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ABSTRACT
This study dives into the ecotoxicological impacts of dicamba and sulfur on marine

microalgae. Dicamba is a common herbicide and an active ingredient in various at-home lawn
care products used in commercial agriculture. Sulfur is an ingredient often found in organic
pesticides that claim to be safer for the environment. Both pesticides were tested to gather
information on their impacts on the growth and mortality of common microalgae, Tetraselmis
spp. Experiments were done using concentrations of dicamba at 1 ppb, 10 ppb, 100 ppb, and
sulfur at 10 ppb, as well as a control. Concentrations of mobile and immobile cells were
quantified multiple times over 18 to 24 hours using a hemocytometer. The ratio of mobile cell
concentration to immobile cell concentration was used as a proxy to identify the competing
effects of growth and mortality within each treatment. While time influenced the
growth-mortality ratio, no trends were consistent across treatments or trials. Findings imply that
the tested concentrations have no significant direct impact on Tetraselmis spp. Further research
would be beneficial in understanding the long-term effects of higher concentrations of these
contaminants.

INTRODUCTION
Agricultural pesticide runoff is a pressing issue for the health of our marine ecosystems.

With climate change, the frequency of heavy precipitation is expected to increase. This heavy
rainfall leads to an increase in agricultural runoff into oceans. Runoff may contain harmful
chemicals used as pesticides and herbicides in crops (US EPA, 2022). With an increasing amount
of herbicides being released into aquatic environments due to runoff during strong rainfall, a
thorough understanding of different chemical contaminants' ecotoxicological impact on marine
ecosystems and organisms is essential (Vagi et. al, 2013).

Previous studies have examined the effect of glyphosate, one of the active ingredients in
Roundup® brand pesticides, on algal mortality and growth. It is well-documented that
glyphosate is damaging to algae. It slows photosynthesis and reduces chlorophyll content in a



variety of marine algal species (Gil et. al, 2018). These sublethal effects impair algal growth and
survival in the environment. With findings that glyphosate damages algae, there is a need to
investigate the impacts of other active ingredients commonly found in herbicides and pesticides.

Dicamba is an herbicide popular in residential and commercial applications where some
plants have become tolerant to glyphosate herbicides (Craig, 2018). It is present at a
concentration of 0.029% by volume in Roundup for lawns® herbicide. Dicamba is highly
mobile in soil and can easily contaminate ground and surface waters similar to glyphosate. Once
introduced to the marine environment, dicamba can have both lethal and sublethal effects across
multiple trophic levels (Homa et. al 2024). Dicamba’s lethal tendencies in plants are due to its
similarity to hormones naturally occurring in plants. Dicamba can inhibit growth by mimicking
growth hormones that plants use. Dicamba’s impact on aquatic organisms, such as microalgae, is
a huge environmental concern.

Other chemical crop sprays marketing themselves as more “eco-friendly” are gaining
popularity in residential and commercial use, particularly among organic growers. One active
ingredient found in “eco-friendly” crop sprays, such as Captain Jack’s Orchard Spray®, is sulfur.
Orchard Spray contains sulfur as an active ingredient at a concentration of 10.0% volume. Sulfur
is highly soluble in water and occurs naturally in seawater as sulfate at concentrations of
approximately 2.649 mg/L (Lenntech, 2024). Typically crop sprays containing sulfur and other
naturally occurring ingredients are marketed as environmentally safer and healthier. These types
of crop sprays are gaining popularity, especially among organic growers. With the increased
usage of pesticides with sulfur, sulfur runoff can be expected to increase and seep into oceans
over time. Sulfur is an essential component in the growth of microalgae. Some studies have
shown that microalgae as well as other plants have limited sulfur storage (Zhang, et. al, 2020).
There is little information on the direct effects of sulfur on algae, but there are known
environmental effects of sulfur oxidation in the atmosphere causing toxic acid rain, negatively
impacting the environment and entering our oceans. This acid rain from increased sulfur use in
agriculture ending up in the atmosphere is making oceans more acidic (Carlowicz, 2008).
Prolonged exposure to high acidity water will be detrimental to algae and other marine
organisms.

Microalgae, such as Tetraselmis spp. are primary producers in marine ecosystems and
their presence is vital to marine food webs. As coastal oceans become more polluted we must
understand how a variety of contaminants affect primary producers such as microalgae, and
therefore other organisms at higher trophic levels within marine food webs. With little research
on the effects of sulfur and dicamba concentrations on algae, it is important to include these
common contaminants in our study. This laboratory experimental study evaluates sulfur and
dicamba effects on Tetraselmis spp. mortality and growth. Changes in algal growth and mortality



rates will be calculated by comparing mobile and immobile cell counts under varying
concentrations of contaminants and an uncontaminated control group. It is expected that
Tetraselmis spp. mortality will increase with increased dicamba concentration as compared to a
control group. Tetraselmis spp. mortality may increase compared to an uncontaminated control
when exposed to 10 ppb sulfur concentration, but the effects may be less severe than dicamba as
sulfur is a natural nutrient. Through this research, the potential risks posed by this herbicide to
aquatic ecosystems can be identified. Understanding the potential negative impacts of common
herbicides on algal growth and mortality is necessary for developing effective pesticide
application management strategies.

METHODS

Dilutions
To first dilute dicamba and sulfur, we made sterile seawater at 25‰ salinity using instant

ocean salt and deionized water. We used a refractometer to test salinity to ensure it was at 25‰
to match the salinity of our algae culture, which replicates natural seawater conditions. We
created our diluted dicamba solutions from a stock solution of Roundup For Lawns®, using
serial dilutions to achieve 10 ppb, 100 ppb, and 1000 ppb concentrations. Similarly, dilutions of
Captain Jack’s Orchard Spray® were completed to achieve a 100 ppb concentration.

Experimental methods
Using our previously described dilutions, 4 treatments were prepared at the following

concentrations: 0 ppb (control), 1 ppb dicamba, 10 ppb dicamba, 100 ppb dicamba, and 10 ppb
sulfur. Each treatment consisted of 2 mL of a Tetraselmis spp. culture in a sealed cryotube.

To quantify the impact of each of the treatments, 15 μL of the sample was extracted and
analyzed from each cryotube multiple times throughout the experiment. Tetraselmis spp. is a
fast-growing algae, so we needed to separate the potential impacts of contaminants on both
growth and mortality. To do this, both the total cells per sample and the number of immobile
cells per sample were counted. Immobile cells were assumed to be dead. The number of mobile,
or living, cells was calculated as the difference between the total and immobile cells. Cells were
counted using a hemocytometer under a stereomicroscope. For each count, the number of cells
within four gridded counting chambers was counted and then averaged. Each counting chamber
has a known volume of 0.1 µM, so the concentration of cells/mL can be calculated as the average
number of cells multiplied by 10,000. After initial observations, two additional observations
were done ad libitum at roughly the same times over 18-26 hour periods.



After the experiments were completed, all data were organized in Excel. The change in
concentration of mobile (living) cells over time was used as a representation of growth rate,
while the change in concentration of immobile (dead) cells over time was used as a
representation of mortality rate. The ratio of mobile to immobile cells over time is therefore a
representation of the relative impact of growth and mortality on the total number of Tetraselmis
spp. cells in each culture. Graphs of growth and mortality were created to visualize change over
time for each trial.

Statistical methods

All statistical analyses were completed in R software (R Core Team, 2024). Initially, a
generalized linear model (GLM) was fitted to the data to visualize the potential effects of each
treatment on the ratio of growth to mortality across all three trials. However, the generalized
linear model does not account for either random errors associated with each trial or the
dependence of observations collected over time in a repeated measures design.

An analysis of covariance (ANCOVA) test was chosen as the most appropriate method to
make quantitative comparisons of the effects of contaminant treatments while accounting for
both time-dependent observations and random errors associated with unique trials. We first
ensured that the data fit all assumptions of outliers, linearity, normality, homogeneity of
variances, sphericity, independence, and homogeneity of regression slopes. All the assumptions
were met.

RESULTS
Time series visualizations

Time series were created to see changes in growth, mortality, and growth-to-mortality
ratio across the treatments throughout the experiment (Figure 1). These plots indicated that
growth and mortality rates varied over time and across different treatment levels. However, no
consistent trend emerged that suggests any clear impact of the treatments compared to the
control.



Figure 1: Growth rate over time

Generalized linear models
Throughout the experiment, we observed no significant impact of either sulfur or

dicamba at multiple concentrations on algal growth and mortality (Figure 2). The ratio of growth
to mortality increased in each treatment over time, independent of contaminant concentration
(Figure 2). The rate of change over time was similar among all treatments, as visualized by the
slopes in the GLM (Figure 2). The GLM also revealed a slight difference in intercepts between
the control and treatments, though this result is likely a sampling artifact rather than a
biologically significant result. It does not address the interactive effect of treatment and time on
the ratio of growth to mortality, which is why we chose to use a more statistically robust repeated
measures ANCOVA for the final interpretation of the results.



Figure 2: Ratio of mobile to immobile algae over 12 hours

Repeated Measures Analysis of Covariance
A repeated measures ANCOVA test showed that time had a significant effect on the ratio

of growth to mortality (p=0.023), but this effect was not consistent across treatments or trials.
Time and treatment as individual covariates did not significantly impact growth to mortality rate.
Overall, our results did not show that dicamba or sulfur contaminant concentrations significantly
impacted algal growth and mortality compared to the control.

DISCUSSION
This study aimed to assess the ecotoxicological impacts of dicamba and sulfur on marine

microalgae, one of the key primary producers in marine ecosystems. Our findings based on three
experimental trials show that dicamba at varying concentrations and sulfur had no significant
impact on Tetraselmis spp. growth and mortality rates.

Dicamba did not significantly impact algae mortality or growth at 1 ppb, 10 ppb, or 100
ppb throughout the experiment. This result is surprising, based on the documented effects of



other pesticides on algal mortality. Glyphosate in other studies has been found to impact
photosynthesis and chlorophyll production (Gill et al. 2018). However, the impact of dicamba on
algal physiology may differ from that of glyphosate. This could potentially be the reason for the
lack of impact observed in this study. Dicamba herbicide is used so widely because of its success
in regulating plant growth. Dicamba is easily absorbed by and spread throughout plants where it
mimics the hormone auxin, increasing ethylene and abscisic acid in plant tissue causing
abnormal cell division and ultimately inhibiting growth. (Minnesota Department of Agriculture,
2024; Rosa, 2024). While dicamba is an inhibitor of growth in terrestrial plants, its mechanisms
and effects may differ in marine green microalgae. Dicamba belongs to the benzoic herbicides
family which has been found to have low toxicity against green algae whereas other herbicides
such as pendimethalin, prosulfocarb, and hiobencarb have higher toxicity to green algae (Li et.
al, 2024). The findings from this experiment, as well as other studies, suggest dicamba may not
affect hormonal mechanisms in green marine microalgae the same as they do in other microalgae
studied at higher auxin concentrations (Wang, et. al, 2021).

Similarly, sulfur, one of the active ingredients in Captain Jack’s Orchard Spray®, did not
affect algae mortality or growth at 10 ppb. Sulfur is known to occur naturally in seawater and is
involved in biogeochemical cycles in marine organisms. The impact of sulfur in this study was
not significant, this could mean that the low concentrations used are not detrimental, but a higher
direct exposure could potentially hurt the algae. It is known that plants and algae have a
threshold for how much sulfur they can take in, this threshold may not have been surpassed in
the experiment, allowing the algae to continue to grow regularly.

Analysis using repeated measures ANCOVA showed the impact of time on growth to
mortality ratio, but revealed no significance between treatments. This shows that even though
time affected the ratio of growth to mortality, the effect was not increased in the presence of
dicamba or sulfur. Longer exposure periods at higher concentrations might be essential to
measuring the sublethal effects of dicamba and sulfur. Standardized sampling at specific times
would improve the results as well as incorporate many more sampling points.

Even though this study was inconclusive with the impact of sulfur and dicamba on green
microalgae it is very important for the broader implications of pesticide contamination on marine
ecosystems. As seen in this experiment minimal exposure did not have a significant impact, but
chronic exposure at higher concentrations might be harmful. Additionally, conditions
experienced in the real world were not met in the lab. Other factors such as the combined use of
many different crop sprays, other contaminants, fluctuating temperatures, and mixing from tides
may impact results. There is a need for more research to determine these effects of prolonged
exposure, especially with an increase in popularity and usage of agricultural chemicals and
increased rainfall and runoff into bodies of water with the progression of climate change. Impacts



of contaminants on low trophic level organisms like Tetraselmis spp. could have cascading
impacts on the health of higher trophic-level organisms and the livelihood of coastal
communities. Further understanding of contaminant effects can be used in the development of
management strategies for handling these chemicals and minimizing risk to marine ecosystems.
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