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ABSTRACT
Zastepa A, Watson SB, Kling H, Kotak B. 2017. Spatial and temporal patterns in microcystin toxins in
Lake of the Woods surface waters. Lake Reserve Manag. 33:000–000

Lake of theWoods (LOW) is a complex system, with limited exchange between its multiple basins and
strong spatial variance in physicochemical conditions and susceptibility to cyanobacterial blooms
(cHABs). Nutrient input from tributaries has contributed to a highly productive southern basin with
widespread cHABs,which are also present in somenorthern sub-basins. To date, there is no systematic
lake-wide assessment of spatial and temporal patterns of microcystins (MCs) in relation to cyanobac-
terial taxa along physicochemical gradients. To achieve this, surface waters were sampled June to
September in 2006, 2008–2010, and 2014–2015 offshore, inshore, and along developed shorelines.
OffshoreMCmeasured by ELISA and PPIAwas consistently low despite high chlorophyll-a (Chl-a) (e.g.
0.7 µg MC-LR equivalents/L; 126 µg/L Chl-a), with only two cases exceeding the 20 µg MC-LR equiva-
lents/L World Health Organization recreational guideline. LC-MS/MS analysis of MC congeners (2014–
2015) showed MC-LR dominating, with MC-LA also present. A strong positive correlation of MC with
NO3 (P< 0.005) was observed but not with other nutrients, water transparency, ormixing. The toxicity
of phytoplanktonbiomasswaspositively correlatedwithdissolvedP and inverselywithparticulateN:P
(P < 0.02, P < 0.001 respectively), suggesting lower toxicity under P-deficiency. Shorelines contained
much higher MC concentrations with more than 25% above 20 µg MC-LR equivalents/L in 2006 and
2009 (maximum ∼ 600 µg MC-LR equivalents/L). Several potential producers of MCs were suspected,
including Dolichospermum andMicrocystis. Cyanobacteria identified in LOW are known elsewhere as
producers of other toxins including neurotoxins, but these have not yet been assessed in LOW.

Annual cyanobacterial blooms (cHABs) in Lake of the
Woods (LOW, Canada-USA) are generally thought
to originate in the large, shallow, polymictic southern
basin, which receives 75% of the lake’s total phosphorus
(TP) external loading via the Rainy River (Hargan et al.
2011). Water flows northward into a series of deeper
interconnected basins and it is thought that blooms
are transported with it. However, there is no direct
evidence supporting this concept, while some authors
suggest that blooms may also initiate in the north
(Watson and Kling 2017). Notably, spatio-temporal
differences in physicochemical conditions and lim-
ited inter-basin exchange in LOW are associated with
changes in cHABs composition, severity and toxicity.

CONTACT Zastepa Arthur arthur.zastepa@canada.ca
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/ulrm.

Supplemental materials for this note can be accessed on the publisher’s website.

Among the toxins produced by cyanobacteria,
microcystins (MCs) are the most resilient and
commonly reported in north temperate waterbod-
ies (Chorus 2001). These compounds are small, cyclic
peptides, produced by both planktonic and benthic
cyanobacteria. They are protein phosphatase inhibitors
and toxic to many organisms. In humans, they primar-
ily target liver cells, and with acute exposure can cause
massive hemorrhaging and death. They have multiple
other non-fatal effects with subacute exposure includ-
ing flu-like symptoms, and vomiting and diarrhea; fur-
thermore they are known carcinogens which increase
the risk of cancer with chronic exposure (Uneo et al.
1996, Zhou et al. 2002). Although commonly expressed

©  Crown Copyright
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-
nd/./), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon
in any way.
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2 A. ZASTEPA ET AL.

as MC-LR equivalents (summed concentration of all
congeners), there are over 100 known MC congeners
with varying toxicity, environmental fate, and bioavail-
ability (Niedermeyer 2014, Zastepa et al. 2014).

MCs have been reported in large eutrophic lakes
of the Canadian prairies (Kotak and Zurawell 2007,
Kotak et al. 2011) and the Canadian Shield (Chen et al.
2007, 2009) but their occurrence is not well charac-
terized. These earlier studies have reported generally
low MC concentrations in LOW, but there is some
indication that areas of the lake may develop extreme
levels; for example a very high concentration of total
MCs (>1200 µg MC-LR equivalents/L) was measured
in a cyanobacterial bloom sample from Lily Pad Bay
(49.7144°N, 94.5503°W) in 1999 (Kling and Hebert
unpublished data), although we note that the early
ELISA-based methods of detection used in this study
were susceptible to cross-reactivity with matrix com-
ponents, especially in bloom material. A 2004 study
measured particulate (particle adsorbed and intracel-
lular) MC-LR equivalents in surface waters at offshore
sites throughout the lake, and reported low levels of
MCs but a general increase in these toxins over the
summer (Chen et al. 2007). In later lake-wide summer
surveys in 2006 and 2007, Chen et al. (2009) again
detected only very low surface water concentrations
(<0.69 µg MC-LR equivalents/L) of particulate MC
which were well below Health Canada drinking water
and recreational guidelines of 1.5 µg MC-LR equiva-
lents/L and 20 µg MC-LR equivalents/L, respectively.
These authors found no clear south-north gradient
in MC levels and no significant variance between the
two years. Both of these earlier studies measured only
particulate MC, and while most MCs are retained in
cells during active growth, extracellular release can
occur at senescence or cell rupture, for example at the
end of a bloom or during chemical treatment, resulting
in high dissolved concentrations (Zastepa et al. 2014).

Species of Microcystis, Dolichospermum, Plank-
tothrix and Pseudanabaena identified in LOW
(Watson and Kling 2017) are among the cyanobacteria
reported elsewhere as MC producers (Chorus 2001)
and at least some of these are possible sources of these
toxins in LOW (Watson and Kling 2017). Three recent
reports (DeSellas et al. 2009, Oblak 2009, Environment
Canada 2012) stressed the need to fully assess the risks
associatedwith cyanobacterial toxins due to the impor-
tance of LOW to recreational users, fisheries, and as a
drinking water source. It is clear from the early studies
that there is some potential for localized areas of high

risk, which to date, remains unassessed. In the current
study, we addressed this issue by conducting surveys as
well as compiling data from others of total, particulate
and dissolved MC toxin concentrations at offshore and
inshore sites. This investigation encompassed over nine
years of measurements. This work combined two sam-
pling initiatives, i) across-lake collection from a vessel
and ii) inshore sampling by cottagers recruited by the
Lake of the Woods District Property Owners Asso-
ciation (LOWDPOA). Offshore sub-surface samples
were collected in 2006, 2008–2010, and 2014–2015 by
lake-wide surveys for toxin analysis in the particulate
and dissolved phase. Since cyanobacterial blooms can
often accumulate along the inshore areas and beaches,
these were also targeted to measure the potential range
of spatial and temporal variability in particulate and
dissolved MCs. Combining results from this study
with data from surveys by Chen et al. (2007 and 2009),
we evaluated patterns of MCs in relation to physical
and chemical conditions of the lake and cyanobacterial
taxa potentially capable of their production.

Materials andmethods

Lake description

LOW has a surface area of approximately 3850 km2

located within a catchment area of approximately
70,030 km2 (excluding the lake area; Schupp and
Macins 1977). It is a morphologically and hydrologi-
cally complex water body with variable depth (mean
∼8 m, max. ∼66 m). Water flows northward from the
Rainy River through several interconnected basins to
the Winnipeg River.

OffshoreMCmeasurements at designated stations

Lake segments or zones were based on discrete patterns
in water exchange and in total phosphorus (TP) and
Chl-a measured in previous studies by Environment
and Climate Change Canada (Zhang et al. 2012, Wat-
son and Kling 2017). These zones (Fig. 1, S1-S6) were
used in this study for comparative purposes. Zones S1
and S2 include the large, shallow, polymictic southern
basins while zones S3 to S6 make up smaller, deeper,
thermally stratified northern basins.

Offshore sampling was conducted in 2006 (n =
62), 2008 (n = 41), 2009 (n = 63), 2010 (n = 22),
2014 (n = 12), and 2015 (n = 16) between June
and September (Fig. 1). Whole water samples were
collected at a depth of 1 m at all sites by Niskin water
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LAKE AND RESERVOIR MANAGEMENT 3

Figure . Map of Lake of the Woods (Canada and US) with each of the six ECCC-designated lake zones identified. Dots represent sampling
locations offshore in  (brown), – (orange), and – (orange) and nearshore in  (yellow) and  (green).

sampler, except in 2006where 10 cm surface grabs were
collected. Net samples were collected at select sites by
vertical tows of a 20 µm plankton net through the top
∼4 m of the water column. Total MCs were measured
fromwhole water samples, which were frozen at−20 C
in 15 mL aliquots in low retention polypropylene tubes
until analysis. To obtain the particulate fraction, whole
water and net samples were filtered onto GF/C filters
and frozen at −20 C until analysis. For analysis by
ELISA (Abraxis, PA, US), samples were thawed, tip-
sonicated and syringe filtered through 0.45 µm nitro-
cellulose filters. The manufacturer-specified method
detection limit is 0.05 µg MC-LR equivalents/L MC-
LR equivalent. Samples were also analysed for toxicity
using a protein phosphatase inhibition assay (PPIA)

using the method described by Carmichael and An
(1999). PPIA measures a broader spectrum of pro-
tein phosphatase-based toxicity associated with both
MCs and other cyanobacterial peptides. These data
were combined with those reported by Chen et al.
(2009) for 2006–2007 to evaluate broad patterns inMC
concentrations and water quality across LOW.

Nearshore and along shoreline sampling and
analysis of phytoplankton blooms forMCs

Nearshore/shoreline sampling was conducted by
volunteers in 2006 (n = 55) and 2009 (n = 63)
between July and September (Fig. 1). In 2006 and 2009,
whole water samples were collected for total MCs i.e.
cell-bound and adsorbed on suspended particles
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4 A. ZASTEPA ET AL.

(i.e. particulate), and dissolved. In 2006, whole water
samples were either collected as an integrated sample
from the surface to the euphotic depth as part of the
Ontario Lake Partners Program (15 volunteers in total)
or as surface samples (collected by AlgalTox Interna-
tional). MC was extracted from whole water samples
by ultrasonication. Cell debris was removed by filtering
the sonicated sample through 0.45 um nitrocellulose
filters and the resulting supernatant was analyzed by
PPIA. A total of 18 cottage/camp owners participated
in the 2009 study as a result of a request for volunteer
involvement published through the LOWDPOA. In
June and July of 2009, participants did not observe
phytoplankton blooms at their cottages/camps. How-
ever, warmer weather in August and September was
accompanied by an increase in phytoplankton blooms
and the majority of the samples were collected in
these latter two months. Sample coolers with sample
collection and storage procedures, all necessary sam-
pling equipment (e.g. sampling bottles), and forms for
taking field notes was sent to participants. During phy-
toplankton accumulations, the participants collected
water samples from their shoreline or dock area.

Selected shoreline samples with visibly high biomass
were subsampled, diluted (to facilitate counting) and
preserved with Lugol’s iodine for analysis of cyanobac-
terial species composition and biomass following the
standard Utermöhl technique (e.g. Watson and Kling,
2017). Cyanobacteria were identified to species when
possible and abundance expressed as cells/mL. Biomass
(biovolume mg/m3) was estimated for each species by
first measuring the dimensions of a subset of the cells
for each species and using a volume formula that most
closely matched geometric shape for each species. The
volumewas then converted to biomass using a standard
volume-mass formula (Rott et al. 1981).

MC congener analysis

Analysis of MC congeners in 2014 samples was con-
ducted using the LC-MS/MS method described in
Zastepa et al. (2014) and included the following con-
geners: MC-RR, -YR, -LR, -7dmLR, -WR, -LA, -LY,
-LW, and –LF.

Water quality analysis

Whole water samples were collected from 1 m into
acid washed 4 L polyethylene bottles and kept cool and
dark until processed (within 24 hours). Analysis of

dissolved (0.45 µm filtrate) and particulate (1.2 µm
GFC filter) forms of the major nutrients, dissolved
inorganic and organic carbon (DIC, DOC), particulate
organic carbon (POC), nitrate/nitrite (NO2/3), ammo-
nium (NH4), total Kjeldahl nitrogen (TKN), particu-
late organic nitrogen (PON), total phosphorus (TP),
total dissolved phosphorus (TDP), soluble reactive
phosphorus (SRP)), major ions, and Chl-a was carried
out at the National Laboratory for Environmental
Testing (Burlington, Ontario) using standard methods
(National Laboratory for Environmental Testing 1997).

Data analysis

A comparison of means from each zone was car-
ried out using a General Linear Models procedure
and Tukey’s Studentized Range (HSD) Tests (SAS©)
to accommodate asymmetric data. Broad correlational
patterns between toxins and water quality measures
were evaluated using least squares multivariate anal-
yses with backwards selection (α = 0.05); data were
log transformed to stabilize the variance. To identify
the primary species of cyanobacteria likely producing
MC, pairwise correlation analysis was performed in
Excel on untransformed shoreline data of cyanobacte-
rial species composition and particulate MC.

Results and discussion

MC concentrations at offshore stations

Average whole water MC levels were generally higher
in S1 in all years (Table 1, Fig. 2) where sites were often
dominated by the Aphanizomenon flos-aquae species
complex, with trace amounts of the potentially toxic
Microcystis ichthyoblabe. In S5, where MCs were also
relatively high, species of M. novacekii and M. viridis
were also present. Total whole water MCs were mea-
sured only in September 2010, during which time
they were consistently low despite high Chl-a levels
(e.g. only 0.7 µg MC-LR equivalents/L measured at
126 µg Chl-a/L at station 760 in S1) (Table 1). Nomea-
surements exceeded the Health Canada guidelines for
drinking and recreational water (1.5 and 20 µgMC-LR
equivalents/L, respectively). Particulate MC was mea-
sured during 2008, 2009, 2014, and 2015, in part, to
compare them with concentrations measured in 2004,
2006, and 2007 by Chen et al. (2007, 2009). Particu-
late MCs showed no clear spatial patterns of variance
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LAKE AND RESERVOIR MANAGEMENT 5

Table . Summary statistics for surface water ( m depth) particu-
lateMCs (, –, and–) and totalMCs (MC) (
only) in LOW in combined sites in each ECCC zonemeasured using
ELISA (or PPIA if noted).

Zone Measure Mean Std Dev Max Min

Particulate
MC/Chl-a
(µg/µg)

. . . .

 Particulate
MC(PPIA)/Chl-a
(µg/µg)

. . . .

Total MC (µg/L) . . . .
Particulate MC
(µg/L)

. . . .

Particulate
MC/Chl-a
(µg/µg)

. . . .

 Particulate
MC(PPIA)/Chl-a
(µg/µg)

. . . .

Total MC (µg/L) . . . .
Particulate MC
(µg/L)

. . . .

Particulate
MC/Chl-a
(µg/µg)

. . . .

 Particulate
MC(PPIA)/Chl-a
(µg/µg)

. . . .

Total MC (µg/L) . . . .
Particulate MC
(µg/L)

. . . .

Particulate
MC/Chl-a
(µg/µg)

. . . .

 Particulate
MC(PPIA)/Chl-a
(µg/µg)

. . . .

Total MC (µg/L) . . . .
Particulate MC
(µg/L)

. . . .

Particulate
MC/Chl-a
(µg/µg)

. . . .

 Particulate
MC(PPIA)/Chl-a
(µg/µg)

. . . .

Total MC (µg/L) . . . .
Particulate MC
(µg/L)

. . . .

Particulate
MC/Chl-a
(µg/µg)

. . . .

 Particulate
MC(PPIA)/Chl-a
(µg/µg)

. . . .

Total MC (µg/L) . . . .
Particulate MC
(µg/L)

. . . .

(Fig. 2); although average values were slightly higher
in S1 and S2, reflecting a few high values measured at
stations 730 (S1), 510 and 410 (S2) (0.39, 0.42, 0.27 µg
MC-LR equivalents/L respectively). LC-MS/MS mea-
surements in samples from 2014 and 2015 showed that

Figure . Box and whisker plots of total microcystin (MC) (top;
) and particulateMC (bottom; –) in  m grab samples
offshore among ECCC lake zones as measured by ELISA.

MC-LRwas the dominant congener in LOWwithMC-
LA present in minor amounts. This is the first report of
MC congener composition in LOW.

To evaluate the relative toxicity of the phytoplank-
ton community, particulate MC measured by ELISA
and PPIA were normalised to Chl-a (Table 1). These
data showed more distinct among-zone differences,
with generally higher average normalized concentra-
tions in the N and NE basins, notably Whitefish Bay
(S4), despite its generally low Chl-a levels—although
variance about the means meant that these differences
were not statistically significant (Table 1; Fig. 3). This
suggests that the late summer species assemblages
at these sites contain a greater proportion of toxin-
producing cells than those in the southern sectors,
where the biomass is largely thought to be dominated
by species in the Aphanizomenon flos-aquae com-
plex, which to date have not been reported as MC
producers. Assignment of microcystin production to
A. flos-aquae has been challenging as A. flos-aquae is
notoriously difficult to culture (Kozlíková-Zapomêlová
E, Academy of Sciences of the Czech Republic, 2013,
pers. comm.). Furthermore, accurate identification of
A. flos-aquae has been problematic. In cases where
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6 A. ZASTEPA ET AL.

Figure . Comparison of Chl-a-normalised total microcystin (MC)
analysed using ELISA (top) and PPIA (bottom) across ECCC lake
zones, –.

isolates have been taxonomically identified as A. flos-
aquae, genetic sequencing has suggested otherwise
(Li et al. 2000, Komárek and Komáreková 2006). It
is likely that a morphospecies in the A. flos-aquae
complex such A. klebahnii or A. yesoense could be the
microcystin producer however, further research to
confirm which species is needed. PPIA measures were
generally higher than corresponding ELISA, suggest-
ing that the overall toxicity may be underestimated by
ELISA. since ELISA targetsMCs/nodularinwhile PPIA
measures a broader spectrum of protein phosphatase-
based toxicity associated with both MCs/nodularin
and other cyanobacterial secondary metabolites.

Multivariate analyses of particulate MC against the
major physico-chemical parameters showed a strong
correlation with NO3 (P< 0.005) but no other nutrient
fractions or measures of water transparency and mix-
ing. The relative toxicity of the phytoplankton biomass
(Chl-a-normalised MC) was positively related with
TDP and inversely with particulate N:P (P < 0.02,
P < 0.001 respectively), suggesting lower toxicity in
P-deficient assemblages (Guildford and Hecky 2000).
It is noted, however, that these broad level correlations
provide limited insight into the factors influencing

Figure . Particulate microcystin (MC) from collective data
sources, – with a comparison among years (top) and
comparison among ECCC zones (bottom).

toxin production, particularly in view of the signif-
icant differences in the physico-chemical regimes
across the different LOW embayments and associated
phytoplankton assemblages (Watson and Kling 2017).

Analysis of combined concentration data from this
study with those reported by Chen et al. (2009) showed
no systematic change in overall particulate MC levels
between 2005 and 2009 (P > 0.05), although highest
overall levels were observed in 2008 (Fig. 4). There was
significant variance about mean values for each zone
and no statistically significant difference among these
hydrological sectors was measured. The lack of a mea-
sured difference could be a symptom of differences in
samplingmethod (1m discrete depth vs. 1m net tows).
However, the combined data showed generally higher
concentrations in the southern sectors S2 and S3, and
among the northern basins in S5 (higher concentra-
tions in Rat Portage and Kenora Bay). Particulate MC
showedno relationshipwithTPor total dissolved phos-
phorus (TDP), but a highly significant positive rela-
tionship with NO3 (P< 0.0003), as seen above with the
ECCC dataset, and with NH4 (P < 0.014), as similarly
reported by Chen et al. (2009).
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LAKE AND RESERVOIR MANAGEMENT 7

Table . Particulate MC measured in net tows, LOW September
.

Distance from Particulate MC
Station Zone Date shore (m) (µg /g dwt)

  -Sep-  .
  -Sep-  .
  -Sep-  .
  -Sep-  .
Duck Bay Dock  -Sep-  .
Turtle Bay  -Sep- .
W. Hanson Bay  -Sep- .
  -Sep-  .
  -Sep- .
  -Sep-  .
  -Sep-  .
French Portage  -Sep- .
Whylie Point  -Sep- .
  -Sep-  .
  -Sep-  .
  -Sep-  .
  -Sep-  .
  -Sep-  .
  -Sep- .
  -Sep-  .

Although the whole water samples discussed thus
far contained low toxin concentrations, toxins may
become concentrated, for example during calm con-
ditions when buoyancy-regulating cyanobacteria can
form surface scums. This was observed during a late
summer survey in 2006, which found particulate
MC concentrations exceeding 50 µg MC-LR equiva-
lents/L in offshore bloom material near Frenchman’s
Rock Road (south of Morson, ON). This is further
illustrated using net tows collected during a Septem-
ber 2009 survey in the present study, which showed
variable and sometimes very high particulate MC con-
centrations (Table 2), particularly at sites 510 (S2), 211
(S3), French Portage Bay (S4), and sites 120 and 140
(S5). The particulate MC concentrations measured in
these net tow samples varied between approximately 1
and 190 µg/g dwt; a similarly wide range in PMC was
also reported earlier by Chen et al. (2007).

MC concentrations at nearshore and shoreline sites

Inshore samples often contained much higher
toxin levels than offshore sites, suggesting locally
enhanced toxin production proximal to the shore-
line or wind/wave transport of offshore surface scum
material towards the shore—a commonly reported
phenomenon in many waterbodies. In LOW, concen-
trations of MCs were generally low (<1 µg MC-LR
equivalents/L) in offshore surface samples, but toxin
levels along shorelines and beaches were much higher.
One-third of the 55 shoreline/beach samples collected

at the Frenchman’s Rock Road area (S2) in the 2006
survey had particulate MCs in excess of 20 µg MC-LR
equivalents/L. The highest concentration recorded was
608 µg MC-LR equivalents/L. In 2009, a total of 63
water samples were collected from shoreline and dock
areas (Fig. 1). Some of these samples were collected
during phytoplankton blooms (thick, green appear-
ance), while others containedmacroscopically identifi-
able floating particles of phytoplankton. Several shore-
line areas contained only low MC concentrations. For
example, maximum MC concentrations in Clearwater
Bay and Lobstick Bay were less than 0.50 µg MC-LR
equivalents/L. Similarly, MC levels were low at Town
Island andChannel Island (maximumof 5.4µgMC-LR
equivalents/L near Channel Island). In contrast, sev-
eral other areas of Lake of theWoods had much higher
shoreline concentrations of MC. In increasing order,
maximum shoreline concentrations were observed
near Frenchman’s Rock Road (45.6 µg MC-LR equiv-
alents/L), Pine Portage Bay (59.7 µg MC-LR equiv-
alents/L), Sunbath Island (105.6 µg MC-LR equiva-
lents/L), Nestor Falls (146.6 µg MC-LR equivalents/L),
and Bigstone Bay (545.7 µg MC-LR equivalents/L).
According to the WHO criteria, all of these maximum
concentrations would be considered as high risk for
recreational contact. Overall, 25% of the nearshore and
shoreline samples collected in 2009 had concentrations
of MCs in excess of 20 µg MC-LR equivalents/L.

It is important to note that these MC concentrations
are maxima and based on a limited number of samples,
and do not imply that high concentrations are always
found in these areas of Lake of theWoods. Indeed these
areas also experience much lower MC concentrations
(Table 3). There were some sites with consistently high
MC concentrations, as shown by their high mean or
median concentrations, notably Bigstone Bay in early
September.

Table . Mean, median and range of surface water ( m) MC con-
centrations in Lake of the Woods in . Concentrations are
reported as µg MC-LR equivalents/L.

Location # samples Mean Median Range

Clearwater Bay  < . < . < . to .
Lobstick Bay  . < . < . to .
Town Island  . . < . to .
Channel Island  . . . to .
Frenchman’s Rock Road  . . . to .
Pine Portage Bay  . . . to .
Sunbath Island  . . . to .
Nestor Falls  . . . to .
Bigstone Bay  . . . to .
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Figure . Concentration ofmicrocystin (MC) along a shoreline near
Frenchman’s Rock Road (September , ). Sampling sites were
located m apart and collected within  sec. of each other. World
Health Organization recreational risk categories: < µg MC-LR
equivalents/L – Low risk, – µg MC-LR equivalents/L –Mod-
erate Risk,> µg MC-LR equivalents/L –High risk.

The concentration of MCs can vary seasonally,
from year to year in a lake or even on an hourly basis.
Previous studies in western Canada have observed
high concentrations of MC in lakes in one year, and
low or no MC in other years (Kotak et al. 1995, 2000).
Changes in MC concentration may reflect changes in
the species present, their abundance, or the cellular
toxin production over time (Kotak et al. 1995). Con-
centration can also vary widely over relatively short
distances as a result of wind and water movement
(Kotak et al. 1995). This often manifests as significant
variance in bloom density and toxin levels along shore-
lines. As part of our study, 14 samples were collected
from sites spaced 5 m apart along the shoreline of
one of the study areas to examine the variability of
MC concentration over a relatively short distance.
MC concentrations ranged from 3–170 µg MC-LR
equivalents/L (Fig. 5). The most extreme difference
was between two adjacent sites which showed MC
concentrations of 7.4 and 173.8 µg MC-LR equiva-
lents/L (sites 2 and 3, respectively). This indicates that
on a given day areas along this single beach could fall
below or far exceed the World Health Organization
recreational contact guidelines, suggesting a wide
range of risk to the public. It is important to note that
there is no routine beachmonitoring program forMCs
(or other cyanobacterial toxins) on Lake of theWoods,
and without collecting and testing samples for toxins
or the genes responsible for their production, it is not
possible to knowwhether a bloom is toxic (cf review by
Kotak and Zurawell 2007). Some of the cyanobacteria
identified in LOW have been reported as producers of

other cyanobacteria toxins in other systems (anatoxin-
a, saxitoxin) (Zurawell et al 2005), but to date, these
have not been evaluated in this lake. Therefore, a test
result that is negative for MC may still be unsafe, due
to the presence of these other algal toxins.

Cyanobacteria species andMC production in Lake of
theWoods

A positive correlation was observed between particu-
late MC concentration and the abundance (cells/mL)
and biomass (mg/m3) of several species, although the
strength of the correlations in some cases was highly
influenced by a single sample. Particulate MC concen-
tration was positively correlated to the abundance of
Microcystis ichthyoblabe, Dolichospermum flos-aquae
and D. circinale in shoreline samples (Table 4). When
all species of either Microcystis or Dolichospermum
were combined there was also a relationship with MC
concentration in shoreline samples (Table 4, P < 0.05).
All of these species have been shown in other studies
to produce MC (e.g. Zurawell et al., 2005). There was
also a statistically significant correlation (r = 0.76,
P < 0.001) between MC concentration and Aphani-
zomenon spp., although these taxa are not generally
reported as toxin producers, and this toxicity may have
been derived from small accompanying cyanobacteria
associated with the bloom material, such as Pseudan-
abaena rutilis-viridis recently described from LOW
and several other lakes (including Lake Winnipeg)
(Kling et al. 2012). This small filamentous toxin pro-
ducer grows free in the plankton or entwined with
the colonies of Aphanizomenon flos-aquae complex or
other colonial cyanobacteria. We also examined the
shoreline samples with MC concentrations exceed-
ing the Health Canada recreational water guideline
(i.e., >20 µg MC-LR equivalents/L). A number of
species were either dominant (i.e. >50% of the total
cyanobacterial biomass in the sample) or co-dominant
(i.e. 25–49% of the total cyanobacterial biomass in
the sample) in samples where MC concentrations

Table . Correlation analysis between cyanobacterial species
abundance and MC concentration in shoreline samples (n= ).

Species Correlation Coefficient (r) P value

Microcystis ichthyoblabe . < .
Microcystis (all species combined) . < .
Dolichospermum flos-aquae . < .
Dolichospermum circinale . .
Dolichospermum (all species combined) . < .
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Table . Percent of shoreline samples with MC concentration in
excess of  µg MC-LR equivalents/L and which cyanobacterial
species are either dominant (i.e.>% of the total cyanobacterial
biomass in the sample) or co-dominant (i.e. –% of the total
cyanobacterial biomass in the sample).

% of samples where species is
Species dominant or co-dominant

Microcystis (all species combined) 72
Microcystis ichthyoblabe 
Microcystis sp. 
Microcystis aeruginosa 
Microcystis flos-aquae 
Microcystis smithii 
Dolichospermum (all species combined) 81
Dolichospermum flos-aquae 
Dolichospermummendotae 
Dolichospermum lemmermannii 
Dolichospermum crassum 
Dolichospermum planktonicum 
Dolichospermum circinale 
Pseudanabaena sp. 
Woronichinia sp. 
Aphanizomenon (all species combined) 72
Aphanizomenon flos-aquae complex 

exceeded 20 µg MC-LR equivalents/L (Table 5). This
examination suggests several species of Microcystis
and Dolichospermum as potential producers of MC in
Lake of the Woods that should be further investigated.
Species that dominated the samples collected from
Bigstone Bay (one of the locations with the highest MC
concentrations in shoreline samples) included species
of Microcystis (M. icthyoblabe and M. flos-aquae),
Dolichospermum flos-aquae and Pseudanabaena sp. In
an earlier study, Chen et al. (2009) also suggested that
MC is likely being produced by species of Dolichos-
permum, Microcystis and Limnoraphis. It is also note-
worthy that species of Dolichospermum, Microcystis
and Pseudanabaena are thought to be the main MC
producers in Lake Winnipeg, which receives water
from LOW via theWinnipeg River (Kotak et al., 2011).
In LOW, other species such as Pseudanabaena were
either dominant or co-dominant in 9% of the shoreline
samples containing > 20 µg MC-LR equivalents/L.

Conclusion

In this study, we present a first comprehensive assess-
ment of MC measures in LOW from both offshore
and inshore samples, and an analysis of these data for
spatial and/or temporal trends using measures from
several studies conducted between 2006 and 2015.
We found no clear long-term trends in microcystins
over the years of the surveys. This is consistent with
other long-term measures of blooms using satellite

imagery (Binding et al. 2011), potentially toxic taxa
(Watson and Kling 2017), and microcystins in sedi-
ment core profiles (Zastepa et al. 2017). Similarly, we
found no clear N-S or other spatial gradient in MC
concentrations. However, offshore MC concentrations
were consistently higher in three LOW zones (S1, S2,
S5) with the first report indicating MC-LR and MC-
LA may be the dominant congeners. MC-LA, with a
mammalian toxicity as high as MC-LR (Chorus and
Bartram 2001), appears to bemore persistent in aquatic
systems (e.g. Newcombe et al. 2003, Zastepa et al. 2014)
and can lead to wildlife fatalities through food web
bioaccumulation (Miller et al. 2010). Although con-
centrations of MCs were generally low in samples at
offshore sites (<1 µg/L), blooms accumulating along
shorelines and beaches frequently had high concentra-
tions (up to ∼600 µg MC-LR equivalents/L, Table 3),
posing potential risk to drinking and recreational
water in these areas and pointing to a need to sample
shorelines at multiple sites to understand the range of
toxins along an area. Multivariate analysis of offshore
data showed a strong positive correlation of MCs with
NO3 (P < 0.005), while the relative toxicity of the
algal biomass (Chl-a-normalised MC) was positively
related with total dissolved phosphorus (TDP) and
inversely with particulate N:P (P < 0.02, P < 0.001
respectively), suggesting lower toxicity in P-deficient
assemblages.

These broad trends and correlations provide limited
insight into the factors influencing toxin production,
particularly in view of the significant differences in
the physico-chemical regimes across the different
LOW embayments and associated phytoplankton
assemblages (Watson and Kling 2017) as well as the
differences in sampling and analytical methods (Chen
et al. 2007, 2009). The implementation of a monitoring
program that considers the complexity of the different
embayments and uses standard methods would be
better suited to assess sources and drivers of toxin
production and future changes in Lake of the Woods.
In addition, such a program should include molecular
methods to identify taxa responsible for toxin pro-
duction and measurements of other cyanobacterial
metabolites beyond MCs considering that the dom-
inant taxa in most observed blooms in Lake of the
Woods are not thought to be a significant source of
MC, rather of other toxins and secondary metabo-
lites of concern such as neurotoxins (Cirés and Ballot
2016).
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