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Abstract Forty-one livestock drinking water ponds in
Alabama beef cattle pastures during were surveyed dur-
ing the late summer to generally understand water qual-
ity patterns in these important water resources. Since
livestock drinking water ponds are prone to excess
nutrients that typically lead to eutrophication, which
can promote blooms of toxigenic phytoplankton such
as cyanobacteria, we also assessed the threat of exposure
to the hepatotoxin, microcystin. Eighty percent of the
ponds studied contained measurable microcystin, while

three of these ponds had concentrations above human
drinking water thresholds set by the US Environmental
Protection Agency (i.e., 0.3 μg/L). Water quality pat-
terns in the livestock drinking water ponds contrasted
sharply with patterns typically observed for temperate
freshwater lakes and reservoirs. Namely, we found sev-
eral non-linear relationships between phytoplankton
abundance (measured as chlorophyll) and nutrients or
total suspended solids. Livestock had direct access to all
the study ponds. Consequently, the proportion of inor-
ganic suspended solids (e.g., sediment) increased with
higher concentrations of total suspended solids, which
underlies these patterns. Unimodal relationships were
also observed between microcystin and phytoplankton
abundance or nutrients. Euglenoids were abundant in
the four ponds with chlorophyll concentrations >
250 μg/L (and dominated three of these ponds), which
could explain why ponds with high chlorophyll concen-
trations would have low microcystin concentrations.
Based on observations made during sampling events
and available water quality data, livestock-mediated
bioturbation is causing elevated total suspended solids
that lead to reduced phytoplankton abundance and
microcystin despite high concentrations of nutrients,
such as phosphorus and nitrogen. Thus, livestock could
be used to manage algal blooms, including toxic sec-
ondary metabolites, in their drinking water ponds by
allowing them to walk in the ponds to increase turbidity.
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Introduction

Good water quality is critical for the health and well-
being of livestock and their associated production.
Although drinking water sources vary across space
and time (e.g., well water, municipal drinking water,
ponds), commercial livestock in the southeastern USA
is often limited to nearby drinking water ponds that tend
to be small, shallow, warm, hyper-eutrophic, and prone
to algal blooms (Straubinger-Gansberger et al. 2014).
Despite the importance of livestock drinking water qual-
ity, very little is known about this water resource related
to animal health (but see van Halderen et al. 1995;
Naegeli et al. 1997; Veira 2007; Wilson et al. 2013;
Chagas et al. 2014; Silva et al. 2014; Bichsel et al.
2016; Badar et al. 2017). In contrast, dozens of studies
have documented spatiotemporal trends in water quality
in recreational waterbodies (Downing et al. 2001;
Beaver et al. 2014; Taranu et al. 2017).

Using the broader limnological literature, eutrophi-
cation driven by increased resources, such as light or
nutrients like phosphorus and nitrogen, typically leads
to higher concentrations of phytoplankton, including
taxa such as cyanobacteria that may produce toxic sec-
ondary metabolites that can poison livestock (Chislock
et al. 2013; Wood 2016). Smaller, shallower, and warm-
er systems tend to exhibit enhanced effects of eutrophi-
cation (Scheffer and van Nes 2007). The relationship
between nutrient resources and phytoplankton abun-
dance is often linear across a wide range of nutrient
concentrations. However, suspended solids, either or-
ganic (e.g., phytoplankton) or inorganic (e.g., sedi-
ments), reduce water transparency that limits the avail-
ability of light deeper in the water column. Thus, at very
high concentrations of phytoplankton, the relationship
between nutrients and phytoplankton abundance
weakens because another resource, access to sunlight,
limits phytoplankton production (Vollenweider 1979).
Similarly, non-linear patterns between nutrients and
chlorophyll are common when inorganic suspended
sediments are high.

Livestock drinking water ponds are especially vul-
nerable to high concentrations of phytoplankton, and in
some instances the damaging effects of toxigenic
cyanobacteria. This is often attributed to the excess
nutrients that ponds receive through the direct (urination
(primarily nitrogen) and defecation (primarily phospho-
rus)) and indirect (watershed livestock waste runoff)
effects of livestock. Thus, traditional approaches to

eutrophication management, such as nutrient control,
are challenging in these ponds unless regular flushing
events are possible.

A proposed method to control toxic cyanobacteria is
through the use of livestock-mediated bioturbation with-
in their own drinking water ponds. As livestock access
to pond banks is feasible and required in some instances,
this method could provide farmers a simple way to
control cyanobacterial blooms without increased costs.
Many studies have shown, however, that livestock graz-
ing erodes stream banks, which leads to the eventual
loss of buffer strips (Agouridis et al. 2005). In addition,
the effects of erosion in pondsmay beworse considering
the lack of flow in these systems relative to streams
(Bichsel et al. 2016). However, despite higher concen-
trations of inorganic suspended sediments that may
negatively affect livestock drinking water taste and aes-
thetics, additional benefits of reduced water transparen-
cy may exist through reduced toxigenic cyanobacteria.

In this study, we surveyed the water quality of 41
drinking water ponds in beef cattle pastures throughout
Alabama during one summer to (1) document variation
in water quality of the ponds, (2) assess the threat that
the hepatotoxin, microcystin, poses to livestock, (3)
determine if water quality patterns observed for well-
studied systems, including freshwater lakes and reser-
voirs, occur in livestock drinking water ponds, and (4)
use these data to develop best management practices for
livestock producers to minimize the threat of toxic
cyanobacteria in surface drinking water sources.

Materials and methods

During August and September 2011, near surface (~
0.5 m depth) water quality samples were collected from
41 shallow livestock (primarily beef cow-calf popula-
tions) drinking water ponds located throughout
Alabama. Livestock had direct access to all ponds. In
most cases, multiple integrated samples were collected
with a long, rigid tube sampler at a depth of 0.5 m from a
single location on the shore to avoid disturbing the
sediments and surface algal bloom scums that can col-
lect near shore. In four cases, multiple integrated sam-
ples were collected from a single location using a boat or
dock at a depth of 0.5 m using the same tube sampler.
All sampling sites were selected because they were
considered to be representative of the entire waterbody;
thus obvious visual differences (e.g., algal scums
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collected on the windward side of the pond) were
avoided. Samples were stored in acid-washed plastic
bottles on ice in a cooler until they were processed in
the laboratory for algal abundance (measured as chloro-
phyll), total suspended solids, nutrients (total phospho-
rus and total nitrogen), the hepatoxin, microcystin, and
phytoplankton identification. Chlorophyll (μg/L) was
determined fluorometrically (Turner Designs Trilogy
with a non-acidification module) after extracting filters
in 90% ethanol for 24 h in the dark at 4 °C (Sartory and
Grobbelaar 1984). Lugol’s preserved (1% by volume)
phytoplankton were assessed by scanning an entire
Palmer chamber (~ 175 μl sample volume) to determine
the top five genera based on abundance (Chislock et al.
2014). One sample had too much inorganic sediment to
accurately evaluate the phytoplankton community. Total
suspended solids (mg/L) and inorganic suspended solids
(mg/L) were determined after weighing tared filters with
suspended solids that were dried at 50 °C for at least
48 h or combusted at 550 °C for at least 2 h until filter
weights stabilized (USEPA 160.2), respectively.
Organic suspended solids (mg/L) were calculated by
subtracting inorganic suspended solids from total
suspended solids. Nutrient concentrations were deter-
mined by spectrophotometry using colorimetric (total
phosphorus; μg/L) and ultraviolet (total nitrogen; μg/L)
standard methods (Gross and Boyd 1998). Microcystin
concentration (μg/L) in the seston was quantified using
enzyme-linked immunosorbent assay (ELISA) (An and
Carmichael 1994) after extraction from filters with acid-
ified 75% aqueous methanol. Eight of the 41 ponds had
undetectable microcystin concentrations. Although
these undetectable microcystin concentrations were not
included in later statistical analyses, associated data with
these samples are provided in each figure for visualiza-
tion purposes using gray symbols. Light attenuation was
not measured in all of the ponds due to sampling con-
straints, such as muddy and wet banks (due to livestock
trampling) and very shallow depths (prevented boat
sampling). However, Secchi depth (a well-studied met-
ric of transparency; Davies-Colley and Smith 2001) was
measured in 26 ponds.

Prior to regression analyses, data were log-
transformed to reduce heteroscedasticity given the large
variation in water quality parameters across the 41
ponds (Figs. 1 and 2). Results from polynomial regres-
sion analyses (specifically, quadratic) were compared to
linear regression analyses since many of the correlations
were unimodal. When comparing results between linear

and polynomial regression analyses, Akaike
Information Criterion (AICc) values, corrected for small
sample sizes, were primarily used to compare the fit of
regression lines. However, we also considered P values
and coefficients of determination (R2) when comparing
the fit of linear or quadratic regressions. In situations
where P values and R2 were similar, the simplest model
(i.e., linear regression) was selected. Principal compo-
nent analyses (PCA; all values log-transformed prior to
analysis) was used to simplify the multivariable dataset
into two principal components for 37 of the ponds that
had complete datasets for the following parameters,
chlorophyll (μg/L), microcystin (μg/L), total phospho-
rus (μg/L), total nitrogen (μg/L), total suspended solids
(mg/L), organic suspended solids (mg/L), inorganic
suspended solids (mg/L), and N/P (by weight). For
PCA, we wanted to include all available ponds and used
the microcystin concentration of 0.001 μg/L for ponds
where this toxin was undetectable to contrast ponds with
and without measurable microcystin. All analyses were
conducted using SYSTAT 13 or R studio (version
3.4.1).

Results

Water quality varied widely across 41 livestock drinking
water ponds in Alabama (Figs. 1 and 2), although all
ponds could be classified as eutrophic to hyper-eutro-
phic. Livestock had direct access to all of the ponds and
were observed in the ponds during most sampling
events (Fig. 2). For example, large ranges were observed
for all water quality parameters, including chlorophyll
(15–697 μg/L; median = 113 μg/L), total suspended
solids (10–2745 mg/L; median = 35 mg/L), inorganic
suspended solids (0.4–2461 mg/L; median = 11 mg/L),
organic suspended solids (3.5–284 mg/L; median =
26 mg/L), % inorganic material in the total suspended
solids (2–90%; median = 45%), % organic material in
the total suspended solids (10–98%; median = 56%),
total phosphorus (62–1644 μg/L; median = 175 μg/L),
total nitrogen (666–13,888 μg/L; median = 1960 μg/L),
and N/P (0.9–37.3, by weight; median = 10.5). One or
more toxigenic cyanobacterial genera, including
Anabaena, Aphanizomenon, Cylindrospermopsis,
Microcystis, and Planktothrix, were abundant in 76%
(31/41) of the surveyed ponds. Moreover, microcystin
concentration was detectable in 80% (33/41) of the
ponds but varied by over three orders of magnitude
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when detectable (range 0.0046–2.50 μg/L; median =
0.013 μg/L).

Given that such few studies have examined algal
toxins in livestock drinking water sources (but see van
Halderen et al. 1995; Naegeli et al. 1997; Viera 2007;
Wilson et al. 2013; Chagas et al. 2014; Silva et al. 2014;
Bichsel et al. 2016; Badar et al. 2017) and that no
microcystin concentration threshold currently exists for
livestock drinking water, we used a recently established
10-day microcystin drinking water health advisory
threshold (0.3 μg/L) for humans (< 6 years of age)

created by the U.S. Environmental Protection Agency
(USEPA 2015). This USEPA-based threshold is conser-
vative considering that it is based on a lowest observed
adverse effect level (50 μg/kg/day) in tested rats and
includes a total uncertainty safety factor of 1000
(USEPA 2015). The USEPA did not identify a no ob-
served adverse effect level of microcystin in drinking
water (USEPA 2015). Nine percent (3/33) of the ponds
with detectable microcystin had concentrations that
exceeded this human health advisory threshold when
sampled. However, it is important to note that that there

Fig. 1 The relationship between
chlorophyll a concentration
(μg/L) and a total phosphorus
(hexagons) and total nitrogen
(triangles), b total suspended
solids (mg/L), c inorganic
suspended solids (mg/L), and d
organic suspended solids (mg/L)
for livestock drinking water
ponds as well as the relationship
between total suspended solids
(mg/L) and e % inorganic or f %
organic material in the total
suspended solids. Data are plotted
on log-log scales. Gray boxes
indicate sites without detectable
microcystin, a cyanobacterial
hepatotoxin, that were included in
the statistical analyses. Quadratic
regression fits the data better for a
total phosphorus (F = 35.55, R2 =
0.658, P < 0.000001) and b total
suspended solids (F = 6.004,R2 =
0.245, P = 0.0052), while linear
regression fits the data better for c
inorganic suspended solids (F =
1.79, R2 = 0.045, P= 0.188), d
organic suspended solids (F =
33.43, R2 = 0.468,P < 0.00001), e
% inorganic material in the total
suspended solids (F = 13.81,R2 =
0.267, P = 0.00065), and f %
organic material in the total
suspended solids (F = 65.09,R2 =
0.631, P < 0.0000001). Linear
regression also fits the data as
well as quadratic regression for a
total nitrogen (F = 61.33, R2 =
0.630, P < 0.000001) and was
chosen since it is a simpler model
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are no established thresholds for microcystin concentra-
tions in livestock drinking water. We contend that more
research is needed in this area.

Certain water quality patterns for the livestock ponds
were consistent with past observations made in recrea-
tional waterbodies (Sarnelle et al. 2010). For example,
positive correlations between total nutrients and algal
abundance (Fig. 1a; R2 > 0.63, P < 0.00001) are com-
mon considering that resources, such as phosphorus and
nitrogen, are important for phytoplankton growth and
that phosphorus and nitrogen comprise ~ 1 and ~ 6% of
algal dry biomass, respectively (Duarte 1992). Thus,
more nutrients tend to promote more phytoplankton.
Interestingly, the log-transformed correlations between
nutrients and chlorophyll were significantly non-linear
(Fig. 1a) suggesting that other resources, such as light,
were limiting phytoplankton at the high end of the
chlorophyll range. Although the relationship between
total nitrogen and chlorophyll is presented as linear

(linear AICc = 3.87, quadratic AICc = 6.33), the R2 and
P value for the linear and polynomial regressions were
nearly identical (R2 = 0.630, P < 0.0000001).

As light penetrates water, it is reduced (i.e., light
extinction) as a function of heat loss and scatter associ-
ated with turbidity from phytoplankton (organic) or
sediment (inorganic). Indeed, across 26 ponds sampled,
transparency of the ponds was poor (Secchi depth
mean = 38 cm; range = 5–101 cm) and negatively cor-
related with chlorophyll concentration (log transformed
data; R2 = 0.527, P = 0.000027). Indeed, we found a
significant unimodal relationship between total
suspended solids (index of total turbidity) and algal
abundance (measured as chlorophyll) (Fig. 1b; R2 =
0.245, P = 0.0052) where total suspended solids peaked
around 100 mg/L, while the pond with the highest TSS
(2745 mg/L) had no detectable microcystin despite high
chlorophyll (195 μg/L). Remarkably, euglenoids were
abundant in the four ponds with the highest chlorophyll

Fig. 2 Photos of livestock in two
different drinking water ponds.
Note the high sediment turbidity
in the upper panel and algal scum
near the pond edge in the lower
panel
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concentrations (> 250 μg/L) and dominated the phyto-
plankton communities in three of these ponds.

Although the relationship between inorganic
suspended solids and algal abundance was weak
(Fig. 1c; F = 1.79, R2 = 0.045, P = 0.188), there was
strong positive relationship between organic suspended
solids and chlorophyll (Fig. 1d; F = 33.43, R2 = 0.468,
P < 0.00001), as expected. Moreover, the percent con-
tribution of inorganic materials that composed the total
suspended solids increased with higher concentrations
of total suspended solids (Fig. 1e;F = 13.81, R2 = 0.267,
P = 0.00065). The decline in organic material that com-
posed total suspended solids was stronger and less var-
iable (Fig. 1f; F = 65.09, R2 = 0.631, P < 0.0000001)
than the pattern observed for inorganic suspended
solids. Clearly, suspended sediments negatively impact-
ed phytoplankton production in the ponds studied. And,
our observations of livestock in the drinking water
ponds during sampling events suggest that high turbid-
ity is a result of livestock bioturbation inside or outside
(through erosion and runoff) of the ponds (Fig. 2).

Relationships between microcystin and other water
quality parameters did not always align with earlier
observations in recreational waterbodies (Beaulieu
et al. 2014). For example, non-linear relationships were
observed between microcystin and chlorophyll (Fig. 3a;
R2 = 0.129, P = 0.125), total phosphorus (Fig. 3c; R2 =
0.158, P = 0.083), and total nitrogen (Fig. 3c; R2 =
0.211, P = 0.0362). In other words, higher concentra-
tions of phytoplankton or nutrients did not result in
higher concentrations of microcystin. A significant lin-
ear relationship was observed for microcystin and N/P
(Fig. 3d; R2 = 0.227, P = 0.0068), while no relationship
existed for total suspended solids (Fig. 3b; R2 = 0.0071,
P = 0.647). Sites without detectable microcystin were
included in both figures (gray symbols) for visualization
purposes. Although there was a tendency for sites with
non-detectable microcystin to be at the lower end of the
range, in many cases, microcystin was not detected
despite high chlorophyll, TSS, and/or nutrients (Fig. 3).

Principle component analysis highlighted some in-
teresting patterns when synthesizing the dataset. The
first two PCA components explained more than two-
thirds of the variance in water quality data (70.22%;
Fig. 4). Component 1 (x-axis) was positively influenced
by most variables, including chlorophyll, total phospho-
rus, total nitrogen, total suspended solids, inorganic and
organic suspended solids, and microcystin. N/P was not
correlated with component 1. Component 2 (y-axis)

showed a strong influence of N/P and microcystin but
was also positively affected by total nitrogen and chlo-
rophyll and negatively affected by total phosphorus, and
total and inorganic suspended solids. Organic
suspended solids were poorly correlated with compo-
nent 2. The similar vectors for organic suspended solids
and chlorophyll make sense considering we expect most
organic suspended solids to be phytoplankton. Finally,
the disconnect between chlorophyll and microcystin
further supports our observation regarding the non-
linear relationship between phytoplankton abundance
and algal toxicity.

Discussion

Water quality of livestock drinking water ponds is poor-
ly understood despite its obvious importance for animal
health and production (but see van Halderen et al. 1995;
Naegeli et al. 1997; Viera 2007; Wilson et al. 2013;
Chagas et al. 2014; Silva et al. 2014; Bichsel et al.
2016; Badar et al. 2017). We found large variation in
the water quality of the 41 livestock drinking water
ponds surveyed during the summer, although there
was a tendency of the ponds to be highly eutrophic
and productive (Fig. 1a). Such patterns are not surpris-
ing given the expected nutrient inputs through livestock
defecation and urination. Concentrated animal feeding
operations would only exacerbate nutrient additions and
concomitant eutrophication issues (Chagas et al. 2014).

Phytoplankton communities varied across the 41
ponds but tended to be dominated by cyanobacteria or
euglenoids (between both taxa 93% (38/41)). These
findings make sense considering that both taxa perform
well in hyper-eutrophic environments with abundant
organic matter. Interestingly, the patterns between chlo-
rophyll and nutrients, including phosphorus and nitro-
gen, had a tendency to be non-linear especially at higher
concentrations (Fig. 1a), suggesting that another re-
source was limiting algal production. Turbidity from
phytoplankton (organic) or sediment (inorganic) can
negatively impact phytoplankton and cyanobacterial
toxin production, even in eutrophic systems, through
greater light extinction (Davies-Colley and Smith
2001). Across the 26 ponds sampled, there was a strong
negative correlation between Secchi depth and chloro-
phyll concentration in the ponds (log transformed data;
R2 = 0.527, P = 0.000027). These data support our con-
tention that reduced light limited phytoplankton growth
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in many of the studied ponds despite abundant nutrient
resources. Moreover, the non-linear relationship

between total suspended solids data and chlorophyll
(Fig. 1b) suggests that inorganic suspended sediments

Fig. 3 The relationship between
microcystin concentration and a
chlorophyll a concentration
(μg/L), b total suspended solids
(mg/L), c total phosphorus
(hexagons) and total nitrogen
(triangles), or d total nitrogen-to-
total phosphorus (N/P; by weight)
for livestock drinking water
ponds. Data are plotted on log-log
scales. Gray symbols indicate
sites without detectable
microcystin that were not
included in the statistical analyses
but are shown for visualization
purposes. Quadratic regression
fits the data better for a
chlorophyll (F = 2.23, R2 = 0.129,
P = 0.129), c total phosphorus
(F = 2.718, R2 = 0.158, P =
0.083), and c total nitrogen (F =
3.745, R2 = 0.211, P = 0.036),
while linear regression fits the
data better for b total suspended
solids (F = 0.215, R2 = 0.0071,
P = 0.646) and d N/P (F = 8.499,
R2 = 0.227, P = 0.0068)

Fig. 4 Principal components analysis (PCA) factor map based on
the following livestock drinking water pond parameters, chloro-
phyll (μg/L), microcystin (μg/L), total suspended solids (mg/L),
inorganic suspended solids (mg/L), organic suspended solids (mg/
L), total phosphorus (μg/L), total nitrogen (μg/L), and total

nitrogen-to-total phosphorus (N/P; by weight). Arrow lengths
and directions are indicative of parameter weight for each principal
component. All data were log-transformed prior to analysis. Per-
centage of error explained by each principal component is provid-
ed in parentheses along each axis\
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represented a higher proportion than phytoplanktonwith
increasing total suspended solids. Indeed, the percent
contribution of inorganic material increased with higher
concentrations of total suspended solids (Fig. 1e). Thus,
our data suggest that livestock access to drinking water
ponds limits phytoplankton abundance and concentra-
tions of the hepatotoxin, microcystin, under elevated
nutrient concentrations. Given that livestock were regu-
larly observed in the ponds during sampling events (Fig.
2) and that their movement would directly disturb pond
sediments as well as promote the erosion of pond banks,
we contend that livestock could be used to manage the
presence of toxigenic phytoplankton taxa.

Bioaccumulation of the hepatotoxin, microcystin, in
livestock has been documented in the past (van
Halderen et al. 1995; Badar et al. 2017). Although
microcystin concentration data in the drinking water
ponds were not provided in Badar et al. (2017), > 80%
of the studied cows and buffaloes had measurable
microcystin in their blood and > 90% of the animals
suffered from liver irregularities. These findings are
consistent with microcystin poisoning (Dawson 1998;
Carmichael et al. 2001;Wood 2016). van Halderen et al.
(1995) described three livestock poisoning events asso-
ciated with toxic cyanobacteria. Thus, livestock are
clearly vulnerable to microcystin through direct interac-
tions with their drinking water (Mez et al. 1997; Naegeli
et al. 1997; Falconer 2001). In our study, toxigenic
cyanobacteria dominated in 76% of the ponds and the
hepatotoxin, microcystin, was measured in 80% of the
surveyed ponds. Of these ponds, three cases exceeded
the human drinking water thresholds for microcystin
(0.3 μg/L) recently established by the U.S.
Environmental Protection Agency which served as our
reference given that no microcystin threshold currently
exists for livestock drinking water. It is important to
stress that the implication of this microcystin threshold
to livestock is unclear based on available data in the
literature.

Considering that we were not targeting surface
scums, livestock could be prone to significantly higher
concentrations of algal toxins when consuming water
near pond edges. The 20% of the ponds that lacked
detectable concentrations ofmicrocystin spanned a large
gradient in most of the other water quality parameters
(Fig. 3). Thus, a high concentration of phytoplankton
(measured as chlorophyll) or nutrients did not necessar-
ily relate to high concentrations of microcystin (Fig. 3).
In fact, many of the water quality patterns with

microcystin were not linear, in contrast to a large num-
ber of limnological studies that have documented linear
relationships in a variety of regions and aquatic ecosys-
tems (Beaulieu et al. 2013). Considering that
cyanobacterial toxins, including microcystin, are gener-
ally found within toxigenic phytoplankton cells (unless
when cells lyse and toxins are released into surrounding
water) and produced in response to a variety of external
stimuli (e.g., nutrient limitation, reduced light, and/or
consumers), large variation between microcystin and
several water quality parameters (Fig. 3) is not surpris-
ing (Taranu et al. 2017). Interestingly, the patterns for
microcystin and chlorophyll (Fig. 3a), total phosphorus
(Fig. 3c), and total nitrogen (Fig. 3c) were non-linear
(and nearly unimodal in some cases) across the range of
concentrations measured. We are not aware of any stud-
ies documenting such dramatic water quality patterns in
livestock drinking water ponds. These findings suggest
that some factor (or factors) was limiting phytoplankton
and/or toxin production. Contrasting relationships be-
tween chlorophyll and inorganic (Fig. 1c) or organic
(Fig. 1d) suspended solids show that suspended sedi-
ments reduce light transparency, which negatively af-
fects phytoplankton production.

In our study, results from the principal components
analysis further supported our findings that chlorophyll
and microcystin or total suspended solids are not strong-
ly correlated (Fig. 4). For example, principal compo-
nents vectors for microcystin and chlorophyll were not
parallel, while the vectors for microcystin and organic
suspended solids were almost perpendicular (Fig. 4).
Had these parameters been strongly correlated, this
analysis would have shown similar directions for rele-
vant analytes.

Conclusion

Based on patterns between suspended solids (total, in-
organic, and organic) and algal abundance and our
observations during sampling events, we contend that
livestock access to ponds promotes bioturbation that
reduces light availability to phytoplankton, including
toxigenic taxa. Consequently, livestock farmers should
be aware that livestock-mediated bioturbation can be a
tool for controlling toxic cyanobacteria in their own
drinking water ponds. Although such an approach coun-
ters current advice from research and extension publi-
cations (Agouridis et al. 2005; Derlet et al. 2010; Evans
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et al. 2006), suspended sediments may serve multiple
functions related to cyanobacterial toxins. First, in-
creased turbidity will limit light penetration, which
should reduce phytoplankton production even under
hyper-eutrophic conditions. Second, some variants of
microcystin bind preferentially to sediment; thus the
presence of some sediments may serve as a sink for
dissolved cyanobacterial toxins (Wu et al. 2012; Song
et al. 2015). As with all management approaches, we
encourage farmers to directly work with extension
agents to regularly test livestock drinking water sources
to determine the presence and abundance of toxigenic
organisms, including cyanobacteria.
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