congeners. The
whole water samples from 9 study sites were tested for 9 individual microcystin congeners and 2
microcystin metabolites. The most commonly detected congeners were microcystin-LR and
microcystin-LA, both of which were detected at 4 sites and exhibited a maximum concentration
of 137 µg/L and 0.33 µg/L, respectively. At the Pyramid Lake shore location, all targeted
microcystins were detected and the concentrations were substantially higher than those at the rest
of sampling locations. The total concentration of all 11 microcystin compounds was 184 µg/L at
the shoreline location at Pyramid Lake, confirming the highest detection level among study sites
from the ELISA analyses. Although the microcystin congeners varied at each of the other 8 study
sites, the summed concentrations of total microcystins detected at these sites were all below the
caution trigger level (Table 5).
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Table 5. Occurrence of microcystins detected by LC-MS/MS and ELISA in Region 4 waterbodies (µg/L) in 2018.

MC-WR

MCLA

MCLY

MCLW

MCLF

LCMS/MS
Total

ELIS
A

2.14

5.63e

0.868

7.03

5.70e

1.54

184

78

0.73

0.002

ND

0.001

ND

ND

ND

0.743

0.011

0.6

0.005

ND

0.004

ND

ND

ND

0.623

2.10
<0.15

ND

0.002

ND

ND

0.005

ND

ND

ND

0.007

<0.15

ND

ND

<0.0006

ND

ND

ND

ND

ND

ND

ND

<0.15

ND

ND

ND

<0.0006

ND

ND

ND

ND

ND

ND

ND

<0.15

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

Malibu upstream

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

Lincoln N. shore f

ND

ND

ND

0.013

0.18

0.022

<0.03 c

<0.0006

ND

ND

ND

0.215

12.0

shore f

des-MCRRa

MCRR

MCYR

des-MCLRa

MCLR

MCHilR

Pyramid Windward

0.45

13.3

1.77

8.80

137

Pyramid Reference

ND b

0.007

0.001

0.002

Castaic Windward

ND

0.004

ND

Castaic Reference

ND

ND

ND

Casitas Windward

ND

ND

Casitas Reference

ND

Malibu downstream g

Lincoln S.

ND

ND

ND

ND

0.006

ND

ND

ND

ND

ND

ND

0.006

0.50

El Dorado N. shore f

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

shore f

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

Bard lake Windward

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

Bard lake Reference

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND
<0.15

Piru Windward Dupd

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

<0.15

Piru Windward

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

<0.15

Piru Reference

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

<0.15

Bouquet Windward

ND

ND

ND

ND

ND

ND

ND

0.112

ND

ND

ND

0.112

ND

Bouquet Reference

ND

ND

ND

ND

ND

ND

ND

0.332

ND

ND

ND

0.332

<0.15

El Dorado S.

a.
b.
c.
d.
e.
f.
g.

Metabolites of MC-RR and MC-LR, desmethyl-microcystin-RR and desmethyl-microcystin-LR
ND = not detected.
less than a value means the microcystin was detected, but not quantifiable.
Dup = duplicate
Field estimate
If access of geographic centers are not logistically possible, another sample was collected from the opposite shore.
Flowing system

10

Reference vs. windward
There are a few study sites where sampling at the geographic center of the waterbody was not
logistically possible. Therefore, we sampled these waterbodies at a site that was opposite to the
windward shore. Not surprisingly, a higher concentration of microcystins were detected at
windward locations, sometimes up to more than two orders of magnitude compared to those at
reference locations. For example, ELISA results showed that microcystins at the windward shore
of Pyramid Lake were 37 times greater than those at the center. The difference was also
confirmed by LC-MS/MS, but the difference appeared to be even higher (249 times greater at the
windward shore). At sites with low concentrations detected via ELISA, no obvious differences
were observed between concentrations at the reference and windward locations. Unlike the other
survey sites, microcystin-LA was the sole microcystin detected at Bouquet Reservoir at a greater
concentration at the center of the waterbody than at the windward sampling location.
Sorption
Microcystin (-LR, -RR, and -YR) sorption by diffusive gel (PA) and binding gel (HLB) was
assessed by monitoring changes in aqueous concentration before and after the experiment.
Sampler components other than the binding gel should not bind target microcystins. The aqueous
concentration of the PA diffusive gel remained at the initial level, indicating that any sorption of
microcystins by the PA diffusive gel was minimal (≤ 5%) and could therefore be usable as the
diffusive layer for o-DGT. In contrast, the binding gel should have high binding capacity for
microcystins, and should also have good microcystin extraction recovery from the binding gel.
During the 20-h binding test, microcystins in the exposure pool were reduced by 69% to 80% of
the original concentrations (Figure 3), which indicated sufficient binding capacity of the HLB
binding gel for microcystins. Greater than 98% of the sorbed microcystins were extracted from
the HLB binding gel via the 100% MeOH solvent extraction described extraction procedure in
the methods section above. These results are consistent with the use of HLB for effective solidphase extraction of microcystins in grab samples of water (Kaloudis et al. 2013, Zervou et al.
2017). As a result of these tests, both the agarose-HLB binding gel and polyacrylamide diffusive
gel were suitable for further evaluation. This configuration is identical to that of Stroski et al.
(Stroski et al. 2018) for suite of 31 polar organic contaminants (e.g., pharmaceuticals and
personal care products), suggesting that this configuration may be usable not only for
anthropogenic polar CECs, but also simultaneous monitoring of natural-origin cyanotoxins as
well.
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Figure 3. Relative change in concentrations of microcystin-LR, microcystin-RR, and microcystinYR at the start (Cb) and end (Ca), respectively, for TP (PA diffusive gel) and THLB (HLB binding
gel).

Uptake kinetics
Water concentrations remained constant and near the nominal 1 µg/L target value (Figure 4),
including renewal of the aqueous solution half-way through the 10-day evaluation period. This
result indicated that the concentration gradient driving uptake of microcystins to the binding gel
remained constant over the course of the experiment. We renewed the water in the uptake
experiment halfway through the evaluation period, and measurements showed that
concentrations were stable throughout the entire period (Figure 4).

Figure 4. Aqueous concentrations of microcystin-LR, microcystin-RR, and microcystin-YR over
the uptake test. Error bars were calculated from the standard deviation (SD) of three replicates.
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As shown in Figure 5, uptake of all three microcystins appears to be similar and linear over the
10-day test. This is expected, given that these microcystin congeners are of comparable
molecular weight. Accordingly, they would have similar diffusivities through the diffusive gel
and by extension through water given the high porosity of diffusive gels (Challis et al. 2016,
Stroski et al. 2018). The linearity observed in this uptake test is consistent with that observed for
dozens of polar organic contaminants, ranging from pharmaceuticals to personal care products to
pesticides (Challis et al. 2016) over at least 21 days. These observations suggest that the linear
uptake phase of the o-DGT configuration that we have used is at least 10 days and is likely to be
up to 21 days (Challis et al. 2016). Linearity is important for kinetic passive samplers.
Calculation of sampling rates for samplers in the linear phase of chemical uptake is
straightforward, and is unencumbered by corrections for a myriad of factors such as accounting
for changes in concentration gradients that can occur if the resin is nearing the point of saturation
(Booij et al. 2007). Our results are in contrast with the fast uptake of MC-LR reported by Yao et
al. 2019, in which MC-LR reached a plateau within an hour by using a different diffusive layer.
In our case, the uptake of the three major microcystin congeners in the current study never
reached saturation, a point supporting the feasibility of our configuration of o-DGT for passive
sampling of microcystins.

Figure 5. Mass uptake of microcystin-LR, microcystin-RR, and microcystin-YR using PA-HLB oDGT over 10 days.

The sampling rates and diffusion coefficients are consistent with known parameters for polar
organic molecules. Because Rs is inversely proportional to diffusion through the diffusive gel in
the sampler, larger molecules will diffuse more slowly than smaller molecules and hence have a
smaller sampling rate. The three microcystins are considerably larger in molecular weight than
the small polar molecules for which sampling rates for o-DGT have typically been measured
(Belles et al. 2017, Challis et al. 2016, Chen et al. 2012, Guibal et al. 2017, Stroski et al. 2018).
Measured room temperature sampling rates and gel diffusivities for polar pesticides,
pharmaceuticals, personal care products and other small polar CECs with molecular weight
ranges in the 100-400 Da range on o-DGT are typically 10-15 cm3/d and 3-5×10-6 cm2/s,
respectively, while those for larger analytes (e.g., macrolide antibiotics of 700-800 Da) are
approximately 5 cm3/d and 2-3×10-6 cm2/s, respectively. Our measured values for each
microcystin (Table 6) are consistent with this trend of decreasing diffusivity with increasing
molecular weight.
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Table 6. Molecular weights (Da), and measured sampling rates (Rs, cm3 d-1) and 15%
polyacrylamide diffusion coefficients (D, ×10-6 cm2s-1) of microcystin-LR, microcystin-RR, and
microcystin-YR.
PA HLB o-DGT
Molecular weight

Rs

D

Microcystin-LR

995.189

2.68 ± 0.23

0.90 ± 0.08

Microcystin-RR

1038.20

3.06 ± 0.33

1.03 ± 0.11

Microcystin-YR

1045.19

3.22 ± 0.18

1.08 ± 0.06

The only other measured diffusion coefficient in diffusive gels was 2.5×10-6 cm2/s for agarose at
25°C, for microcystin-RR (Yao et al. 2019). Estimations of aqueous diffusivity for this congener
are 3×10-6 cm2/s at 23°C (D’Angelo 2019). These values are larger than our measured values
(Table 6) due to several factors. First, while estimations of aqueous diffusivity are typically quite
accurate for small molecules (Schwarzenbach et al. 2017), the empirical expressions typically
used for such estimations are generally based only on measurements of small molecules (Wilke
and Chang 1955) and may not take into account changes in molecular conformation and shape
that may affect diffusivity and are more likely for large molecules. Second, polyacrylamide pore
sizes are smaller than those of agarose (Stroski et al. 2018) used in these other studies (D’Angelo
2019, Yao et al. 2019). Also, diffusivity increases with temperature. Aqueous diffusion
coefficients at a given temperature (DT) can be corrected for temperature (T) and the diffusivity
at 298 K (D298K):
log DT = 1.37023(T - 25) + 0.000836(T – 25)2/(100 + T) + log[D298K(273 + T)/298]
Such temperature corrections can be used in field deployments if temperature is also comonitored, as they were in this study. Finally, aqueous diffusivity is greater than diffusivity
through gels given that the structure of the gel can impede molecular diffusion. This effect has
been shown to be minor for small molecules, particularly in agarose gel for which the porosity is
large (98%, (Chen et al. 2012)). However, larger molecules such as microcystins may be more
impeded in diffusion through gel pores that are less of a hindrance for smaller molecules.
While we did not evaluate the effects of pH or ionic strength on uptake of microcystins by oDGT, these have been shown to be negligible in previous experiments on microcystin-RR (Yao
et al. 2019). Our results demonstrate that reproducible sampling rates consistent with existing
efforts on polar CEC uptake by o-DGT are possible, and that this device may be feasible for
monitoring of microcystins subject to successful field characterization.
Field characterization using passive sampling devices in the 2019 survey
In the current study, the performance of o-DGT samplers was evaluated in natural waters over
the summer-fall of 2019. We selected Pyramid Lake and Castaic Lake, where microcystins were
detected in the preliminary survey in 2018 and deployed both o-DGT and SPATT passive
samplers for between 7 to 23 days to determine the prevalence of microcystins.
Opportunistically, we included Huntington Harbor (Orange County) and Clear Lake (Northern
California) in the current study for comparison purposes. In the 2019 survey, we only focused on
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MC-LR, MC-RR, and MC-YR in the evaluation of passive samplers and comparison among
samplers and grab events.
Of the 4 distinct sites sampled for microcystins, 3 sites had detectable microcystins in the water
grab samples during at least one of the site visits (Table 7). Microcystins exceeded the caution
trigger level (0.8 µg/L) during the deployment sampling of Pyramid Lake on September 13th
based on LC-MS/MS results. However, the ELISA results were 2.6-fold higher than the LCMS/MS results and, microcystins exceeded the warning trigger level (6 µg/L). Ten days later, the
microcystins in the water grab samples decreased, but were still above the caution trigger level
(0.8 µg/L) during the retrieval sampling of Pyramid Lake on September 23 according to both the
LC-MS/MS and ELISA results. No grab samples from the other sites exceeded any of the
California trigger levels.

Table 7. Occurrence of microcystins in water grab samples in surveyed waterbodies (µg/L) in 2019
via LC-MS/MS and ELISA.
MC-LR

MC-RR

MC-YR

LC-MS/MS Total

ELISA

Pyramid Lake Sept Deployment

2.7

1.5

0.037

4.2

10.9

Pyramid Lake Sept Retrieval

0.68

0.26

0.015

0.954

3.36

Pyramid Lake Oct Deployment

0.009

0.005

ND

0.015

0.21

Pyramid Lake Oct Retrieval

0.004

0.001

ND

0.005

ND

Castaic Lake Deployment

0.019

0.002

ND

0.021

0.16

Castaic Lake Retrieval

0.04

0.003

0.007

0.050

0.44

Clear Lake Deployment

0.01

0.003

ND

0.015

ND

Clear Lake Retrieval

0.003

0.002

ND

0.005

ND

Huntington Harbor Deployment

ND

ND

ND

ND

ND

Huntington Harbor Retrieval

ND

ND

ND

ND

ND
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In this study, we compared grab sample results, o-DGT results, and SPATT results by LCMS/MS analysis to assess the relative performance of these approaches. The o-DGT results were
comparable in prevalence and concentrations to the grab sample results when microcystins were
detected at low levels (under 0.1 µg/L) (Figure 6). Specifically, a good correspondence between
MC-LR concentrations in the water grab samples and the o-DGT samplers was observed in the
Pyramid Lake deployment in October, at Castaic Lake and at Clear Lake (Figure 6).
Interestingly, there was a weak correspondence between the o-DGT and water grabs
concentrations of MC-LR during the Pyramid Lake deployment in September when water
concentrations of MC-LR were 1 to 2 orders of magnitude higher than the other sites surveyed.
MC-RR and MC-YR were rarely detected by o-DGT throughout the study sites while they were
more frequently detected in the grab samples. The correspondence between the calculated MCRR and MC-YR concentrations in o-DGT and the grab samples was weaker than that of MC-LR.

Figure 6. Comparison of microcystin-LR, -RR, -YR concentrations measured by o-DGT and grab

sampling. The asterisk (*) shows the average of the deployment and retrieval grab water samples
concentrations.
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Table 8. LC-MS/MS results for grab samples and o-DGT samples in µg/L and results for SPATT as presence (+) or absence (-).

MC-LR

Grab
Deploy

MC-RR

o-DGT

SPATT

Retrieval

Grab
Deploy

MC-YR

o-DGT

SPATT

Retrieval

Grab

o-DGT

SPATT

Deploy

Retrieval

+

0.037

0.015

ND

-

ND

-

ND

ND

ND

-

0.003

ND

-

ND

0.007

ND

-

0.002

0.004

-

ND

ND

ND

-

Pyramid
Lake - Sept
Pyramid
Lake - Oct
Castaic
Lake

2.7

0.68

0.11

+

1.5

0.26

0.035

0.009

0.004

0.011

-

0.005

0.001

0.019

0.04

0.017

+

0.002

Clear Lake

0.01

0.003

0.007

-

0.003
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To date, SPATT samplers have not been
calibrated and toxin concentrations detected
in SPATT bags are most typically reported
semi-quantitatively as mass of toxin per gram
of resin (e.g., ng of microcystins/g of resin).
The most appropriate comparisons between
SPATT, grab samples, and o-DGT at this
time is to compare the presence or absence of
the toxins between the sampling approaches
(Table 8). Overall, SPATT detections of MCLR and MC-RR correspond well to grab
samples and o-DGT when one of the grab
sample concentrations was >0.01 µg/L.
Below this concentration, the microcystins
were not detected in the SPATT sample
Figure 7. Visible colonies of Microcystis spp.
extracts via the LC-MS/MS, whereas opresent in the water column at Pyramid Lake on
September 13, 2019.
DGT samplers appeared to be slightly
more sensitive. SPATT samplers from all
sampling locations did not have detectable concentrations of MC-YR, similar to the o-DGT
results.
There are several rationales for the differences in results from grab samples and passive
samplers. Passive samplers were deployed for 7 or more days while grab samples only measured
the occurrence at a discrete point in time during passive sampler deployment and retrieval,
therefore an exact comparison is not expected (Kudela 2011).
Figure 8. Comparison of passive sampler extracts run on LC-MS/MS and ELISA
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However, in this work, we observed a good correspondence between MC-LR concentrations
from o-DGT samplers and time-averaged grab sample concentrations from deployment and
retrieval at lower toxin concentrations (< 0.1 µg/L) (asterisks in Figure 6). However, the o-DGT
concentrations were substantially lower than grab sample results in Pyramid Lake in September
when grab sample concentrations were higher (> 0.1 µg/L). Grab samples were processed to
measure both intracellular and extracellular toxins whereas passive samplers only adsorb
extracellular toxins. A high biomass bloom was observed with visible flocks of Microcystis spp.
colonies present in the water column (Figure 7), which suggests much of the toxin was
intracellular, and therefore was unavailable to bind to the passive sampler resins and reflect
bioavailable microcystins. This dynamic could explain the observed disconnect in concentrations
when cells were at a higher biomass. However, in October, the overall cyanobacterial biomass in
the lake was greatly reduced with fewer visible algal cells observed. As the bloom senesced
between September and October, it is likely that more toxin was present in the extracellular pool
improving the relationship between grab sample concentrations and o-DGT samplers. This
dynamic will need to be further explored to assess the performance and comparability of o-DGT
sampler results to California trigger levels, which are based on both intracellular and
extracellular toxins, in high biomass bloom scenarios.
Differences in passive sampler performance across analysis platforms
The concentrations of microcystins in o-DGT and SPATT extracts from analysis via LC-MS/MS
and ELISA were compared as an initial assessment of the performance of these analysis
approaches with passive sampler extracts. Qualitive comparisons between o-DGT and SPATT
were made on the basis of nanograms of microcystin per device, as the most conservative
approach for comparison. When comparing the passive samplers on a presence absence basis,
overall agreement in detections was observed at Pyramid Lake in September and in Castaic Lake.
Regardless of quantification approaches, SPATT samplers from these locations seemed to
accumulate a relatively larger mass of microcystins per device compared to o-DGT, which is
possibly due to the larger mass of sorbent material in the SPATT bag compared to the o-DGT.
Similarly, toxin mass estimations from SPATT bags analyzed via ELISA were higher than the
LC-MS estimations. This trend is particularly strong in SPATT bags deployed in Pyramid Lake
in October and in Clear Lake. In these locations, microcystins were below the detection limit for
the LC-MS/MS method but were detected when analyzed via ELISA. The ELISA method
estimates the concentration of all microcystin variants by targeting the ADDA side chain,
whereas the LC-MS/MS method employed for these samples only quantifies 3 variants, which
could have resulted in the underestimation via LC-MS/MS.
Temporal patterns in toxin occurrence
While the full extent of temporal variability has not been resolved for Pyramid Lake, our
observations points to the necessity to understand these trends. Pyramid Lake had 2 deployment
events in September (Summer) and October (Fall) of 2019, respectively. The current study
suggests that seasonal patterns in warm water temperature are a contributing factor to
cyanobacteria growth and toxin production (Table 2), similar to global observations of
cyanobacterial blooms (Paerl and Paul 2012). Lake turnover from either decreasing temperatures
in the autumn or from changes in wind mixing could also affect concentration of microcystins in
a manner beyond the scope of this study. During the deployment period in September, water
19

temperatures at Pyramid Lake were 22.9 ± 1.1 °C and by the end of the survey period in October,
water temperatures decreased by ~2°C. This decrease in temperature corresponded in a decrease
in visible cyanobacterial biomass and a concurrent decrease in microcystins. The grab sample
results indicated the bloom had high concentrations of microcystins, and summed concentrations
of the three microcystins congeners (4.2 µg/L) were above the caution trigger level (0.8 µg/L) in
September 2019 while the toxin concentrations were well below the all trigger levels in October
(Table 7; Table 8). Notably, the total concentration of microcystins detected in Pyramid Lake in
September 2018 was above the danger trigger level (20 µg/L). In the three sampling events at
Pyramid Lake between 2018 and 2019, concentrations of microcystins ranged from well below
California trigger levels to above the danger trigger level. More comprehensive monitoring at
Pyramid Lake and other sites with detections of microcystins in Region 4 is needed to gain a
better understanding of variability in toxin concentrations and environmental drivers of that
variability.
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RECOMMENDATIONS
1) Ambient monitoring for microcystins and other cyanotoxins is needed in Region 4
waterbodies.
Currently, ambient monitoring of cyanobacteria and cyanotoxins has been identified as a need by
the California Freshwater HAB Assessment and Support Strategy (SWAMP 2016). The results
of this work highlight that microcystins were commonly detected in some waterbodies, however,
the magnitude of microcystins detected varied by several orders of magnitude. The results in
Pyramid Lake are particularly illustrative of this point, with grab samples ranging from well
above the danger trigger level (20 µg/L) to well below across sampling events during the study.
Future research and monitoring efforts should also heavily focus on temporal/seasonal variability
in toxin production and determine the sampling frequency needs to adequately characterize risk.
Ambient monitoring approaches need to be developed to effectively protect the designated
beneficial uses of the waterbody. For example, protection of recreational uses (e.g. protection of
human and domestic animal health) will require a different approach than assessment on how
cyanotoxins impact aquatic life beneficial uses. Better ambient assessment of cyanotoxin
prevalence and risk across waterbodies also will allow for more targeted monitoring of sites that
are of higher risk. Ambient monitoring for toxins can be paired with a characterization of water
quality parameters, such as temperature or nutrients, to better resolve specific bloom drivers and
to gain a better understanding of which sites are at risk of developing cyanoHAB blooms.
Additionally, more work is needed to understand the extent and magnitude of other cyanotoxin
classes.
2) Robust passive sampling techniques should be developed to support cyanotoxin
monitoring efforts.
Integration of passive samplers into HAB monitoring is a valuable approach to better
understanding the extent and magnitude of microcystins. Both passive samplers utilized in this
performed well for detecting microcystins, showing utility of this tool as an assessment tool.
Additional work is needed to improve and fully validate if passive sampler results can be
compared to currently actionable thresholds. Increasing confidence and interpretability of these
comparisons will improve the utility of passive sampling tools. Passive samplers may never
replace grab sampling approaches, but a better understanding of the relationship between these
two approaches could result in management action being taken based on passive sampler results
(e.g., initiate more intensive ambient monitoring, posting preliminary caution signage, etc.). The
results of this study show promise in calibrating these techniques to be actionable in this way.
Passive samplers providing quantitative results (e.g., o-DGT) need to be applied to additional
cyanotoxin classes. The efficacy of o-DGT should be explored for anatoxin-a,
cylindrospermopsin and saxitoxin.
3) Sediment-based sampling approaches for cyanotoxins need to be developed.
Microcystins can deposit into the surficial sediments by binding to particulates and settle to the
lake bottom. As well, cyanotoxins that may be associated with dead cyanobacteria could also
settle to the bottom. Live cyanobacteria may also be present in the sediment. Both could
conceivably affect benthic organisms directly, or could be resuspended back into the water
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column. Currently the impacs and human health risks of cyanotoxins in lake sediments in not
fully understood. All of these possibilities warrant the integration of sediment characterization
into future studies for cyanotoxins. It was not possible to collect fine sediments at a number of
sites in this study, as the bottoms were rocky; therefore, analysis of microcystins in the sediment
was not carried in this study. Future investigation will explore suitable approaches in
characterizing microcystins and other cyanotoxins in the sediment. This can pose a challenge,
given that bioavailable cyanotoxins are those in the dissolved phase i.e., sediment porewater,
which is difficult and time-consuming to separate from bulk sediments through techniques such
as centrifugation or through the deployment of sediment peepers to sample porewater. A
potential passive sampling approach for analyzing cyanotoxins and other polar CECs in sediment
porewaters is through DGT sheets physically larger than the water samplers described in this
report. Such sheets have been successfully used for chemical imaging of metals (Kreuzeder et al.
2013) and can be adapted to sequester and map organic chemicals such as cyanotoxins.
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