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Cyanobacterial harmful algal blooms are one of the most prominent threats to water
quality in freshwater ecosystems and are expected to become more common as the
climate continues to change. While traditional strategies to manage algal blooms have
focused on controlling nutrients, manipulating light as a way to reduce cyanobacteria
is less frequently explored. Here, we propose the addition of glacial rock flour
(GRF), a fine particulate that floats on the water’s surface and remains suspended
in the water column, to reduce light availability and in turn, phytoplankton biomass
dominated by cyanobacteria. To determine if a sustained reduction in light could lower
cyanobacteria biomass and microcystin concentrations, we applied GRF to large-scale
(11 kL) mesocosm tanks for 9 consecutive days. Mesocosm tanks were amended by
adding nitrogen and phosphorus to generate chlorophyte- and cyanophyte- dominated
experimental tanks. To assess how the phytoplankton community was impacted
in each tank, we measured photosynthetic irradiance parameters, the maximum
quantum yield of photosystem II, gross primary productivity (GPP), phytoplankton
biovolume, and phytoplankton community composition before and after the addition
of GRF. GRF effectively reduced cyanophyte biovolume by 78% in the cyanophyte-
dominated tanks, despite no significant change in total phytoplankton community
biovolume. Cyanophytes were replaced by cryptophytes, which increased by 106% in
the chlorophyte-dominated tanks and by 240% in the cyanophyte-dominated tanks.
The change in photosynthetic irradiance parameters and GPP after the addition of
GRF was not significantly different between any of the treatment or control groups,
suggesting that either the cyanophytes will likely recover if light availability increases,
or that the new cryptophyte-dominated community was well suited to a reduced
light environment. Cyanobacterial blooms are expected to increase in frequency and
magnitude as climate change progresses, but our study suggests that light manipulation
may be a useful in-lake management strategy for controlling these blooms and warrants
further investigation.
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INTRODUCTION

Cyanobacterial harmful algal blooms often occur in lakes and
reservoirs with high nutrient concentrations (Heisler et al.,
2008). These blooms are increasing in frequency and magnitude
across the globe and are a threat to aquatic resources (Brooks
et al., 2016). Cyanobacteria are of poor nutritional food quality
compared to other phytoplankton taxa for zooplankton grazers,
which rely on foods high in polyunsaturated fatty acids, and
can cause inefficiencies in trophic transfers (Brett et al., 2009;
Grosbois et al., 2017). Some cyanobacteria produce secondary
metabolites, the most common of which is the cyanotoxin
microcystin, that are toxic to animals and have been identified
as potentially carcinogenic to humans (Grosse et al., 2006).
Cyanotoxins have caused livestock (Van Halderen et al., 1995),
pet (Backer et al., 2013), and wildlife (Miller et al., 2010)
mortality and in extreme instances can result in human
fatalities (Carmichael et al., 2001). Given the human and animal
health hazard posed by cyanobacterial blooms, water body
advisories and closures are common during bloom events, which
can strain local economies during cyanobacterial outbreaks
(Dodds et al., 2009).

Light is a critical resource for all phytoplankton.
Phytoplankton use stored sugars and starches or rely on
mixotrophy to temporarily survive in the absence of light (Lee,
2008), but prolonged light limitation can result in cell death
or cause the cell to enter a resting phase (Bellinger and Sigee,
2010). Light requirements vary among individual taxa, and many
cyanobacteria can be superior competitors at both low and high
light intensities (Yang and Jin, 2008). Cyanobacteria are tolerant
of reduced light conditions because of low maintenance energy
requirements and their ability to maintain higher growth rates
at lower light levels than many other phytoplankton (Van Liere
and Mur, 1980). This tolerance allows them to persist deeper in
the water column underneath other phytoplankton groups until
conditions become favorable (Chorus and Bartram, 1999). Light
also influences the ability of buoyancy regulating cyanobacteria
to position themselves at a favorable depth in the water column.
Low light levels induce gas vacuole production, giving the cell
positive buoyancy (Deacon and Walsby, 1990), while high
light intensities increase photosynthetic rates, allowing cells
to store dense carbohydrate ballasts (Wallace and Hamilton,
2000). Cyanobacteria are also superior competitors under high
light conditions due to their ability to withstand high levels of
UV radiation (Paerl et al., 1983; Sinha and Häder, 2008). The
ability to withstand variable light intensities may be allowing
cyanobacteria to adapt to a changing climate more favorably
compared to eukaryotic algae.

Cyanobacteria are anticipated to benefit from climate-induced
environmental changes. Warmer water temperatures will favor
cyanobacteria, many of which have peak growth rates at
temperatures between 25 and 34◦C (Robarts and Zohary, 1987;
but see Lürling et al., 2013). Warming waters will result in
earlier and stronger thermal stratification, which will benefit
buoyancy regulating taxa (Paerl and Huisman, 2009). Projected
climate change scenarios indicate that some states will experience
more severe droughts while others will have higher rates of

precipitation (U.S. Environmental Protection Agency, 2016).
Extended droughts can increase the salinity of surface waters,
which may favor cyanobacteria over other phytoplankton taxa
(Paerl and Paul, 2012; Lehman et al., 2013). Higher rates of
precipitation will result in increased nutrient runoff from the
landscape, potentially leading to an increase in cyanobacterial
blooms (Paerl and Paul, 2012). These impending climatic
changes emphasize the need for a reliable method to mitigate
cyanobacterial blooms.

A commonality among cyanobacterial management strategies
is to reduce water column nutrient availability. Each management
strategy has tradeoffs and no single strategy has been successful
at controlling all types of cyanobacterial blooms (Ibelings et al.,
2016). For example, beneficial management practices (BMPs) are
often used to reduce external nutrient loading and subsequent
cyanobacteria biomass (Sharpley et al., 2000). While BMPs
can be effective, it can take several decades before noticeable
improvements to water quality are observed (Osgood, 2017).
Another strategy to control cyanobacterial blooms is to lower
in-lake phosphorus (P) concentrations. Commercially available
solid-phase P sorbents can reduce available P, and in turn
cyanobacterial biomass, but these reductions are not permanent
unless external nutrient loading is also reduced (Mackay et al.,
2014). Where it is not always practical to reduce nutrient
availability, other approaches could provide a more realistic
way to reduce cyanobacterial blooms. One strategy is to negate
the advantage that buoyancy regulation provides some taxa
with approaches such as artificial mixing or lake flushing
(Visser et al., 2016).

When nutrient reduction methods are not feasible,
light reduction management strategies may help mitigate
cyanobacterial blooms. To the best of our knowledge, the only
management strategy designed to control algal growth by altering
the light environment is the application of artificial dye products.
These dyes come in a variety of colors, but all are designed to
absorb incoming photosynthetically active radiation (PAR), thus
reducing the amount available for aquatic photosynthesizers.
These dyes are touted as environmentally friendly and published
research shows they have no effect on fish, crayfish, nor tadpoles
(Spencer, 1984; Bristow et al., 1996; Bartson et al., 2018), but
can reduce zooplankton diversity (Suski et al., 2018). The main
drawback to these dyes is that they are designed to control
rooted macrophytes and have limited effectiveness in controlling
cyanophyta, bacillariophyta, euglenophyta, or chlorophyta
biomass (Ludwig et al., 2008). In this study, we designed an
experiment to test the efficacy of an alternative way to reduce
light availability through the addition of glacial rock flour (GRF).

Glacial rock flour is defined broadly as the fine particulate
derived from glacial erosion and occurs naturally as the erosional
silt- and clay-sized particles formed from a glacier passing
over bedrock (Rampe et al., 2017). No standards exist to
characterize it by size class or composition because GRF is
composed of minerals reflecting the local geology in a lake
catchment (Chanudet and Filella, 2009). As the glacier melts,
either from seasonal receding (Casassa et al., 2009) or climate
change (Moore et al., 2009), GRF runs off into the lake, often
via a tributary. In glacial lakes, GRF attenuates 63% of the
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total water column PAR (Rose et al., 2014). Lakes that receive
glacial meltwater have reduced primary productivity due to the
decreased light availability, though mixotrophic phytoplankton
are less sensitive to this change in light than those who rely
solely on photosynthesis (Slemmons et al., 2013; Sommaruga and
Kandolf, 2014).

We conducted an experiment where we reduced light through
the addition of GRF with the objective of decreasing cyanophyta
biomass and microcystin concentrations. Phytoplankton growth
was stimulated in mesocosm tanks with amendments of P,
nitrogen (N), or a combination of both to produce phytoplankton
communities dominated by either chlorophytes or cyanophytes.
The light environment in experimental tanks was manipulated
through the addition of GRF. We hypothesize that cyanophyte
biovolume and microcystin concentrations would be impacted
by GRF additions, and that this change would be reflected in
the physiology and primary productivity of the phytoplankton
community. Our results have important implications for the
future management of our changing water bodies.

MATERIALS AND METHODS

Experimental Design and Sample
Collection
This experiment was conducted at the University of Kansas
field station in Lawrence, KS, United States (39.049674◦N,
95.190777◦W) in closed bottom, fiberglass mesocosm tanks.
Each was filled to a volume of 11,000 L and depth of
1.25 m. To insulate from fluctuations in air temperatures,
mesocosm tanks were kept in a ∼1,300 m2 shallow pond
and were surrounded with ∼1 m of water (Figure 1). The
insulation pond was surrounded by low vegetation, mainly
grasses and wildflowers that were mowed periodically throughout
the summer (Supplementary Figure 1). The closest trees were
over 100 m away from the mesocosm tank set. Tanks were
positioned within 50 cm of each other and were accessed via
anchored walkways. On July 23, 2018, we filled each tank
with 10,840 L of water from an on-site storage impoundment,
then inoculated each tank with 160 L of surface water from
a nearby reservoir (Milford Lake, KS, United States) with
a well-documented history of cyanobacterial harmful algal
blooms (Harris et al., 2020). For 8 consecutive weeks prior
to the beginning of our experiment, 20 of the 23 mesocosm
tanks received weekly N and P amendments. Treatments were
designed to result in tanks with N- or P- deficient conditions
for phytoplankton growth. Three tanks were maintained as
ambient control tanks and received no nutrient nor GRF
additions (Table 1). Each tank was randomly assigned a
nutrient amendment, or in the case of the controls, no
nutrient amendment.

A preliminary experiment was conducted on 6 of the 20
amended tanks to assess the quantity of GRF required to achieve
the greatest reduction in light. We compared light conditions in
tanks that received zero (n = 3), 5 (n = 2), 10 (n = 2), and 20
(n = 2) kg of GRF and determined that adding more than 5 kg
of GRF did not result in any additional reduction in light based

on no significant difference in PAR among tanks that received the
3 doses of GRF (Kruskal-Wallis p = 0.2551, df = 3, χ2 = 18.01).
We chose 5 kg of GRF as the optimum quantity to add in our
subsequent experiment (Supplementary Figure 2). The 6 tanks
that received GRF during this preliminary experiment were then
removed from the experiment described below.

The GRF used was commercially available from Vital
Earth’s

R©

. Its elemental composition was determined in triplicate
by Activation Laboratories Ltd. (ActLabs, Ancaster, ON) via
lithium metaborate/tetraborate fusion followed by aqueous
phase analyses using inductively coupled plasma (ICP)–optical
emission spectrometry (OES) and ICP–mass spectrometry (MS)
for major and trace elements, respectively (Supplementary
Table 1). We determined GRF sediment particle fractionation
using a hydrometer (Gee and Bauder, 1979). Sediment particles
were measured in the following size fractions: 0.5 – 2 mm (sand),
0.002 – 0.05 mm (silt), and < 0.002 mm (clay). GRF was 18.3%
sand, 70.7% silt, and 11.2% clay. We did not explicitly test for any
biota associated with the GRF.

Algal communities were created by weekly nutrient
amendments by adding different forms of nutrients so that
algal communities would vary (Table 1). We kept tanks that
received the same nutrient forms together, even if a single tank
in the group was not dominated by the same phytoplankton.
We included 1 tank in the chlorophyte-dominated group where
chlorophytes only comprised 9.2% of the total biovolume (Tank
#3, Supplementary Table 2). Cryptophytes were the dominant
taxa in this tank on day 0 (71.2%), but we decided to include it
with the other tanks that received the same nutrient amendments
because we do not believe excluding it would have changed our
results. If this tank were excluded, cryptophyte biovolume would
have increased in the 5 remaining chlorophyte-dominated tanks
by 111.0% between day 0 and day 9, compared to an increase
of 105.7% if the tank were included. In 1 of the cyanophyte-
dominated tanks as well, cyanophytes were not the dominant
taxa on day 0, comprising only 14.3% (Tank #11, Supplementary
Table 2). We included this tank for the same reasons. When it
was included, cryptophytes increased by 240.0% between day
0 and day 9. When this tank was excluded, they increased by
408.0%. Ultimately, we considered phytoplankton dominance
to be the taxa with the highest biovolume, averaged across all
tanks within the group. On day 0, 6 of the 17 tanks were included
in the chlorophyte-dominated group (biovolume mean and
range = 1.51, 0.06 – 3.11 mm3 L−1; % of total phytoplankton
biovolume mean and range = 51.4, 9.2 – 89.4%) and 8 were
included in the cyanophyte-dominated group (biovolume mean
and range = 28.17, 0.98 – 71.87 mm3 L−1; % of total biovolume
mean and range = 71.3, 14.3 – 92.0%). Oocystis was the most
prevalent phytoplankton in chlorophyte-dominated tanks,
comprising a mean 35.4% of total phytoplankton biovolume
(range = 0 – 86.9%), while Aphanizomenon, which comprised a
mean 22.8% total phytoplankton biovolume (range = 0 – 49.4%),
was the most prevalent phytoplankton in cyanophyte-dominated
tanks (Table 2 and Supplementary Table 2). Control tanks
(n = 3) were also dominated by chlorophytes (biovolume mean
and range = 3.17, 0.28 – 8.08 mm3 L−1; % of total biovolume
mean and range = 52.3, 25.1 – 82.0%) when the experiment
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FIGURE 1 | Birds-eye view of mesocosm tank set-up. We added glacial rock flour (GRF) to 14 of the 17 mesocosm tanks used in this experiment. Phytoplankton
communities were dominated by either chlorophytes or cyanophytes (n = 8) at the beginning of the experiment. Of the 9 chlorophyte dominated tanks, a subset
(n = 3) did not receive any nutrient nor GRF amendments and were treated as a control (Con). The remaining chlorophyte dominated tanks (n = 6) received daily GRF
additions. Tanks were kept in a ∼1300 m2 shallow pond that was ∼1 m deep to insulate for changes in air temperatures. The pond was surrounded by low
vegetation. Mesocosm tanks were ∼3 m across, 1.25 m high, and had a volume of 11,000 L. Crossbeams were placed across each mesocosm. Sediment traps
were suspended from each crossbeam.

began, particularly from the genus Tetraedron, which comprised
a mean 26.2% of total phytoplankton biovolume (range = 0 –
78.5%, Table 2 and Supplementary Table 2). We added GRF to
each of the chlorophyte- and cyanophyte-dominated treatment
tanks, exclusive of the 3 control tanks. For 9 consecutive
mornings between 9:00–10:30 AM (CST), we distributed 5 kg of
GRF evenly across the surface of each tank with a sifter. GRF was
allowed to float on the tank surface, although some mixed into
the water column over the next 24 h. PAR measurements were
taken in the air above the water surface, just below the water’s
surface, 0.5, and 1 m below the surface in each tank using a
cosine Li-Cor underwater quantum sensor (LI-192). To account
for changes in PAR from the time we measured the first tank to
the time that we measured the last, we corrected each underwater
PAR measurement by dividing it by the air PAR measurement
we made above the water’s surface. We report this value as the
PAR ratio (0.5 m water/air reading). To ensure that a reduction

in light was maintained throughout the entire day, light was
measured one hour after GRF addition on all experimental days,
4 h after GRF addition on days 0, 5, 6, and 7, and 6 h after
GRF addition on day 4. PAR measurements from just below the
surface, 0.5, and 1 m below the surface, were used to determine
the light attenuation coefficient (Kd) in all tanks from the natural
logarithm of irradiance versus depth (Kirk, 1994). Temperature
profiles were collected from just below the surface, 0.5, and 1 m
below the surface using a Yellow Springs Instrument EXO3,
which is accurate to± 0.01◦C.

We collected water samples from each tank on days 0
and 9 with a PVC integrated sampler with a check valve
from the surface to a depth of 1.0 m to avoid collecting
or resuspending any material that had settled to the tank
bottom. We then filtered water samples onto pre-combusted,
1.2 µm, GF/C filters for total suspended solids (TSS), which
were frozen until analysis. Integrated whole water for total
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TABLE 1 | Experimental design to promote phytoplankton growth through nutrient amendments.

Nutrient forms added Amount N and/or P
added (moles)

Experimental group ln(TN:TP)
(molar ratio)

NH4Cl + K2HPO4

(n = 3)
3.08N + 2.20P cyanophyte-dominated 3.73

NaNO3 + K2HPO4

(n = 3)
3.08N + 2.20P cyanophyte-dominated 3.12

K2HPO4

(n = 2)
2.20 cyanophyte-dominated 3.29

NH4Cl
(n = 3)

3.08 chlorophyte-dominated 4.52

NaNO3

(n = 3)
3.08 chlorophyte-dominated 4.95

None
(n = 3)

0 control 4.61

Nitrogen (N) and/or phosphorus (P) were added to 11,000 L mesocosm tanks to create bloom conditions and induce nutrient deficiency. A total of 3.08 moles of N was
added as ammonium chloride (NH4Cl) or sodium nitrate (NaNO3), and 2.20 moles of P was added as dipotassium phosphate (K2HPO4). Control tanks did not receive
nutrient amendments and were dominated by chlorophytes at the beginning of the experiment. The ln(TN:TP) molar ratio is from day 0 of the experiment. Sample size (n)
refers to the number of mesocosm tanks that received each nutrient form.

TABLE 2 | Top 3 dominant phytoplankton genera on day 0 and day 9.

Dominant Algal Genus on Day 0 Dominant Algal Genus on Day 9

Experimental Group Functional Group Genus % Comp. Functional Group Genus % Comp.

Control Chlorophyta Tetraedron 26.2 Chlorophyta Tetraedron 23.4

Chlorophyta Scenedesmus 13.8 Chlorophyta Scenedesmus 12.5

Cryptophyta & Dinoflagellates Cryptomonas 13.6 Cryptophyta & Dinoflagellates Plagioselmis 12.0

Chlorophyte-Dominated Chlorophyta Oocystis 35.4 Cryptophyta & Dinoflagellates Cryptomonas 32.2

Cryptophyta & Dinoflagellates Cryptomonas 9.6 Chrysophyta Chrysochromulina 14.7

Chrysophyta Chrysochromulina 7.3 Chlorophyta Oocystis 10.7

Cyanophyte-Dominated Potentially Toxigenic Cyanophyta Aphanizomenon 22.8 Cryptophyta & Dinoflagellates Cryptomonas 37.1

Potentially Toxigenic Cyanophyta Dolichospermum 22.1 Potentially Toxigenic Cyanophyta Aphanizomenon 13.8

Non-toxin Producing Cyanophyta Pseudanabaena 13.3 Chlorophyta Scenedesmus 9.8

Percent composition (% Comp.) was calculated for each genera as the percent of total phytoplankton biovolume in each tank. The mean percent composition of all tanks
within each group is reported for control (n = 3), chlorophyte- (n = 6), and cyanophyte-dominated (n = 8) mesocosm tanks. Lowest taxonomic identification was down to
genus (Supplementary Table 2).

P (TP) and total N (TN) analyses were stored in glass
digestion test tubes. Filtrate from 0.7 µm glass fiber filters
(GFF) was also stored in glass digestion test tubes within
30 h of collection to measure total dissolved P (TDP) and
total dissolved N (TDN). Filtrate from 0.45 µm nitrocellulose
membrane filters was frozen for nitrate (NO3

−) and ammonium
(NH4

+) analysis. Dissolved organic carbon (DOC) samples
were stored frozen as filtrate from pre-combusted, 0.7 µm
GFF filters. A subset of the integrated water sample was
immediately frozen at −20◦C in amber, HDPE bottles for
microcystin analysis. Samples for phytoplankton identification
and enumeration were collected by taking a subset of the
integrated water sample and preserving it with 1% Lugols
solution in amber vials. Within 30 h of collection, water
filtered onto 0.7 µm GF/F filters were frozen until they
were analyzed for chlorophyll-a (chl-a) and the phytoplankton
pigment absorption coefficient (αφ). Whole water for P–E
parameters, gross primary production (GPP), and the maximum
quantum yield of photosystem II (φPSII) were stored in
the dark prior to running on the Water-Pulse Amplitude

Modulated fluorometer (PAM, Heinz Walz GmbH) within
30 h of collection.

We collected samples for zooplankton identification
and enumeration throughout the entire water column of
each tank (1.25 m deep) using a 243 µm Wisconsin net
(diameter = 200 mm) raised at approximately one-third of
a meter per second. Zooplankton samples were immediately
preserved with 4% formalin for enumeration.

We used sediment traps, positioned 0.5 m below the water’s
surface, to determine sedimentation rates in each tank. Sediment
traps were constructed from PVC with a 7.6 cm diameter and
6:1 height to aspect ratio (Bloesch and Burns, 1980). On each
sampling date, the entire 2 L sediment trap was emptied into a
HDPE collection bottle and homogenized by inverting 3 times.
A portion of homogenized water was retained on pre-combusted,
1.2 µm, GF/C filters and later analyzed for TSS.

Laboratory Analyses
We measured TSS from both whole water integrated samples
and sediment traps using standard methods (Section 2540 D
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and E; APHA 2017). Pre-weighed filters with retained material
were dried at 105◦C for 30 min and then weighed. Filters
were then incinerated at 550◦C for 20 min to burn off organic
material before being weighed again. This loss-on-ignition
analysis allowed us to differentiate TSS by subtracting the mass
left after incineration, which is particulate inorganic matter
(PIM), from the total filter mass before incineration, which is
TSS. The difference is particulate organic matter (POM). TSS had
a detection limit of 0.1 mg L−1. We determined sedimentation
rates from the TSS measured in our sediment traps using
(Kalff, 2002):

Subsample Dry Weight
(
mg

)
×

Sedimentation Rate =
Total Sample Vol.

(
cm3)

10 × Subsample Vol.
(
cm3

)
×

Trap Area
(
cm2)

× Period (day)

Total sample volume was always 2000 cm3, sediment trap area
was 45.6 cm2, and the period that traps were deployed was 9 days.

Mean daily mixed layer irradiance (Ē24) is a measure of the
amount of light phytoplankton in the mixed layer are exposed to
over 24 h. It was calculated using the formula:

Ē24 = Ē0 × (1 − exp(−1 × Kd × Zmix)) × (Kd × Zmix)
−1

Incident irradiance, Ē0, was calculated as the 24 h mean of
PAR measurements taken at an onsite meteorological station
(Natural Resources Conservation Service, site Ku-Nesa1) on day
0 (9/24/18) and day 9 (10/2/18). Mixing depth within each
tank, Zmix, was calculated from temperature profiles using the
rLakeAnalyzer package (Winslow et al., 2017). Profiles were taken
one hour after GRF addition on all experimental days, 4 h after
GRF addition on days 0, 5, 6, and 7, and 6 h after GRF addition
on day 4. Occasionally, tanks would temporarily stratify in the
afternoon between the water’s surface and 0.5 m. Tanks were
isothermal every morning, indicating that even if a tank did
stratify at the end of the previous day, it mixed during the night.
We used the maximum depth of each tank, 1.25 m, as the value
for Zmix when calculating Ē24.

Total P and TDP were measured spectrophotometrically
using the ascorbic acid colorimetric method (Section 4500-P E;
APHA, 2017) with a detection limit of 0.03 µmol L−1. TN and
TDN were measured with the second derivative spectroscopy
procedure (Crumpton et al., 1992) with a detection limit of
2.50 µmol L−1. Total and total dissolved P and N samples
were measured in triplicate. NO3

−, which was measured in
duplicate on a Lachat QuikChem Flow Injection Analyzer
(Lachat Method 10-107-04-1-B/C), had a detection limit of
0.36 µmol L−1. This method reports NO3

− as NO3
− plus

nitrite (NO2
−) based on the assumption that environmental

NO2
− concentrations are minimal. We measured NH4

+ in
duplicate on a Lachat QuikChem Flow Injection Analyzer
(Lachat Method 10-107-06-1-K) based on the Berthelot reaction
with a limit of detection of 0.71 µmol L−1. We report
NH4

+ as NH3 plus NH4
+. We measured DOC in duplicate

1https://wcc.sc.egov.usda.gov/nwcc/site?sitenum=2147

using a Shimadzu total organic C analyzer with the high-
temperature combustion method (Section 5310B; APHA, 2017),
with a limit of detection of 16.7 µmol L−1. Intracellular
microcystin was extracted via 3 freeze-thaw cycles from whole
water samples, which were then filtered through 0.45 µm
GFFs. We measured total microcystin, both the intracellular
microcystin previously released from freeze-thaw cycles and the
extracellular microcystin present in the water, using indirect
competitive ELISA (Enzyme Linked Immunosorbent Assay) kits
from Abraxis LLC, which have a limit of detection of 0.15 µg
L−1. Chl-a concentrations were quantified fluorometrically
with a Turner Design Fluorometer (TD-700) after ethanol
extraction and phaeophytin acid-correction (Knowlton, 1984;
Sartory and Grobbelaar, 1986). The chl-a detection limit
was 0.09 µg L−1.

Phytoplankton were identified to genus (Supplementary
Table 2) by BSA Environmental Services Inc. (Guiry and
Guiry, 2020), and enumerated using the Ütermohl method
(Lund et al., 1958). Phytoplankton were allowed to settle for
at least 20 h in a dark enclosure protected from vibrations and
temperature changes prior to enumeration (Burkholder
and Wetzel, 1989). Cell biovolume estimates are based
on measurements from 10 cells in each taxon and were
calculated using the formula of Hillebrand et al. (1999) for
solid geometric shapes that most closely match cell shape.
All enumerations were conducted using a LEICA DMiL
inverted microscope at 800 × and 1260 × magnification,
depending on the size of the dominant taxa, particulates, and
variation in the range of taxon sizes. Heterocyte abundance
was calculated for all phytoplankton samples. It is beneficial
to group phytoplankton into functional groups when trying
to understand ecological function (Salmaso et al., 2015).
For example, both cryptophytes and dinoflagellates have 2
flagella, are known to participate in diel vertical migrations
to take advantage of both the nutrient-rich hypolimnion and
light-replete surface waters, and can supplement metabolic
requirements with mixotrophy (Raven and Richardson,
1984; Lee, 2008). We classified phytoplankton by the
following 6 taxonomic groups: (1) potentially toxigenic
cyanophyta (Chapman and Foss, 2019), (2) non-toxin
producing cyanophyta, (3) chlorophyta, (4) euglenophyta,
(5) cryptophyta and dinoflagellates, and (6) chrysophyta,
including chrysophytes, bacillariophyta, ochrophytes, and
haptophytes (Supplementary Table 3).

We assessed phytoplankton physiology, including φPSII ,
P–E parameters (alpha normalized to chl-a [αB], the light
saturation threshold normalized to chl-a [Ek

B], and the
maximum relative electron transport rate [rETRMAX]), and gross
primary productivity normalized to chl-a (GPPB) following
the procedures outlined in Petty et al. (2020). Within 30 h
of collection, we measured φPSII in triplicate with a Water-
PAM fluorometer on whole, integrated water that had been
dark adapted for 30 min. Water samples were corrected for
background fluorescence with 0.2 µm PTFE sample water
filtrate. We also used the Water-PAM to perform rapid light
curves. For each light curve, the light limited slope (α) and
light saturation threshold (Ek) were defined as φPSII fit against
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irradiance to a light intensity (E) using the normalized version
of Webb et al. (1974):

α× Ek × (1− e (−E× Ek)) × E−1

where rETRMAX was the product of α and Ek. We divided Ē24
by Ek to assess light deficiency within each tank. When this
ratio is above 1, light availability is greater than phytoplankton
light saturation and light does not limit photosynthesis. Below
1, phytoplankton do not receive enough light to reach saturation
and may experience light deficiency (Hecky and Guildford, 1984).
The areal pigment absorption coefficient (αφ), a factor in our
calculation of GPPB, was quantified using the quantitative filter
technique by measuring absorbance at 350 – 750 with a scanning
spectrophotometer (Agilent Cary60 UV/VIS) before and after
depigmentation with a sodium hypochlorite solution (4.00 –
4.99% available chlorine). aφ was then calculated using:

aφ = 2.303 × (AP − ANAP) × β−1
× (Vf /Af )

−1

where AP is absorption before and ANAP is absorption after
depigmentation, β is the path-length amplification factor to
adjust for differences in absorption between water and filter, and
Vf /Af is the ratio of volume of water filtered to the filter area
(Silsbe et al., 2012). We determined GPP using the R package
phytotools (Silsbe and Malkin, 2015). This package is based on
the primary production model of Fee (1990) and incorporates
chl-a, P–E parameters, aφ, Kd, and Ē0.

Zooplankton were enumerated by the Central Plains
Center for Bioassessment to the following taxonomic groups:
cladocerans, adult copepods, and copepod nauplii (Thorp
and Covich, 2001). Before being photographed, samples were
switched from the 4% fixation preservative from the field to
80% ethanol. Images of each zooplankton were taken using a
Motic Plus 2.0 digital camera at 10 × magnification (87.7 pixels
mm−1) using Image-J software (National Institutes of Health,
Bethesda, MD, United States). All abundance calculations of each
zooplankton taxa assumed 100% net filtering efficiency.

Statistical Analyses
A Shapiro–Wilk test was used to test for normality and a Levene’s
test to assess homoscedasticity. The alpha value for all statistical
tests was set at 0.05. All statistical analyses were performed in
Program R (R Core Team, 2019) and all figures were created using
the ggplot2 package (Wickham, 2009).

We tested for a significant difference in Kd and the PAR ratio
(0.5 m water/air reading) between tanks that received GRF and
the control tanks that did not receive GRF. We took the mean
of control (n = 3) and GRF (n = 14) tanks. Neither parameter
was normally distributed, even after transformation, so we used
a Kruskal–Wallis test to look for significant differences at one, 4,
and 6 h after GRF addition and a Dunn’s post hoc test to identify
where significant differences existed.

Unless stated otherwise, statistical analyses were performed
on the change in each parameter between days 0 and 9. We
calculated this change by subtracting the value for each parameter
on day 9 from the value for that parameter on day 0 (i.e., day
9 - day 0). Positive values indicate an increase in the parameter

on day 9, while negative values indicate a decrease. We used
a One-Way Analysis of Variance (ANOVA) to test whether the
change in each parameter was significantly different between the
control (n = 3), chlorophyte-dominated (n = 6), and cyanophyte-
dominated (n = 8) tanks. In instances where a parameter was
not normally distributed, even after transformation, we used
a Kruskal–Wallis test. When a significant difference did exist,
we used a Tukey post hoc to identify significant differences
for parameters that followed a parametric distribution, and
a Dunn’s test on parameters that did not follow a normal
distribution. For tanks where the microcystin concentrations
were below the limit of detection, we used the limit of
detection, 0.15 µg L−1, for statistical analyses. We compared
chl-a concentrations and phytoplankton biovolume to assess
photoacclimation. Neither chl-a nor biovolume were normally
distributed, even after transformation, so we used the non-
parametric Spearman’s Rank correlation to assess the relationship
between these 2 variables.

RESULTS

Physical Parameters
We assessed water clarity by measuring Kd and the PAR ratio
(0.5 m water/air reading) in each tank. Kd was significantly
higher (Kruskal–Wallis p < 0.0001, df = 1, χ2 = 118.84) and
the PAR ratio (Kruskal–Wallis p < 0.0001, df = 1, χ2 = 112.18)
was significantly lower in tanks that received GRF. The PAR
ratio was significantly lower one hour after GRF addition
than 4 (Kruskal–Wallis p < 0.0001, df = 2, χ2 = 26.46) or
6 hours (Kruskal–Wallis p = 0.0002, df = 2, χ2 = 26.46), but
not significantly different between 4 and 6 h (Kruskal–Wallis
p = 0.1709, df = 2, χ2 = 26.46; Figure 2). In tanks that received
GRF, Kd was significantly higher one hour after GRF addition
than 4 (Kruskal–Wallis p < 0.0001, df = 2, χ2 = 37.10) or
6 (Kruskal–Wallis p < 0.0001, df = 2, χ2 = 37.10) hours,
but not significantly different between 4 and 6 h (Kruskal–
Wallis p = 0.2347, df = 2, χ2 = 37.10; Figure 2). Kd was
∼3× higher in tanks that received GRF compared to the control
tanks (Figure 2). Tanks that received GRF had PAR ratios 86.4,
60.4, and 67.7% lower, and mean Kds 80.5, 73.6, and 68.8%
higher, compared to control tanks for one, 4, and 6 h after GRF
application, respectively.

Water temperatures remained below 25◦C throughout the
experiment (Table 3). The change in temperature over the course
of the experiment was not significantly different between control,
chlorophyte-, and cyanophyte- dominated tanks (Table 4 and
Supplementary Figure 3).

Mean TSS sedimentation rates were 0.1 g m−2 day−1

(range = below detection limit [BDL] – 0.1 g m−2 day−1) in
control, 1.9 g m−2 day−1 (range = 0.8 – 2.9 g m−2 day−1) in
chlorophyte-dominated, and 2.3 g m−2 day−1 (range = 1.0 –
3.4 g m−2 day−1) in cyanophyte-dominated tanks. Mean PIM
sedimentation rates were BDL (range = BDL – 0.1 g m−2 day−1)
in control, 1.9 g m−2 day−1 (range = 0.8 – 2.8 g m−2 day−1) in
chlorophyte-dominated, and 2.2 g m−2 day−1 (range = BDL –
0.1 g m−2 day−1) in cyanophyte-dominated tanks. Mean POM
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FIGURE 2 | Comparison of the light environment between tanks that received
glacial rock flour (GRF) and tanks that did not receive GRF. PAR ratio (0.5 m
water/air reading; (A) and vertical light attenuation coefficient (Kd ; B) were
measured in all tanks after GRF was added to all (n = 14) but the control tanks
(n = 3). Both the PAR ratio and Kd were measured one hour after GRF addition
every day of the experiment, 4 hours after addition on days 0, 5, 6, and 7, and
6 h after addition on day 4. The light ratio was determined by dividing
photosynthetically active radiation (PAR) measurements made at 0.5 m depth
by PAR measurements from above the water’s surface in the air. Among GRF
tanks, the light ratio was significantly lower one hour after GRF addition than 4
(Kruskal–Wallis p < 0.0001, df = 2, χ2 = 26.46) or 6 h (Kruskal–Wallis
p = 0.0002, df = 2, χ2 = 26.46), but not significantly different between 4 and
6 hours (Kruskal-Wallis p = 0.1709, df = 2, χ2 = 26.46; Figure 2). Kd was
significantly higher one hour after GRF addition (Kruskal–Wallis p < 0.0001,
df = 2, χ2 = 37.10), but not 4 nor 6 hours after addition (Kruskal–Wallis
p = 0.2347, df = 2, χ2 = 37.10). For each time, the light ratio was significantly
lower (Kruskal–Wallis p < 0.0001, df = 1, χ2 = 75.99) in tanks that received
GRF compared to control tanks that did not. For each time, Kd was
significantly higher (Kruskal–Wallis p < 0.0001, df = 1, χ2 = 87.88) in tanks
that received GRF compared to control tanks that did not.

sedimentation rates were always BDL in control and 0.1 g m−2

day−1 (range = BDL – 0.1 g m−2 day−1) in both chlorophyte-
and cyanophyte-dominated tanks (Table 3).

Between days 0 and 9, Ē24 increased from 106.67 to
115.45 µmol photons m−2 s−1 in control, and from 57.14 to
64.36 µmol photons m−2 s−1 in cyanophyte-dominated tanks.
Ē24 decreased from 114.16 to 110.66 µmol photons m−2 s−1

in chlorophyte-dominated tanks (Table 3 and Supplementary
Figure 3). The change in Ē24 throughout the experiment was
not significantly different between the control, chlorophyte-,
and cyanophyte- dominated tanks (Table 4). The Ē24 values
we observed throughout the experiment were above the light
deficiency threshold of 41.7 µmol photons m−2 s−1 (Hecky and
Guildford, 1984) in all tanks.

Water Chemistry
We report all water chemistry parameters as the mean of
control, chlorophyte-, and cyanophyte- dominated mesocosm
tanks (Table 3). To determine the influence of GRF on water
chemistry, we examined the change in each parameter between
day 9 and day 0 and tested to see if this change was different
between the control, chlorophyte-, and cyanophyte- dominated
tanks, but in most cases it was not (Tables 3, 4). The change
in water column TSS, PIM, and POM was not significantly
different between any of the experimental groups. TSS increased
from 0.8 to 3.1 mg L−1, from 1.5 to 7.3 mg L−1, and from 4.5
to 20.2 mg L−1 in the control, chlorophyte-, and cyanophyte-
dominated tanks, respectively. PIM decreased from 0.4 to 0.3 mg
L−1 in the control, but increased from 1.0 to 5.5 mg L−1 and
from 2.2 to 10.5 mg L−1 in the chlorophyte- and cyanophyte-
dominated tanks, respectively. POM increased in the control
and cyanophyte-dominated tanks from 0.9 to 2.8 mg L−1 and
from 6.6 to 9.7 mg L−1, respectively, but decreased in the
chlorophyte-dominated tanks from 2.9 to 1.8 mg L−1 (Table 3
and Supplementary Figure 3).

TP concentrations decreased from 0.74 to 0.67 µmol
L−1 in the control and from 5.89 to 3.85 µmol L−1 in
the cyanophyte-dominated tanks. All cyanophyte-dominated
tanks received P amendments for 8 weeks prior to the
beginning of the experiment (Table 1). The change in TP
concentrations was not significantly different between the control
and chlorophyte-dominated, nor the control and cyanophyte-
dominated tanks (Table 4). TP concentrations were unchanged
over the course of the experiment in the chlorophyte-dominated
tanks (mean = 0.57 µmol L−1; Table 3 and Supplementary
Figure 4). The change in TP concentrations between days 9 and
0 in the cyanophyte-dominated tanks was significantly greater
than the change between days 9 and 0 in the chlorophyte-
dominated tanks.

The change in TN concentrations between days 9 and 0 was
not significantly different between the control, chlorophyte-, and
cyanophyte- dominated tanks (Table 4). TN concentrations were
stable in the control and chlorophyte-dominated, but decreased
from 163.06 to 153.54 µmol L−1 in the cyanophyte-dominated
tanks (Table 3 and Supplementary Figure 4).

The TN:TP molar ratio can serve as an indicator of
phytoplankton nutrient deficiency. We report the natural log (ln)
of the TN:TP ratio as this transformation reduces bias inherent
with calculating the mean of a ratio (Isles, 2020). If the ln(TN:TP)
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TABLE 3 | Water quality and phytoplankton physiology parameters. Control (Con), chlorophyte- (Chloro), and cyanophyte- (Cyano) dominated mesocosm tanks prior to
glacial rock flour addition (day 0) and at the end of the experiment (day 9).

Day 0 Mean ± Std Dev Day 9 Mean ± Std Dev

Con
n = 3

Chloro
n = 6

Cyano
n = 8

Con
n = 3*

Chloro
n = 6

Cyano
n = 8†

Physical Parameters

Temperature (◦C) 21.1 ± 0.1 21.2 ± 0.1 20.8 ± 0.1 18.6 ± 0.1 18.6 ± 0.2 18.4 ± 0.1

Total Suspended Solids, TSS
(mg L−1)

0.8 ± 0.6 1.5 ± 0.6 4.5 ± 1.7 3.1 ± 1.2 7.3 ± 2.2 20.2 ± 7.7

Particulate Inorganic Matter, PIM
(mg L−1)

0.4 ± 0.3 1.0 ± 0.5 2.2 ± 0.6 0.3 ± 0.2 5.5 ± 1.8 10.5 ± 5.2

Particulate Organic Matter, POM
(mg L−1)

0.9 ± 1.0 2.9 ± 2.4 6.6 ± 6.7 2.8 ± 1.2 1.8 ± 0.7 9.7 ± 5.2

TSS Sedimentation Rate
(g m−2 day−1)

n/a n/a n/a 0.1 ± 0.0 1.9 ± 0.8 2.3 ± 0.9

PIM Sedimentation Rate
(g m−2 day−1)

n/a n/a n/a 0.0 ± 0.0 1.9 ± 0.8 2.2 ± 0.9

POM Sedimentation Rate
(g m−2 day−1)

n/a n/a n/a 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.0

Mean daily mixed layer irradiance, Ē24

(µmol photons m−2 s−1)
106.67 ± 11.64 114.16 ± 10.69 57.14 ± 19.64 115.45 ± 9.55 110.66 ± 14.07 64.36 ± 22.67

Chemical Parameters

Total Nitrogen:Total Phosphorus, ln(TN:TP)
(molar ratio)

4.61 ± 0.39 4.74 ± 0.40 3.39 ± 0.40 4.67 ± 0.33 4.70 ± 0.28 3.72 ± 0.22

Total Phosphorus, TP
(µmol L−1)

0.74 ± 0.42 0.57 ± 0.18 5.89 ± 2.05 0.67 ± 0.34 0.56 ± 0.09 3.85 ± 1.53

Total Dissolved Phosphorus, TDP
(µmol L−1)

0.25 ± 0.10 0.16 ± 0.01 1.52 ± 1.61 0.23 ± 0.04 0.18 ± 0.03 1.27 ± 0.58

Total Nitrogen, TN
(µmol L−1)

65.43 ± 9.25 62.09 ± 5.63 163.06 ± 35.41 64.45 ± 9.58 61.68 ± 7.83 153.54 ± 46.67

Total Dissolved Nitrogen, TDN
(µmol L−1)

49.92 ± 4.12 53.71 ± 6.82 93.20 ± 22.17 51.80 ± 4.74 55.88 ± 8.83 91.16 ± 23.28

Nitrate, NO3
−

(µmol L−1)
BDL 3.94 ± 5.53 1.75 ± 2.51 BDL 2.78 ± 2.05 0.45 ± 0.21

Ammonium, NH4
+

(µmol L−1)
1.51 ± 0.12 3.49 ± 1.64 8.53 ± 14.26 1.83 ± 0.32 3.03 ± 1.19 12.17 ± 10.91

Dissolved Organic Carbon, DOC
(µmol L−1)

1009.25 ± 236.88 1015.00 ± 256.75 1032.98 ± 157.96 1063.20 ± 248.10 1030.73 ± 261.91 1081.02 ± 147.70

Microcystin
(µg L−1)

0.17 ± 0.03 0.16 ± 0.01 0.70 ± 0.93 0.19 ± 0.04 0.19 ± 0.06 0.87 ± 1.27

Biological Parameters

Total Phytoplankton Biovolume
(mm3 L−1)

4.43 ± 3.87 2.55 ± 1.38 35.31 ± 28.91 2.64 ± 1.21 2.56 ± 1.41 28.13 ± 37.08

Potentially Toxigenic Cyanophyta Biovolume
(mm3 L−1)

0.12 ± 0.16 0.02 ± 0.02 17.94 ± 16.60 0.14 ± 0.20 0.00 ± 0.01 4.27 ± 6.65

Non-toxin Producing Cyanophyta Biovolume
(mm3 L−1)

0.19 ± 0.18 0.17 ± 0.17 10.23 ± 11.60 0.06 ± 0.03 0.13 ± 0.14 2.34 ± 2.24

Chlorophyta Biovolume
(mm3 L−1)

3.17 ± 3.49 1.51 ± 1.13 2.08 ± 1.30 1.56 ± 1.49 0.57 ± 0.32 1.46 ± 1.62

Euglenophyta Biovolume
(mm3 L−1)

0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.01 ± 0.01 0.07 ± 0.18

Cryptophyta + Dinoflagellate Biovolume
(mm3 L−1)

0.41 ± 0.30 0.54 ± 0.55 3.75 ± 5.12 0.61 ± 0.46 1.10 ± 0.82 19.50 ± 36.49

Chrysophyta (including Chrysophytes,
Bacillariophytes, Ochrophytes, and
Haptophytes) Biovolume
(mm3 L−1)

0.54 ± 0.37 0.32 ± 0.30 1.31 ± 2.47 0.26 ± 0.23 0.75 ± 1.10 0.49 ± 0.82

Chlorophyll-a, Chl-a
(µg L−1)

3.54 ± 1.21 2.97 ± 2.30 48.70 ± 39.85 2.09 ± 1.07 1.53 ± 1.02 63.52 ± 79.94

(Continued)
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TABLE 3 | Continued

Day 0 Mean ± Std Dev Day 9 Mean ± Std Dev

Con
n = 3

Chloro
n = 6

Cyano
n = 8

Con
n = 3*

Chloro
n = 6

Cyano
n = 8†

Maximum Quantum Yield of Photosystem II, φPSII

(unitless)
0.57 ± 0.11 0.61 ± 0.11 0.34 ± 0.15 0.53 ± 0.03 0.56 ± 0.02 0.48 ± 0.13

Light saturation threshold normalized for Chl-a, Ek
B

(µmol photons [µg Chl-a−1] m s−1)
153.23± 177.98 428.24± 728.62 80.90 ± 174.58 377.22± 430.44 388.69± 360.81 32.34 ± 33.67

Alpha normalized for Chl-a, αB 0.21 ± 0.10 0.48 ± 0.53 0.07 ± 0.14 0.58 ± 0.54 0.65 ± 0.43 0.05 ± 0.06

Maximum relative electron transport rate, rETRMAX

(photons reemitted photons absorbed−1)
315.69± 359.98 175.63± 150.92 136.12 ± 47.95 291.40± 265.33 222.69± 138.22 197.21 ± 46.31

Light deficiency parameter, Ē24/Ek 0.85 ± 0.70 0.55 ± 0.28 0.20 ± 0.15 0.45 ± 0.21 0.43 ± 0.20 0.18 ± 0.07

Gross Primary Productivity normalized to Chl-a, GPPB

(mmol O2 [µg Chl-a−1] m day−1)
25.9 ± 13.0 15.4 ± 13.7 15.2 ± 9.5 33.3* 18.2 ± 15.5 22.8 ± 12.3

Total Zooplankton Abundance
(Individuals L−1)

70.85 ± 57.89 79.56 ± 51.45 211.84± 149.78 111.87 ± 90.99 31.78 ± 17.90 126.04 ± 95.11

Adult Copepod Abundance
(Individuals L−1)

14.82 ± 9.13 17.36 ± 9.66 89.05 ± 82.69 16.00 ± 3.75 12.73 ± 9.92 59.59 ± 74.25

Copepod Nauplii Abundance
(Individuals L−1)

26.73 ± 25.39 31.46 ± 39.62 63.54 ± 54.43 16.59 ± 6.57 12.75 ± 8.20 39.01 ± 55.49

Cladoceran Abundance
(Individuals L−1)

29.30 ± 23.47 30.75 ± 28.30 59.25 ± 75.82 79.27 ± 80.83 6.30 ± 3.28 27.43 ± 36.79

Mean and standard deviation (std dev) are reported. “BDL” indicates that all tanks in a group were below the detection limit as stated in the Methods. Sediment traps were
collected only on day 9, so it is not applicable (n/a) to report day 0 sedimentation rates.∗There was only one control tank for day 9 GPPB †There were only 7 cyanophyte
dominated tanks for day 9 DOC.

molar ratio exceeds 3.91, then the phytoplankton community is
P-deficient, and if it is lower than 3.00 then the phytoplankton
community is N-deficient (Guildford and Hecky, 2000). Between
3.00 and 3.91, it could be N, P, or some other factor restricting
growth (Guildford and Hecky, 2000). The mean ln(TN:TP) molar
ratios for control and chlorophyte-dominated tanks on day 0
were 4.61 (range = 4.07 – 4.96) and 4.74 (range = 4.30 –
5.47), respectively, indicating P-deficient conditions (Tables 1, 3;
Guildford and Hecky, 2000). Cyanophyte-dominated tanks had
a mean ln(TN:TP) molar ratio of 3.39 (range = 2.74 – 4.23) on
day 0 (Tables 1, 3 and Supplementary Figure 4). This value was
between P-deficient and N-deficient conditions, suggesting that
these tanks could have been either N or P deficient. Alternatively,
cyanophyte-dominated tanks could have been growth-limited
by other factors such as light (Guildford and Hecky, 2000).
Heterocytes were only present in the cyanophyte-dominated
tanks. They were identified in 6 tanks on day 0 and only 4 tanks
on day 9 in low densities (mean = 5,850, range = 27 – 13,800 cells
L−1). The change in the ln(TN:TP) ratio between days 9 and 0
was not significantly different between the control, chlorophyte-
and cyanophyte- dominated tanks (Table 4).

The change in TDN, TDP, NO3
−, and NH4

+ concentrations
were not significantly different between any of the experimental
groups (Table 4). TDN and TDP concentrations were stable
in all tanks throughout the experiment, though a notable
deviation was the decrease in TDP from 1.52 to 1.27 µmol
L−1 in the cyanophyte-dominated tanks (Table 3). NO3

−

concentrations were never above the limit of detection in
control, and decreased from 3.94 to 2.78 µmol L−1 and from
1.75 to 0.45 µmol L−1 in chlorophyte- and cyanophyte-
dominated tanks, respectively (Table 3). NH4

+ concentrations

increased from 1.51 to 1.83 µmol L−1 and from 8.53 to
12.17 µmol L−1 in the control and cyanophyte-dominated
tanks, respectively, but decreased from 3.49 to 3.03 µmol
L−1 in the chlorophyte-dominated tanks (Table 3 and
Supplementary Figure 4).

Over the course of the experiment, DOC concentrations
increased from 1009.25 to 1063.20 µmol L−1 in the control, from
1015.00 to 1030.73 µmol L−1 in the chlorophyte-dominated,
and from 1032.98 to 1081.02 µmol L−1 in the cyanophyte-
dominated tanks (Table 3 and Supplementary Figure 4). The
difference between day 9 and day 0 DOC concentrations in
the cyanophyta-dominated tanks were significantly larger than
in the chlorophyte-dominated tanks (Table 4), but there was
no significant difference between the control and neither the
chlorophyte- nor cyanophyte-dominated tanks (Table 4).

Microcystin concentrations ranged from BDL to 4.04 µg
L−1 (Table 3). Over this 9-day experiment, they increased from
0.17 to 0.19 µg L−1 in the control, from 0.16 to 0.19 µg
L−1 in the chlorophyte-dominated, and from 0.70 to 0.87 µg
L−1 in the cyanophyte-dominated tanks (Table 3). The change
in microcystin concentrations between days 9 and 0 was not
significantly different among any of the experimental groups
(Table 4 and Supplementary Figure 3).

Phytoplankton Community Biovolume
Photoacclimation is photosynthesizer’s physiological response to
changes in light and displays as an increase or decrease in chl-
a concentrations relative to phytoplankton biomass (Falkowski
and LaRoche, 1991). To check if photoacclimation was occurring
in the experimental tanks to which we added GRF, we examined
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TABLE 4 | Statistical analyses for each parameter.

Test p Test Statistic Post Hoc

Con Chloro Cyano

Physical Parameters

Temperature ANOVA p = 0.08 F2,14 = 3.05

Total Suspended Solids,
TSS

KW p = 0.97 χ2 = 0.07
df = 2

Particulate Inorganic Matter,
PIM

KW p = 0.43 χ2 = 1.67
df = 2

Particulate Organic Matter,
POM

ANOVA p = 0.93 F2,14 = 0.08

Mean daily mixed layer irradiance,
Ē24

ANOVA p = 0.61 F2,14 = 0.52

Chemical Parameters

Total Nitrogen:Total Phosphorus,
ln(TN:TP)

ANOVA p = 0.10 χ2 = 2.10
df = 2

Total Phosphorus,
TP

KW p = 0.03 χ2 = 7.16
df = 2

ab a b

Total Dissolved Phosphorus,
TDP

KW p = 0.87 χ2 = 0.23
df = 2

Total Nitrogen,
TN

KW p = 0.27 χ2 = 2.63
df = 2

Total Dissolved Nitrogen,
TDN

ANOVA p = 0.90 F2,14 = 0.11

Nitrate,
NO3

−

KW p = 0.45 χ2 = 1.58
df = 2

Ammonium,
NH4

+

KW p = 0.20 χ2 = 3.18
df = 2

Dissolved Organic Carbon,
DOC

ANOVA p = 0.05 F2,13 = 3.92 ab a b

Microcystin KW p = 0.12 χ2 = 4.26
df = 2

Biological Parameters

Total Phytoplankton Biovolume KW p = 0.20 χ2 = 3.18
df = 2

Potentially Toxigenic Cyanophyta
Biovolume

KW p = 0.01 χ2 = 12.61
df = 2

a a b

Non-toxin Producing Cyanophyta
Biovolume

KW p = 0.78 χ2 = 0.51
df = 2

Chlorophyta Biovolume KW p = 0.99 χ2 = 0.02
df = 2

Euglenophyta Biovolume KW p = 0.79 χ2 = 0.47
df = 2

Cryptophyta + Dinoflagellate
Biovolume

KW p = 0.74 χ2 = 0.60
df = 2

Chrysophyta (including Chrysophytes,
Bacillariophytes, Ochrophytes, and
Haptophytes) Biovolume

KW p = 0.11 χ2 = 4.46
df = 2

Chlorophyll-a, Chl-a KW p = 0.44 χ2 = 1.64
df = 2

Maximum Quantum Yield of
Photosystem II, φPSII

ANOVA p = 0.06 F2,14 = 3.43

Light saturation threshold normalized
for Chl-a, Ek

B
ANOVA p = 0.26 F2,14 = 1.50

Alpha normalized for Chl-a,
αB

ANOVA p = 0.71 F2,14 = 0.36

Maximum relative electron transport
rate,
rETRMAX

ANOVA p = 0.28 F2,14 = 1.40

(Continued)
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TABLE 4 | Continued

Test p Test Statistic Post Hoc

Con Chloro Cyano

Light deficiency parameter,
Ē24/Ek

ANOVA p = 0.70 F2,14 = 0.36

Gross Primary Productivity normalized
for Chl-a, GPPB

ANOVA p = 0.16 F2,9 = 2.26

Total Zooplankton Abundance ANOVA p = 0.45 F2,14 = 0.85

Adult Copepod Abundance KW p = 0.51 χ2 = 1.35
df = 2

Copepod Nauplii Abundance KW p = 0.88 χ2 = 0.27
df = 2

Cladoceran Abundance ANOVA p = 0.06 F2,14 = 3.42

Analyses were evaluated on the difference between day 9 and day 0 (i.e., day 9 - day 0). We used a one-way analysis of variance (ANOVA) when the parameter
followed a normal distribution, or when a normal distribution resulted from a transformation. A Kruskal–Wallis test (KW) was used when the data did not follow a normal
distribution. Statistically significant differences between groups (p < 0.05) are denoted by different letters, while same letters indicate that no significant difference exists.
Post Hoc tests were used to identify when the change in each parameter was different between control (Con), chlorophyte- (Chloro), and cyanophyte- (Cyano) dominated
mesocosm tanks. A Tukey post hoc test was used to identify significant differences for parameters that followed a parametric distribution while Dunn’s test was used on
non-parametric parameters.

the relationship between chl-a concentrations and phytoplankton
biovolume. There was a significant positive correlation between
these parameters prior to GRF addition (day 0; Spearman’s
Rank, p = 0.0023, rho = 0.76, n = 14) and on day 9
(Spearman’s Rank, p = 0.0038, rho = 0.74, n = 14), indicating
that the phytoplankton did not exhibit photoacclimation. Chl-
a concentrations decreased from 3.54 to 2.09 µg L−1 and
from 2.97 to 1.53 µg L−1 in the control and chlorophyte-
dominated, respectively, but increased from 48.7 to 63.52 µg L−1

in the cyanophyte-dominated tanks (Table 3 and Supplementary
Figure 5). The change in chl-a concentrations and phytoplankton
biovolume between days 9 and 0 was not significantly different
between the control, chlorophyte- and cyanophyte- dominated
tanks (Table 4). Total phytoplankton biovolume decreased from
4.43 to 2.64 mm3 L−1 and from 35.31 to 28.13 mm3 L−1

in the control and cyanophyte-dominated tanks, respectively.
Total phytoplankton biovolume remained unchanged in the
chlorophyte-dominated tanks (mean = 2.55 mm3 L−1; Table 3).
Within all tanks, dinoflagellates comprised only 23.0, 13.3,
and 0.1%, respectively, of the cryptophyte and dinoflagellate
functional group. Throughout the rest of this study, we refer
to the group containing cryptophytes and dinoflagellates as the
cryptophyte functional group.

Within the chlorophyte- and cyanophyte-dominated tanks,
declines in cyanophytes (49.4 and 77.9%, respectively) were
compensated by an increase in cryptophytes (105.7 and 240%,
respectively; Figure 3). Much of this cryptophyte increase can
be attributed to the genus Cryptomonas, which comprised
32.2 and 37.1% of total phytoplankton biovolume on day 9
in chlorophyte- and cyanophyte-dominated tanks, respectively
(Table 2 and Supplementary Table 2). The change in potentially
toxigenic cyanophyta biovolume was significantly different in
the cyanophyte-dominated tanks compared to the control and
chlorophyte-dominated tanks (Table 4). Potentially toxigenic
cyanophytes increased by 16.7% in control, and declined by
100 and 76.2% in chlorophyte and cyanophyte-dominated
tanks, respectively. All cyanobacteria (potentially toxigenic taxa

and non-toxin producing taxa combined) declined by 22.8,
49.4, and 77.9% in the control, chlorophyte- and cyanophyte-
dominated tanks, respectively, between days 9 and 0. While
the change in biovolume from days 9 to 0 of all other
taxonomic groups was not significantly different between
experimental tanks, cryptophytes increased by 18.8, 105.7, and
240.0% in the control, chlorophyte- and cyanophyte-dominated
tanks, respectively.

Phytoplankton Physiology and Gross
Primary Productivity
Phytoplankton samples with φPSII values below 0.65 can indicate
that the communities are physiologically stressed due to light,
nutrients, or some combination thereof (Kromkamp et al.,
2008). At no point on days 0 nor 9 did φPSII exceed the
empirical optimum threshold of ∼0.65 in any tank (Table 3
and Supplementary Figure 6). φPSII decreased from 0.57 to
0.53 and from 0.61 to 0.56 in the control and chlorophyte-
dominated tanks, respectively, but increased from 0.34 to 0.48 in
the cyanophyte-dominated tanks (Table 3 and Supplementary
Figure 6). We observed no significant difference in the change
in φPSII between the control, chlorophyte-, and cyanophyte-
dominated tanks.

Additional indicators of phytoplankton physiology also
remained largely unchanged after the addition of GRF (Table 4).
The light utilization efficiency parameter (αB) increased
from 0.51 to 0.58 and from 0.48 to 0.65 in the control and
chlorophyte-dominated tanks, respectively, but decreased
from 0.07 to 0.05 in the cyanophyte-dominated tanks. The
light saturation parameter (Ek

B) increased from 153.23 to
377.22 µmol photons (µg Chl-a−1) m s−1 in the control,
but decreased in both the chlorophyte- and cyanophyte-
dominated tanks from 428.24 to 388.69 and from 80.90 to
32.34 µmol photons (µg Chl-a−1) m s−1, respectively (Table 3).
rETRMAX decreased from 315.69 to 291.40 in the control, but
increased from 175.63 to 222.69 and from 136.12 to 197.21
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FIGURE 3 | Phytoplankton biovolume categorized by functional group.
Biovolume for day 0 (A) and day 9 (B) for control tanks, tanks dominated by
chlorophytes at the beginning of the experiment, and tanks dominated by
cyanophytes at the beginning of the experiment. The chrysophyta* group
includes chrysophyta, bacillariophyta, haptophyta, and ochrophyta.

photons reemitted photons absorbed−1 in the chlorophyte-
and cyanophyte- dominated tanks, respectively (Table 3).
The light deficiency parameter (Ē24/Ek) decreased in control,
chlorophyte-, and cyanophyte-dominated tanks from 0.85
to 0.45, 0.55 to 0.43, and from 0.20 to 0.18, respectively
(Table 3 and Supplementary Figure 6). We observed no
significant difference in the change in αB, Ek

B, rETRMAX , nor
Ē24/Ek, between the control, chlorophyte- and cyanophyte-
dominated tanks.

Gross primary productivity normalized to chl-a (GPPB)
increased from 25.9 to 33.3, from 15.4 to 18.2, and from
15.2 to 22.8 mmol O2 (µg Chl-a−1) m day−1 in the control,
chlorophyte- and cyanophyte- dominated tanks, respectively
(Table 3 and Supplementary Figure 6). We did not observe a
significant difference in the change in GPPB between any of the
tanks (Table 4).

Zooplankton
To evaluate whether zooplankton dynamics were influenced by
GRF addition and/or if grazing was impacting phytoplankton
populations differently between tanks and over the course of
the experiment, we compared total zooplankton, cladoceran,
and copepod abundance between days 0 and 9 (Supplementary
Table 4 and Figure 4). Copepods were separated into adults and
nauplii. Between days 9 and 0, the change in total zooplankton,
cladoceran, adult copepod, and copepod nauplii abundance
was not significantly different in any of the tanks (Table 4).
While not significant (Table 3 and Supplementary Figure 7),
total zooplankton abundance increased from 70.85 to 111.87
in control, but decreased from 79.56 to 31.78 and from 211.84
to 126.04 in chlorophyte- and cyanophyte-dominated tanks,
respectively. Adult copepod abundance increased from 14.82 to
16.00 individuals L−1 in the control, but decreased from 17.36
to 12.73 and from 89.05 to 59.59 individuals L−1 in chlorophyte-
and cyanophyte- dominated tanks, respectively. Copepod nauplii
abundance decreased from 26.73 to 16.59 in control, from 31.46
to 12.75 in chlorophyte-dominated, and from 63.54 to 39.01
individuals L−1 in cyanophyte-dominated tanks. Cladocerans
increased from 29.30 to 79.27 in control tanks, but decreased
from 30.75 to 6.30 and from 59.25 to 27.43 individuals L−1

FIGURE 4 | Zooplankton abundance in mesocosm tanks. Abundance was
measured on day 0 (A) and day 9 (B) for control tanks, tanks dominated by
chlorophytes at the beginning of the experiment, and tanks dominated by
cyanophytes at the beginning of the experiment.
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in chlorophyte- and cyanophyte- dominated tanks, respectively
(Table 3 and Supplementary Figure 7).

DISCUSSION

Light availability throughout the water column was significantly
reduced in all mesocosm tanks that received GRF relative
to the control tanks. This reduction in light was maintained
throughout the 9-day experiment and resulted in a 77.9% decline
in cyanophyte biovolume in tanks dominated by cyanophytes.
While total phytoplankton biovolume did not change after
the addition of GRF, cryptophytes increased by 240.0% in
cyanophyta-dominated tanks. In the chlorophyte-dominated
tanks, cyanophytes decreased by 49.4% while cryptophytes
increased by 105.7%. Changes in cyanophytes and cryptophytes
were less in the control tanks where cyanophytes decreased by
22.8% and cryptophytes increased by 18.8% between days 0 and 9.

How Did the GRF Addition Affect
Physical, Chemical, and Biological
Parameters in the Mesocosm Tanks?
The addition of GRF to mesocosm tanks significantly reduced
PAR by half and maintained this relatively low light level
throughout the 9-day experiment. PIM concentrations increased
by∼80% from day 0 to day 9 in the chlorophyte- and cyanophyte-
dominated tanks that received GRF. POM decreased by 37.9%
in chlorophyte-dominated tanks and increased by only 32.0%
in cyanophyte-dominated tanks between day 0 and day 9,
suggesting that the reduction in light is due to increases in
suspended inorganic particles derived from the GRF. In tanks
that received GRF, the mean Kd value was 3.77 m−1. This was
higher than what occurs in many glacially fed, natural lakes.
Glacially fed lakes in New Zealand, Chile, and Canada have mean
Kds of 0.96 m−1 and a maximum of 2.28 m−1 (Rose et al.,
2014). Lakes in the US Rocky Mountains do not exceed Kd of
0.30 m−1 (Slemmons and Saros, 2012) and Kd in glacially fed
Mascardi Lake in Argentina is often between 0.40 and 0.75 m−1

(Modenutti et al., 2000; Hylander et al., 2011). Our Kd values are
likely higher than those that occur in water bodies, due to the
smaller scale of our experiment, the lack of flow in our mesocosm
tanks, and the higher rate of GRF addition. In natural systems,
GRF inputs are relatively constant due to consistent tributary
inflows creating horizontal gradients in turbidity as particles fall
out of suspension with increasing distance from tributary inflows
(Laspoumaderes et al., 2013).

Our experimental approach was to manipulate light while
maintaining nutrient concentrations. We wanted to ensure that
the GRF additions were not adding or precipitating nutrients
in the experimental tanks. TN, TDN, NO3

−, NH4
+, and

TDP concentrations remained largely unchanged throughout
this 9-day experiment. The change in TP from days 9 to 0
was significantly different in the chlorophyte-dominated tanks
compared to the cyanophyte-dominated tanks, but not compared
to the control tanks. If the addition of GRF precipitated P from
the water column, we would have expected to see a decline in
TP in all of the GRF tanks, including both the chlorophyte-

and cyanophyte- dominated tanks. This was not the case as TP
only declined by 0.01 µmol L−1 in the chlorophyte-dominated
tanks. We believe the decrease in cyanophyta and increase in
cryptophyta can be attributed to reduced light and not an increase
in P deficiency because we also saw no significant change in the
ln(TN:TP) molar ratio in any of the tanks.

Microcystin concentrations were low throughout the
experiment but increased in all tanks between days 0 and 9.
The decline in cyanophyta in the chlorophyte- and cyanophyte-
dominated tanks could explain the increase in microcystin
concentrations. As cyanobacterial cells lyse, they can release
intracellular microcystin into the water column (Greenfield et al.,
2014). Microcystin concentrations never exceeded 4.04 µg L−1

on day 9 and increases in microcystin between days 0 and 9 were
never more than 0.17 µg L−1, despite the declines we observed in
cyanophyta. Non-toxic strains of the cyanobacterium Microcystis
outcompete toxic strains at low light levels (Kardinaal et al.,
2007), which could be why we did not see a greater increase in
microcystin concentrations following the addition of GRF.

We anticipated that increased turbidity resulting from GRF
additions would negatively impact zooplankton abundance and
diversity, especially for filter-feeding cladocerans (Sommaruga,
2015). High concentrations of suspended particles can make it
difficult for filter-feeding cladocerans to obtain food and they
are often absent from lakes with high GRF inputs (Barouillet
et al., 2019). Copepods are able to survive higher turbidities than
other zooplankton (Sommaruga, 2015). We observed a decline in
cladoceran, adult copepod, and copepod nauplii abundance in the
chlorophyte- and cyanophyte- dominated tanks. The decline in
cladocerans could be the result of an increase in fine particulates,
which interferes with their ability to filter organic particles out
of the water (Sommaruga, 2015; Barouillet et al., 2019). In our
experiment, cladocerans declined in tanks that received GRF, but
increased in the control tanks. A longer study period is necessary
to properly evaluate whether the decline in zooplankton we
observed is a direct result of GRF application, or simply natural
variation in the population. Our 9-day experiment was not long
enough to see a dramatic change in the zooplankton community
life cycle as cladocerans can live for 15 – 50 days depending
on species (Sarma et al., 2002), and lay new egg clutches every
3 – 7 days (Dodson and Frey, 1991). It is not uncommon for
many copepods to live up to a year (Allan, 1976), and it can
take a month before nauplii reach sexual maturity (Gilbert and
Williamson, 1983). The additional time it would take for at least
one generation of zooplankton to be born likely explains why we
did not see a significant change in zooplankton abundance by day
9 of our experiment. Our findings suggest that additional work is
needed over a longer time period to better understand how the
addition of GRF impacts zooplankton communities.

The dominant cyanophyte in cyanophyte-dominated tanks
at the beginning of the experiment was Aphanizomenon. While
Aphanizomenon has been shown to persist at light levels as low
as 50 µmol photons m−2 s−1 in culture, its highest growth rates
occur above 150 µmol photons m−2 s−1 (Hadas et al., 2002;
Üveges et al., 2012) and it is often outcompeted in reduced light
environments (Huisman et al., 1999). Cryptomonas, the most
common cryptophyte on day 9, can dominate algal communities
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when light levels are as low as 15 µmol photons m−2 s−1

(Lizotte and Priscu, 1992). The reduced light environment
created from GRF addition could have enabled Cryptomonas to
replace Aphanizomenon as the most prevalent genera.

The switch from a cyanophyte-dominated community to
one where cryptophytes are the dominant taxon is efficient
and beneficial for trophic interactions. Cyanophytes create
inefficient trophic transfers due to their low composition of
polyunsaturated fatty acids (Brett et al., 2009). Zooplankton
meet most of their polyunsaturated fatty acid requirements from
eukaryotic phytoplankton and are not able to survive long periods
when these fatty acids are unavailable (Grosbois et al., 2017).
Cyanophytes can be too large for many gape-limited grazers
to consume, either because they form mucilaginous colonies or
long filaments (Haney, 1987). The production of cyanotoxins
can also be detrimental to grazers, though the magnitude of
these effects are debated (Rohrlack et al., 2001; Paes et al.,
2016). Conversely, cryptophytes are highly nutritious and are
an important component of aquatic food webs (Stemberger and
Gilbert, 1985; Sarnelle, 1993). Thus, the switch from cyanophyte-
to cryptophyte-dominated phytoplankton communities likely
provided a net benefit to the treated mesocosms by creating a
highly edible phytoplankton community for primary consumers.

Which Functional Traits Enabled
Cryptophytes to Replace Cyanophytes?
Both cryptophytes and cyanophytes can tolerate low light, but
in our study, cryptophytes replaced cyanophytes when GRF was
added. Cryptophytes, especially of the genus Cryptomonas, are
better suited to sustained periods of reduced light availability
and are often the dominant phytoplankton in permanently
ice-covered lakes (Gervais, 1998). Cryptomonas was the most
common cryptophyte we observed on day 9 in tanks that were
originally dominated by cyanophytes on day 0 (Supplementary
Table 2). Cryptophytes can position themselves at favorable
light intensities using their 2 flagella, and many are mixotrophs
that can supplement their metabolic (Porter, 1988) and
nutrient (Urabe et al., 2000) requirements with heterotrophy.
This is consistent with existing projections that protists,
like cryptophytes, sometimes use phagotrophy to survive and
outcompete phototrophs at low irradiance levels (Jones, 2000;
Schwaderer et al., 2011). The ability to acquire energy through
both heterotrophy and autotrophy provides mixotrophs with
a competitive advantage (Tittle et al., 2003). Some models
even suggest a positive relationship between mixotrophy and
primary productivity (Hammer and Pitchford, 2005; Stoecker
et al., 2017) because mixotrophs can use phagotrophy to relieve
nutrient stress, enabling them to be productive in nutrient-
deficient conditions (Jost et al., 2004). None of our tanks were
nutrient sufficient (Guildford and Hecky, 2000). Phagotrophy
might explain why GPPB increased in all of them, albeit at low
rates. Our maximum increases of 7.6 mmol O2 [µg Chl-a−1] m
day−1 are consistent with low increases in GPP for phagocytic
phytoplankton (Hammer and Pitchford, 2005).

The increase in GPPB over the course of the experiment
also suggests that the new cryptophyte-dominated community

used light more efficiently than the previous chlorophyte-
or cyanophyte- dominated communities. Phycobiliproteins,
secondary pigments present in both cyanophytes and
cryptophytes, can lead to an inverse relationship between αB and
PAR that is contrary to the positive relationship observed in other
phytoplankton groups (MacIntyre et al., 2002; Overkamp et al.,
2014). This could explain why αB in the chlorophyte-dominated
tanks, which switched from a chlorophyte- to a cryptophyte-
dominated community increased, and why αB in the cyanophyte-
dominated tanks did not change. Cyanophyta can have Ek values
between 150.82 and 783.30 µmol photons m−2 s−1 (Zhang et al.,
2011), while cryptophytes under ice cover have been between 15
and 45 µmol photons m−2 s−1 (Lizotte and Priscu, 1992). Our
cyanophyte-dominated tanks experienced a 2.5-fold decrease in
EK

B from day 0 to 9, suggesting that the shift to dominance by
cryptophytes impacted P–E parameters.

Eukaryotic phytoplankton are physiologically stressed at φPSII
values below 0.65, while cyanophyta thresholds are lower,
typically between 0.4 and 0.6 (Campbell et al., 1998; Kromkamp
et al., 2008). In our cyanophyte-dominated tanks, φPSII
increased from 0.34 to 0.48 over the course of the experiment,
corresponding with a decline in prokaryotic cyanophyta
and an increase in eukaryotic cryptophytes. The control
and chlorophyte tanks remained dominated by eukaryotes
throughout the experiment and exhibited little change in φPSII .
Phytoplankton communities in all tanks were physiologically
stressed throughout the experiment.

What Implications Do Our Findings Have
for the Nutrient Load Hypothesis?
Our findings provide important insights for the nutrient load
hypothesis (Brauer et al., 2012), which predicts phytoplankton
dominance based on nutrient concentrations and light
availability. It postulates that in low-nutrient environments,
the ln(TN:TP) ratio will determine phytoplankton composition
while in high-nutrient systems, absolute nutrient concentrations
explain which species dominate (Brauer et al., 2012). Increased
nutrient enrichment leads to an increase in algal biomass, which
in turn reduces light availability through self-shading. Thus,
when absolute nutrient concentrations are high, light becomes
the single limiting resource. This hypothesis assumes that
cyanophyta are superior competitors for light and will dominate
the community unless light limitation is reached, at which point
total phytoplankton biomass is expected to decline (Brauer et al.,
2012). Our results suggest the assumption that cyanophytes will
be sole “winners” in this scenario should be revised to include
phytoplankton functional traits (Figure 5). These functional
traits could enable certain taxa to thrive in the reduced light
environment created by bloom formation and self-shading.

The nutrient load hypothesis does consider some functional
traits for cyanophyta such as their ability to fix atmospheric N2
or regulate their buoyancy with gas vacuoles. In our experiment,
heterocystous N2 fixation rates were insubstantial given the low
(mean = 5,850 cells L−1) number enumerated. The ln(TN:TP)
ratios were lowest in the cyanophyte-dominated tanks, but were
always between the N- and P- deficiency thresholds where it
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FIGURE 5 | Adaptation of the nutrient load hypothesis from Brauer et al. (2012). This hypothesis predicts which phytoplankton dominate based on competition for
nitrogen (N), phosphorus (P), and light. The nutrient load hypothesis is based on the assumption that cyanobacteria are superior competitors for light and are able to
dominate when N and P concentrations are high (Brauer et al., 2012). We add an additional box to highlight the nuance that functional traits can add to competition
for these resources, specifically light. While cyanobacteria often dominate when light is the limiting resource, our findings suggest that cryptophytes can outcompete
cyanobacteria under specific light levels due to functional traits.

can be N, P, or something else that limits growth (Guildford
and Hecky, 2000). This, along with the increase in NH4

+

concentrations observed from days 0 to 9, suggest that the
cyanophyte-dominated tanks were not N-deficient. Functional
traits for other phytoplankton groups, such as mixotrophy
or flagella, both of which might enable other phytoplankton
to dominate in low light environments, are not considered
(Brauer et al., 2012). Contrary to predictions from the nutrient
load hypothesis (Brauer et al., 2012), cyanophyta were not the

dominant taxa at the end of our experiment. Cryptophytes were,
suggesting that at high nutrient concentrations, functional traits
add nuance to competition for light not previously considered.

While cyanobacteria often dominate when light is the
limiting resource, our findings suggest that cryptophytes can
outcompete cyanobacteria under low light levels. In Lake Peipsi,
Estonia/Russia, cyanobacteria are replaced by cryptophytes
shortly after the formation of ice and its associated reduction in
light availability (Blank et al., 2009). Further experimentation is
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required to quantify the thresholds where this shift from nutrient
stoichiometry to functional traits occurs, but the importance
of functional traits in determining phytoplankton community
composition should not be overlooked.

How Does GRF Compare to Other
Geoengineering Strategies?
One of the challenges faced by lake managers and drinking water
treatment plant operators is mitigating or controlling harmful
algal blooms. In 2014, a toxic cyanobacterial bloom in Lake
Erie cost the Toledo drinking water plant ∼$4 million and
had a total economic impact of ∼$65 million (Bingham et al.,
2015). Reductions in external nutrient loading can successfully
lower cyanobacterial biomass, but it usually takes years after
government regulations have been enacted before declines in
biomass are observed (Osgood, 2017). Sometimes, managers
need to reduce phytoplankton biomass over a much shorter
time scale if, for example, the resource is being used for
drinking water. In other instances, it might not always be
feasible to reduce external nutrient loading, such as in water
bodies with watersheds dominated by agriculture or urban areas.
In these situations, alternative geoengineering strategies can
be used. Solid-phase P sorbents may be the most common
geoengineering approach. These materials are clays enriched with
aluminum (Gibbs et al., 2010), iron (Zamparas et al., 2012),
or lanthanum (Haghseresht et al., 2009) and work by binding
to any soluble reactive P they contact as they sink through
the water column.

One benefit of GRF over other geoengineering techniques
is its effectiveness on a short timescale. We saw a 49.4 and
77.6% decline in cyanobacteria in chlorophyte- and cyanophyte-
dominated tanks, respectively, after 9 days. This decline occurred
more quickly than the several months to a year phytoplankton
biomass declines after the addition of solid-phase P sorbents
(Epe et al., 2017; Wagner et al., 2017). Re-application of
solid-phase P sorbents can be required in as short as a
couple of years to as long as a decade, depending on lake
morphology, nutrient inputs, inorganic particle inputs, and
sedimentation rates (Lürling and van Oosterhout, 2012; Mackay
et al., 2014; Wagner et al., 2017). Another benefit of GRF
is that it results in a decrease in cyanobacteria, but not
total phytoplankton biovolume, while solid-phase P sorbents
are typically associated with a decline in total phytoplankton
biomass (Epe et al., 2017). Maintaining phytoplankton biomass
is important in systems where fish yield is a concern
(Downing and Plante, 1993).

A consideration to using GRF is that it adds inorganic particles
into the water, a concern in reservoirs with limited storage
capacity (deNoyelles and Kastens, 2016). Of the 14 tanks that
received GRF, the highest TSS sedimentation rate was 3.4 g m−2

day−1. This rate is well within the range of natural sedimentation
and is lower than some rates found in the North American
Midwest. Sedimentation rates in Iowa lakes can range from 11.6
to as high as 203.0 g m−2 day−1 during the summer (Canfield
et al., 1982). We added GRF based on tank surface area at a rate
of 0.68 kg m−2 day−1. For the average small impoundment of

0.027 km2 (Downing et al., 2006), this would come to 18,360 kg
day−1. At this application rate, it would cost $16,579 USD per
day, based on the $0.90 USD per kg price at which we purchased
GRF. Such a high application rate and cost likely makes GRF an
untenable management strategy in large systems.

Another consideration to the use of GRF is that it must
be applied more frequently than most other geoengineering
techniques, at least initially. Frequent GRF additions may
not be required if the phytoplankton community shifts
to an alternative stable state. The alternative stable state
hypothesis posits that ecosystems maintain resilience and do not
experience state change until a dramatic disturbance shifts the
ecosystem to a different state with its own resilience (Scheffer
et al., 2001; Carpenter and Brock, 2006). We were able to
shift a cyanophyte- dominated phytoplankton community to
dominance by cryptophytes in 9 days but we did not continue
the experiment long enough to see if an alternate stable
state was achieved, nor the time point at which further GRF
additions would be unnecessary. In Shidou Reservoir, China,
cyanophyta made up ∼100% of the phytoplankton biovolume
before an abrupt reduction in the human population within the
watershed shifted the phytoplankton community to dominance
by chlorophytes (Yang et al., 2017). This shift was sustained for
∼3 years, during which time cyanophytes made up less than 20%
of phytoplankton biomass, before a climatic disturbance event
shifted the community back to dominance by cyanophytes (Yang
et al., 2017). Additional experimentation should investigate long-
term trends in the phytoplankton community to determine if
GRF application is able to shift the phytoplankton community
to an alternative stable state.

The effects of GRF to higher trophic levels will be important
when determining whether it should be used in cyanoHAB
management. The reduction in light availability from GRF
additions could reduce the foraging efficiency of visual predators
(Miner and Stein, 1996; Vogel and Beauchamp, 1999). GRF also
increases the amount of suspended inorganic particles, which
can have a negative impact on fish by damaging gills (Lake
and Hinch, 1999) or reducing the filtering efficiency of filter-
feeders (Sommaruga, 2015). These effects to biota might not
be substantial if short periods of GRF application result in a
shift to an alternate stable state. In addition to aquatic biota,
the extraction of GRF might impact the terrestrial environment.
Commercial GRF is mined from terminal moraines located in
the northwestern United States and southwestern Canada, and
is sold as a soil amendment for micronutrients. Additional
studies should evaluate the long-term effects of GRF addition to
higher trophic levels and on the terrestrial environment before its
adoption as a widespread management strategy.

CONCLUSION

We demonstrate that GRF application reduces light availability,
resulting in a decline in cyanophytes and replacement by
cryptophytes. Our findings provide valuable insights to the
nutrient load hypothesis (Brauer et al., 2012), suggesting that
cryptophytes might outcompete cyanophytes for light when
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nutrients are abundant. Further iterations of this hypothesis
should consider incorporating functional traits into predictionsof
phytoplankton community composition. Before GRF can be
advocated as a harmful algal bloom management strategy, further
investigation is needed to determine whether an alternative
stable state was reached after cryptophytes became the dominant
taxa. Regardless, we believe that manipulating light is an
important and overlooked strategy for algal bloom management.
As the effects of climate change become more pronounced,
algal blooms will continue to increase in frequency and
magnitude (Paerl and Paul, 2012), and it will become even more
important for lake managers to have a variety of techniques to
address this challenge.
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