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Abstract

Cyanobacteria may adversely impact aquatic ecosystems through oxygen dep-
letion and cyanotoxin production. These cyanotoxins can also harm human
health and livestock. In recent years, cyanobacterial blooms have been ob-
served in several drinking water reservoirs in Kentucky, United States. In
Kentucky, the paradigm is that phosphorous is the limiting nutrient for cya-
nobacteria growth. To explore this paradigm, an indoor microcosm study was
conducted using hypereutrophic Guist Creek Lake water. Samples were col-
lected and spiked with various combinations of locally used agricultural grade
fertilizers, including ammonium nitrate, urea, and triple phosphate (calcium
dihydrogen phosphate). Samples were incubated indoors for the photoperiod-
specific to the time of the year. Cyanobacteria density, measured by phyco-
cyanin, did not demonstrate increased growth with the addition of phos-
phate fertilizer alone. Cyanobacteria growth was enhanced in these condi-
tions by the combined addition of ammonium nitrate, urea, and phosphorus
fertilizer. Growth also occurred when using either ammonium nitrate or urea
fertilizer with no additional phosphorus input, suggesting that phosphorus was
not limiting the cyanobacteria at the time of sample collection. The addition of
both nitrogen fertilizers (ammonium nitrate and urea) at the concentrations
used in this study, in the absence of phosphorus, was deleterious to both the
Chlorophyta and cyanobacteria. The results suggest further studies using more
robust experimental designs are needed to explore lake-specific dual nutrient
management strategies for preventing cyanobacterial blooms in this phospho-
rus-rich hypereutrophic lake and possibly other hypereutrophic lakes.
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1. Introduction

Cyanobacterial blooms in aquatic ecosystems are known to periodically produce
harmful toxins [1] [2]. Furthermore, cyanobacterial blooms have resulted in harm
to fisheries through depleting dissolved oxygen [3]. Cyanobacteria impacts on
lakes worldwide have been described, including in North America’s Lake Erie,
China’s Lake Taihu, and Europe’s Baltic Sea [4] [5] [6]. Small human-made fresh-
water lakes (reservoirs) are also frequently impacted by cyanobacteria growth as
such lakes are readily impacted by surface runoff and more rapid temperature
changes [7]. Beyond having their fisheries impacted, lakes (large and small) may
have their local communities adversely effected from blooms due to decreased
recreation and tourism, increased drinking water treatment costs, lower proper-
ty values, lower quality of life, and environmental stigma [8] [9] [10].

Understanding major drivers of local water quality remains important in the
midst of a changing global climate with often-greater effects on regional climates
[11]. Increases in cyanobacteria bloom occurrence were predicted globally in the
early 2000s [12] [13], and blooms have been reported to be occurring more fre-
quently due to the competitive advantage cyanobacteria have over green algae
(Chlorophyta) in systems experiencing more rapid eutrophication, changing nu-
trient inputs [14], warmer aquatic temperatures, and greater CO, concentrations
[15] [16] [17]. Recent national assessments of cyanobacteria bloom formation
implicate both nitrogen and phosphorus as major drivers of US freshwater blooms
[18] [19].

Greater understanding of nutrient dynamics and bloom formation drivers are
needed in hypereutrophic lakes in the Upper South and Midwestern United
States where these lakes provide multiple benefits including recreation and source
water for drinking water utilities. During 2013 and 2014, active monitoring for
cyanobacteria by the Commonwealth of Kentucky’s Division of Water resulted
in several lakes having cyanobacteria advisories put in place. Guist Creek Lake
was the most frequently imperiled lake during the monitoring period. The cause
of the bloom, like many blooms, was presumed to be from nutrient over-enrich-
ment. More specifically though, is a need to better understand nutrient dynam-
ics in this region (and worldwide) for mitigating cyanobacteria bloom formation
[20]. The goal of this study was to explore the role of nitrogen (N) in driving
late-Spring season bloom formation in this region and to assess the feasibility of
a microcosm approach for modeling potential future bloom scenarios for reser-
voirs in Kentucky. In this study, agricultural fertilizers were added (ammonium
nitrate, urea, calcium dihydrogen phosphate [triple-phosphate], and all possible

combinations) to aliquots of lake water. These spiked samples were incubated in
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the laboratory, and then assessed for cyanobacteria growth.

2. Materials and Methods
2.1. Sample Collection & Study Lake

On 09 June 2017 at 09:20, surface water samples were collected from the Guist
Creek Marina (38.20810°, 85.15720°) in ten 1 L glass containers for treatment in
the laboratory. Guist Creek Lake is a human-made reservoir that was created
from impounding Guist Creek in 1961. Guist Creek Lake is 1.3 km? in area with
43 km of shoreline and is located in Shelby County, Kentucky, USA [21]. The
lake is owned by the Kentucky Department of Fish and Wildlife Resources and
the mean and maximum depths are 5 m and 14 m, respectively [21]. Guist Creek
Lake is part of the Salt River and Ohio River Basins and has been the subject of
toxic algae advisories in recent years. On 01 August 2014, the Kentucky Division
of Water declared an advisory for Guist Creek Lake, in addition to three other
Kentucky lakes. The Shelbyville Water and Sewer Commission was drawing drin-
king water from Guist Creek Lake at the time of this study (partnerships with
the Louisville Water Company have since been established). Guist Creek Lake is
just one of several Kentucky reservoirs that has had water drawn while having
had toxic cyanobacteria advisories in recent history. Guist Creek Lake also has
fish consumption guidelines in place for mercury. The lake and main tributary
(Guist Creek) are on the Commonwealth of Kentucky’s impaired waters list as
reported to Congress via Section 303(d) of the Clean Water Act. The 303(d) re-
port indicates that nutrients and eutrophication are the cause for impairment in
the lake and creek.

Guist Creek Lake drains a substantial portion of Shelby County, which is
mostly pastureland (50.6%) with a mixture of deciduous forest (26.7%), culti-
vated crops (11.6%), developed open space (4.6%), and several other less fre-
quent land uses (6.5%). Land use data were obtained from the National Land
Cover Database [22] [23]. The lake and catchment are in the Bluegrass region of
Kentucky which has naturally occurring high phosphorus levels in both the wa-
ter and soil as part of the high limestone content associated with the unique ge-

ology [24].

2.2. Microcosm Nutrient Bioassays

Ten 1 L samples were collected at Guist Creek Lake and were transported im-
mediately to Eastern Kentucky University in coolers, where they were further
equally distributed into eight glass jars of 900 ml of water in the environmental
health laboratory within 90 minutes of collection. In total, seven water samples
were spiked with one or more of the following treatment substances: 3.0 mg of
triple phosphate, Ca(H,PO,), (0-45-0); 3.0 mg of ammonium nitrate, NH;NO;
(34-0-0); and/or 3.0 mg of urea, CO(NH,),, (46-0-0). The control sample re-
ceived no treatment. In total, all possible combinations were created using the

same additions of nutrients. The treatment receiving the greatest amount of in-
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put was the triple phosphate (Ca(H,PO,) + ammonium nitrate + urea treatment,
which received 3.0 mg of each. The treatment fertilizers were acquired from an
area farm supply store. The decision to add fertilizer used (and obtained) from
within the region for spiking into sample water was informed by a 2017 study in
Kentucky [25].

Upon adding nutrients, magnetic stirrers were used on a slow setting for 150
minutes to ensure adequate mixing and dissolving of fertilizer into the lake sam-
ple treatments. In addition, two 24-hour electrical timers were set to turn on
four (4) 250 v 660 w glow lamps at 06:30 am and to turn these lamps off at 21:10,
daily, to simulate natural sunrise and sunset. Each lamp was positioned ap-
proximately 63 cm above the open containers. Light intensity was not measured.
Container lids were not used, and glass containers were used to hold the lake
water to maximize light entry thereby better mimicking the natural lake water
environment. The simulated daytime temperature of approximately 30°C in the
sample water was maintained by the generally warm summer building tempera-
tures at the university and the glow lamps. Before all analyses, samples were

gently stirred for 30 min on Day 3, Day 6, and Day 7.

2.3. Laboratory Assessments

An initial assessment of water quality before nutrient addition was conducted on
09 June 2017. An assessment of phycocyanin pigment and in vivo chlorophyll a
was obtained on 12 June 2017. A final assessment of all water quality parameters
was performed on 15 June 2017. Total phosphorus (PO} ), total nitrate (NO;-N),
and nitrogen-ammonia + ammonium (NH;-N) concentrations were determined
with a Hach DR 2800 spectrophotometer using Hach Method TNT 843 (acid
persulfate digestion), Hach Method 8171 (Cd reduction method), and Hach
Method 8038 (Nessler reagent method), respectively. Turbidity was determined
using a Lutron TU-2016 turbidimeter. Phycocyanin and in vivo chlorophyll a
were determined from 0.2 aliquots of sample water placed into individual PCR
tubes. The relative fluorescence units were then read by a handheld Beagle Bios-
ciences dual-channel fluorometer (manufactured by AmiScience, Fremont, Cal-
ifornia) and compared against a standard curve. No extracted chlorophyll a con-
centrations were determined. Phycocyanin fluorometry has been used in studies
of freshwater lakes as a specific indicator of cyanobacteria biovolume as well as
harmful cyanobacteria bloom risk [26] [27] [28].

3. Results and Discussion
3.1. Results

The initial mean total phosphorus level (0.27 mg-L™) for Guist Creek Lake was
hypereutrophic according to Carlson’s Trophic State Index [29]. Table 1 de-
monstrates that phosphorus levels on the final day (Day 7) fell below quantifica-
tion for the total phosphorus method used in this study (<0.15 mg-L™) in

treatments not receiving the phosphorus fertilizer treatment. In treatments with
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Table 1. Initial and 7 day nutrient concentrations and theoretical N:P ratios across seven bioassay containers receiving ferti-
lizer treatments (ammonium nitrate, calcium dihydrogen phosphate, urea, and combinations) and one bioassay receiving no

treatment.
Treatment PO; NOs3-N NH;3-N NO:-N + NH3-N Mol. Ratio* Mol. Ratio®
Name (mg-L™) (mgL™) (mg-L™) (mg:L™) w/o NH3-N w/NH3-N

Final Study Day (Day 7)

No Treatment <0.15 0.80 0.30 1.10 >8.17 >19.35
NH4NO; <0.15 0.75 0.46 1.21 >7.66 >24.80
CO(NH,): <0.15 0.90 0.31 1.21 >9.19 >20.74
Ca(H:POs), 1.81 0.50 0.37 0.87 0.42 1.56
NH:NO; + CO(NH.)2 <0.15 0.80 0.53 1.33 >8.2 >27.92
NH4NOs3 + Ca(H2PO.) 1.94 1.10 0.44 1.54 0.86 2.13
CO(NH>); + Ca(H,PO4) 1.32 0.60 0.43 1.03 0.69 2.52
NHiNOs+ CO(NH,), + Ca(H,POy) 1.09 1.20 0.44 1.64 1.69 3.94

Initial Sample (Day 0)

No Treatment 0.27 4.20 0.30 4.50 23.84 30.04

®NO;-N: PO} Molar Ratio; °(NOs-N + NH3-N): PO, Molar Ratio.

phosphorus fertilizer, phosphorus levels remained 4.0 - 6.7x greater than the
pre-existing hypereutrophic levels. T-testing demonstrated that nitrate levels in
all groups, including ammonium nitrate-treated and urea-treated bioassays,
were significantly lower (p < 0.05) at Day 7 than the initial nitrate level of 4.20
mg-L™! (Table 1). Ammonia + ammonium (NH;-N) levels remained at or above
initial levels (0.30 mg-L™) in all treatments at Day 7, with the highest level (0.53
mg-L™") being observed in the ammonium nitrate + urea treatment.

The initial water (Day 0) was as turbid or more turbid than all treatment groups
(Table 2). The most turbid treatment groups were the groups with the highest
phycocyanin and chlorophyll a results (Figure 1, Figure 2). The phycocyanin
(PC) results suggest cyanobacteria growth was at first nitrogen-limited as the
ammonium-nitrate treatment resulted in the highest PC value on day 3 among
the single nutrient treatments (Figure 1). Similarly, the other nitrogen treatment
with urea produced a greater PC value on day 3 than the phosphorus fertilizer
treatment. These results were not however reflected in the chlorophyll a results
(Figure 2); whereby individual nitrogen and phosphorus additions had only a
slight impact on chlorophyll 2 compared to the no treatment control, which de-
clined. In tandem, P + N, resulted in noticeable increases in chlorophyll a rela-
tive to single nutrient treatments and the no treatment bioassay (Figure 2).

3.2. Discussion

Nitrogen and phosphorous enter lakes through several routes including runoff,
air deposition, and rainfall. Nitrogen sources can enter water systems at relatively

high concentrations directly or indirectly from fertilizers, industrial waste, and
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Table 2. pH, electrical conductivity, and turbidity levels across seven bioassay containers
receiving various fertilizer treatments (ammonium nitrate, calcium dihydrogen phos-
phate, urea, and combinations) and one bioassay container receiving no treatment.

Treatment Sp. Cond. Turbidity
Group pH (uS/cm™) (NTU)

Final Study Day (Day 7)
No Treatment 8.4 310 5.90
NH4NOs 8.2 300 7.16
CO(NH.): 8.7 290 2.02
Ca(H:POs) 8.5 310 3.40
NHJ.NO; + CO(NHz)2 8.5 300 4.23
NH4NO; + Ca(H2PO4) 8.7 310 6.75
CO(NH:): + Ca(H2PO4) 8.7 310 7.59
NH4NO; + CO(NH>)2 + Ca(H2PO4) 8.5 290 7.85

Final Study Day (Day 7)
No Treatment 8.1 260 7.90

155
sl TS
] — * NH,NO, + Ca(H,PO,)
y +s=ss NH,NO, + CO(NH,), + Ca(H,PO,)
T 1351 —-== CO(NH,), + Ca(H,P0,)
: - —— NH,NO,
= ] ',./'_}( — - Ca(H,PO,)
€ 1257 VEPaN — * conn),
g). 1 4‘,’ ——— Control
% ...... NH,NO, + CO(NH,),
£ ner o GBS N e
105 et
95 .
0 3 6 !
Study Day

Figure 1. Phycocyanin concentrations observed in samples of bioassay containers re-
ceiving various fertilizer treatments and one bioassay container receiving no treatment.

sewage. In areas of Kentucky where phosphorus levels are naturally high [24],
nitrogen fertilizers are more often used by agriculture and can enter surface wa-
ter and groundwater. In the southern US, a secondary N-limitation has been de-
scribed [30] for primary productivity making runoff from these N-sources
noteworthy for investigation. By comparing Carlson’s Trophic State Index [29]
for total phosphorus with Kratzer and Brezonik’s Index for nitrate [30] we see
higher expected primary productivity with total phosphorus (TSI = 84.9; very
hypereutrophic) compared to total nitrate (TSI = 75.2; hypereutrophic). For this
study, we used in vivo chlorophyll a for calculating Carlson’s TSI for chlorophyll a.
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Figure 2. In vivo chlorophyll a concentrations determined directly from water from bio-
assay containers receiving various fertilizer treatments or no treatment.

Here, we observed lower chlorophyll a values than expected by the TSI values for
either total phosphorus and nitrate. Carlson’s TSI [29] for chlorophyll a using
the non-extracted value recorded here produced a TSI of 51 (mildly eutrophic)
in the initial untreated water. If chlorophyll a levels were doubled by extraction,
the TSI would increase to 58 (eutrophic), but still be lower than expected by both
the TSI values for P and N. This pattern is not unique in Kentucky, as Reeder
[25] observed a similar trend in Eastern Kentucky Lakes (TSIrp > TSIyiwae >
TSI). One possible reason for this discrepancy in summer TSI values is that
turbidity is presumed to cause light limitations in many Kentucky lakes [25].

In an effort to identify a nutrient pattern associated with cyanobacteria bloom
production at Guist Creek Lake, a secondary N-limitation was artificially created
in this study, following a massive infusion of total phosphorus (>3 mg-L™) in
several of the treatments. Furthermore, artificially low N:P ratios were then si-
multaneously created, which presumably favored the growth of N-fixing cyano-
bacteria and low N:P tolerant Microcystis [31] [32]. Such a scenario (or a milder
version) could potentially play out following heavy rainfall in many of Ken-
tucky’s agricultural watersheds. The chemical composition of nitrogen fertilizers
used throughout the United States is gradually shifting to urea in lieu of ammo-
nium nitrate. In fact, almost 90% of nitrogen fertilizers are now composed of
urea [20]. In this study, urea, like ammonium nitrate, was also capable of stimu-
lating cyanobacterial growth (and potentially bloom formation). This study pro-
vides evidence for future studies on nutrient dynamics related to blooms of un-
known origin to consider monitoring urea, which is often not included (or

measured) in most water quality analyses [20], including this study.
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Figure 1 demonstrated that both, urea and ammonium nitrate, increased cya-
nobacterial growth more than phosphorus fertilizer alone at Guist Creek Lake.
Ultimately, either urea or ammonium nitrate were able to facilitate cyanobac-
terial growth when phosphorus was already abundant; thereby making nitrogen
instrumental in facilitating cyanobacterial blooms in this lake as observed in
other hypereutrophic lakes [14] [33]. Given the relationship between TSI values
reported here and elsewhere in Kentucky [25], the impact of nitrogen on cyano-
bacteria bloom potential and formation throughout Kentucky and beyond war-
rants greater investigation and potential changes in nutrient management poli-

cies.

3.3. Relationship to Recent Studies

Since the 1970s, freshwater ecologists have frequently recognized the importance
of available phosphorous as a limiting factor for inland freshwater productivity
[34]. There has been an assumption in Kentucky that a reduction in phosphor-
ous inputs would reduce harmful cyanobacterial blooms, essentially treating cya-
nobacteria similar to chlorophytes. For shallow, smaller hypereutrophic lakes
with P loaded sediments, greater attention may be needed towards nitrogen
management. Guist Creek Lake is 1.3 km? with a 5 m mean depth and would be
described as a small shallow lake. Recent research examining 573 lakes observed
nitrogen limitations (and nitrogen-phosphorus co-limitations) frequently in shal-
low lakes, with the nitrogen limitation being even more likely as the trophic sta-
tus increases [35]. The initial sample from Guist Creek Lake had a very high
trophic status index value of 84.9 based upon total phosphorus, suggesting Guist
Creek Lake could experience nitrogen limitations that favor cyanobacteria do-
minance like other small shallow lakes globally [35].

For evaluation of the plausibility of the scenario presented in this study, recent
2020 study results from several mesocosm studies done on Wascana Lake can be
explored. Specifically, the small lake located in Saskatchewan, Canada is also
shallow (7.5 m maximum depth), small (0.5 km?), and hypereutrophic with sim-
ilar phosphorus concentrations as observed in Guist Creek Lake. As nitrogen
loading occurred in Wascana Lake, particularly urea, cyanobacteria dominance
increased along with cyanotoxin concentrations until reaching and exceeding a
potentially toxic nitrogen level [36].

Beyond small lakes, even larger lakes, such as Lake Erie, notably the western
basin, have been recently linked to having cyanobacteria blooms attributable to
nitrogen limitations and/or nitrogen-phosphorus co-limitations [37]. The bio-
assay study on Guist Creek Lake has a number of research limitations but does
provide evidence of the potential need for nitrogen (or dual nutrient) manage-
ment strategies being implemented in the watershed of Guist Creek if bloom
conditions are to be prevented. Cyanobacteria research experts recommend mi-
tigating the adverse impact of harmful bloom events and suggest the single nu-

trient reduction paradigm for freshwater be replaced by a dual nutrient (N and
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P) reduction paradigm better suited for the current rapidly changing global cli-
mate and existing terrestrial and aquatic nutrient loads [38]. Extending beyond
benefits to freshwater lakes, nitrogen reductions have been long-established as
being essential in the United States for mitigating hypoxia and harmful algal
bloom events in the Gulf of Mexico [39] [40]. As rainfall continues to increase
across the US, modifications to existing fertilizer application approaches are
recommended to diminish the adverse impacts of nitrogen on the Gulf of Mex-
ico [41] and many productive lakes (small and large) as part of a dual nutrient

management strategy [20] [38] [42].

3.4. Study Limitations

3.4.1. Carbon Impacts Not Assessed

The microcosm approach as used is limited for a number of reasons worthy of
consideration for interpretation of results as well as the design of similar or fu-
ture studies. Firstly, natural succession could not occur in this simulated setting.
Although the samples were not entirely closed systems as they did have access to
atmospheric air including nitrogen and CO,, carbon supplementation was not
provided nor was a carbon-limitation directly assessed. Elevated cyanobacteria
density, including cyanobacterial bloom events, can create carbon limitations
whereby CO, (the carbon source) is intercepted at the surface by surface cyano-
bacteria, which is advantageous for bloom-forming surface cyanobacteria rela-
tive to other phytoplankton [43]. Furthermore, carbon utilization from CO,, es-
pecially when carbon is less available below the surface, may favor certain cya-
nobacteria species and even strains within those species relative to other phy-
toplankton [44]. In this study, which provided more nutrients to an existing
hypereutrophic lake, the only input of carbon was atmospheric for all the sam-
ples with the exception of the urea treated containers. Given the lack of turbu-
lence in samples reducing the amount of CO, along with a presumed cyanobac-
teria population, the carbon limitation may explain why phytoplankton densities
increased in treated samples but then declined after day 3, and in some cases, the
decline was more than observed in the control.

In the treatment receiving phosphorus in the form of Ca(H,PO,) along with
ammonium nitrate (NH,NO;) and urea (CO(NH,),), cyanobacteria density was
not only the highest among other samples on Day 3, but the cyanobacterial
bloom continued to increase throughout the entire seven-day period (Figure 1).
Although speculative, it is plausible that in this one treatment receiving the three
fertilizers, the urea acted as both a carbon and nitrogen source for cyanobacteria
during the bloom conditions, which has been observed with Microcystis during
dense bloom conditions [45].

Future studies providing frequent observations of pH, alkalinity, and other
parameters would be needed to explore this speculation that a carbon limitation
was present and impacting growth in the other samples. The ability to tolerate
carbon-limited conditions has been linked to cyanobacteria dominance in hyper-

eutrophic conditions [46], and the results from this study demonstrate that a
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more complicated study design that includes carbon would be needed to better
understand cyanobacterial bloom dynamics in Guist Creek Lake under the study

conditions that were created.

3.4.2. Spiked Phosphorus Concentrations and Phosphorus
Measurement

The phosphorus concentrations in the phosphorus-spiked treatments exceeded
1.0 mg-L™! throughout the duration of the study. The total phosphorus concen-
trations that exceeded 1.0 mg-L™ ranged from 1.09 mg-L™! to 1.94 mg-L™". The
phosphorus concentrations created in this study are not likely (or would be ex-
treme) in Guist Creek Lake or other natural lakes and reservoirs. Among 727
lakes evaluated in this ecoregion of the United States, the maximum observed
total phosphorus concentration reported in the US Environmental Protection
Agency’s data sets from 1990 to 1998 was 1.15 mg-L™' [47]. In the well-studied
hypereutrophic Lake Taihu, China, over two years, the maximum total phos-
phorus concentrations for each year were 0.250 mg-L™! and 0.737 mg-L™* [48].
Future studies should create phosphorus solutions with concentrations within
more applicable ranges.

Additionally, noticeable reductions in phosphorus occurred in this study from
the starting concentration of 0.27 mg-L™" in the untreated sample. The reduc-
tions to concentrations below 0.15 mg-L™ in several treatments demonstrated
utilization, but better quantification techniques would be needed for further ex-
ploring if a P-limitation was fully realized and for better utilizing and under-
standing the N:P ratios created in this study. Specifically, the detection limit of
Hach TNT method 843 was 0.15 mg-L™ and given the low sensitivity of the me-
thod, several samples were not able to be quantified. Methods obtaining results

at lower ranges would be beneficial for similar studies.

3.4.3. Ammonia and Potential Ammonia Toxicity

An additional consideration not adequately addressed by this study design re-
lates to the potential for ammonia toxicity. The ammonia + ammonium concen-
trations were 0.53 mg-L™! at the end of the study in the treatment receiving am-
monium nitrate and urea, which was the highest ammonia + ammonium con-
centration observed. Additionally, this treatment group had less chlorophyll a
and phycocyanin relative to the control at the end of the study and relative to the
control at the study start. It is plausible ammonia toxicity existed, and it is
known that ammonia concentrations can influence grazing zooplankton popula-
tions [49] as well as phytoplankton including cyanobacteria [36] [50]. More fre-
quent monitoring of ammonia levels would be required to observe if there were

spike(s) in ammonia, and if these spikes were able to shift species composition.

3.4.4. Limitations of a Relatively Closed System Study
Overall, the bioassay containers were closed systems in that the recruitment of

new cyanobacteria, chlorophytes, zooplankton, autochthonous lake nutrients,
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and cyanophages was not possible from outside the initial sample. The nutrient
additions, even in closed conditions, could have shifted species dominance [25].
In addition, wave action and general turbulence were essentially removed en-
tirely, thereby enabling turbidity to be unnaturally reduced which promoted
greater photosynthesis by both cyanobacteria and green algae exposed to a con-
stant diurnal light source. Furthermore, in hypereutrophic lakes, the phosphorus
in lower levels of the lake and in the sediments can be mobile, with even signifi-
cant phosphorus gradients existing within the upper 10 to 20 cm of the lake sur-
face [51]. Given the lake may not have fully stratified prior to samples being col-
lected for this study, phosphorus, among other nutrients would have likely been

mobile in the true lake system.

4. Conclusion

Nutrient management strategies aimed at only addressing one nutrient may be
successful in some lakes, but in the case of Guist Creek Lake (and potentially
other eutrophic and hypereutrophic Kentucky Lakes), certain cyanobacteria, in-
cluding bloom formers, may become more dominant due to N availability and a
N:P ratio that favors their dominance. This study demonstrates and reaffirms
the need in Kentucky for “knowing your lake”, employing dual nutrient man-
agement strategies for phosphorous and nitrogen, and considering the complex
interactions extending beyond phosphorus-alone mitigation strategies for limit-
ing the production or dominance of cyanobacteria. Future field studies, includ-
ing monitoring studies, and possibly more controlled experimental designs within
the range of ecological plausibility, are needed to confirm these findings for
Guist Creek Lake. Furthermore, these results add to the evidence that nitrogen
sources and/or N:P ratios may modulate cyanobacteria growth in existing P-loaded

shallow and small hypereutrophic lakes.
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