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ABSTRACT 

EFFECTS OF GLYPHOSATE EXPOSURE, NUTRIENT LOADING, AND 
TEMPERATURE ON THE POPULATION GROWTH RATES AND 

CELLULAR SIZES OF CHLORELLA VULGARIS AND MICROCYSTIS 
AERUGINOSA. 

Nicola Shaw        Advisor: 
University of Guelph, 2020      Professor John Fryxell 

 

Cyanobacterial-harmful algal blooms (CHABs) are on the rise globally, threatening aquatic 

ecosystems and public health. CHABs may be stimulated by high temperature caused by global 

warming and high levels of nutrients and glyphosate-based herbicides from agricultural runoff. 

The objective of this study is to investigate the sublethal effects of glyphosate and nutrient 

loading on cyanophytes and chlorophytes at different temperatures. I exposed cyanophyte, M. 

aeruginosa, and chlorophyte, C. vulgaris, to a range of glyphosate (1-12.1mg/L) and fertilizer 

(85.01[N]:8.71[P]-679.01[N]:138.63[P]mg/L) concentrations at 15, 20, and 25℃ for 26 days. 

Glyphosate did not affect population growth rates in either species, but decreased cell size in C. 

vulgaris and increased cell size in M. aeruginosa. Increases in fertilizer concentration and 

temperature enhanced population growth of only M. aeruginosa. These findings suggest that 

climate change and the elevated agricultural use of glyphosate and fertilizer may promote 

cyanobacteria and CHABs at the expense of chlorophytes.  

Keywords: Algal blooms, glyphosate, nutrient loading, nutrient stoichiometry, climate change, 

agriculture 
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1 Prologue 

Eutrophication is one of the most significant anthropogenic changes to natural systems (Ger 

et al. 2014). It occurs when increased inputs of nutrients, primarily nitrogen (N) and phosphorus 

(P), support extreme aquatic plant growth (Smith and Schindler 2009). One major consequence 

of eutrophication is algal blooms and the frequency and intensity of blooms have been on the rise 

over the past two decades (Smith et al. 2019; Wang et al. 2016; Pinckney et al. 2001). Harmful 

algal bloom (HAB) is a term used to describe any uncontrolled, mass growth of phytoplankton; 

however, the most common bloom-forming phytoplankton are cyanobacteria, or cyanophytes 

(Smith et al. 2019). Cyanobacterial-HABs (CHABs) can disrupt normal food web dynamics, 

threaten public health and safety, and increase mortality rates in aquatic biota (Harris and Smith 

2016). Certain nutrient conditions, chemical stress, and warmer temperatures may favor the 

proliferation of cyanophytes over other types of phytoplankton. When this occurs, there is an 

opportunity for toxic CHABs to develop (Huisman et al. 2018). 

Cyanophytes are prokaryotic phytoplankton that are often viewed as superior competitors to 

eukaryotic phytoplankton, such as chlorophytes (Lipok et al. 2010). Whereas chlorophytes are 

sensitive to environmental stress, such as chemical exposure, cyanobacteria show a remarkable 

tolerance and ability to adapt (Lipok et al. 2010). Cyanobacteria possess unique qualities that 

distinguish them from eukaryotic phytoplankton (Ger et al. 2014). Many cyanophytes can fix 

nitrogen, which allows them access to alternative nitrogen sources, such as atmospheric N2 

(Dolman et al. 2012). Therefore, in nitrogen-limited waters where the N:P ratio is low, 

cyanophytes may have a competitive edge over their eukaryotic counterparts (Dolman et al. 
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2012). Cyanophytes also have gas vesicles - hollow protein structures that they can fill and 

compress to control their buoyancy (Carey et al. 2012; Elliott 2012). This enables them to move 

in the water column to maximize their access to sunlight (Huisman et al. 2018). In doing so, they 

can shade out non-buoyant eukaryotic competitors, suppressing the growth of less harmful 

phytoplankton species (Huisman et al. 2018).  

The largest threat to public health associated with CHABs is the toxin production that is 

common among cyanophytes and a major source of waterborne disease (Lürling et al. 2013). The 

cyanophyte used in this study, Microcystis aeruginosa, releases microcystins, which are a group 

of toxins that target the digestive tract and liver of humans and other mammals (Elliot 2012). 

They have also been shown to elicit neurological, oncological, and reproductive effects on 

organisms that have ingested them (Huisman et al. 2018). Microcystins have been associated 

with the fatalities of diverse avian, aquatic, and mammalian species, as well as some humans 

(Huisman et al. 2018). Although non-toxic blooms are safer for the environment and public 

health, they can impose major costs for water treatment as well as economic losses from 

diminished recreation and tourism (Smith et al. 2019; Carey et al. 2012).    

Cyanophytes can disrupt normal food-web processes by releasing toxins and creating anoxic 

conditions through the formation of CHABs (Huisman et al. 2018; Lürling et al. 2013). Anoxia is 

induced by the microbial degradation of blooms, which depletes dissolved oxygen in aquatic 

ecosystems (Huisman et al. 2018). Both anoxia and toxin production are responsible for the mass 

mortality of benthic invertebrates and fish that often occurs as a result of CHABs (Anderson et 

al. 2002). These mass mortalities have a tremendous impact on aquatic habitats and trophic 

structures (Anderson et al. 2002). Furthermore, cyanophytes are less suitable than chlorophytes 
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as a food source for grazing herbivores (Ger et al. 2014). They contain few sterols and 

polyunsaturated fatty acids and are inaccessible to filter feeders once they have formed CHABs, 

which can easily congest their filtration system (Ger at al. 2014) As a result, reduced grazing 

pressure can further promote the continued development of blooms (Ger et al. 2014) through a 

positive feedback. Overall, zooplankton grazing and the energy transfer from primary production 

to higher trophic levels may be hindered when phytoplankton communities are dominated by 

cyanobacteria (Huisman et al. 2018; Lürling et al. 2013; Elliot 2012).   

Exposure to glyphosate may selectively promote the development of cyanophytes and 

CHABs (Lürling and Roessink 2006). Glyphosate is the active ingredient of some commonly 

used herbicides worldwide, including Roundup® (Duke and Powles 2008). It can enter aquatic 

ecosystems through direct spraying, surface runoff, or infiltration (Wu et al. 2016). Glyphosate 

inhibits the actions of 5-enolpyruvyl-shikimate-3-phosphate synthase (EPSPS), which is used in 

all photosynthetic organisms to synthesize proteins (Duke and Powles 2008). The impacts of 

glyphosate on phytoplankton varies with concentration as well as between species, with 

chlorophytes considered to be generally less tolerant than cyanophytes (Harris and Smith 2016; 

Qiu et al. 2013). It has been documented that chlorophytes and other sensitive phytoplankton 

groups can experience oxidative stress (Iummato et al. 2019) and inhibited growth (Vendrell et 

al. 2009) at concentrations of glyphosate (1.6-3.0mg/L) comparable to what is commonly found 

in natural systems (2.89-5.95mg/L) (Wang et al. 2016). Similar concentrations (0.5-2mg/L) have 

been reported to stimulate growth in cyanophytes (Zhang et al. 2016). However, some 

researchers have found opposing results in which low levels of glyphosate stimulated growth in 

eukaryotic phytoplankton (Wang et al. 2016), while suppressing growth in cyanophytes (Wu et 
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al. 2016). Therefore, the ecotoxicological effects of glyphosate on phytoplankton remain 

uncertain.  

Nutrient loading and stoichiometry can influence the biomass, size structure, and 

community composition of phytoplankton (Anderson et al. 2019; Vézie et al. 2002). Nutrient-

rich, or eutrophic, aquatic ecosystems support greater overall growth in all phytoplankton species 

(Pinckney et al. 2001; Smith et al. 1999). These ecosystems can also drive phytoplankton cell 

sizes to become smaller on average by supporting higher growth rates and reducing the demand 

on intracellular nutrient stores (Nielson 2006; Pinckney et al. 2001). However, eutrophic 

conditions are typically associated with a shift in dominance towards cyanobacteria in particular, 

as they often have conditions of low N:P (Dolman et al. 2012; Smith et al. 1999). This long-

standing and well-supported, “Low N:P,” hypothesis was originally posed by Schindler (1977), 

who suggested that cyanophytes would be favored in such N:P conditions (specifically below 

29:1 in weight) due to their nitrogen-fixation capabilities. A supporting study conducted with the 

Experimental Lakes Areas of northwestern Ontario found that lakes fertilized with N:P in ratios 

of 11:1 (in weight) demonstrated extensive CHAB development, whereas lakes fertilized with 

N:P in ratios upwards of 29:1 (in weight) did not (Levine and Schindler 1999).  

Global temperature rise is another factor expected to enhance the severity, frequency, and 

duration of CHABs (Thomas and Litchman 2016; Huisman et al. 2018). There is evidence that 

warming accelerates phytoplankton succession from chlorophytes to cyanophytes in  a seasonal 

context as well as in controlled studies conducted in both laboratories and in the field (Liu et al. 

2011; Saxton et al. 2011). Paerl and Huisman (2008) claimed that cyanobacteria grow better at 

higher temperatures than do eukaryotic phytoplankton. Supporting work by Thomas and 
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Litchman (2016) found high optimum temperatures (28-37℃) for growth of the three species of 

cyanophytes they tested. Contrarily, Lürling et al. (2013) suggested that the scientific support for 

that claim was insufficient. Their results indicated that cyanophytes did not have higher optimum 

temperatures for growth nor experience higher maximum rates of growth at their optimum 

temperatures than did chlorophytes (Lürling et al. 2013). Singh and Singh (2015) also reported 

optimum temperatures for growth in chlorophytes, and specifically Chlorella sp., that were 

similar to those of cyanophytes. However, Huisman et al. (2018) published a recent review that 

once again described high temperatures as a factor that stimulated cyanobacterial growth.  They 

cited several research papers and reviews, including one by Beaulieu et al. (2013), in which a 

dataset of 1147 lakes was used to generate empirical models. These models found temperature to 

be linked directly to cyanobacterial growth: an estimated 3.3℃ increase of lake surface water 

temperature was predicted to double cyanobacterial biomass (Beaulieu et al. 2013). Overall, the 

role of temperature on regulating phytoplankton growth is an area of serious debate and 

uncertainty, and our understanding of the topic is incomplete.  

Phytoplankton cell size is also dependent on environmental factors, such as temperature, 

and is related to growth rate (Jacinavicius et al. 2018; Chen et al. 2011). In general, it is widely 

accepted that the mean size of most ectotherms is reduced with increased ambient temperature 

(Byllaardt and Cyr 2010; Angilletta et al. 2004; Montagnes and Franklin, 2001); however, the 

results for phytoplankton are mixed. Some have demonstrated that increased temperatures (Chen 

et al. 2011; Montagnes and Franklin 2001) and growth rates (Jacinavicius et al. 2018; Byllaardt 

and Cyr 2010) lead to smaller average cell size. Correspondingly, cell enlargement has been 

observed at lower temperatures and is thought to be a result of accumulating intracellular 
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metabolites as well as reduced rates of cellular division (Cirès et al. 2013). Other studies have 

shown increases in phytoplankton size with higher ambient temperature or no effects of 

temperature on size altogether (Byllaardt and Cyr 2010; Montagnes and Franklin 2001). 

Ultimately, temperature can influence both the growth rate and cell size of phytoplankton, but its 

precise effects are unclear (Jacinavicius et al. 2018). 

In this study, I aim to address these gaps in knowledge and uncertainties in the literature. My 

research explores the effects of glyphosate exposure and nutrient loading on cyanobacteria and 

chlorophyte population growth rates and cellular sizes. I also investigate how temperature 

warming may mediate those effects. In my thesis, I address several research questions. (1) How 

do glyphosate exposure and nutrient loading influence the population growth rate and cellular 

size of cyanophytes and chlorophytes? (2) How does temperature alter the effects of glyphosate 

and nutrient loading? (3) Do cyanophytes and chlorophytes differ in their tolerance to chemical 

stress induced by glyphosate? (4) Do cyanophytes and chlorophytes differ in their response to 

nutrient loading or temperature change? To answer these questions, I used a laboratory 

microcosm system where monocultures of cyanobacteria, Microcystis aeruginosa, and 

chlorophyte, Chlorella vulgaris, were presented with a range of glyphosate, fertilizer, and 

temperature treatments and their subsequent patterns of population growth and cell size were 

monitored over the course of 26 days. This research will contribute to our understanding of how 

current agricultural practices, such as the extensive use of herbicides and fertilizers, may affect 

the development of harmful CHABs in the face of climate change. 

Cyanophytes are regarded as tolerant phytoplankton, since they are able to withstand 

chemical stress with a remarkable ability to adapt in harsh conditions (Lipok et al. 2010; Forlani 
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et al. 2008). Relative to cyanophytes, chlorophytes are more sensitive to chemical compounds 

and reagents (Lipok et al. 2010). Moreover, cyanobacteria and microbes may be able to degrade 

glyphosate and utilize its metabolites as nutrients (Wang et al. 2016; Saxton et al. 2011). In the 

present study, it is hypothesized that glyphosate affects the population growth rate of tolerant 

species by acting as an alternative source of nutrients. It is also hypothesized that glyphosate 

affects the population growth rate of intolerant species by inhibiting the EPSPS enzyme, which is 

essential for protein synthesis in photosynthetic organisms. Based on what is known about 

cyanophytes and chlorophytes, it is predicted that cyanophytes will be tolerant and chlorophytes, 

susceptible to the effects of glyphosate. Therefore, increased glyphosate concentration should 

have a positive effect on the population growth rate of cyanophytes and a negative effect on the 

population growth rate of chlorophytes.  

Nutrient-enriched environments can support greater overall growth and larger populations 

of all phytoplankton species (Pinckney et al. 2011; Smith et al. 1999). However, the relative 

availability of nitrogen (N) and phosphorus (P) present in a system can determine when a species 

is scarce and when they are dominant, with cyanobacterial dominance typically occurring in 

eutrophic conditions where such ratios often fall below 29:1 (Levine and Schindler, 1999; Smith 

1983). Therefore, it is hypothesized that phytoplankton population growth rate is nutrient-limited 

and affected by nutrient stoichiometry. This hypothesis generates several predictions. Higher 

fertilizer inputs should produce larger population densities in both cyanophytes and chlorophytes 

alike. Higher fertilizer inputs should also have a positive effect on the population growth rate in 

both species as well. However, the current N:P ratio used (11:1 in weight) should favor more 

growth in cyanophytes than chlorophytes.  
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High temperature increases metabolic rates in all organisms (Gillooly et al. 2001). However, 

relative to other groups of phytoplankton, such as chlorophytes, cyanophytes are believed to 

benefit more from high-temperature environments (Thomas and Litchman 2016). Consequently, 

climate change and global warming are expected to expedite the onset, enhance the magnitude, 

and prolong the duration of CHABs (Paerl et al. 2016). Additionally, since cyanophytes tend to 

dominate temperate lake systems in warmer times of the year, global warming may expand their 

normal range (Paerl et al. 2016). In this study, it is hypothesized that temperature affects 

population growth rates by enhancing metabolism in both species. It is also hypothesized that 

temperature has greater effect on the population growth rate of M. aeruginosa relative to C. 

vulgaris, since cyanophytes have higher temperature optima than chlorophytes. If these 

hypotheses are supported, the population growth rates in both species will be positively affected 

by increased ambient temperature; however, the slope or rate of change in population growth rate 

as temperature increases will be steeper in M. aeruginosa than in C. vulgaris. 

The rise of CHABs in recent decades has sparked interest in understanding bloom dynamics 

and the conditions that enable blooms to form (Huisman et al. 2018; Carey et al. 2012). 

Environmental factors that influence phytoplankton size structure are at the forefront of this 

research, since phytoplankton size plays a significant role in predatory defenses, motility, and 

competitive ability (Nielson 2006; Pinckney et al. 2001; Hein et al. 1995). Such environmental 

factors include chemical stress from exposure to glyphosate, nutrient loading, and climate change 

(Jacinavicius et al. 2018; Iummato et al. 2019; Marañón 2015; Romero et al. 2011; Kagami and 

Urabe 2001; Kilham et al. 1997). 
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Intracellular oxidative damage can be incurred when chemical pollutants, such as 

glyphosate, are present (Iummato et al. 2019). As an antioxidant response, phytoplankton often 

increase internal vacuolization and nutrient stores, which subsequently increases cell size 

(Iummato et al. 2019; Romero et al. 2011). When chemical stressors are minimized or absent and 

nutrient resources are abundant, phytoplankton experience higher population growth rates and 

have smaller intracellular nutrient stores (Nielson 2006; Pinckney et al. 2001). Additionally, 

studies have shown that as unicells, phytoplankton grow in a size-dependent manner, whereby 

growth rate declines with increasing size (Nielson 2006). Therefore, it is hypothesized that 

glyphosate affects the cell size of tolerant species by acting as an alternative source of nutrients 

and enhancing growth rate, which scales inversely with size. Conversely, glyphosate is 

hypothesized to affect the cell size of intolerant species by inducing oxidative stress, which 

causes cell enlargement. If these hypotheses are supported, tolerant cyanophytes will become 

smaller and sensitive chlorophytes will become larger as glyphosate concentration increases.   

In 1986, Harris found that phytoplankton cell size is likely to be reduced at warmer 

temperatures due to increased growth rates (Jacinavicius et al. 2018). Recent studies have 

supported this, finding smaller average sizes of cyanobacteria at 25-30℃ than those at 20℃ 

(Jacinavicius et al. 2018). Nutrient loading has also been reported to act on cell size by 

increasing growth rates as well as decreasing intracellular nutrient stores (Nielson 2006; 

Pinckney et al. 2001). Therefore, phytoplankton cell size is hypothesized to be indirectly 

influenced by nutrients, nutrient stoichiometry, and temperature through biomass-dependent 

effects and enhanced population growth rate. If supported, it is predicted that increasing both 

fertilizer concentration and ambient temperature will cause both cyanophytes and chlorophytes 
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to become smaller in size. However, it is also predicted that cyanophytes will exhibit the largest 

change in cell size between treatments, relative to chlorophytes.  

2 Methodology 

2.1 Culture Acquisition and Maintenance 

The cyanophyte, Microcystis aeruginosa, and the chlorophyte, Chlorella vulgaris, were 

obtained from the Canadian Phycological Culture Center in Waterloo, Ontario. They were stored 

in the Summerlee Science Complex at the University of Guelph. For M. aeruginosa, the culture 

room was maintained at 25℃ and set to a light-dark photoperiod of 16:8h. Light was provided 

by cool-white fluorescent bulbs adjusted to an intensity of 10-13μEin/m2/s. For C. vulgaris, the 

incubator was maintained at 20℃ and set to the same photoperiod. The light source and intensity 

were the same for both species. All cultures of both species were kept in Erlenmeyer flasks with 

aluminum foil seals to prevent fungal and bacterial contamination. To further reduce the risk of 

contamination, no cultures received aeration. Instead, they were gently agitated by hand twice 

per week and all flasks were allotted a minimum of 50% headspace to facilitate gas exchange. 

All cultures were refreshed twice per week, or approximately once per generation, with 

100% COMBO medium (pH 7.5-7.8) using a standardized balanced growth procedure known as 

semicontinuous nutrient-replete (MacIntyre et al. 2017; MacIntyre and Cullen 2005). In this 

procedure, specific volumes of culture were removed and replaced with fresh medium to keep 

the cells in the exponential growth phase and ensure they had a constant supply of fresh nutrients 

(MacIntyre and Cullen 2005). In the present protocol, C. vulgaris and M. aeruginosa were kept 
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at 3,000 and 10,000 raw fluorescence units (RFU), respectively, to maintain exponential growth. 

All cultures underwent semicontinuous nutrient-replete for 10 generations before they were used 

in experiments to eliminate density-dependent effects and standardize the growth rate. 

2.2 Experimental Design 

There were 3 temperature regimes, 8 glyphosate treatments, and 8 fertilizer treatments for 

both species (Figure 1). This design accommodated 96 Erlenmeyer flasks (25mL) in total, or 48 

per species. The 8 glyphosate treatments included 1 control and 7 increased levels of glyphosate 

concentration, increasing approximately 1.5x per treatment from low (1mg/L) to high 

(12.1mg/L). The 8 fertilizer treatments included the same breakdown, also with a 1.5x difference 

between treatments in the amount of nitrogen (N) and phosphorus (P) added. Additionally, the 

N:P ratio of salts added manually to simulate nutrient loading were done so in a ratio of 11:1 (in 

weight). This ratio was most suitable for cyanophytes. The three temperatures were 15, 20, and 

25℃, and each temperature regime corresponded to a different growth chamber. Excluding 

temperature, all conditions in these three chambers were kept as uniform as possible to avoid 

chamber effects. As an extra precaution to prevent contamination during experimentation, all 

Erlenmeyer flasks were sealed with non-absorbent foam plugs and covered with Bio-Shield™ 

paper, which was secured in place with elastic bands. Sampling was done on Mondays and 

Thursdays. All 96 flasks were accounted for each sampling day.  
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2.3 Glyphosate and Fertilizer Treatments 

All glassware was cleaned and autoclaved (Dry-20 Cycle) to ensure that it was sterile. 

Sixteen beakers (8 for glyphosate and 8 for fertilizer treatments) of 1L volume were filled with 

1L of COMBO Medium. All beakers containing COMBO were autoclaved again (Liquid-45 

Cycle) to ensure the medium was also sterile. After a 24h cooling period, the beakers were 

randomly assigned to alternative treatments. The total concentrations of glyphosate treatments, 

made with pure analytical glyphosate (Pestanal®, 99.9%), ranged from lowest to highest in the 

following order: 0, 1, 1.6, 2.4, 3.6, 5.5, 8.1, and 12.1mg/L. This range reflects what is commonly 

found in natural systems (Wang et al. 2016), parallels what other researchers have used 

(Iummato et al. 2019; Wu et al. 2016), and was confirmed to be sublethal through preliminary 

experiments. To measure these amounts, an analytical scale accurate to 0.0000g was used.  

To make the fertilizer treatments, Sodium nitrate (N) and Potassium phosphate (P) salts 

were measured and added manually to 7 of the 8 beakers, with nothing added to the control 

treatment. The total concentrations, including baseline nutrients from the COMBO media, ranged 

from lowest to highest as follows: 85.01N: 8.71P, 137.91N: 26.45P, 164.11N: 31.92P, 203.71N: 

40.16P, 263.11N: 52.45P, 352.51N: 70.91P, 485.41N: 98.50P, and 679.01N: 138.63P mg/L.  This 

range selection was limited by the baseline N and P concentrations in COMBO media, which 

were high (85.01N: 8.71P mg/L); however, there have reports of concentrations within that range 

(217N: 70P mg/L) in some parts of the globe, such as in Berg River, South Africa (Yang et al. 

2008). Measurements on the analytical scale were conducted separately for each of the two salts. 

All final treatments were mixed with a magnetic stirrer for 10 minutes. 
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2.4 Inoculation 

Inoculation was carried out separately for each of the two species. All glassware was 

washed and autoclaved prior to use. The flasks were labelled according to date, species, 

treatment, and temperature. They were filled to a total of 25mL in volume with a ratio of 

treatment to culture that would produce starting densities of 3000RFU for C. vulgaris and 

8000RFU for M. aeruginosa in each flask. This was process was carried out in a fume hood to 

avoid contamination. The fume hood was sterilized in between species. After all flasks were 

filled, they were placed in a spatially randomized fashion within the incubation chambers for 

each temperature in the experiment (15, 20, and 25℃).  

All experiments were conducted in the Summerlee Science Complex at the University of 

Guelph. Twice per week, 0.5mL samples were taken from each flask and combined with 24mL 

of dissolved oxygen (DO) water in a 25mL glass cuvette. This sample was used to measure the 

biomass of algae in micrograms per liter (ug/L) with the benchtop application of the bbe 

Moldaenke PhycoProbe©. Machine readings could be visualized and recorded on the bbe++ 

Moldaenke© computer software. This experiment ran for a duration of 4 weeks, or 26 

experimental days. Measurements were taken on days 1, 5, 8, 12, 15, 22, and 26.  

2.5 Cell Size 

Twice per week, 0.25mL samples were taken from each flask and a portion was placed 

under a cover slide on a hemocytometer. Each sample was photographed on the hemocytometer 

at a magnification of 200x using an Olympus© CX-41 light microscope and 2560x1920 5-
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megapixel Zeiss© AxioCam ERc5s camera. Photographs were taken until a minimum of 30 

individual cells had been captured. All photos were saved and individually assessed. The 

computer program, ImageJ©, was used to automate the process of sizing the cells present in each 

photograph based on pixels. The values for cell size, given as diameter (one-dimensional) in 

micrometers (μm) were recorded. This experiment ran for a duration of 4 weeks, or 26 

experimental days. Measurements were taken on days 1, 5, 8, 12, 15, 22, and 26.  

2.6 Statistical Analyses 

To calculate the exponential growth rate (r), the following equation was used:  

rt = loge([Nt+τ/Nt]/τ) 

In this equation, Nt is the population size on day t, and τ is the number of days between 

population counts (3 or 4). The population growth rates dataset included 672 observations, 

divided equally between the two species in my study. Regression analyses were conducted using 

this dataset to assess the effects of population biomass, glyphosate and fertilizer treatments, and 

temperature on the population growth rates of C. vulgaris and M. aeruginosa. General linear 

models were fitted considering all possible combinations of predictor variables and then assessed 

using the information-theoretic approach developed by Akaike (Burnham et al. 2011; Anderson 

and Burnham 2002). Model selection tables provided values for Akaike’s Information Criterion 

(AIC) parameters, including AIC values, Akaike weights, and delta AIC values, based on their 

degree of fit to the data. The model that corresponded to the lowest AIC value was deemed the 
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most parsimonious, or the simplest model with the greatest explanatory power (Burnham et al., 

2011).  

The most parsimonious model as denoted by the AIC criteria was then investigated further. 

Residual plots were generated, qualitatively assessed, and deemed to meet the assumptions o f the 

models. I log-transformed estimates of population biomass to normalize the distribution of 

residuals. The intercept estimates of the first model (Model 1), which only included population 

growth rate as a function of population biomass, were used for each species and treatment to 

determine the maximum rate of growth (rmax). I used rmax to quantify the tolerance of 

phytoplankton, as it would be expected to be lower in treatments that inhibit population growth 

and growth inhibition can be caused by chemical stress.  

Cell size distributions were recorded in Microsoft Excel, which cumulatively totaled 

45,028 observations (28,177 for M. aeruginosa and 16,851 for C. vulgaris). They were analyzed 

as raw data (n=45,028) and also used to generate arithmetic means for each treatment (n=672). 

Regression analyses were carried out to assess the effects of population biomass, glyphosate and 

fertilizer treatments, and temperature on both the average cell size and cell size distribution of C. 

vulgaris and M. aeruginosa. General linear models were fitted considering all possible 

combinations of predictor variables and also assessed using residual plots and Akaike’s 

information-theoretic approach (Burnham et al. 2011; Anderson and Burnham 2002).  

Effect size analysis was used to examine both the direction and magnitude of the reported 

effects of the experimental manipulations on population growth rate and average cell size 

(Lakens 2013). Effect size is a useful tool in ecology to quantify the outcome of experiments in a 
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standardized metric (Lakens 2013; Lajeunesse 2011). I used the log response ratio as my 

measure of effect size, which is calculated as the natural logarithm of the ratio of a mean 

outcome in an experimental group to that in the control group (Lajeunesse 2011; Hedges et al. 

1999). With this approach, there is an effect size threshold of zero and values above or below 

that threshold indicate positive or negative effects, respectively. All statistical analyses were 

performed using RStudio 3.5.3 (R Core Team, 2019, RStudio: Integrated Development for R. 

RStudio, Inc., Boston, MA USA). 

3 Results 

3.1 Microcystis aeruginosa 

Glyphosate effects on population growth rates 

Experimental variation in the level of glyphosate had no effect on Microcystis aeruginosa 

biomass over time (Figure 2A). However, biomass did increase dramatically in warmer 

temperatures, and particularly between 15 and 20 to 25℃ (Figure 2A). The most parsimonious 

model to explain variation in population growth rate included both population biomass and 

temperature as predictor variables, but excluded treatment concentration, confirming that the 

concentration of glyphosate did not significantly impact population growth rate in this species 

(Table 1). Temperature increased population growth rate (slope = 0.0209, se = 0.0032, P = 5.23 x 

10-10; Table 1; Figure 3A), while biomass had a negative impact on population growth rate (slope 

= -0.1132, se = 0.0177, P = 1.57 x 10-9; Table 1; Figure 3B). Although the log response ratios for 

this treatment seemed to indicate glyphosate effects of large magnitude, as several points 
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extended far below the effect line of zero, the maximum effect size value reached was only 

approximately 0.03 (Figure 8). Based on Cohen’s rules for interpreting such values (Lakens 

2013), this was well below the threshold for even a small effect (0.2). The maximum rate of 

growth (rmax) of M. aeruginosa in glyphosate treatments was 0.34. 

Fertilizer effects on population growth rates 

Increased fertilizer concentration and warmer temperatures led to increased levels of 

Microsystis population biomass (Figure 2B). Based on Akaike’s Information Criterion (AIC), the 

most parsimonious model to explain variation in population growth rate included all three 

predictor variables (Table 2). Population growth rate increased with warmer temperatures (slope 

= 0.0122, se = 0.0024,  P = 1.25 x 10 -6; Table 2; Figure 4A) and decreased with population 

biomass in fertilizer treatments as well (slope = -0.0926, se = 0.0107, P = 3.70 x 10 -15; Table 2; 

Figure 4B). Additionally, fertilizer concentration had a highly significant effect, increasing 

population growth rate (slope = 2.51x 10-4, se = 5.03 x 10-5, P = 1.57 x 10-6; Figure 4C; Table 2). 

The log response ratios also demonstrated a positive effect of fertilizer on population growth rate 

(Figure 9). This trend was consistent across all concentrations of fertilizer but was at the greatest 

magnitude with the most concentrated treatments (Figure 9). The maximum rate of growth (rmax) 

for M. aeruginosa in fertilizer treatments was 1.6x higher than that of the same species in 

glyphosate treatments (glyphosate:  rmax = 0.34), reaching a value of 0.57. 

Glyphosate effects on cell size 

Patterns in cell size distributions were fairly uniform across all concentrations but skewed 

towards larger individuals with increased temperature (Figure 10). However, both the 
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concentration of glyphosate (slope = 0.0033, se = 0.0014, P = 0.0197; Table 5) and the 

temperature (slope = 0.0059, se = 0.0019, P = 0.0013; Table 5) had statistically significant 

effects on increasing cell size distributions. Population biomass had significant negative effects 

on cell size distributions (slope = -0.0241, se = 0.0092, P = 0.0085; Table 5). In terms of average 

cell size, increased temperature and glyphosate levels enlarged M. aeruginosa (Figure 14A). The 

most parsimonious model to explain variation in average cell size included only the 

concentration of glyphosate as a predictor variable; however, this model was not statistically 

significant (F1,166 = 1.025, P = 0.3128). Additionally, although the concentration of glyphosate 

appeared to have a slight positive effect on the average cell size of M. aeruginosa (Figure 15), 

this parameter was also not statistically significant (slope = 0.0532, se = 0.0525,  P = 0.3130). 

Several alternative models had delta values ( i) within 0-2 units of the most parsimonious 

model and therefore, received similar support (AIC weights (wi) = 0.203-0.105; Table 7). 

Although several points were found on or near the effect line of zero in the log response ratio 

plot for this treatment, overall there was a small positive effect of glyphosate on average cell size 

in M. aeruginosa (Figure 20). This effect was most pronounced in the 15 and 25℃ treatments, as 

indicated by the distance between those points as compared to the 20℃ treatment (Figure 20).  

Fertilizer effects on cell size 

Cell sizes of M. aeruginosa declined with increased fertilizer (Figure 11; Figure 14B). 

There was a strong negative effect of fertilizer concentration on cell size distribution, with a 

greater proportion of smaller cells as fertilizer concentration increased (slope = -2.78 x10-4, se = 

2.88 x 10-5, P = 2 x10-16; Table 6). Higher temperatures produced similar trends (slope= -0.0112, 
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se = 0.0014, P = 1.43 x 10-14; Table 6). Population biomass did not significantly influence cell 

sizes (slope = 0.0109, se =0.0066, P = 0.0998). The most parsimonious model by AIC criteria to 

explain variation in average cell size incorporated concentration of fertilizer (slope = -0.0019, se 

= 0.0008, P = 0.0148; Table 8; Figure 16A) and temperature (slope = -0.1050, se = 0.0355, P = 

0.0035; Table 8; Figure 16B) as a predictor variables, both of which had significant negative 

effects on average cell size. Negative effects of fertilizer on average cell size were also observed 

in the log response ratios for this treatment but were similar in magnitude across all temperatures 

(Figure 21).  

3.2 Chlorella vulgaris 

Glyphosate effects on population growth rates 

Time series plots depicted an almost identical sigmoidal curve at each concentration and 

temperature, suggesting that neither had a significant effect on population biomass (Figure 5A). 

The most parsimonious model by AIC criteria to explain variation in population growth rate for 

this treatment included only population biomass as a predictor variable (Table 3). As seen in M. 

aeruginosa, the population growth rate of Chlorella vulgaris also demonstrated an inverse 

relationship with biomass, showing declines in growth as biomass increased (slope = -0.0649, se 

= 0.0037, P = 2 x 10-16; Table 3; Figure 6). However, the pattern in growth observed in this 

species may also demonstrate a potential Allee effect (Gerla et al. 2011). The log response ratios 

for populations growth rate of C. vulgaris in glyphosate treatments also showed that glyphosate 

did not have a large effect on population growth, particularly at low concentrations, as most 

points fell on or near the effect line of zero (Figure 8). However, positive changes in growth 
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occurred at warmer temperatures, with the effects of largest magnitude at 25℃ (Figure 8). The 

maximum rate of growth (rmax) for C. vulgaris in glyphosate treatments was 0.76. 

Fertilizer effects on population growth rates 

Time series plots again illustrate nearly identical sigmoidal curves at each concentration 

and temperature, suggesting that neither variable had an effect on biomass (Figure 5B). 

Supporting this, neither concentration of fertilizer nor temperature were included in the most 

parsimonious model by AIC criteria (Table 4). As seen in all other treatments of C. vulgaris, 

growth rates declined with increasing population biomass (slope = -0.0627, se = 0.0035, P = 2 x 

10-16; Table 4; Figure 7). The effect size analysis supported these findings, showing consistent 

neutral effects of fertilizer on population growth rate at all concentrations and each temperature 

used in this study (Figure 9). In addition, the pattern indicative of a potential Allee effect (Gerla 

et al. 2011) was present in these treatments as well. There was almost no difference in the 

maximum rate of growth (rmax) between glyphosate and fertilizer treatments for this species 

(glyphosate:  rmax = 0.76; fertilizer:  rmax = 0.74).  

Glyphosate effects on cell size 

There was high variability in cell size across all treatments (Figure 12, Figure 17A). Only 

models that included glyphosate concentration as a predictor variable for cell size distributions 

were supported by AIC criteria (Table 9) and increased concentrations were found to 

significantly reduce cell sizes (slope = -0.0265, se = 0.0019, P = 2 x 10-16; Table 9). Curiously, 

population biomass was found to have the opposite effect, with increased biomass associated 

increased cell size (slope = 0.0116, se = 0.0058, P = 0.0469; Table 9). The most parsimonious 
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model by AIC criteria to explain average cell size included population biomass and 

concentration of glyphosate as predictor variables (Table 11). Population biomass also had a 

negative effect on average cell size (Figure 18B), but this effect was not statistically significant 

(slope = -0.3390, se = 0.2343, P = 0.1497). The regression analysis also supported the 

observation that increased levels of glyphosate corresponded to significantly decreased average 

cell sizes (slope = -0.3505, se = 0.1033, P = 8.63 x 10-4; Figure 18A). Additionally, the log 

response ratios illustrated a general decline in the average cell size of C. vulgaris until the 

highest glyphosate concentration, where the effects were of less magnitude (Figure 20).  

Fertilizer effects on cell size 

Fertilizer concentration was only significant when cell size distributions were investigated, 

and particularly at 15℃ (Figure 13). The regression analysis supported this observation, showing 

cell sizes becoming smaller as fertilizer concentrations increased (slope = -1.30e-4, se = 4.12e-5,  

P= 0.0016; Table 10). However, neither temperature nor fertilizer concentration influenced the 

average cell size of C. vulgaris (Figure 17B). In line with that result, the most parsimonious 

model by AIC criteria to explain variation in average cell size included only population biomass 

as a predictor variable (Table 12). Average cell size scaled inversely with biomass, decreasing 

significantly as biomass increased (slope = -0.5001, se = 0.2348, P = 0.0347; Figure 19). The log 

response ratios for this treatment indicated that at almost every temperature and concentration, 

the effect of fertilizer on the average cell size of C. vulgaris was negative (Figure 21). This 

excluded only the 20℃ treatment, in which all points were consistently positive and of similar 

magnitude (Figure 21). In most cases, the effects of fertilizer became stronger at the highest 

concentration (Figure 21).  
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4 Discussion 

My experimental trials demonstrated that glyphosate had no significant effects on the 

population growth rate of Microcystis aeruginosa at any concentration applied in this study (0-

12.1mg/L). Glyphosate was hypothesized to be a source of nutrients for tolerant phytoplankton 

species, such as cyanobacteria (Zhang et al. 2016; Qiu et al. 2013). However, there was no 

evidence to support that hypothesis (Table 13). Glyphosate did not stimulate population growth 

in M. aeruginosa. Moreover, the maximum growth rate (rmax) reached in glyphosate treatments 

by M. aeruginosa was 1.6x less than that of fertilizer treatments, which may be indicative of 

intolerance to chemical stress. These results suggest that glyphosate does not act as a 

conventional fertilizer for cyanobacteria, since the maximum rate of growth of M. aeruginosa 

was lower in glyphosate treatments relative to what could be achieved by the species in fertilizer 

treatments. Wang et al. (2016) saw a similar pattern, where certain strains of bacteria could use 

glyphosate as an alternative source of nutrients to some degree, but they only attained small 

increases in growth relative to controls. However, there are contradictory studies which have 

demonstrated that low concentrations of glyphosate (0.5-2mg/L) stimulate growth in M. 

aeruginosa (Zhang et al. 2016; Qiu et al. 2013).  

The dose of glyphosate applied also had no effect on the population growth rate of Chlorella 

vulgaris, which was another unexpected outcome (Table 13). Previous studies have found that 

even concentrations of glyphosate as low as 1.6-3mg/L inhibited population growth in C. 

vulgaris by as much as 10% (Vendrell et al. 2009). Moreover, cyanophytes that have been 

described as “tolerant” were reported to be favored or even stimulated by glyphosate relative to 
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“intolerant” chlorophytes (Qiu et al. 2013; Lipok et al. 2010; Lürling and Roessink 2006). 

Contrary to the predicted response and studies in the literature, fertilizer and glyphosate had 

similar, non-inhibitory effects on the chlorophyte, C. vulgaris, but not the cyanophyte, M. 

aeruginosa. In the present experiment, C. vulgaris reached a slightly higher rmax in glyphosate 

than in fertilizer treatments, whereas M. aeruginosa had a much lower rmax in glyphosate than in 

fertilizer treatments. This result has been found by only one other study. Wang et al. (2016) 

discovered that glyphosate could function as a sole phosphorus (P) source in eukaryotic 

phytoplankton (Wang et al. 2016). Overall, there is evidence that the population growth rate of 

the cyanophyte used in this study was negatively affected by the presence of glyphosate, but the 

population growth rate of the chlorophyte was not. This evokes the question of whether 

chlorophytes are as sensitive to chemical stress as they are often depicted.  

There was strong evidence that nutrient loading enhanced population growth in M. 

aeruginosa. Higher concentrations of fertilizer corresponded with higher rates of  population 

growth in the cyanobacterial strain. Conversely, fertilizer concentration had no effect on C. 

vulgaris population growth rates. Thus, the same concentrations that had no effect on C. vulgaris 

dramatically increased the biomass of cyanobacteria. This could be a result of the low nitrogen 

(N) to phosphorus (P) ratio of 11:1 (in weight) that was used in these experiments. Low N:P 

ratios can occur as a result of nutrient loading events (Barica 1990; Pick and Lean 1987), which 

are often agriculturally sourced and can lead to eutrophication (Huisman et al. 2018). Highly 

eutrophic conditions with low N:P ratios are known to stimulate growth in cyanobacteria, but not 

in chlorophytes (Levine and Schindler 1999; Pick and Lean 1987; Smith 1983). This trend has 

been linked to the nutrient preferences and assimilation techniques, such as nitrogen fixation, of 
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cyanobacteria that allow them to dominate phytoplankton assemblages in eutrophic freshwater 

systems (Dolman et al. 2012). This raises concerns that the elevated use of fertilizers in 

agricultural systems will continue to drive phytoplankton successions towards cyanobacteria. 

However, future studies testing different N:P ratios in a similar setup would be needed before 

definitive conclusions could be made.  

Temperature-dependent effects on population growth in phytoplankton is an area of ongoing 

debate. Many researchers have agreed that cyanophytes have higher optimum temperatures than 

do chlorophytes; therefore, warming can transition phytoplankton assemblages to a state of 

cyanobacterial dominance (Paerl and Huisman 2008; Liu et al. 2011). Some research groups 

have opposing views and are adamant in their claims that there is not sufficient evidence that 

warmer temperatures alone enhance cyanobacterial growth; rather, they suggest that 

cyanobacterial dominance at warmer temperatures in nature relates to indirect effects of heat, 

such as thermal stratification (Lürling et al. 2013). Here, the population growth rate of M. 

aeruginosa was highly responsive to temperature, increasing directly with temperature in both 

glyphosate and fertilizer treatments (Table 13). These data are in line with most other published 

studies, which generally recognize a trend of greater cyanobacterial biomass at warmer 

temperatures (Elliot 2012). The high performance of cyanobacteria in warmer temperatures does 

warrant concern and fit the hypothesis that climate change may support the development of 

CHABs (Thomas and Litchman 2016; Elliot 2012).  

These results were not analogous to those of the chlorophyte, C. vulgaris. The population 

growth rate of C. vulgaris in both glyphosate and fertilizer treatments was uniform across all 

temperatures in this study. Taken together with the results from M. aeruginosa, this is consistent 
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only with the hypothesis that cyanobacteria have a stronger response to temperature than do 

chlorophytes (Elliot 2012; Table 13). However, other researchers in this area have tested growth 

rates of the same species across similar ranges and generated different results (Serra-Maia et al. 

2016; Lürling et al. 2013). Furthermore, a paper by Bartosh and Banks (2007) found that C. 

vulgaris experienced high rates of growth between 5 and 15℃, reached its maximum rate of 

growth at 15℃, and changed relatively little between 15 and 20℃. Their algal cultures were 

maintained in similar conditions to those of this experiment (Bartosh and Banks 2007). They 

were cultured at the same incubation temperature (20℃) as used in this study; therefore, an 

acclimation to lower temperatures does not account for the differences in their results (Bartosh 

and Banks 2007). However, they maintained their cultures at a higher light intensity and did not 

use a light: dark photoperiod (Bartosh and Banks 2007). Thus, it would be prudent to conduct 

additional experiments encompassing a wider range of ambient temperatures, including lower 

extremes, and incorporating light intensity as an additional predictor variable. 

Interestingly, C. vulgaris demonstrated a growth pattern characteristic of an Allee effect 

(Martínes et al. 2018) in all treatments, whereby population growth rates were at their maximum 

at an intermediate population biomass (Figure 6; Figure 7). The Allee effect has been described 

as inverse density-dependence below a certain density threshold and was originally proposed to 

be a result of intraspecific cooperation (Courchamp et al. 1999). Typically, Allee effects are 

observed in higher organisms with more complex life history strategies (Courchamp et al. 1999); 

however, they have also been detected in phytoplankton communities (Hsu et al. 2013; Gerla et 

al. 2011). For example, strong Allee effects often coincide with photoinhibition in phytoplankton 

(Gerla et al. 2011). Photoinhibition, or suppressed photosynthesis, can be caused when high light 
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intensity damages photosynthetic machinery (Gerla et al. 2011). Self -shading is a common 

defense against photoinhibition but cannot be achieved without intermediate population densities 

(Gerla et al. 2011). Allee effects may also be observed in phytoplankton due to predatory 

defenses (Courchamp et al. 1999). Phytoplankton can take on colonial forms when population 

density is high enough, and in that form, they are able to reduce grazing pressure (Nielson 2006). 

Unfortunately, neither of these explanations pertain to the current experiment. Overall, the Allee 

effect in unicellular organisms is not well understood (Courchamp et al. 1999).  

In terms of cell size, the results of my experimental trial demonstrated that the concentration 

of glyphosate applied in microcosm systems may decrease average cell size in Chlorella 

vulgaris. Although glyphosate appeared to increase the average cell size of Microcystis 

aeruginosa, this effect was not statistically significant. However, cell size distributions of M. 

aeruginosa were significantly skewed towards slightly larger individuals as glyphosate 

concentration increased. It was not expected that M. aeruginosa would be intolerant to 

glyphosate, but the enlargement of cells in a concentration-dependent manner was evidence of 

oxidative stress. Antioxidant responses to oxidative stress may include cell wall thickening, 

increased protein content, and vacuolization, all of which can contribute to cell enlargement 

(Iummato et al. 2019; Romero et al. 2011). Another possible explanation is that larger cells may 

be favored in stressed conditions because they can release a greater number of spores in a single 

reproductive event, which may be beneficial during recovery (Vallotton et al. 2008). Ultimately, 

there was evidence that oxidative stress may have been incurred in the cyanophyte but not in the 

chlorophyte, which is opposite to the predicted trend (Table 13). These results evoke the question 
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again of whether chlorophytes are as sensitive relative to cyanophytes as they are often 

portrayed.  

When more nutrients were present, M. aeruginosa cells were smaller on average and size 

distributions were skewed towards smaller individuals. This supports the nutrient hypotheses 

proposed in this study as well as reports that nutrient loading may act on cell size in a negative 

way by increasing growth rates (Nielson 2006; Table 13) and reducing demands on intracellular 

nutrient stores (Pinckney 2001). However, nutrient scarcity has also been cited as a factor that 

can drive the shift to smaller cell sizes, since smaller cells may have fewer nutrient requirements 

and be more adept at nutrient acquisition (Finkel et al. 2010; Hein et al. 1995). In general, there 

are mixed results in this area of research and often no clear relationship observed between cell 

size and growth (Kagami and Urabe 2001). Kagami and Urabe (2001) speculate that this is due 

to differences between field and laboratory work. 

The average cell size of C. vulgaris was not influenced by any nutrient treatments. This 

result was unexpected, since nutrient availability is known to be a major factor contributing to 

phytoplankton size structure (Marañón et al. 2015). The lack of a response in C. vulgaris average 

cell sizes to the fertilizer treatments may be linked to the N:P ratio of 11:1 used in this study, 

which is not the optimum N:P ratio for chlorophytes (Huisman et al. 2018) . However, looking at 

the distribution of C. vulgaris cell size, there was a shift to smaller cells when fertilizer 

concentrations increased. This aligns with the nutrient hypotheses presented in this study (Table 

13) and the work done by Neilson (2006) and Pinckney (2001). Overall, there was a negative 

effect of fertilizer on C. vulgaris cell size, but this effect was only evident in cell size 

distributions. 
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Temperature did not have a significant effect on the average cell size of M. aeruginosa but 

warmer conditions pushed size distributions towards larger individuals in glyphosate treatments.  

These results are inconsistent with several works in the literature, which found that 

cyanobacterial cells were smaller at warmer temperatures due to higher growth rates and 

accelerated cellular divisions (Jacinavicius et al., 2018; Cirés et al. 2013; Chen et al. 2011; 

Montagnes and Franklin, 2001). However, in fertilizer treatments, the temperature effects did 

support previous literature findings as well as the predictions of the current experiment (Table 

13). Average cell size and size distributions of M. aeruginosa in fertilizer declined as 

temperature increased. Taken together, there is evidence that temperature enhances the effects of 

glyphosate and nutrient loading. 

Cell enlargement can be advantageous when thermal stratification occurs, which stabilizes 

the water column and facilitates controlled movement (Huisman et al. 2018; Thomas and 

Litchman 2016). The buoyancy of cyanobacteria is size-dependent, whereby larger cells and 

especially masses of cells can move more quickly through the water column than smaller cells 

(Huisman et al. 2018; Kromkamp and Walsby 1990). As well as reducing water viscosity, 

warmer temperatures also enhance stratification and nutrient dispersion, making it more 

advantageous to have control over movement (Thomas and Litchman 2016; O’Neil et al. 2012). 

If the combination of glyphosate exposure and warmer ambient temperature does drive 

cyanobacterial cell sizes to increase, the continued use of glyphosate-based herbicides 

compounded with climate change may facilitate cyanobacteria outcompeting non-buoyant 

eukaryotic phytoplankton by enhancing their ability to migrate in the water column as well as the 

benefits of doing so.  
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Temperature is known to play a major role in controlling body size in ectotherms (Marañón 

2015), yet it did not influence average cell size or size distributions of C. vulgaris in this study 

(Table 13). In other studies, temperature has accounted for upwards of 38% of the variation in 

average cell size of phytoplankton (Chrzanowski et al. 1988). With that said, Chrzanowski et al. 

(1988) found that cells were large when water temperature was low but did not change 

substantially when temperatures exceeded 17℃. The temperature range in this experiment was 

from 15-25℃, so it is possible that effects at lower temperatures were not captured and may have 

changed these results. Overall, the response of cell size to ambient temperature varies widely in 

the literature and most existing studies are not conducted on phytoplankton and other 

microorganisms (Byllaardt and Cyr 2010). Future research is necessary to understand why C. 

vulgaris was not responsive to temperature in this experiment and should be conducted on a 

wider temperature range. 

In summary, glyphosate did not enhance the population growth rate of either species. It had 

inhibitory effects on rmax in M. aeruginosa, but stimulatory effects on rmax in C. vulgaris. Nutrient 

loading, and in the current N:P ratio of 11:1, enhanced population growth in cyanophytes only. 

This supports the low N:P hypothesis first stated by Schindler (1977) and warrants concern that 

continued nutrient overloading from agricultural areas may be contributing to the rise of CHABs. 

In this experiment, only M. aeruginosa was sensitive to temperature change, showing increases 

in population growth with higher temperature. This characteristic was not shared with C. 

vulgaris, which showed no change in population growth rate as a result of temperature. The 

superior performance of cyanophytes over chlorophytes at higher temperatures in this study 

supports the hypothesis that climate change will exacerbate CHABs.  
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There was evidence based on changes in cell size that the chlorophyte in this experiment 

was more tolerant of glyphosate and chemical stress than the cyanophyte. Additionally, warmer 

temperatures resulted in a greater proportion of large to small cells of M. aeruginosa in 

glyphosate treatments. If this pattern is generally true, it is possible that global warming and 

continued exposure to glyphosate will provide additional advantages to buoyant cyanobacteria. 

Dissimilarly, temperature did not have an effect on the average cell size or size distributions of 

C. vulgaris. However, this experiment should be replicated under different ambient temperatures 

as well as light intensities to explore whether this response, or lack thereof, is consistent. Overall, 

uncertainties from these experiments and controversial results in the literature emphasize that 

further research on the effects of glyphosate, nutrients, and temperature on phytoplankton cell 

size and growth is necessary.  

5 Conclusion 

There is a growing concern worldwide that climate change and current agricultural practices, 

such the excessive use of fertilizer and glyphosate-based herbicides, may affect phytoplankton 

communities by selectively facilitating cyanobacterial growth and dominance (Wang et al. 2016; 

Elliot 2012). Cyanobacterial dominance often leads to the development of cyanobacterial-

harmful algal blooms (CHABs), which can have long-lasting detrimental effects on water 

quality, fisheries, tourism and recreation, and other economic activities (Huisman et al. 2018; 

Harris and Smith, 2016). However, research conducted in this area has led to many uncertainties 

and disagreements. The effects of glyphosate are debated, with different research groups finding 

stimulation or inhibition of growth by glyphosate in cyanophytes and chlorophytes (Zhang et al. 
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2016, Wang et al. 2016; Wu et al. 2016; Vendrell et al. 2011). Species-specific responses to 

nutrient enrichment are also unclear, with contrasting results on the total and relative amounts of 

nitrogen (N) and phosphorus (P) that elicit particular effects (Nalewajko and Murphy 2000; 

Smith 1983). The role of temperature is particularly controversial. Some research groups indicate 

that cyanophytes grow distinctly better than chlorophytes at warmer temperatures (Paerl and 

Huisman 2008), and others suggest that there is no scientific basis for this claim (Lürling et al. 

2013). 

In this study, there were clear differences in the response of cyanophytes and chlorophytes 

to chemical stress, nutrient enrichment, and temperature warming. Chlorella vulgaris exhibited 

higher maximum rates of growth in glyphosate treatments than in fertilizer treatments. 

Additionally, C. vulgaris exhibited reductions in cell size in glyphosate treatments. Both of these 

results were opposite to the outcomes of Microcystis aeruginosa in the same treatments and 

evidence that chlorophytes may be more tolerant to glyphosate and chemical stress than 

cyanophytes. Warmer temperatures and higher nutrients at low N:P ratios supported enhanced 

growth in M. aeruginosa, but not in C. vulgaris. Additionally, glyphosate enlarged and shrunk 

cyanophyte and chlorophyte cell size, respectively. Although cell enlargement is indicative 

oxidative stress in phytoplankton, it can be advantageous to cyanophytes. Most strains of 

cyanophytes are able to regulate their buoyancy through the use of intracellular gas vesicles 

(Huisman et al. 2018). Larger phytoplankton cells can move more quickly through the water 

column than smaller cells (Huisman et al. 2018; Kromkamp and Walsby 1990) and increased 

temperature reduces water viscosity (O’Neil et al. 2012). Therefore, the combination of warmer 

water as a result of climate change and increased cellular size due to glyphosate exposure may 
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allow cyanobacteria greater control over their movement; thus, enabling them to maximize their 

access to resources. This can have serious ecological repercussions by enhancing cyanobacterial 

success.  

This research progresses us towards a better understanding of several current gaps of 

knowledge in this area. It helps explain how herbicides, fertilizers, and climate change may 

affect phytoplankton community dynamics as well as bloom dynamics. Overall, this study 

illustrates that climate change and elevated releases of glyphosate and fertilizers into aquatic 

systems may promote the growth of harmful strains of cyanobacteria and increase the risk of 

CHABs.  
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TABLES 

GROWTH RATE 

Microcystis aeruginosa 

Table 1. Model selection table for Microcystis aeruginosa population growth rate in glyphosate 

treatments. The number of parameters associated with each model, also known as degrees of 

freedom, is represented by Ki. Akaike’s Information Criterion (AIC),  i, and AIC weights (wi) 
were used to establish a rank of the models from best to worst. The top-ranking model for M. 
aeruginosa in glyphosate treatments was Model 6. The adjusted R2 value for the model is 0.23. 

Temperature and biomass had a significantly positive and negative effect on growth rate, 
respectively (t165 = 6.60, P < 0.05; t165 = -6.40, P < 0.05). 

Model Ki Log-

likelihood 
AIC  i wi Rank 

Model 6 
 r~log(biomass)+temp 

4 99.166 -190.1 0 0.726 1 

Model 7 
 r~log(biomass)+concentration+temp 

5 99.255 -188.1 1.95 0.274 2 

Model 3 
 r~temp 

3 80.557 -155.0 35.12 0.000 3 

Model 5 

 r~concentration+temp 

4 80.611 -153.0 37.11 0.000 4 

Model 1 

 r~log(biomass) 

3 79.463 -152.8 37.31 0.000 5 

Model 4 
 r~log(biomass)+concentration 

4 79.523 -150.8 39.29 0.000 6 

Model 2 
 r~concentration 

3 75.759 -145.4 44.72 0.000 7 
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Table 2. Model selection table for Microcystis aeruginosa population growth rate in fertilizer 
treatments. The number of parameters associated with each model, also known as degrees of 

freedom, is represented by Ki. Akaike’s Information Criterion (AIC),  i, and AIC weights (wi) 

were used to establish a rank of the models from best to worst. The top-ranking model for M. 
aeruginosa in fertilizer treatments was Model 7. The adjusted R2 value for the model is 0.34. 
Temperature and concentration had positive effects on growth rate (t165 = 5.04, P < 0.05; t165 = 
4.98, P < 0.05). Biomass had a significant negative effect (t165 = -8.68, P < 0.05). 

Model Ki Log-

likelihood 
AIC  i wi Rank 

Model 7 

 r~log(biomass)+concentration+temp 

5 120.420 -230.5 0 1 1 

Model 6 

 r~log(biomass)+temp 

4 108.574 -208.9 21.57 0 2 

Model 4 

 r~log(biomass)+concentration 

4 108.344 -208.4 22.03 0 3 

Model 1 

 r~log(biomass) 

3 99.450 -192.8 37.72 0 4 

Model 5 

 r~concentration+temp 

4 88.645 -169.0 61.43 0 5 

Model 2 

 r~concentration 

3 87.221 -168.3 62.17 0 6 

Model 3 

 r~temp 

3 85.208 -164.3 66.20 0 7 
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Chlorella vulgaris 

Table 3. Model selection table for Chlorella vulgaris population growth rate in glyphosate 
treatments. The number of parameters associated with each model, also known as degrees of 

freedom, is represented by Ki. Akaike’s Information Criterion (AIC),  i, and AIC weights (wi) 

were used to establish a rank of the models from best to worst. The top-ranking model for C. 
vulgaris in glyphosate treatments was Model 1. The adjusted R2 value for the model is 0.64. 
Biomass had a significant negative effect on growth rate (t166 = -17.34, P < 0.05). 

Model Ki Log-

likelihood 
AIC  i wi Rank 

Model 1 

 r~log(biomass) 

3 182.93 -359.7 0 0.535 1 

Model 4 

 r~log(biomass)+concentration 

4 182.99 -357.8 1.96 0.201 2 

Model 6 

 r~log(biomass)+temp 

4 182.96 -357.7 2.04 0.193 3 

Model 7 

 r~log(biomass)+concentration+temp 

5 183.03 -355.7 4.02 0.071 4 

Model 3 

 r~temp 

3 96.10 -186.1 173.65 0.00 5 

Model 2 

 r~concentration 

3 96.09 -186.0 173.68 0.00 6 

Model 5 

 r~concentration+temp 

4 96.11 -184.0 175.74 0.00 7 
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Table 4. Model selection table for Chlorella vulgaris population growth rate in fertilizer 
treatments. The number of parameters associated with each model, also known as degrees of 

freedom, is represented by Ki. Akaike’s Information Criterion (AIC),  i, and AIC weights (wi) 

were used to establish a rank of the models from best to worst. The top-ranking model for C. 
vulgaris in fertilizer treatments was Model 1. The adjusted R2 value for the model is 0.66. 
Biomass had a significantly negative effect on growth rate (t166 = -17.99, P < 0.05). 

Model Ki Log-

likelihood 
AIC  i wi Rank 

Model 1 

 r~log(biomass) 

3 194.47 -382.8 0 0.543 1 

Model 4 

 r~log(biomass)+concentration 

4 194.50 -380.8 2.03 0.197 2 

Model 6 

 r~log(biomass)+temp 

4 194.47 -380.7 2.09 0.191 3 

Model 7 

 r~log(biomass)+concentration+temp 

5 194.51 -378.6 4.14 0 4 

Model 3 

 r~temp 

3 103.65 -201.1 181.64 0 5 

Model 2 

 r~concentration 

3 103.61 -201.1 181.71 0 6 

Model 5 

 r~concentration+temp 

4 103.65 -199.0 183.73 0 7 
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CELL SIZE  

Microcystis aeruginosa 

Table 5. Model selection table for Microcystis aeruginosa cell size distribution in glyphosate 
treatments. The number of parameters associated with each model, also known as degrees of 

freedom, is represented by Ki. Akaike’s Information Criterion (AIC),  i, and AIC weights (wi) 
were used to establish a rank of the models from best to worst. The top-ranking model for M. 
aeruginosa in fertilizer treatments was Model 7. The adjusted R2 value for the model is 9.6x10-4. 

Concentration and temperature had significant positive effects on cell size distribution 
(Concentration: t13644 =2.33, P <0.05; Temperature: t13644 = 3.21, P < 0.05). Population biomass 
had a significant negative effect on cell size distribution (t13644 = -2.63, P < 0.05). 

Model Ki Log-

likelihood 
AIC  i wi Rank 

Model 7 
log(cell_size)~log(biomass)+concentration 

   +temp 

5 -13143.88 26297.8 0 0.751 1 

Model 5 

 log(cell_size)~log(biomass)+temp 

4 -13146.60 26301.2 3.44 0.135 2 

Model 4 
 log(cell_size)~concentration+temp 

4 -13147.35 26302.7 4.94 0.064 3 

Model 1 
 log(cell_size)~concentration 

3 -13149.23 26304.5 6.70 0.026 4 

Model 6 
log(cell_size)~log(biomass)+concentration 

4 -13149.05 26306.1 8.33 0.012 5 

Model 2 
 log(cell_size)~temp 

3 -13150.12 26306.2 8.47 0.011 6 

Model 3 
 log(cell_size)~log(biomass) 

3 -13151.74 26309.5 11.72 0.002 7 
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Table 6. Model selection table for Microcystis aeruginosa cell size distribution in fertilizer 
treatments. The number of parameters associated with each model, also known as degrees of 

freedom, is represented by Ki. Akaike’s Information Criterion (AIC),  i, and AIC weights (wi) 

were used to establish a rank of the models from best to worst. The top-ranking model for M. 
aeruginosa in fertilizer treatments was Model 7. The adjusted R2 value for the model is 0.0107. 
Concentration and temperature had significant negative effects on cell size distribution 
(Concentration: t14525 = -9.67, P < 0.05; Temperature: t14525 = -7.70, P < 0.05). Population 

biomass did not have a significant effect (t14525 = 1.65, P = 0.09). 

Model Ki Log-

likelihood 

AIC  i wi Rank 

Model 7 
log(cell_size)~log(biomass)+concentration 
   +temp 

5 -13314.38 26638.8 0 0.588 1 

Model 4 
 log(cell_size)~concentration+temp 

4 -13315.73 26639.5 0.71 0.412 2 

Model 6 
log(cell_size)~log(biomass)+concentration 

4 -13343.98 26696.0 57.20 0 3 

Model 1 
 log(cell_size)~concentration 

3 -13345.63 26697.3 58.50 0 4 

Model 5 

 log(cell_size)~log(biomass)+temp 

4 -13360.97 26729.9 91.19 0 5 

Model 2 

 log(cell_size)~temp 

3 -13364.20 26734.4 95.65 0 6 

Model 3 
 log(cell_size)~log(biomass) 

3 -13379.52 26765.0 126.29 0 7 
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Table 7. Model selection table for Microcystis aeruginosa average cell size in glyphosate 
treatments. The number of parameters associated with each model, also known as degrees of 

freedom, is represented by Ki. Akaike’s Information Criterion (AIC),  i, and AIC weights (wi) 

were used to establish a rank of the models from best to worst. The top-ranking model for M. 
aeruginosa in glyphosate treatments was Model 2. The concentration of glyphosate had a 
positive effect on average cell size, but this effect was not statistically significant (t166 =1.012, P 
= 0.313). The adjusted R2 value for the model is 1.5x10-4.  

Model Ki Log-

likelihood 
AIC  i wi Rank 

Model 2 

 cell_size~concentration 

3 -398.54 803.2 0 0.282 1 

Model 3 

 cell_size~temp 

3 -398.87 803.9 0.66 0.203 2 

Model 1 
 cell_size~log(biomass) 

3 -399.00 804.1 0.92 0.179 3 

Model 5 
 cell_size~concentration+temp 

4 -398.35 805.0 1.72 0.119 4 

Model 4 
 cell_size~log(biomass)+concentration 

4 -398.49 805.2 1.98 0.105 5 

Model 6 
 cell_size~log(biomass)+temp 

4 -398.87 806.0 2.76 0.071 6 

Model 7 
 cell_size~log(biomass)+concentration+temp 

5 -398.35 807.1 3.84 0.041 7 
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Table 8. Model selection table for Microcystis aeruginosa average cell size in fertilizer 
treatments. The number of parameters associated with each model, also known as degrees of 

freedom, is represented by Ki. Akaike’s Information Criterion (AIC),  i, and AIC weights (wi) 

were used to establish a rank of the models from best to worst. The top-ranking model for M. 
aeruginosa in fertilizer treatments was Model 5. The adjusted R2 value for the model is 0.0714. 
Temperature and concentration of fertilizer had significant negative effects on average cell size 
(Temperature: t165 = -2.962, P <0.05; Concentration: t165 = -2.463, P < 0.05). 

Model Ki Log-

likelihood 
AIC  i wi Rank 

Model 5 

 cell_size~concentration+temp 

4 -342.57 693.4 0 0.596 1 

Model 7 

cell_size~log(biomass)+concentration+temp 

5 -342.48 695.3 1.94 0.226 2 

Model 3 
 cell_size~temp 

3 -345.60 697.3 3.96 0.082 3 

Model 6 
 cell_size~log(biomass)+temp 

4 -345.15 698.5 5.17 0.045 4 

Model 4 
 cell_size~log(biomass)+concentration 

4 -345.87 700.0 6.60 0.022 5 

Model 2 
 cell_size~concentration 

3 -346.92 700.0 6.61 0.022 6 

Model 1 
 cell_size~log(biomass) 

3 -348.02 702.2 8.81 0.007 7 
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Chlorella vulgaris 

Table 9. Model selection table for Chlorella vulgaris cell size distribution in glyphosate 
treatments. The number of parameters associated with each model, also known as degrees of 

freedom, is represented by Ki. Akaike’s Information Criterion (AIC),  i, and AIC weights (wi) 

were used to establish a rank of the models from best to worst. The top-ranking model for M. 
aeruginosa in fertilizer treatments was Model 6. The adjusted R2 value for the model is 0.0214. 
Concentration had a significant negative effect on cell size distribution (t8293 = -13.45, P < 0.05). 

Population biomass had a significant positive effect on cell size distribution (t8293 = 1.98, P < 
0.05). 

Model Ki Log-

likelihood 
AIC  i wi Rank 

Model 6 
 log(cell_size)~log(biomass)+concentration 

4 -8912.35 17832.7 0 0.516 1 

Model 7 
 log(cell_size)~log(biomass)+concentration 
 +temp 

5 -8912.25 17834.5 1.79 0.210 2 

Model 1 

 log(cell_size)~concentration 

3 -8914.33 17834.7 1.95 0.195 3 

Model 4 

 log(cell_size)~concentration+temp 

4 -8914.22 17836.5 3.74 0.079 4 

Model 3 
 log(cell_size)~log(biomass) 

3 -9001.90 18009.8 177.10 0 5 

Model 2 
 log(cell_size)~temp 

3 -9002.81 18011.6 178.10 0 6 

Model 5 
 log(cell_size)~log(biomass)+temp 

4 -9001.84 18011.7 178.98 0 7 
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Table 10. Model selection table for Chlorella vulgaris cell size distribution in fertilizer 
treatments. The number of parameters associated with each model, also known as degrees of 

freedom, is represented by Ki. Akaike’s Information Criterion (AIC),  i, and AIC weights (wi) 

were used to establish a rank of the models from best to worst. The top-ranking model for M. 
aeruginosa in fertilizer treatments was Model 6. The adjusted R2 value for the model is 0.0099. 
Concentration had a significant negative effect on cell size distribution (t8552 = -3.16, P < 0.05). 
Population biomass had a significant positive effect on cell size distribution (t8552 = 8.80, P < 

0.05). 

Model Ki Log-

likelihood 

AIC  i wi Rank 

Model 6 
  log(cell_size)~log(biomass)+concentration 

4 -9356.06 18720.2 0 0.585 1 

Model 7 
 log(cell_size)~log(biomass)+concentration 
 +temp 

5 -9355.46 18720.9 0.77 0.397 2 

Model 3 
 log(cell_size)~log(biomass) 

3 -9361.06 18728.1 7.96 0.011 3 

Model 5 
 log(cell_size)~log(biomass)+temp 

4 -9360.52 18729.1 8.90 0.007 4 

Model 1 

 log(cell_size)~concentration 

3 -9394.66 18795.3 75.16 0 5 

Model 4 

 log(cell_size)~concentration+temp 

4 -9394.37 18796.3 16.60 0 6 

Model 2 
 log(cell_size)~temp 

3 -9399.56 18805.1 84.97 0 7 
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Table 11. Model selection table for Chlorella vulgaris average cell size in glyphosate treatments. 
The number of parameters associated with each model, also known as degrees of freedom, is 

represented by Ki. Akaike’s Information Criterion (AIC),  i, and AIC weights (wi) were used to 

establish a rank of the models from best to worst. The top-ranking model for C. vulgaris in 
glyphosate treatments was Model 4. Biomass negatively affected average cell size, but was not 
statistically significant (t165 = -1.447, P = 0.15). Concentration of glyphosate had significant 
negative effects on cell size (t165 = -3.394, P < 0.05). The adjusted R2 value for the model is 

0.0657. 

Model Ki Log-

likelihood 

AIC  i wi Rank 

Model 4 

 cell_size~log(biomass)+concentration 

4 -511.56 1031.4 0 0.350 1 

Model 2 

 cell_size~concentration 

3 -512.62 1031.4 0.02 0.346 2 

Model 5 

 cell_size~concentration+temp 

4 -512.41 1033.1 1.70 0.149 3 

Model 7 

 cell_size~log(biomass)+concentration 

  +temp 

5 -511.40 1033.1 1.71 0.149 4 

Model 1 

 cell_size~log(biomass) 

3 -517.22 1040.6 9.24 0.003 5 

Model 6 

 cell_size~log(biomass)+temp 

4 -517.03 1042.3 10.95 0.001 6 

Model 3 

 cell_size~temp 

3 -518.08 1042.3 10.95 0.001 7 
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Table 12. Model selection table for Chlorella vulgaris average cell size in fertilizer treatments. 
The number of parameters associated with each model, also known as degrees of freedom, is 

represented by Ki. Akaike’s Information Criterion (AIC),  i, and AIC weights (wi) were used to 

establish a rank of the models from best to worst. The top-ranking model for C. vulgaris in 
fertilizer treatments was Model 1. Only biomass was included in this model and it had a 
significant negative effect on average cell size (t166 = -2.13, P < 0.05). The adjusted R2 value for 
the model is 0.0207. 

Model Ki Log-

likelihood 
AIC  i wi Rank 

Model 1 

 cell_size~log(biomass) 

3 -512.99 1032.1 0 0.466 1 

Model 6 

 cell_size ~log(biomass)+temp 

4 -512.90 1034.0 1.93 0.178 2 

Model 4 

cell_size~log(biomass)+concentration 

4 -512.95 1034.1 2.02 0.169 3 

Model 7  

cell_size~log(biomass)+concentration 

+temp 

5 -512.86 1036.1 3.98 0.064 4 

Model 3 

 cell_size ~temp 

3 -515.15 1036.4 4.32 0.054 5 

Model 2 

 cell_size ~concentration 

3 -515.23 1036.6 4.47 0.050 6 

Model 5 

 cell_size ~concentration+temp 

4 -515.12 1038.5 6.37 0.019 7 
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Table 13. Synthesis table of all hypotheses, predictions, and corresponding outcomes for the 
effects of glyphosate, fertilizer, and temperature on the population growth rate and cell size of 
the cyanophyte, Microcystis aeruginosa, and the chlorophyte, Chlorella vulgaris. Population 
growth rate was calculated as the natural log of the difference in population size at a given 

timestep compared to the following timestep, divided by the number of days between population 
counts. Size was evaluated with the combination of cell size distributions (based on raw data) 
and averages. Individual cell size was calculated based the diameter of each cell in micrometers 
and a minimum of 30 cells per sample were used to generate arithmetic means for each 

treatment. See the prologue (Pages 1-9) for more details on hypotheses and predictions. See the 
results (Pages 16-21) for more details on the outcomes. 

 Hypothesis Prediction Outcome 

Population 

Growth Rate 

  Glyphosate 

 

 

 

 

 

 

 

1. Glyphosate affects population 

growth rate of tolerant species 

by acting as an alternative source 

of nutrients. 

2. Glyphosate affects population 

growth rate of intolerant species 

by inhibiting the EPSPS enzyme, 

which is essential for protein 

synthesis in photosynthetic 

organisms. 

 

a . Cyanophytes will be tolerant 
and chlorophytes will be 

susceptible to the effects of 
glyphosate. 
b. Increasing glyphosate 

concentration will have a 
positive and negative effect on 

population growth rate of 
cyanophytes and chlorophytes, 
respectively.  

 
 

Glyphosate had no 
significant effects on the 

population growth rate of 
M. aeruginosa or C. 
vulgaris at any 

concentration applied in 
this study. 

Population 

Growth Rate 

  Fertilizer 

 

Phytoplankton population 

growth rate is nutrient-limited 

and affected by nutrient 

stoichiometry. 

 

a . Higher fertilizer inputs will 

produce larger population 
densities in both species. 
b. Increasing fertilizer 

concentration will have a 
positive effect on the 

population growth rate of 
cyanophytes and chlorophytes. 
c. The N:P ratio used (11:1 in 

weight) will favor more growth 
in cyanophytes than 
chlorophytes. 

 

There was a significant 

positive effect of fertilizer 
concentration on the 
population biomass and 

population growth rate of 
M. aeruginosa.  

 
Fertilizer concentration had 
no effect on the population 

biomass or population 
growth rate of C. vulgaris.  

Population 

Growth Rate  

  Temperature 

1. Temperature affects 

population growth rate by 

enhancing metabolism in both 

species. 

2. Temperature has a greater 

effect on the population growth 

rate of cyanophytes than 

chlorophytes, since cyanophytes 

have higher temperature optima. 

 

a . Increasing ambient 
temperature will have a positive 

effect on the population growth 
rate of both species. 
b. Cyanophytes will exhibit a  

greater response to temperature 
warming. 

The population growth rate 
of M. aeruginosa was 

highly responsive to 
temperature, increasing 
directly with temperature 

in both glyphosate and 
fertilizer treatments. 
 

Temperature had no effect 
on the population growth 

rate of C. vulgaris. 
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Cell Size 

  Glyphosate 

 

 

 

 

 

 

 

1. Glyphosate affects the cell 

size of tolerant species by acting 

as a source of nutrients and 

enhancing growth rate, which 

scales inversely with cell size. 

2. Glyphosate affects the cell 

size of intolerant species by 

inducing oxidative stress, which 

causes cell enlargement. 

 

a . Cyanophytes will be tolerant 

and chlorophytes will be 
susceptible to the effects of 
glyphosate. 

b. Increasing glyphosate 
concentration will cause  

cyanophytes to become smaller  
and chlorophytes to become 
larger. 

 
 

Glyphosate caused M. 

aeruginosa to become 
significantly larger in size 
(distributions only). 

 
Glyphosate caused C. 

vulgaris to become smaller 
in size. 

Cell Size 

  Fertilizer 

 

 

 

 

 

 

 

Phytoplankton cell size is 

indirectly influenced by nutrient 

concentration and stoichiometry 

through biomass-dependent 

effects and enhanced population 

growth rate, which scales 

inversely with size. 

 

a . The cell size of cyanophytes 

and chlorophytes will decline 
as the concentration of nutrients 
increases. 

b. The negative effect of 
fertilizer on cell size will be 

most pronounced in 
cyanophytes.  
 

 

Cell size of M. aeruginosa 

declined with increased 
fertilizer. 
 

Cell size of C. vulgaris 
declined with increased 

fertilizer (distributions 
only).  

Cell Size 

  Temperature 

 

 

 

 

 

 

 

Phytoplankton cell size is 

indirectly influenced by 

temperature through biomass-

dependent effects and enhanced 

population growth rate, which 

scales inversely with size. 

 

a . The cell size of cyanophytes 
and chlorophytes will decline 
as ambient temperature 

increases. 
b. The negative effect of 

temperature warming on cell 
size will be most pronounced in 
cyanophytes.  

 
 

Temperature had a 
significant negative effect 
on M. aeruginosa cell size 

in fertilizer treatments; 
however, temperature had 

significant positive effects 
on M. aeruginosa cell size 
(distributions only) in 

glyphosate treatments. 
 
Temperature had no effect 

on the cell size of C. 
vulgaris. 
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FIGURES 

 
Figure 1. Experimental design of the present study, which accommodated a total of 96 flasks of 
25mL volume. This corresponded to 16 flasks for each of the two species (Microcystis 

aeruginosa and Chlorella vulgaris) at each of the three temperature regimes (15, 20, and 25℃). 
The 16 flasks were divided into 8 for glyphosate and 8 for fertilizer concentrations. Each set of 8 
were further divided into one control and 7 concentrations (0, 1, 1.6, 2.4, 5.5, 8.1, and 12.1mg/L 
for glyphosate and 85.01, 137.91, 164.11, 203.71, 263.11, 352.51, 485.41, and 679.01mg/L [N] 

for fertilizer). I accounted for all 96 flasks in a sampling day and sampled two times per week 
(Mondays and Thursdays). Sampling involved taking measuring biomass using a bbe Moldaenke 
PhycoProbe© fluorometer and cell size measurements using ImageJ©. Measurements were 
completed over a 26-day trial in February of 2020, with specific sampling on days 1, 5, 8, 12, 15, 

22, and 26.   
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GROWTH RATE 

Microcystis aeruginosa  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The log response of Microcystis aeruginosa biomass to glyphosate (A) and fertilizer 
(B) treatments under three temperature regimes (15, 20, and 25℃) and eight concentrations of 
each treatment (0, 1, 1.6, 2.4, 5.5, 8.1, and 12.1mg/L for glyphosate and 85.01, 137.91, 164.11, 
203.71, 263.11, 352.51, 485.41, and 679.01mg/L [N] for fertilizer). Population biomass was 

measured as the weight of cells in micrograms per 1L and logarithmically transformed. Biomass 
measurements were taken using a bbe Moldaenke PhycoProbe© twice per week. Measurements 
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were completed over a 26-day trial in February of 2020, with specific sampling on days 1, 5, 8, 
12, 15, 22, and 26.  
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Figure 3. The effect of temperature (A) and biomass (B) on the population growth rate of 
Microcystis aeruginosa in glyphosate treatments. These partial residual plots are based on the 
regression model of best fit for M. aeruginosa in glyphosate, where temperature and biomass 
were significant predictor variables. Temperature was measured in degrees Celsius. Population 

biomass was measured as the weight of cells in micrograms per 1L and logarithmically 
transformed. Population growth rate was calculated as the natural log of the difference in 
population size at a given timestep compared to the following timestep, divided by the number of 
days between population counts. Biomass measurements were taken using a bbe Moldaenke 

PhycoProbe© twice per week. Measurements were completed over a 26-day trial in February of 
2020, with specific sampling on days 1, 5, 8, 12, 15, 22, and 26.  
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Figure 4. The effect of temperature (A), biomass (B), and concentration (C) on the population 
growth rate of Microcystis aeruginosa in fertilizer treatments. These partial residual plots are 
based on the regression model of best fit for M. aeruginosa in fertilizer treatments, where 
temperature, biomass, and concentration of the treatment were significant predictor variables. 

Temperature was measured in degrees Celsius. Population biomass was measured as the weight 
of cells in micrograms per 1L and logarithmically transformed. Population growth rate was 
calculated as the natural log of the difference in population size at a given timestep compared to 
the following timestep, divided by the number of days between population counts. The 

concentration of fertilizer was measured in milligrams per 1L. Predetermined concentrations of 
fertilizer were used to create the treatments two days prior to the experiment start date and were 
not manipulated at any point during the experiment.  Biomass measurements were taken using a 
bbe Moldaenke PhycoProbe© twice per week. Measurements were completed over a 26-day trial 

in February of 2020, with specific sampling on days 1, 5, 8, 12, 15, 22, and 26.  

 



 

 

62 

 

Chlorella vulgaris 

 
 

 
 
 

 

 

 

 

 

 

Figure 5. The log response of Chlorella vulgaris biomass to glyphosate (A) and fertilizer (B) 
treatments under three temperature regimes (15, 20, and 25℃) and eight concentrations of each 
treatment (0, 1, 1.6, 2.4, 5.5, 8.1, and 12.1mg/L for glyphosate and 85.01, 137.91, 164.11, 

203.71, 263.11, 352.51, 485.41, and 679.01mg/L [N] for fertilizer). Population biomass was 
measured as the weight of cells in micrograms per 1L and logarithmically transformed. Biomass 
measurements were taken using a bbe Moldaenke PhycoProbe© twice per week. Measurements 
were completed over a 26-day trial in February of 2020, with specific sampling on days 1, 5, 8, 

12, 15, 22, and 26. 
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Figure 6. The effect of biomass on the population growth rate of Chlorella vulgaris in glyphosate 

treatments. This partial residual plot is based on the regression model of best fit for C. vulgaris in 
glyphosate treatments, where population biomass was a significant predictor variable. Population 
biomass was measured as the weight of cells in micrograms per 1L and logarithmically 
transformed. Population growth rate was calculated as the natural log of the difference in 

population size at a given timestep compared to the following timestep, divided by the number of 
days between population counts. Biomass measurements were taken using a bbe Moldaenke 
PhycoProbe© twice per week. Measurements were completed over a 26-day trial in February of 
2020, with specific sampling on days 1, 5, 8, 12, 15, 22, and 26. 
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Figure 7. The effect of biomass on the population growth rate of Chlorella vulgaris in fertilizer 

treatments. This partial residual plot is based on the regression model of best fit for C. vulgaris in 
fertilizer treatments, where population biomass was a significant predictor variable . Population 
biomass was measured as the weight of cells in micrograms per 1L and logarithmically 
transformed. Population growth rate was calculated as the natural log of the difference in 

population size at a given timestep compared to the following timestep, divided by the number of 
days between population counts. Biomass measurements were taken using a bbe Moldaenke 
PhycoProbe© twice per week. Measurements were completed over a 26-day trial in February of 
2020, with specific sampling on days 1, 5, 8, 12, 15, 22, and 26.  
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Figure 8. The log-response ratios illustrating the effect of glyphosate treatments over the control 
treatment on the population growth rate of Microcystis aeruginosa and Chlorella vulgaris under 
three temperature treatments (15, 20, and 25℃) and eight glyphosate concentrations (0, 1, 1.6, 
2.4, 5.5, 8.1, and 12.1mg/L). The log-response ratios were calculated as the natural logarithm of 

proportional change in the means of a treatment and a control group. Population growth rate was 
calculated as the natural log of the difference in population size at a given timestep compared to 
the following timestep, divided by the number of days between population counts. Samples were 
taken twice per week or every 3 to 4 days. Measurements were completed over a 26-day trial in 

February of 2020, with specific sampling on days 1, 5, 8, 12, 15, 22, and 26.  
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Figure 9. The log-response ratios illustrating the effect of fertilizer treatments over the control 
treatment on the population growth rate of Microcystis aeruginosa and Chlorella vulgaris under 

three temperature treatments (15, 20, and 25℃) and eight fertilizer concentrations (85.01, 
137.91, 164.11, 203.71, 263.11, 352.51, 485.41, and 679.01mg/L [N]). The log-response ratios 
were calculated as the natural logarithm of proportional change in the means of a treatment and a 
control group. Population growth rate was calculated as the natural log of the difference in 

population size at a given timestep compared to the following timestep, divided by the number of 
days between population counts. Measurements were completed over a 26-day trial in February 
of 2020, with specific sampling on days 1, 5, 8, 12, 15, 22, and 26. 
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CELL SIZE DISTRIBUTIONS 

Microcystis aeruginosa 
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Figure 10. The distribution of Microcystis aeruginosa cell size (based on raw data) in glyphosate 
treatments at (A) 15, B (20), and (C) 25℃ and eight concentrations of glyphosate (0, 1, 1.6, 2.4, 
5.5, 8.1, and 12.1mg/L). One sample from each treatment was taken twice per week. A range of 
30-100 individual cells could be found and analyzed from a given sample. Individual cell size 

was calculated based the diameter of each cell per sample in micrometers. The computer 
program, ImageJ©, was used to automate cell diameter measurements. Measurements were 
completed over a 26-day trial in February of 2020, with specific sampling on days 1, 5, 8, 12, 15, 
22, and 26. 
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Figure 11. The distribution of Microcystis aeruginosa cell size (based on raw data) in fertilizer 
treatments at (A) 15, B (20), and (C) 25℃ and eight concentrations of fertilizer (85.01, 137.91, 

164.11, 203.71, 263.11, 352.51, 485.41, and 679.01mg/L [N]). One sample from each treatment 
was taken twice per week. A range of 30-100 individual cells could be found and analyzed from 
a given sample. Individual cell size was calculated based the diameter of  each cell per sample in 
micrometers. The computer program, ImageJ©, was used to automate cell diameter 

measurements. Measurements were completed over a 26-day trial in February of 2020, with 
specific sampling on days 1, 5, 8, 12, 15, 22, and 26. 
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Chlorella vulgaris 
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Figure 12. The distribution of Chlorella vulgaris cell size (based on raw data) in glyphosate 

treatments at (A) 15, B (20), and (C) 25℃ and eight concentrations of glyphosate (0, 1, 1.6, 2.4, 
5.5, 8.1, and 12.1mg/L). One sample from each treatment was taken twice per week. A range of 
30-100 individual cells could be found and analyzed from a given sample. Individual cell size 
was calculated based the diameter of each cell per sample in micrometers. The computer 

program, ImageJ©, was used to automate cell diameter measurements. Measurements were 
completed over a 26-day trial in February of 2020, with specific sampling on days 1, 5, 8, 12, 15, 
22, and 26. 
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Figure 13. The distribution of Chlorella vulgaris cell size (based on raw data) in fertilizer 
treatments at (A) 15, B (20), and (C) 25℃ and eight concentrations of fertilizer (85.01, 137.91, 

164.11, 203.71, 263.11, 352.51, 485.41, and 679.01mg/L [N]). One sample from each treatment 
was taken twice per week. A range of 30-100 individual cells could be found and analyzed from 
a given sample. Individual cell size was calculated based the diameter of each cell per sample in 
micrometers. The computer program, ImageJ©, was used to automate cell diameter 

measurements. Measurements were completed over a 26-day trial in February of 2020, with 
specific sampling on days 1, 5, 8, 12, 15, 22, and 26. 
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Figure 14. The response of Microcystis aeruginosa average cell size to glyphosate (A) and 
fertilizer (B) treatments under three temperature regimes (15, 20, and 25℃) and eight 

concentrations of each treatment (0, 1, 1.6, 2.4, 5.5, 8.1, and 12.1mg/L for glyphosate and 85.01, 
137.91, 164.11, 203.71, 263.11, 352.51, 485.41, and 679.01mg/L [N] for fertilizer). One sample 
from each treatment was taken twice per week. A range of 30-100 individual cells could be 
found and analyzed from a given sample. Individual cell size was calculated based the diameter 

of each cell in micrometers. The computer program, ImageJ©, was used to automate cell 
diameter measurements. Average values were based on a minimum of 30 cells per sample of 
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each treatment. Measurements were completed over a 26-day trial in February of 2020, with 
specific sampling on days 1, 5, 8, 12, 15, 22, and 26. 
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Figure 15. The effect of treatment concentration on the average cell size of Microcystis 
aeruginosa in glyphosate treatments. This partial residual plot is based on the regression model 

of best fit for M. aeruginosa in glyphosate treatments, where concentration of the treatment was 
a significant predictor variable. One sample from each treatment was taken twice per week. A 
range of 30-100 individual cells could be found and analyzed from a given sample. Individual 
cell size was calculated based the diameter of each cell per sample in micrometers. The computer 

program, ImageJ©, was used to automate cell diameter measurements. The concentration of 
fertilizer was measured in milligrams per 1L. Predetermined concentrations of fertilizer were 
used to create the treatments two days prior to the experiment start date and were not 
manipulated at any point during the experiment. Measurements were completed over a 26 -day 

trial in February of 2020, with specific sampling on days 1, 5, 8, 12, 15, 22, and 26. 
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Figure 16. The effect of treatment concentration (A) and temperature (B) on the average cell size 
of Microcystis aeruginosa in fertilizer treatments. These partial residual plots are based on the 
regression model of best fit for M. aeruginosa in fertilizer treatments, where both the 
concentration of treatment and temperature were significant predictor variables.  One sample 

from each treatment was taken twice per week. A range of 30-100 individual cells could be 
found and analyzed from a given sample. Individual cell size was calculated based the diameter 
of each cell per sample in micrometers. The computer program, ImageJ©, was used to automate 
cell diameter measurements. Temperature was measured in degrees Celsius. The concentration 

of fertilizer was measured in milligrams per 1L. Predetermined concentrations of fertilizer were 
used to create the treatments two days prior to the experiment start date and were not 
manipulated at any point during the experiment. Measurements were completed over a 26-day 
trial in February of 2020, with specific sampling on days 1, 5, 8, 12, 15, 22, and 26.  
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Chlorella vulgaris 

 

 

 

 

 

 

 

 

 

Figure 17. The response of Chlorella vulgaris average cell size to glyphosate (A) and fertilizer 
(B) treatments under three temperature regimes (15, 20, and 25℃) and eight concentrations of 
each treatment (0, 1, 1.6, 2.4, 5.5, 8.1, and 12.1mg/L for glyphosate and 85.01, 137.91, 164.11, 
203.71, 263.11, 352.51, 485.41, and 679.01mg/L [N] for fertilizer). One sample from each 

treatment was taken twice per week. A range of 30-100 individual cells could be found and 
analyzed from a given sample. Individual cell size was calculated based the diameter of each cell 
in micrometers. The computer program, ImageJ©, was used to automate cell diameter 
measurements. Average values were based on a minimum of 30 cells per sample of each 
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treatment. Measurements were completed over a 26-day trial in February of 2020, with specific 
sampling on days 1, 5, 8, 12, 15, 22, and 26.  
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Figure 18. The effect of treatment concentration (A) and population biomass (B) on the average 
cell size of Chlorella vulgaris in glyphosate treatments. These partial residual plots are based on 
the regression model of best fit for C. vulgaris in glyphosate treatments, where both the 

population biomass and concentration of treatment were significant predictor variables. One 
sample from each treatment was taken twice per week. A range of 30-100 individual cells could 
be found and analyzed from a given sample. Individual cell size was calculated based the 
diameter of each cell per sample in micrometers. The computer program, ImageJ©, was used to 

automate cell diameter measurements. Population biomass was measured as the weight of cells 
in micrograms per 1L. Biomass measurements were taken using a bbe Moldaenke PhycoProbe© 
twice per week. The concentration of fertilizer was measured in milligrams per 1L. 
Predetermined concentrations of fertilizer were used to create the treatments two days prior to 

the experiment start date and were not manipulated at any point during the experiment. 
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Measurements were completed over a 26-day trial in February of 2020, with specific sampling 
on days 1, 5, 8, 12, 15, 22, and 26. 
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Figure 19.  The effect of biomass on the average cell size of Chlorella vulgaris in fertilizer 
treatments. This partial residual plot is based on the regression model of best fit for C. vulgaris in 
glyphosate treatments, where population biomass was a significant predictor variable. One 
sample from each treatment was taken twice per week. A range of 30-100 individual cells could 

be found and analyzed from a given sample. Individual cell size was calculated based the 
diameter of each cell per sample in micrometers. The computer program, ImageJ©, was used to 
automate cell diameter measurements. Population biomass was measured as the weight of cells 
in micrograms per 1L. Biomass measurements were taken using a bbe Moldaenke PhycoProbe© 

twice per week. Measurements were completed over a 26-day trial in February of 2020, with 
specific sampling on days 1, 5, 8, 12, 15, 22, and 26. 
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Figure 20. The log-response ratios illustrating the effect of glyphosate treatments over the control 
treatment on the average cell size of Microcystis aeruginosa and Chlorella vulgaris under three 

temperature treatments (15, 20, and 25℃) and eight glyphosate concentra tions (0, 1, 1.6, 2.4, 
5.5, 8.1, and 12.1mg/L). The log-response ratios were calculated as the natural logarithm of 
proportional change in the means of a treatment and a control group. Samples were taken twice 
per week or every 3 to 4 days. . A range of 30-100 individual cells could be found and analyzed 

from a given sample. Individual cell size was calculated based the diameter of each cell per 
sample in micrometers. The computer program, ImageJ©, was used to automate cell diameter 
measurements. Measurements were completed over a 26-day trial in February of 2020, with 
specific sampling on days 1, 5, 8, 12, 15, 22, and 26. 
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Figure 21. The log-response ratios illustrating the effect of fertilizer treatments over the control 
treatment on the average cell size of Microcystis aeruginosa and Chlorella vulgaris under three 

temperature treatments (15, 20, and 25℃) and eight fertilizer concentrations (85.01, 137.91, 
164.11, 203.71, 263.11, 352.51, 485.41, and 679.01mg/L [N]). The log-response ratios were 
calculated as the natural logarithm of proportional change in the means of a treatment and a 
control group. Samples were taken twice per week or every 3 to 4 days. . A range of 30-100 

individual cells could be found and analyzed from a given sample. Individual cell size was 
calculated based the diameter of each cell per sample in micrometers. The computer program, 
ImageJ©, was used to automate cell diameter measurements. Measurements were completed 
over a 26-day trial in February of 2020, with specific sampling on days 1, 5, 8, 12, 15, 22, and 

26. 

 


