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Abstract 

 

 Cyanobacterial harmful algal blooms (cyanoHABs) are becoming more frequent and 

intense due to anthropogenic activities. CyanoHABs degrade water quality and impose threats to 

human and ecosystem health. Yet, we do not fully understand under which circumstances a 

bloom turns toxic. Recent research has shown that although increased phosphorus (P) stimulates 

algal biomass and shifts the community over to cyanobacteria, excessive nitrogen (N) may be 

responsible for the toxicity of a cyanoHAB. A cyanotoxin contains seven amino acids creating a 

N-rich molecule, and therefore, requires N. In this study, we asked: (1) What form of nitrogen 

fuels toxic cyanoHABs? (2) How does prior bloom history from a lake affect the propensity to 

stimulate blooms with added nitrogen? We used replicate 300 L aquatic mesocosms filled with 

lake water from a mesotrophic (low nutrient) lake and a eutrophic (high nutrient) lake, to which 

we added different N additions. We show the microbiome of the lake is the most responsible for 

determining a potential cyanoHAB. Furthermore, the eutrophic lake responded more strongly to 

additions of nitrogen compared to the mesotrophic lake. Cyanobacteria became more abundant in 

the ammonium mesocosms in the eutrophic lake relative to the other bacteria present, while 

chloroplasts become more abundant in the nitrate mesocosms indicating nitrate stimulate a green 

or yellow green bloom instead of a cyanoHAB. Despite the presence of cyanobacteria, toxin 

(microcystin-LR) concentrations were below detection limit in the water column and low in the 

sedimented microbe samples. The lack of toxin could be due to the methodology behind 

quantifying toxins, a lack of trigger for producing toxins by the cyanobacteria that were present, 

or an absence of toxin-producing bacteria from the microbial community. Management strategies 

should be aimed at alleviating eutrophication in lakes by managing for excess N.  
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Chapter 1: Lake Microbiomes Differ in Response to Nitrogen Additions 

 

Introduction 

Primary producers drive biogeochemical cycling in aquatic systems through nitrogen 

fixation, denitrification, supplying dissolved oxygen and up taking carbon dioxide, a potent 

greenhouse gas, by photosynthesis (Paerl et al. 2018). However, under increased nutrient loading, 

primary producers can grow unabated creating high amounts of biomass from the excess nutrients 

(i.e., eutrophication) (Qin et al. 2020; Paerl et al. 2020). Human activities such as agricultural 

development have increased the frequency and intensity of eutrophication through both point and 

nonpoint sources of nutrient loading (Paerl et al. 2001; Carmichael et al. 2001; Paerl and Barnard 

2020). Eutrophication can result in Cyanobacteria harmful algal blooms (cyanoHABs) that 

threaten water quality, which can have major ramifications for both human and ecosystem health 

(Brooks et al. 2016; Carmichael and Boyer 2016). Cyanobacteria produce cyanotoxins that harm 

other organisms and humans including neurological, kidney, liver, skin, and digestive issues 

(Carmichael et al. 2001; Testai et al. 2016; Svirčev et al. 2017; Bouaïcha et al. 2019; Chorus and 

Bartram 2021). Reduced water quality can lead to economic burdens including recreation, property 

values, and drinking water (Chorus et al. 2000; Dodds et al. 2009). Therefore, understanding the 

linkages between the development of cyanoHABs, nutrient inputs, and cyanotoxin production is 

critical for global health (Wilhelm et al. 2020; Massey et al. 2020; Figure 1).

 

Figure 1: Conceptual model depicting the influence of lake type and nitrogen on the microbial 

community composition (MCC), and therefore, ecosystem function/health. 
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Many Cyanobacterial species are capable of nitrogen fixation allowing the species to 

sustain high growth rates in N limited waters (Paerl and Otten 2016).  N has been found to be 

tightly correlated to higher abundance of toxic species/strains (Davis et al. 2010, Monochamp et 

al., 2014) or to an increase in cyanotoxin concentrations when toxic species/strains are present 

(van de Waal et al., 2014). CyanoHABs have been found to dramatically increase when epilimnion 

nitrogen to phosphorus (N:P) ratios fall below 29:1 by weight, and become rare when N:P exceeds 

this ratio (Smith 1983b). The phylum of Cyanobacteria is diverse, and not all species can fix N. 

Non-N fixing species become rich in the presence of N-fixing species when N is finite. However, 

N-fixation is a metabolically expensive biogeochemical process, and as bioavailable forms of N 

such as nitrate and ammonium become more prevalent, Cyanobacterial communities could become 

more dominant, specifically toxin producing Cyanobacteria (Donald et al. 2011; Chaffin et al. 

2018). N form appears more important in eutrophic waters where overall nutrients are already 

high, including P (Smith 1983b). Therefore, N form appears to be significant when producing a 

toxic bloom, especially under different environmental conditions. 

The chemical structure of cyanotoxins fall into three groups: cyclic peptides, alkaloids and 

lipopolysaccharides (LPS). The most common are cyclic peptides that contain seven amino acids 

(Sivonen and Jones 1999). Due to these N-rich chemical structures, cyanotoxin production requires 

abundant nitrogen (Wagner et al. 2021). The different combinations create more than 200 variants, 

which can vary in toxicity (Metcalf and Souza 2019; Chorus and Welker 2021). Despite N being 

required for toxin production, we do not understand the environmental factors that favor 

cyanotoxin production. (Berry et al. 2017). The phylum of Cyanobacteria is diverse. In parallel to 

all species not being able to fix N, not all species produce toxins. A bloom can be toxic or non-

toxic presumably depending on extracellular environmental conditions. Blooms are 
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photoautotrophic, and therefore, generally favor conditions with ample light for photosynthesis, 

shallow water to maximize exposure to light, little mixing of the water column with calm winds, 

warmer temperatures, and N and phosphorus (P) enriched waters (Smith 1986; Paerl et al. 2001; 

Zanchett and Oliveira-Filho 2013). Although phosphorus contributes to eutrophication in lakes 

(Carpenter et al. 1998; Smith 2003), toxin production also depends on N. As global N increases, 

Cyanobacteria communities can shift and cause rampant toxic cyanoHABs. (Paerl and Otten 

2016b; Gobler et al. 2016; Levy Sharon 2017). However, this community shift is poorly 

understood (Berry et al. 2017). Consequently, it is important to understand which environmental 

conditions may cause a bloom to become toxic. 

Microcystins (MCs) are the most frequently occurring cyanotoxin (Zurawell et al. 2005). 

MCs are released by certain species within the genera Microcystis, Anabaena, Planktothrix, and 

Nostoc (fresh- and saltwater). MCs are monocyclic heptapeptides that contain seven amino acids. 

There are over 200 MC variants (Spoof and Catherine 2016), and the derivative variant, 

microcystin-leucine arginine (MC-LR) is the most abundant and toxic cyanotoxin and is known to 

be produced by certain Microcystis spp. (Zurawell et al. 2005; Linville et al. 2009). MC-LR 

accounts for 46-99.8% of the total MC concentrations in blooms (Vasconcelos et al. 1996). MC-

LR is mutagenic, carcinogenic, and lethal to humans and animals (Imanishi and Harada 2004). In 

our experiment, we focused efforts to measured microcystin-LR (MC-LR) and not all cyanotoxins.  

We used aquatic mesocosms and a two-factor repeated-measures design to examine the 

effects of N form (nitrate vs. ammonium) and concentration (high vs. low) on lake microbiome 

structure, toxin production, and ecosystem properties between two lakes (mesotrophic vs. 

eutrophic). This study investigated two main questions: (1) What forms and concentrations of 

nitrogen fuels toxic cyanoHABs? (2) How does prior bloom history from a lake affect the 
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propensity to stimulate blooms with added nitrogen? We hypothesized that N form drives toxicity 

(Question 1). N inputs into lakes are largely in the form of NO3
- and secondarily NH4

+ (Donald et 

al. 2011). NO3
- is often at far higher concentrations because the most biologically available N form 

is NH4
+. NH4

+ diffuses across cellular membranes and then can be promptly integrated into amino 

acids and proteins (Herrero et al. 2001; Finlay et al. 2010). In contrast, NO3
- is more energetically 

expensive because NO3
- actively transports across the cellular membrane, which requires 

adenosine triphosphate (ATP). Thereafter, NO3
- is reduced to nitrite and then reduced further to 

NH4
+ (Flores et al. 2005). Because NH4

+ is more biologically available, NH4
+ is used at a faster 

rate than NO3
-, leaving NO3

- as the highest concentration N source for aquatic microorganisms. 

We also hypothesized that the eutrophic lake will respond to N additions and have a higher 

potential to produce a toxic cyanoHAB than the mesotrophic lake type (Question 2) because lakes 

that are accustomed to higher nutrient loads already contain more Cyanobacteria (Wilhelm et al. 

2011) 

Methods 

Experimental Design 

 We filled a total of 30 ~300 L mesocosms in a greenhouse with water from a mesotrophic 

lake (n = 15) and a eutrophic lake with a known history of previous cyanoHABs (n = 15; Figure 

2). For each lake type, five different N treatments were added in triplicate. Treatments included a 

control (no nutrient addition), high ammonium (1 mg/L NH4
+-N), high nitrate (20 mg/L NO3

--N), 

low ammonium (0.5 mg/L NH4
+-N), and low nitrate (2 mg/L NO3

--N). The experiment ran for 

three weeks from July 30th to August 19th of 2019. Initial N additions were added after day 1 (July 

30th) sample collection. hold N concentrations at the target level, we added NH4
+ each week and 

NO3
- as needed. NH4

+ was resupplied more regularly because it is the more bioavailable form of 



5 

 

N. Concentrations were monitored by daily nitrate and ammonium sampling and analyzing 

(Supplemental Info Figure B). 

The lake water used for the experiment originated from two lakes in Northeast Kansas 

(Table 1). The mesotrophic water was from Cross Reservoir (39.0518˚N, 95.1846˚W), which is a 

small impoundment—3-ha surface area, 12 m maximum depth with protected watershed of 50-ha 

dominated by grasslands and forests (53% grassland and 42% forest), created in 1991. The lake 

has no records of cyanoHABs and had nutrient concentrations of 6.3 µg/L NH4
+-N and 0.45 mg/L 

SRP-P before we filled the mesocosms (n=1). In contrast, the eutrophic water from Perry 

Reservoir (39.2265˚N, 95.4442˚W) is historically prone to periodic cyanoHABs and had nutrient 

concentrations of 8.6 µg/L NH4
+-N and 0.35 mg/L SRP-P before we filled the mesocosms (n=1). 

Perry Reservoir is a larger impoundment—4046-ha surface area, 13 m maximum depth with a 

280,802-ha watershed comprising cropland and grassland (33% cropland and 52% grassland), 

Figure 2: 

Mesocosm schematic. To 

reduce potential bias, 

mesocosms were randomly 

assigned to lake type/N 

addition. Within the lake type, 

mesocosms were inoculated 

with different N forms (NH4
+ 

vs. NO3
-) and concentrations 

(high vs. low) in triplicate. 
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created in 1964. These two lakes with contrasting histories were used to assess if baseline nutrient 

levels and microbial communities shift toward a cyanoHAB under added N pressures.  

Table 1: Contrasting the histories of each lake type: mesotrophic vs. eutrophic. Cross reservoir 

data is from Chapin et al. 2004. Perry Reservoir data from the U.S. Army Corps of Engineers.  

 

While P is a well-established control on lake eutrophication (Hutchinson 1972; Schindler 

1975; Smith 1983b; Paerl and Otten 2013), however, recent studies have shown cyanoHAB 

development and toxin production become more intense when there is more N (Finlay et al. 2010; 

Donald et al. 2011; Monchamp et al. 2014). However, other studies have found that Cyanobacteria 

have a diverse and varied response to N vs. P enrichment (Dolman et al. 2012). Therefore, in 

preparation for the larger experiment, we conducted a pilot study. The pilot study used lake water 

from the mesotrophic lake (Cross Reservoir). Both N and P treatments were added in triplicate to 

18 mesocosms for 12 days in March 2019. Elevated Chl-a concentrations were only found in the 

N addition mesocosms. Chl-a in the P addition mesocosms did not significantly differ from the 

controls (Supplemental Info Figure A).  Therefore, we did not impose a P addition treatment in the 

full experimental design.  

N addition treatment decisions were rooted in the literature, biological processes that 

uptake N, and local environmental conditions. The high N concentrations reflect concentrations 
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found in agricultural regions whereas the low concentrations reflect chemistry found in grassland 

regions. The specific magnitude of concentrations was based on two ongoing projects that are 

components of the NSF-ESPCoR Kansas MAPS project. In the first project, data from agriculture 

streams and grassland streams dominated subwatersheds within the larger Delaware River basin, 

which drains to our eutrophic lake (Perry Lake). Agricultural streams consistently had higher 

nitrate and ammonium concentrations than grassland streams (19.3 NO3-N mg/L vs. 0.97 NO3-N 

mg/L; Kynser Wahwahsuck Master's thesis personal communication); thus concentrations for the 

nutrient additions were selected to reflect the water draining these different land use. In the second 

project, data was gathered on leachate from soil mesocosms collected from agriculture and 

grasslands across Kansas.  

Before the experiment, the mesocosms were power washed to physically remove potential 

contaminants. They were then soaked with bleach for 10 minutes to degrade residual DNA and 

rinsed three times with distilled water to wash away the bleach. Mesocosms were then filled with 

mesotrophic and eutrophic lake water. Before initial N additions, we sampled and analyzed NH4
+, 

NO3
-, and soluble reactive phosphorus (SRP) (Supplemental Info Figure B). We did a full suite of 

sampling in the morning of July 30th 2019, referred to as sample day 1. We then added N and 

sampled again for NH4
+, NO3

-, and SRP to ensure we hit our target concentrations in each 

mesocosm. We continued to sample for NH4
+, NO3

-, and SRP daily to confirm mesocosms were 

receiving an N treatment. Additionally, we collected water column samples and sediment samples. 

The sediment samples are an accumulation of the water column samples as organic matter from 

the water column settles to the bottom of the mesocosm. These two different sample types could 

vary over time. We also deployed sensors that monitored dissolved oxygen and light intensity. 
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Samples were analyzed for chlorophyll-a (chl-a), a cyanotoxin, and eDNA. Sediment samples were 

also collected for total suspended solids (TSS) and ash-free dry mass (AFDM).  

Water and Sediment Sample Collection 

Water column samples were collected every day for the first 10 days of the experiment 

(sample days 1-10) and then collected every other day during the remaining duration of the 

experiment (sample days 10-14). All water column samples were collected from the middle of the 

mesocosm in the top 15 cm. In the lab, all bottles, syringes, and other sampling materials were 

rinsed three times with hot tap water, three times with RO water, and three times with 18MΩ water. 

Materials used for eDNA sampling were sterilized in the autoclave. In the field to collect the water 

column samples, we first rinsed all supplies with the appropriate mesocosm water three times. 

Rinse water was discarded outside of the mesocosm. To ensure a treatment affect, we monitored 

NH4
+, NO3

-, and SRP by field filtering whole mesocosm water through a disposable 0.45 µm 

syringe filter into a triple rinsed HDPE bottle. To understand how N additions affected biomass 

growth, we took chl-a measurements from the water column. Mesocosm water was field filtered 

through a 1 µm Glass Fiber type A/E Pall filter. The water was discarded, and the filter was 

reserved for chl-a analysis. Upon collection, the chl-a filter was kept out of the light and placed on 

ice until transported back to the lab and stored at -20˚C until processing. To understand if N 

additions increased cyanotoxin concentrations, mesocosm water was collected in amber brown 

glass bottles to prevent light degrating, placed on ice for transportation, and stored at -20 ˚C until 

processing. The filtered samples were then stored at 4˚C and analyzed within a week’s time. To 

sample for the microbiome community, we used sterile technique to filter 60 mL of water through 

a 0.22 µm hydrophilic polyethersulfone filter. The filters were reserved for environmental 

(eDNA). The filters were placed in 2.0 mL cryovials and immediately dropped into liquid N and 
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stored at -80˚C. A multiparameter water quality meter (YSI ProDSS) analyzed dissolved oxygen 

(DO) of each mesocosm. 

Sedimentation happens when suspended solids settle out of the water column into the 

benthic zone. In some frameworks, sediment is composed mainly of minerals and other inorganic 

or organic matter. In the context of this experiment, sediment refers to organic matter that has 

settled out of the water column to the bottom of the mesocosm. Four sediment traps (weighted 

petri dishes) were deployed on sample day 2 (July 31st 2019). On sample day 9 (Aug. 30th 2019), 

two traps were collected. The remaining two traps were collected on sample day 14 (Aug. 19th 

2019). One trap was used for total suspended solids (TSS) and ash free dry mass (AFDM) while 

the other trap was allocated equally for chl-a, cyanotoxin, eDNA analysis, and for an archived 

sample. Sediment samples were put on ice for transport back to the lab and stored at -20˚C. 

Because the sediment samples were stored at -20˚C instead of -80˚C, we did a small experiment 

to compare the two storage temperatures. We collected eight of the same samples from a nearby 

pond. Four of the samples were stored at -20˚C and four were stored at -80˚C. All eight samples 

were sequenced together. The storage temperature resulted in different microbial communities 

(Supplemental Info Figure C). 

We collected light intensity from each mesocosm to see if shading affected the algal 

response. HOBO pendant data loggers placed in the middle of each mesocosm logged relative light 

intensity every 5 minutes. Light intensity was averaged between 8 am and noon for each mesocosm 

because all other sample collections took place between 8 am to noon. We then compared this data 

to photosynthetically active radiation (PAR) data collected from outside the greenhouse. PAR data 

was provided by the National Ecological Observatory Network (NEON) station (39.04043, -
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95.19215) 645 m away from the greenhouse (39.047667, -95.193649). Light data in all replicate 

mesocosms followed the same trends (Supplemental Info Figure D). 

Analytical Chemistry Methods 

Dissolved NH4
+-N was determined on filtered water column samples following protocols 

from Kérouel and Aminot 1997. Samples were analyzed on a Shimadzu UV-1280 UV-VIS 

Spectrophotometer. Dissolved NO3
--N measurements were measured using a Dionex ICS-900 Ion 

Chromatograph (Dionex, Sunnyvale, California). SRP-P was measured on a Smartchem 200 

discrete analyzer using the method 410-200B (2011) from Westco Scientific Instruments, Inc. 

Samples for Chl-a and cyanotoxins from the water column and sediment were quantified using the 

same methods. Chl-a was quantified using a 10-AU Fluorometer. All samples were calibrated to a 

nine-point standard curve with blank checks every 12 samples. Water column samples were 

normalized to the volume pushed through the filter (60 mL) and sediment samples were 

normalized to the area of the divided trap (0.006 m2). 

MC-LR was quantified using the enzyme-linked immunosorbent assays (ELISA) with the 

microcystins-ADDA kit (Abraxis, Warminster, PA) following the manufacturer's protocol. MC 

samples were lysed using freeze/thaw cycles. The instruments that analyzed the samples were 

calibrated to a six- to eight-point standard curve. Blanks and drift checks were measured every 10 

samples.  

Sediment total suspended solids (TSS) and ash free dry mass (AFDM) were determined by 

collecting the contents captured in sediment traps that were then pulled through pre-ashed 1 µm 

glass fiber type A/E Pall filters with a vacuum. Filters were dried in a desiccator for >24 hours. 

The net weight was calculated and standardized to the area of the trap to find TSS (TSS_mg/m2 = 

(DryFilterWt_g - InitialFilterWt_G) *0.02434 m2). The same filters used for TSS were then placed 
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in a preheated (530˚C) muffle furnace for 15 minutes. Filters were removed and were allowed to 

cool for 1 minutes, then placed back into the furnace for another 15 minutes. The net weight of the 

dried filter and the ashed filter was standardized to the area of the trap to find AFDM 

(AFDM_mg/m2=(DryFilterWt_g - AshedFilterWt_g)*0.02434 m2). All chemistry analyses were 

done at the University of Kansas.  

Microbiome Molecular Methods 

To examine microbiome community structure, samples were extracted for total genomic 

gDNA from the water column and sediment. Half the filter that was used to catch water column 

biomass (approximately 30 mL water), and approximately 0.5 g of homogenized sediment were 

extracted. The sample was physically lysed using lysis beads, in a solution of 0.5 mL 

cetyltrimethylammonium Bromide (CTAB), 50 uL of 0.1 M (NH4)Al(SO4)2, and 0.5 mL 

phenol:chloroform:isoamyl (25:24:1). Overnight precipitation in PEG 6000 was used to extract 

the RNA and eDNA (DeAngelis et al. 2010). The gDNA yields were quantified using a Quant-it 

PicoGreen assay kit (Life Technologies, Grand Island, NY). The gDNA was standardized per 

milliliter gram of water sample or sediment, respectively. 

The 16S rRNA gene, region V4, was targeted for Illumina bacterial sequencing with 

universal bacterial primers (515F/806R) using Earth MicroBiome protocols (Caporaso et al. 2012) 

with two anomalies. The final concentration of the 0.04% Bovine Serum Albumin (BSA) was 

included with each reaction, and PCR was run for 25 cycles rather than the 35 cycles. Each DNA 

and cDNA sample was ran in technical triplicates for PCR. Each triplicate reaction was confirmed 

for amplification using gel electrophoresis. The triplicates were then pooled together for each 

sample. The 16S rRNA gene yield was estimated using a Quant-it PicoGreen assay kit. Amplicon 

amounts were normalized and combined into two separate libraries; sediment samples in one 
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library and water samples in another library six months later. Libraries were cleaned using a 

QIAquick Gel Extraction Kit and sequenced with a 2 x 150 paired-end read Ilumina MiSeq run. 

Raw Illumina sequence data were processed using the QIIME2 software package v. 2020.2. 

Sequences were demultiplexed; due to low sequence qualities in the reverse read, only the forward 

reads were retained for full analysis. Quality filtering and denoising was done using the dada2 

package (Callahan et al. 2016) with default parameters, and taxa were defined at the Exact 

Sequence Variants (ESV) level. Taxonomic assignments were made for each ESV using Bayesian 

Hierarchical Classifier (Gopal et al. 2012) and the SILVA database (Quast et al. 2013). Tables of 

ESV frequency per sample and taxonomy annotations were exported from Qiime2 for statistical 

analysis.  

Data Analysis and Statistical Methods 

Relationships between lake type and N additions in the analytical response data in the water 

column and sediment were examined using repeated measures analysis of variance (RM 

ANOVAs) and 2-way ANOVAs, respectively. Before analysis, data were log-transformed when 

necessary to conform to the assumption of normality and homoscedasticity within the model. For 

water column data, light intensity was found to be autocorrelated with DO and chl-a across the 

experiment’s timeline (Supplemental Info Figure E). The manifestation of autocorrelation between 

light intensity, DO, and chl-a allowed light intensity from the NEON PAR sensor to be the 

covariate in the RM ANOVA models. Estimated marginal means from the RM ANOVA were used 

for Tukey’s post hoc contrasts (p<0.05) to determine if the lake type differed (controls-no N 

addition), and which N additions differed within each lake. The sediment was only sampled twice 

during the duration of the experiment. Therefore, the interaction of lake and N addition were used 

as fixed factors in 2-way ANOVA models for the sediment data. 
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To examine the beta-diversity of the microbial communities within each treatment, PCoA 

was conducted on the 16S rDNA dataset using Bray-Curtis distances between. Permutational 

multivariate analysis of variances (PERMANOVA) using distance matrices and the Adonis 

function in the vegan package (Oksanen et al. 2020) tested pairwise dissimilarity of the community 

composition. The water column and the sediment had one PERMANOVA each that included 

sample day as a factor. To assess the relative abundance with each lake and N addition, stacked 

bar graphs were made using the phyloseq package (McMurdie and Holmes 2013). All data plotting 

and analysis was performed in the R software, version 4.1.0 (R core team, 2018).  

Results 

The eutrophic lake stimulated far more photosynthetic growth than the mesotrophic lake 

(contrasting control eutrophic vs. mesotrophic; Tukey’s post hoc test, p = 0.0023, Figure 3a). In 

the mesotrophic lake, only the low NO3
- treatment generated a response in chl-a compared to the 

control treatment (p = 0.046; Figure 3a). In contrast, the eutrophic lake type responded to all N 

additions (p < 0.05; Figure 3a) except the low NH4
+ addition (p = 0.7380; Figure 3a). Analogous 

to the chl-a response, the eutrophic lake type produced more dissolved oxygen (DO) compared to 

the mesotrophic lake (controls Tukey’s post hoc test, p = 0.0001, Figure 3b). NO3
- treatments 

stimulated the most chl-a and greater DO concentrations (Figure 3). In the eutrophic lake, adding 

N at any concentration and either form increased the DO compared to the control mesocosms (p 

<0.05; Figure 3b). In contrast, only the low NH4
+ (p = 0.0037) and low NO3

- (p = 0.008) 

significantly increased DO levels in the mesotrophic lake when compared to the control 

mesocosms. However, in the averaged mesotrophic controls, the higher DO is driven to a large 

outlier on sample day 11 (Supplemental Figure E).  
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Figure 3: Mean water column (a) chl-a concentrations and (b) percent saturation of dissolved 

oxygen by lake type. Error bars represent one standard error of the mean (SE; n = 42). Different 

letters (a-d) show significant differences among treatments (Tukey post hoc test, p < 0.05). 

 

Similar to the water column chl-a concentrations, sediment chl-a was stimulated more in 

the euphoric lake type compared to the mesotrophic type on both sample day 9 (contrasting high 
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NO3
- eutrophic vs. mesotrophic, Tukey’s post hoc test,  p<0.0001, Figure 4a) and sample day 14 

(NO3
- eutrophic vs. mesotrophic, Tukey’s post hoc test,  p=0.0033, Figure 4b). The NO3

- additions 

stimulated the most growth in the eutrophic lake (Figure 4), comparable to the water column results 

(Figure 3a). In contrast, N additions in the mesotrophic lake type did not significantly change 

sediment chl-a concentrations (contrasting mesotrophic control vs. high NO3
-, Tukey’s post hoc 

test, p=0.5533 on day 9 and p=0.2004 on day 14, Figure 4).  

 

Figure 4: Mean sediment chl-a concentrations for each lake type at the two sample time points 

(sample day 9 (A), and sample day (B)). Error bars represent one standard error of the mean 

(SE; n = 3).  

 

 Cyanotoxin concentrations (measured as microcystin-leucine arginine (MC-LR)) were 

low in both the water column and sediment samples, with significantly higher toxin levels in 

sediment samples from two of the treatments in the eutrophic lake type on day 14 (control and 

low NH4
+ treatment) (Figure 5b).  Most of the water column MC-LR samples (48/60) were 

below detection limit (0.15 µg/L); no sediment samples were below detection. Elevated MC-LR 

concentrations in the mesotrophic control and low NO3
- were driven by a single tank of the 
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triplicated mesocosms (Figure 5). There was also higher TSS and AFDM content in the 

eutrophic lake than in the mesotrophic lake.  

 

Microbial community composition (MCC) is different in both lake types and responds to 

nutrient additions differently in each lake (Figure 6). In a Principal Coordinates Analysis 

(PCoA), the first axis accounted for 22.4% of variances, and the second axis accounted for 13.9 

% of the variance. On sample day 3, the lakes MCCs are organized in distinct and separate 

clusters (Figure 6A). Through time, the eutrophic lake moves across axis 1 while the 

mesotrophic lake moves up axis 2. In the eutrophic lake, much of the shift in axis 1 is driven by 

the nitrate treatments. In the mesotrophic lake, shifts in axis 1 appear to be driven more by time 

than N additions. In the PERMANOVA model, all factors (lake, N addition, and sample day) 

were independently significant (p < 0.001; table 2). The interaction of lake and N addition, and 

Figure 5: Mean sediment microcystin-LR (MC-LR) concentrations for each lake type at the two 

sample time points (sample day 9 (A) and sample day 14 (B)). Error bars represent one standard 

error of the mean (SE; n = 3).  
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lake and sample day were statistically significant (p < 0.001; table 2). The interaction between N 

addition and sample day was not significant (p = 0.057; table 2). 

 

 

 

 

Figure 6: Ordination of the first two axes of principal coordinate (PCoA) of Bray-Curtis 

distances for microbial community composition (MCC) in the water column. Data is from 

multiple sample days: 3, 9, and 13. Color represents the N additions and shape represents lake 

type. Each point represents a sample. Shorter distances between points indicate a more similar 

community composition rather than points further apart. Variance explained by PCoA Axis 1 = 

22.4% and PCoA Axis 2 = 13.9%. 
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Total relative abundance in the water column was similar in both lakes on sample day 3. N 

treatments did not drive MCC divergence until sample day 9 (Figure 7), which is consistent with 

the PCoA (Figure 6). In the mesotrophic lake, there were more sequences from the genus 

Candidatus Planktophila, Caulobacter, and Sporichthyaceae on sample day 3 (Figure 7a). In 

contrast, MCC in the eutrophic lake on day 3 was driven by more sequences from the genus 

Cyanobium, a genus in the Cyanobacteria family, and LD29, an unidentified eubacterium (Figure 

7d).  By day 9 there was a large increase of chloroplasts in the mesotrophic lake, which caused the  

Table 2: PERMANOVA results based on Bray-Curtis distances for the water column and the 

sediment. 
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relative abundance of the other genera to decrease (Figure 7b). The presence of high chloroplast  

abundance indicating a green-algae or yellow-green bloom. The eutrophic lake on sample day 9, 

Figure 7: Genus level microbial taxonomic composition of water column samples. The 20 

most abundant genera are identified in the legend. Data compares the two different lake 

types (mesotrophic vs. eutrophic) and is from multiple sample days: 3, 9, and 13. 
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LD29 became distinctly less abundant, and hgcl.clade, a freshwater genus in the Actinobacteria 

phylum, abundance varied in response to N (Figure 7e). In the mesotrophic lake, differences in 

Figure 8: Species level microbial taxonomic composition of only the Microcystis genus in water 

samples. Data compares the two different lake types (mesotrophic vs. eutrophic) and is from 

multiple sample days: 3, 9, and 13. 



21 

 

MCC did not response to N or from sample day 9 to sample day 14 (Figure 7b and 7c). However, 

the eutrophic lake’s MCC continued to change. NH4
+ additions and the control mesocosms selected 

more for the hgcl.clade (Figure 7d-f). The genus, Cyanobium, continued to increase especially in 

the high NH4
+ mesocosms (Figure 7d-f). In the high NO3

- mesocosms on sample day 14, 

chloroplasts dramatically increased indicating a green-algae or yellow-green bloom (Figure 7f).  

Although the genus, Microcystis, was not in the top 20 most abundant genera, Microcystis 

species were present in the mesocosms (Figure 8). On sample day 3, Microcystis was an order of 

magnitude more abundant in the mesotrophic lake (Figure 8a) compared to the eutrophic lake 

(Figure 8d). Microcystis becomes less abundant in the mesotrophic mesocosms over the course of 

the experiment, regardless of N treatment (Figure 8a-c). In contrast, in the eutrophic lake, 

Microcystis never becomes as abundant as it was in the day 3 mesotrophic mesocosms (Figure 8d-

f). Overall, there are minor shifts in community composition within the Microcystis genus. 

However, Cyanothece aeruginosa becomes more abundant as the experiment progresses, 

particularly in the higher concentration treatments. 

 MCC in sediment samples shows less differentiation between the two lake types (Figure 

9) than was observed in the MCC in the water column (Figure 6). The first axis accounted for 

17.5% of variances, and the second axis accounted for 11.1%. On sample day 9, the two lake 

types are more dissimilar. In contrast, on sample day 14, the MCC in each lake are more similar 

and begin to merge together. In the PERMANOVA model, all factors (lake N addition, and 

sample day) are independently significant (p < 0.001). The interaction of lake and N addition, 

and lake and sample day were statistically significant (p < 0.001). The interaction between N 
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addition and sample day was not significant (p = 0.058). 

 

Figure 9: Ordination of the first two axes of principal coordinate (PCoA) of Bray-Curtis 

distances for microbial community composition (MCC) in the sediment. Data is from two sample 

days:  9 (A) and 14 (B). Color represents the N additions and shape represents lake type. Each 

point represents a sample. Shorter distances between points indicate a more similar community 

composition rather than points further apart. Variance explained by PCoA Axis 1 = 17.5% and 

PCoA Axis 2 = 11.1%. 

 

There is a large difference in sediment MCC between lakes, and an individual genus 

increases in relative abundance with each lake through time under different N additions (Figure 

10). In the mesotrophic lake, there were more sequences from the genus Roseomonas and 

Chloroplasts on sample day 9 indicating a green-algae or yellow-green bloom (Figure 10a). In 
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contrast, the eutrophic lake contained more sequences from the genus Cyanobium, a 

Cyanobacterium, and Rhodobacter, an anaerobic photosynthesizer (Figure 10c). In the 

mesotrophic lake, on sample day 14, Roseomonas becomes less abundant and uncultured 

bacterium become more abundant (Figure 10b). In the eutrophic lake, the high NO3
- mesocosms 

has the most chloroplast abundance indicating a green-algae or yellow-green bloom, followed by 

Figure 10: Genus level microbial taxonomic composition of sediment samples. The 20 most 

abundant genera are identified in the legend. Data compares the two different lake types 

(mesotrophic vs. eutrophic) and is from two sample days: 9 and 14. 
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the low NO3
- mesocosms (Figure 10d). Overall, Cyanobium becomes less abundant in the sediment 

of the eutrophic lake (Figure 10c-d). 

 Microcystis was present in the sediment samples despite not being in the top 20 genera 

(Figure 11). However, Microcystis from the sediment vastly differed from the Microcystis from 

the water column in both composition and abundance (Figure 8). In the sediment samples, 

Microcystis composition is mainly compose of Cyanothece aeruginosa. On sample day 9, the 

Figure 11: Species level microbial taxonomic composition of only the Microcystis genus in 

water samples. Data compares the two different lake types (mesotrophic vs. eutrophic) and is 

from two sample days: 9 and 14 
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abundance and composition in each lake are similar (Figure 11a and 11c). However, on sample 

day 14, the eutrophic lake had an order of magnitude higher Microcystis, especially in the high 

NH4
+ mesocosms (Figure 11b and 11d). 

Discussion 

Human activities are increasing the total N lakes receive from surrounding areas, leading 

to eutrophication, which has been implicated in increasingly intense and frequent cyanoHABs 

(Paerl et al. 2001; Carmichael 2001; Merel et al. 2013; Paerl and Barnard 2020). We show that a 

lake’s MCC, which is influenced by contrasting historical nutrient loading, can affect the response 

trajectory when nitrogen is increased at environmentally relevant levels. Both lakes’ (mesotrophic 

vs. eutrophic) microbial communities changed (Figures 6 and 7), but the eutrophic lake 

experienced the higher overall increase in photosynthetic biomass (Figures 3 and 4). However, 

biomass growth (chl-a) in response to N is reliant on the form of N as well as concentration 

(Figures 3 and 4). We found that changes in biomass and microbial community did not result in 

increased toxin production (Figure 5). Below, we discuss our observations of microbial community 

shifts (Figure 6 and 7) as they relate to N additions for each lake type, and how this affected 

biomass abundance (Figure 3 and 4) and MC-LR quantities (Figure 5) in our mesocosms. We 

postulated that excess N conditions in a eutrophic lake would have higher potential of producing 

a toxic cyanoHAB. We concluded that the extant microbiome in a lake is highly influential in the 

formation of a cyanoHABs, even under excess N conditions.  

 The eutrophic lake type stimulated the most biomass growth (Figure 3 and 4) and the N 

additions changed the eutrophic’s MCC more (Figure 6 and 9) when compared to the mesotrophic 

lake in both the water column and the sediment. This response is most likely due to microbiome 

of the eutrophic lake experiencing regular high nutrient loads; thus, it may more easily adapt to 
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uptake higher concentrations of N and assimilate it into biomass. The sediment samples are a 

reflection of what occurs in the water column, but the sediment has more biomass, and therefore, 

more biological activity. This is because the sediment samples are an accumulation of microbes, 

organic matter, and nutrients settling out of the water column. However, there is a 

microenvironment being created in the sediment layer at the bottom of the mesocosms. The 

decomposition of organic matter such as cellular phospholipid membranes, DNA/RNA, enzymes, 

proteins, and ATPs release excess P into the sediment. P is limited in the water column, but P could 

be more abundant in the sediment layer, which could also be driving shifts in the MCC to be less 

reflective of the water column. However, in the eutrophic lake water, Cyanobium, a genus of 

Cyanobacteria, is seen in both the water column and sediment. The NH4
+ additions are favoring 

Cyanobium, and therefore a Cyanobacteria bloom, while NO3
- additions are favoring chloroplasts 

indicating a green-algae or yellow-green bloom. These shifts are not found in the mesotrophic lake 

microbiome. 

 In the water column, N additions in the eutrophic lake stimulated biomass and shifted 

microbial communities, whereas, N additions in the mesotrophic lake had smaller effects on  

biomass (Figure 3A, Figure 4) and associated shifts the microbial communities (Figures 6 and 7). 

Other studies have found that N in already high nutrient lakes increases Cyanobacteria dominance 

and biomass (Smith 1983; Wilhelm et al. 2011). Eutrophic lakes are dominated by  Cyanobacteria 

more than mesotrophic-oligotrophic lakes (Shen et al. 2019) a pattern which holds for both 

planktonic and sediment bacterial assemblages (Dai et al. 2016).  

In the eutrophic lake, high NH4
+ mesocosms shifted toward a community that favored 

Cyanobium, indicating a cyanoHAB, while high NO3
- mesocosms shifted toward a community 

that favors chloroplasts, indicating a yellow or green algae bloom (Figure 7). The established 
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microbial community from eutrophic lakes has had time to adapt to high nutrient levels and was 

better able to quickly utilize the additional nutrients, which may have resulted in a dramatic 

increase of the copiotrophs and higher biomass production than mesotrophic communities. 

However, in a study using Lake Shenandoah, a highly anthropogenic impacted lake with historic 

heavy nutrient loads, nitrogen additions (nitrate, ammonium, and urea) did not significantly shift 

the bacterial community and members of the Actinobacteria and Proteobacteria phyla remained 

dominant across all treatments (Reynoso et al. 2019).  

In the mesotrophic lake, all treatments including the control mesocosms, shift in unison 

and do not respond to N additions (Figure 7). Another mesocosm study using only a mesotrophic 

lake showed that the microbial community changed with N additions because there was a large 

turnover rate (Chróst et al. 2009). In other studies, it was not noted if the mesotrophic lake ever 

had a recorded cyanoHABs. However, in our study, the chosen mesotrophic lake has never had a 

recorded cyanoHAB.  

Eutrophication is the growth of unabated organisms promoted by excessive nutrient (N and 

P) loading (Wetzel 2001; Paerl and Barnard 2020). Traditional management of excessive primary 

production in freshwater focused on reducing P (Schindler 1975; Levy Sharon 2017). The 

connection between P and Cyanobacteria are based on low N:P waters, common cyanoHAB 

genera (i.e. Anabeana, Aphaizomenon, Cylindrospermopsis, Nodularia) supply the community 

with N by fixing atmospheric N2 into a more biologically available form of N, NH3 (Schindler et 

al. 2008). N2-fixing bacteria were able to balance ecosystem N deficiencies (Schindler et al. 2008; 

Schindler 2012; Scott et al. 2019) and diazotrophic Cyanobacteria become the dominant genera in 

the microbial community (Schindler 1975). However, N2-fixing bacteria are often restricted by 

energetic demands and N2-fixation is more heavily countered by denitrification, which dominates 
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N fluctuation resulting in a net N loss in the water-air gas exchange interface (Paerl and Otten 

2016b; Paerl et al. 2018). In an ecosystem, where P is limited, N can quickly become limited due 

to N2-fixation being biologically expensive. With the N additions in our study, bacteria are no long 

N limited, thus a competitive advantage was given to the non-N2 fixing bacteria allowing them to 

grow unabated. 

The stoichiometric balance between N and P has become unbalanced due to anthropogenic 

nutrient inputs (Conley et al. 2009; Glibert 2020) such as the growing use of synthetic N fertilizers 

(Glibert 2020). The more common toxigenic genera of Cyanobacteria (i.e. Microcystis and 

Planktothrix) are more dependent on N inputs. The strong relationship between toxic 

Cyanobacteria that cannot fix N and N inputs have been reported in laboratory studies (Watanabe 

and Oishi 1985). Also, studies have shown that increased amounts of exogenous N can shift the 

Cyanobacteria community from N2-fixing to a non N2-fixing community (Chaffin et al. 2013; 

Gobler et al. 2016). Despite biomass growth promoted by N additions and the presence of 

Cyanobacteria, our study did not see an increase of toxin production. 

 Cyanotoxin producing bacteria were present in the mesocosms; despite this, toxin 

production was low. Many studies have found inconsistent patterns in microcystin production and 

toxin producing cellular count (Chorus and Welker 2021). These inconsistencies can at least 

partially be explained by variations in methods for cell culturing, toxin measurements (i.e. ELISA, 

HPLC) and biomass proxy (i.e., chl-a, cell number). Also, microcystin may be underestimated as 

it binds to proteins and conventional methods are not adequate in detecting protein-bound MCs 

(Chorus and Welker 2021). The lack of microcystin could also be because the coevolved bacterial 

community that interacts with cyanoHAB species did not develop. 
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Cyanobacteria and associated bacteria have a metabolic interconnectedness and niche 

partitioning found by Garcia and team (Garcia et al. 2015). They uncovered that associated bacteria 

produce necessary nutrients, such as vitamin B12, to neighboring bacteria. This phenomenon is 

the Microcystis interactome (Garcia et al. 2015). The associated bacteria was present when 

Microcystis blooms were active in a study assessing 12 lakes spanning for continents (Cook et al. 

2020). Microcystis have smaller genomes than other algae (Gregory et al. 2007), and are missing 

key metabolic functions (Steffen et al. 2012), which need to be supplemented by the metabolic 

functions of their associated microbial community (Morris et al. 2012; Garcia et al. 2015; Cook et 

al. 2020). The missing metabolic functions for the Microcystis species and the associated bacteria 

could limit the biosynthesis for cyanotoxins (Garcia et al. 2015; Cook et al. 2020). As a result, we 

see the presence of Microcystis and other Cyanobacteria, but we do not see a toxin response. Also, 

in the mesocosms, Microcystis was not within the top 20 most abundant taxa.  

Although we did not see a significant increase of toxins, we saw a large increase in biomass in 

mesocosms where nitrogen was added, more so in the eutrophic lake. Nitrogen stimulated biomass 

growth and proliferated a non-toxic bloom. A non-toxic bloom still poses threat to water quality, 

and therefore, ecosystem health. Non-toxic blooms can deplete dissolved oxygen levels, creating 

hypoxia zones. These zones suffocate fish and induce mass fish kills (Kibria et al. 2019). Also, 

non-toxic blooms can disrupt aquatic food webs (Paerl et al. 2001). Blooms are a source of low 

food quality for grazers, which can echo up the food chain. Although we saw a larger increase of 

biomass in the eutrophic lake, if the mesotrophic lake continues to receive excess N, overtime, the 

mesotrophic lake will change trophic status to eutrophic and will more easily be able to proliferate 

a non-toxic bloom with the potential of becoming toxic. Therefore, N presents on a risk to both 

lake types despite the lack of a response in the mesotrophic mesocosms.  
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Conclusion 

Elevated nitrogen concentrations do not significantly increase the amount of cyanotoxins, 

despite driving microbial community shifts that increased the abundance of toxic cyanoHABs. 

As global N inputs continue to increase, phytoplankton can grow unabated and microbial 

communities in freshwater ecosystems will continue to shift. In our study, the mesotrophic lake 

does not appear to be subject to change as strongly as the eutrophic lake. However, if the 

mesotrophic lake experiences longer term excess N, it would eventually be classified as 

eutrophic and therefore more likely to experience the same responses and shifts in the 

microbiome. Therefore, it is important to consider N, as well as previously studied P, when 

managing freshwater ecosystems and their watersheds to preserve the integrity of water quality 

of a mesotrophic lake and to rehabilitate a eutrophic lake.  
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Supplemental Information 

 

 

 
 

Supplemental Information Figure A: Mean water column chl-a concentrations from pilot 

study (Spring 2019). Treatments include a control (no nutrient addition), NH4
+ only, NH4

+:NO3
-, 

NO3
- only, NO3

-:NH4
+, P only. Error bars represent one standard error of the mean (SE; n=3). 
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Supplemental Information Figure B: Mean water column NH4
+-N (a and d), NO3

--N (b and e), 

SRP-P (c and f) concentrations in  Error bars represent one standard error of the mean (SE; 

n=3). 
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Supplemental Information Figure C: Ordination of the first two axes of principal coordinate 

(PCoA) of Bray-Curtis distances for microbial community composition (MCC) comparing 

sample storage at two different temperatures (-20°C vs. -80°C). Color/shape represents storage 

temperature.  Each point represents a sample. Shorter distances between points indicate a more 

similar community composition rather than points further apart. Variance explained by PCoA 

Axis 1 = 51.3% and PCoA Axis 2 = 22.3%. 
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Supplemental Information Figure D: A comparison of light intensity trends from inside each 

mesocosm and NEON’s PAR sensor outside of the greenhouse. Error bars represent one 

standard error of the mean (SE). 
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Supplemental Information Figure E: Light intensity is autocorrelated with DO.  

 


