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Abstract

Understanding the spatial heterogeneity of zooplankton is important for identifying
patterns in freshwater ecosystems and assessing ecosystem function and management. Lake
Geneserath, Beaver Island, Michigan is an inland freshwater lake that is irregularly shaped and
has become increasingly eutrophic, especially since the mid 20th century. Previous studies show
correlations between zooplankton spatial heterogeneity and water quality measurements, but
there exists a gap in the knowledge of how these patterns manifest in an irregularly-shaped lake
that is undergoing eutrophication such as Lake Geneserath. New technologies such as the
AquaBOT aquatic drone from Oak Ridge National Laboratory can provide insights on water
quality in freshwater ecosystems. I collected zooplankton samples (n = 45) and AquaBOT
measurements (n = 1933) simultaneously from Lake Geneserath. I divided sampling between the
four main regions of the lake: the narrow, developed North Arm; the undeveloped East Shore;
the developed West shore; and the developed South End. I found that zooplankton abundance
was significantly higher in the narrow North Arm of the lake compared to the other regions.
Rotifer diversity was negatively correlated with photosynthetically active radiation. The
variability of zooplankton and water quality revealed that the narrow North Arm of the lake is
different from every other region in Lake Geneserath, representing a novel ecological
observation where higher zooplankton abundance, lower dissolved oxygen, lower conductivity,
and higher turbidity occurred specifically within a narrow, protected section of an

irregularly-shaped lake.
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Introduction

Zooplankton play important biological roles in freshwater lake ecosystems: they are an
intermediary part of the food chain and can act as indicators of freshwater ecosystem health.
Previous studies have found that zooplankton biomass and zooplankton community composition
can be indicators of eutrophication, when a body of water changes trophic states due to an excess
of nutrients entering the watershed (Gazonato Neto et al. 2014). Measuring zooplankton diversity
and abundance can reveal insights on trophic state, eutrophication, climate change, and nutrient
loading in lakes (Jeppesen et al. 2011). An aspect influencing zooplankton’s ecological roles is
spatial heterogeneity, which refers to the uneven distributions of organisms across their
environment. Understanding the horizontal spatial heterogeneity of zooplankton is vital for
comprehending ecosystem formation and function, as these organisms consume algae and
bacteria while serving as prey for other zooplankton, fish, insects, and more (US EPA 2013).

Spatial heterogeneity is foundational in ecological phenomena and theories such as
spatial dependence from the Environmental Control Model from the 1950s. This model posits
that structures of ecological communities are founded on spatial structure and environmental
factors (Bray and Curtis 1957; Legendre 1993). Applying these ideas to zooplankton distribution
improves our understanding of how distribution patterns interact with lake ecosystem dynamics.
For example, zooplankton communities can be shaped by water qualities such as temperature,
turbidity, pH, dissolved oxygen, and nutrient levels (Table 1) (Abdulwahab and Rabee 2015;
Duggan et al. 2002; Santangelo et al. 2008). Nutrient levels limit phytoplankton populations,
therefore limiting zooplankton in top-down and bottom-up effects (Sun et al. 2022). In large
zooplankton communities such as those in large lakes, factors like water movement and wind

create uneven distribution. In small zooplankton communities, however, small-scale biotic
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effects such as food availability and competition create community structure and uneven
gradients, (Merrix-Jones et al. 2013). A 2000 study in Loch Ness, UK found that the greatest
factors influencing the horizontal distribution of zooplankton are wind-induced water
movements, allochthonous material from rivers, and the productivity gradient of nitrate-nitrogen,
suggesting that land use changes such as nutrient deposition can impact zooplankton distribution
(George 2000). In lakes with little human impact, zooplankton species composition is correlated
with environmental gradients like conductivity, hypolimnetic stratification, and primary
production (Dodson et al. 2009).

This study was conducted on Lake Geneserath, an inland lake of Beaver Island, Michigan
(Figure 1). Lake Geneserath is a meso-oligotrophic lake, with chlorophyll at 1.32 ug/L,
phosphorus at 13.3 ug/L, and 29 plankton per L (Devan & McNaught, 2022). A previous study
by Sawyers et al. (2016) identified recent and historic eutrophication in the lake with data from
the year 1200 CE to present day. The researchers took sediment cores from the two main basins
of Lake Geneserath and analyzed nutrient and diatom changes over time. The study showed a
period of minimal disturbance prior to ca. 1450 CE. The second period was characterized by
little eutrophication before the Little Ice Age between 1450 to 1650, which corresponded with
climate changes and the first uses of Beaver Island by Native Americans and French fur traders.
This eutrophication eventually reversed: between 1650 to 1848, there was little human
disturbance and little eutrophication, allowing the lake to transition to a lower trophic state.
Between the years of 1848-1949, there was an initial period of eutrophication occurring at the
same time as European colonization of Beaver Island. However, the greatest levels of
eutrophication have occurred from 1950 to the present, with higher levels of phytoplankton

production, phosphorus input, and organic matter accumulation. This corresponds with human



manipulation of the habitat, including housing developments and stocking the lake with fish such
as walleye (Sander vitreus). The authors hypothesize that these changes in nutrient levels suggest
that Lake Geneserath is transitioning to a higher trophic status which could cause future anoxia,
or the complete lack of oxygen in the water.

The lake has a surface area of 490 acres with two distinct sections: the main body and the
North Arm (Cashmann, n.d., Figure 2). The North arm is particularly constricted from the rest of
the lake which creates a bottleneck (Figure 2). During preliminary site surveys, I observed a
notable abundance of aquatic vegetation in the North Arm, in contrast to other regions of the
lake. This observation prompted further inquiry into potential differences in water quality and the
abundance and diversity of zooplankton among the various regions. There remains a gap in
understanding how spatial heterogeneity in zooplankton communities correlates with water
quality variations within Lake Geneserath and if this varies among regions of the lake. Studies
have highlighted the influence of environmental heterogeneity on zooplankton diversity in other
freshwater systems (Chaparro et al. 2015), yet we lack specific data on how these spatial patterns
manifest in Lake Geneserath. Addressing this knowledge gap is crucial for developing targeted
conservation and management strategies for the lake's ecosystem as it becomes increasingly
eutrophic.

This study sought to investigate the spatial heterogeneity of zooplankton in Lake
Geneserath, and to compare it to water quality measurements taken by the AquaBOT. The
AquaBOT, a remotely-controlled aquatic drone from the Oak Ridge National Laboratory
originally made for streams, had not been utilized to study lake ecosystems before this study
(Griffiths et al. 2022). I also hypothesized that zooplankton will be spatially heterogeneous in

Lake Geneserath, which will correspond with hot spots of nutrients near buildings on the



shoreline. A secondary objective was to create maps of zooplankton distribution and water
quality measurements in Lake Geneserath to visually represent patterns of distribution in each
region. Based on initial surveys, I hypothesized there would be regional differences in water

quality and zooplankton abundance across the lake.
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Figure 1: Location of Beaver Island, Michigan and Lake Geneserath. Red dot denotes the

location of Lake Geneserath.
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Figure 2: Sampling regions of Lake Geneserath (North, East, South, West, Deep).
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Table 1: Variables measured with units and previous literature on correlations with

zooplankton abundance and/or diversity

Variable

Unit

Previous Literature

Water temperature

Degrees Celsius

°C)

Freshwater zooplankton abundance and diversity
are positively correlated with water temperature up
to a certain threshold, beyond which further
temperature increases may lead to a decline in
overall diversity (Rasconi et al. 2015).

Photosynthetically
Active Radiation
(PAR)

Micromoles of
photons per square
meter per second
(umol s m?)

Elevated PAR levels stimulate phytoplankton
growth, increasing the food supply for zooplankton.
Enhanced resource availability can lead to higher
zooplankton abundance and diversity (Striebel et al.
2012).

Dissolved oxygen

Milligrams per
liter (mg/L)

Higher DO supports greater zooplankton
abundance and diversity. Well-oxygenated waters
promote primary productivity, which increases food
availability for zooplankton. Low DO below 8
mg/L can be detrimental to zooplankton survival
(Zhao, Fan, and Zhao 2021).

seconds
(HH:MM:SS)

Specific Siemens per Higher conductivity is associated with higher
conductivity centimeter (S/cm) | salinity, which some freshwater zooplankton cannot
tolerate (Hall and Burns 2002).
Turbidity Nephelometric Turbidity decreases light availability and can
Turbidity Units change the structure and function of communities,
(NTU) thereby decreasing diversity and abundance of
zooplankton (Gozdziejewska, Kruk, and Blédha
2024).
Water depth Meters (m) Zooplankton in Lake Superior are more abundant in
shallow areas compared to offshore ones (Shchapov
and Ozersky 2023).
Time of day Hours, minutes, Diel vertical migration patterns which change

based on the time of day could impact the location
of zooplankton in the water column. Zooplankton
migrate down the water column at dawn and up the
water column at dusk to minimize interactions with
predators and exposure to UV light (Williamson et
al. 2011).
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Presence of houses

Yes, No

Increased residential development along lake
shorelines can negatively impact zooplankton
abundance and diversity due to factors such as
nutrient runoff, habitat modification, and pollution
(Shen et al. 2021).
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Methods

Site Description

The study was conducted at Lake Geneserath (45.5954, -85.5369), the largest inland lake
of Beaver Island, Lake Michigan (Figure 1). Lake Geneserath supports a variety of wildlife
including Esox lucius (northern pike), Micropterus dolomieu (smallmouth bass), Micropterus
salmoides (largemouth bass), Lepomis macrochirus (bluegill), Gavia immer (common loon),
Haliaeetus leucocephalus (bald eagles) and Chelydra serpentina (snapping turtles). Locals and
visitors use it as a recreational area for swimming, boating, and fishing (Cashmann n.d.). The
North Arm has the lake’s main public access point which consists of a boat ramp, a dirt parking
lot, and a grassy area with picnic tables. The North Arm is the shallowest section of the lake and
has 13 buildings, mainly houses and sheds, on the southern side of the arm. The East shore of the
main body has 34 structures including large houses that are far apart with rocky, shallow
shorelines. The Southern end has the highest housing density, with 16 waterfront structures close
in proximity to one another. The West side is completely undeveloped with a shallow shoreline.
The deepest point of the lake is 14 meters deep and is in the Eastern basin. Much of the lake is
less than six meters deep. My team and I had access to three boat launches, so we sampled the
North Arm, West shore, and East shore/South end regions on three separate days. I took at least
ten zooplankton samples per region, and two samples from the deep basins, with a total of 45
samples (Figure 3).
Zooplankton Sampling

We collected all field data between June 11 and June 15, 2024 between the hours of
around 10:00 am to 3:00 pm. We sampled only on days with little to no wind. To collect

zooplankton, I took samples about every 100 meters along the shoreline by lowering a 30-cm
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diameter, 60-micron plankton collection net 1 m below the water and pulling it to the surface. All
samples were taken at least 1 m from the shore and in at least 1 m of water depth. I then filtered
the zooplankton into 125ml collection bottles. I added a quarter tablet of Alka Seltzer to each
collection bottle to anesthetize the zooplankton in the field. I then added a small amount of
sugar-formalin solution (solution was 400g sugar in 1000 mL of 37% formaldehyde solution) for
preservation, approximately one part solution to nine parts water and zooplankton. I also
collected samples on more offshore areas, traveling about 20 meters away from the shoreline
with the Zodiac and canoe with the AquaBOT.

In total, I collected 43 samples along the perimeter of the lake, including at least 10 from
each region (North arm, East shore, West shore, South end) and two samples in deep, offshore
areas (Figure 2). At each sample site, [ marked the location using Avenza Maps and used a
measuring tape with a weight to take a depth reading by dropping the disk until it reaches the
bottom of the lake. We also made notes of the site description, like vegetation analysis and what
the bottom of the lake looks like (sandy, rocky, etc). The presence of houses was noted based on
visual assessment: houses on Lake Geneserath are generally far apart, so if a house was present
directly on shore parallel to where we were sampling, we denoted this as “yes”.

In the laboratory, I added Eosin-Y dye to zooplankton samples at least 12 hours before
counting them to dye the plankton dark pink. Before counting each sample, I filtered
zooplankton from the formaldehyde solution using a 44 micron mesh sieve, then diluting to a
volume that was determined based on zooplankton mass, recording the dilution for each sample
for calculations later. To make the study blind, I covered the site labels on the bottles and
selected each bottle randomly; I only revealed the site after counting was complete. I counted

copepods and cladocerans under a dissecting microscope in a Sml sample on a spinning counting
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tray. I counted rotifers in a 1 ml counting slide. I repeated counting of 5 ml or 1 ml samples until
there were at least 100 zooplankton of the top two zooplankton genera in the sample. [ used a
button counter and identified the zooplankton to the smallest discernible taxonomic group
according to my knowledge and ability. For crustaceans, I classified zooplankton to the genus
level with the exception of nauplius larvae (larval stage), calanoid (order), cyclopoid (order), and
harpacticoid (order). For rotifers, I classified zooplankton to the level of genus.
AquaBOT Sampling

In a team with two other student researchers, I collected AquaBOT measurements and
simultaneously with zooplankton samples. The AquaBOT takes measurements on the surface of
the water every 30 seconds using two sensors. One sensor measures photosynthetically active
radiation (PAR) and air temperature and is affixed to the top of the AquaBOT. The AquaBOT has
locations for two sondes. We attached a YSI EXO3 Multiparameter Sonde that measures water
temperature, dissolved oxygen, specific conductivity, and turbidity. One of my colleagues
manually sampled nitrate, phosphorus, and ammonium. The AquaBOT was attached to a canoe
because one of the propellers was not functional. The team paddled the canoe around the
perimeter approximately three to five meters from the shoreline, and I followed behind in a
Zodiac boat. At the end of each session, AquaBOT data was transmitted to the LoggerLink app
and exported to external drives.
Statistical Analysis

First, dilutions and counts of zooplankton were used to calculate total zooplankton per
liter, total crustaceans per liter, and rotifers per liter to standardize volume across all samples. |
calculated crustacean and rotifer diversity using the Shannon-Wiener Index to estimate

zooplankton biodiversity by the smallest discernible taxonomic group. AquaBOT measurements
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were linked to zooplankton samples and compared using Kruskal-Wallis tests of all variables
(Crustacean diversity, rotifer diversity, rotifers per liter, crustaceans per liter, total zooplankton
per liter, rotifer genus richness, crustacean genus richness, total richness, air temperature,
Photosynthetically Active Radiation (PAR), water temperature, specific conductivity, turbidity,
dissolved oxygen, depth, nitrate, ammonium, phosphorous) in RStudio to look for significant
correlations. Bray-Curtis non-metric multidimensional scaling ordinations were conducted with
rotifers, crustacea, and regions in RStudio after transforming the data. A principal component
analysis was conducted in RStudio using the FactoExtra package. All maps including heat maps

of zooplankton and water qualities were created in ArcGIS Pro using site data.
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Figure 3: Locations of zooplankton sampling sites on Lake Geneserath, Beaver Island,

Michigan.
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Results

The main goal of this study was to map zooplankton distribution, water qualities, and the
presence of houses across Lake Geneserath, and to find any correlations between these variables
or any differences among regions of the lake. Zooplankton were sampled and quantified, the
AquaBOT automatically took water quality measurements, and the presence of houses on the
shoreline was noted.

Zooplankton were concentrated in the North Arm of Lake Geneserath, with an average of
675.2 zooplankton per liter in the North, compared to 118, 74.5, 120.4, and 201.9 zooplankton
per liter in the East, South, West, and Deep regions of the lake, respectively (Figure 4, Figure 5,
n = 45). Zooplankton abundance was significantly higher in the North Arm compared to the East,
West, and South (Figure 5). Zooplankton abundance per site was six times higher in the North
Arm compared to the other regions of the lake, on average.

Crustacea found in Lake Geneserath include Sida, Diaphanosoma, Daphnia, Chydorus,
Ceriodaphnia, Holopedium, Bosmina, Calanoid, Harpacticoid, Cyclopoid, and nauplius larvae.
A non-metric multidimensional scaling showed that the plankton community in the North Arm
was more closely associated with Sida, Daphnia, Diaphanosoma, Ceriodaphnia, and Bosmina
crustaceans compared to other regions (Figure 6, Bray-Curtis nMDS, Logl0 data transformation,
Dimensions = 3, Stress = 0.0632, n = 45).

Rotifera found in Lake Geneserath include Trichocerca, Conochilus, Synchaeta,
Polyarthra, Keratella, Asplanchna, Kellicottia, Lecane, Monostyla, Notholca, and Lepadella.
With rotifers, the North Arm was more closely associated with Trichocerca and Conochilus
zooplankton (Figure 7, Bray-Curtis nMDS, Log10 data transformation, Dimensions = 3, Stress =

0.0601, n =45). With both stress levels being below 0.1, this indicates that the ordination is a
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good fit for the data and that the North Arm has different zooplankton present compared to other
regions.

The AquaBOT results show that dissolved oxygen was lower in our AquaBOT paths of
the North Arm of Lake Geneserath (Figure 8, n = 1933). Furthermore, dissolved oxygen was
significantly different in the North Arm compared to the East, North, and South (Table 2, n =45,
Kruskal-Wallis Test, p < 0.001; Dunn Test: East - North p = 0.000682, North - South p =
0.03697, North - West p =4.39¢-06). Specific conductivity was also lower in our AquaBOT
paths of the North Arm (Figure 9, n = 1933). Specific conductivity was significantly different in
the North Arm compared to the East, North, and South (Table 2, n =45, Kruskal-Wallis Test, p <
0.001; Dunn post-hoc test, Deep - North: p = 0.004, East - North: p=0.0176, North - South: p =
0.0145, North - West: p = 1.53e-06). A principal component analysis of all water quality
variables showed that specific conductivity and dissolved oxygen together explained 28.5% of
variation in water quality in the lake (Figure 10, Figure 11). A box plot and Kruskal-Wallis test
demonstrate that these metrics vary by region, with the North Arm having lower conductivity
and dissolved oxygen than the rest of the regions (Figure 12, Kruskal-Wallis test and Dunn
post-hoc test. Chi-squared = 28.55, df = 4, p-value = 9.649¢-06. East-North: p = 0.0195,
North-South: p = 0.0043, North-West: p = 1.87¢-06).

Ammonium levels showed regional differences between East and South, and between
West and South (Table 2, n = 44, Kruskal-Wallis Test, p-value = 0.002981, East-West p-adj. =
0.0445, and West-South p-adj. = 0.0453). There was a difference in ammonium level by presence
of houses, with areas without houses having higher ammonium concentrations (mg/L) (Figure
13, two-sample t-test, p = 0.0167). Rotifer genera richness was higher where there were no

houses on the shoreline compared to areas where there were (Figure 14, two-sample t-test, p =
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0.033). Rotifer H” diversity was negatively correlated with photosynthetically active radiation
(Figure 15, Spearman correlation, p = 0.024, n = 45).

I found differences in zooplankton number and type in the North Arm of Lake
Geneserath compared to the other regions of the lake. The North Arm also showed lower specific
conductivity and lower dissolved oxygen, with these variables explaining 28.5% of variation in

water quality in the lake.
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Table 2: Variables measured with units and correlations to zooplankton diversity and

abundance.

Kruskal-Wallis Test with Dunn post-hoc test (n = 45). P-value for significance was equal to 0.05

divided by the number of tests run (n = 10), so p = 0.005. When there are significant differences

between the regions, p-values adjusted to account for multiple hypotheses were used from the

Dunn post-hoc test with p = 0.05.

Variable Unit Differences among regions of Lake Geneserath
Zooplankton Zooplankton per | Differences found between North-East (p-adj. =
Abundance liter 1.425039e-02), North-South (p-adj. = 3.411817e-05),

and North-West (p-adj. = 4.493052¢-04).

Kruskal-Wallis chi-squared = 26.617, df = 4, p-value
=2.376e-05.

Water temperature

Degrees Celsius
°O

None.
Kruskal-Wallis chi-squared = 11.168, df = 4, p-value
=0.02474.

Photosynthetically
Active Radiation
(PAR)

Micromoles of
photons per
square meter per
second (umol s
m?)

None.
Kruskal-Wallis chi-squared = 7.1164, df = 4, p-value
=0.1299.

Dissolved oxygen

Milligrams per
liter (mg/L)

Differences found between North-East (p-adj. =
6.823388e-04), North-West (p-adj. = 4.394187¢-006),
and North-South (p-adj. =3.697310e-02).

Kruskal-Wallis chi-squared = 30.666, df = 4, p-value
= 3.581e-06.

Specific
conductivity

Siemens per
centimeter

(S/cm)

Differences found between North-South (p-adj. =
1.452823¢e-02), North-West (p-adj. = 1.533131e-06),
North-Deep (p-adj. = 4.013551e-03).
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Kruskal-Wallis chi-squared = 32.927, df = 4, p-value
= 1.236¢-06.

Water depth Meters (m) None.
Kruskal-Wallis chi-squared = 6.2079, df = 4, p-value
=0.1842.
Turbidity Nephelometric Differences found between North-South (p-adj. =
Turbidity Units [ 0.000148640), and North-East (p-adj. = 0.003937829)
(NTU)
Kruskal-Wallis chi-squared = 22.311, df = 4, p-value
=0.0001737.
Nitrate Milligrams per None.
liter (mg/L) Kruskal-Wallis chi-squared = 5.4148, df = 4, p-value
=0.2473.
Phosphorus Milligrams per None.
liter (mg/L) Kruskal-Wallis chi-squared = 3.4488, df = 4, p-value
=0.4857
Ammonium Milligrams per | Differences between East-West (p-adj. = 0.0445), and
liter (mg/L) West-South (p-adj. = 0.0453).

Kruskal-Wallis chi-squared = 16.029, df = 4, p-value
=0.002981.
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Legend
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Figure 4: Heatmap of zooplankton concentration in Lake Geneserath.
Color represents zooplankton per liter at each point sampled (n = 45), showing a concentration of
zooplankton in the North Arm of the lake. The color spectrum has white representing the lowest

zooplankton abundance and deep red representing highest abundance.
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Figure 5: Boxplot of Zooplankton Abundance by Region.
Kruskal-Wallis test and Dunn post-hoc test (chi-squared = 26.617, df =4, p = 2.376e-05, n = 45).
Significant differences found include between East and North (p = 0.0143), South and North (p =

3.41e-05), and West and North (p = 0.000449).
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Figure 6: Nonmetric multidimensional scaling graph of crustacean by smallest discernible
classification on Lake Geneserath.
Each region is represented by color-coded ellipses and points for each crustacean classification

(Stress = 0.0632, n = 45).
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Figure 7: Nonmetric multidimensional scaling graph of rotifer by genus on Lake

Geneserath.

Each region is represented by color-coded ellipses and points for each rotifer genus (Stress =

0.0601, n = 45).
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Figure 8: Heatmap of dissolved oxygen in Lake Geneserath.
Color represents dissolved oxygen at each point sampled (mg/L, n = 1933), showing that
dissolved oxygen is lower in the North Arm of the lake. The color spectrum has white

representing the lowest DO levels and deep red representing highest DO levels.
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Legend
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Figure 9: Heatmap of specific conductivity in Lake Geneserath.

Color represents dissolved oxygen at each point sampled by the AquaBOT (S/cm, n=1933),
showing that specific conductivity is lower in the North Arm of the lake. The color spectrum has
white representing the lowest conductivity levels and deep red representing highest conductivity

levels.
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Figure 10: Biplot of Principal Components Analysis of Water Quality variables.

Principal Component 1 (Dim1) was strongly associated with specific conductivity and dissolved
oxygen, while Principal Component 2 (Dim2) was primarily associated with water temperature
and ammonium. The two components together explained 51% of the total variance (PC1 =
28.5%, PC2 = 22.5%). Model fit was adequate (RMSR = 0.15; chi squared = 39.02, p <

0.00001).
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Scree Plot: Variance Explained by Principal Components
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Figure 11: Scree plot of Principal Components Analysis of Water Quality Variables.

Scree plot showing the proportion of variance explained by each principal component in the PCA
of water quality variables. The bars represent the individual variance contributions of each PC,
with the red line indicating the cumulative variance. The first two PCs explain a cumulative total

of approximately 51% of the total variance.
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Figure 12: Boxplot of Water Quality Principal Component 1 by Region
Kruskal-Wallis test and Dunn post-hoc test (chi-squared = 28.55, df = 4, p-value = 9.649¢-06).
Significant differences were found between East and North (p = 0.0195), North and South (p =

0.0043), and North and West (p = 1.87¢-06).
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Figure 13: Boxplot of ammonium levels compared to the presence of houses on Lake
Geneserath.

Welch Two Sample t-test, t = -2.489, df = 41.808, p-value = 0.01688, n =45.
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Figure 14: Boxplot of rotifer genera richness compared to the presence of houses on Lake
Geneserath (n = 45).

Welch Two Sample t-test, t = -2.4088, df = 40.726, p-value = 0.02061, n = 45.
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Figure 15: Scatterplot showing negative correlation between photosynthetically active
radiation (m? s™) and rotifer H’ diversity.
Each point represents a sample site (n = 45), color-coded by region (Deep, East, North, South,

West). Spearman correlation, p = 0.024, Spearman’s rho = -0.3357, n = 45.
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Discussion

In Lake Geneserath, there was a significant difference in zooplankton abundance in the
North Arm of Lake Geneserath compared to the other regions of the lake. Zooplankton
abundance was negatively correlated with dissolved oxygen and specific conductivity. Looking
for nutrient hotspots that correlated with zooplankton diversity and abundance was one of the
goals of this study, but no hotspots were located.

Zooplankton were found to be spatially heterogeneous, with the North Arm containing
six times more zooplankton on average per site than the rest of the lake (Figure 4, Figure 5).
Furthermore, different rotifer and crustacea groups were regionally associated in Lake
Geneserath, and the North Arm sites showed a close association with one another in respect to
crustacea groups compared to the rest of the lake (Figure 6, Figure 7). The lake’s irregular shape
is likely contributing to these patterns. A previous study found that when comparing 624 lakes in
Canada, lake morphometry was the most influential factor correlating with zooplankton
diversity. Specifically, large, deep, irregularly-shaped lakes had the highest zooplankton diversity
(Paquette et al. 2022). However, no other study has reported higher zooplankton abundance
specifically within a narrow section of an irregularly-shaped lake, making this a novel ecological
observation.

When looking at all factors measured by the AquaBOT, the four factors showed
significant differences among regions of Lake Geneserath were dissolved oxygen, specific
conductivity, ammonium, and water temperature, whereas PAR, turbidity, water depth, nitrate,
and phosphorous showed no significant differences (Table 2). Dissolved oxygen and specific
conductivity explained 28.5% of the variance in water quality, with the lowest dissolved oxygen

and specific conductivity occurring in the North Arm (Figure 10, Figure 11, Figure 12). This
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co-occurred with greater zooplankton abundance in the North Arm (Figure 4, Figure 8, Figure 9).
The negative correlation between zooplankton abundance and dissolved oxygen was unexpected.
Previous literature generally shows positive correlations between zooplankton abundance and
dissolved oxygen (Bowszys et al. 2020; Karpowicz et al. 2020). In general, higher oxygen levels
can support greater biomass of zooplankton. One possible explanation for this pattern is that with
greater observed plant material and algae in the North Arm, there will be greater decomposition
which can cause lower dissolved oxygen levels. All dissolved oxygen measurements in Lake
Geneserath were above 5 mg/L, meaning that the location can still support life and is not limiting
zooplankton abundance (Bozorg-Haddad et al. 2021). When considering specific conductivity,
other literature has mixed results, with some studies showing a negative correlation between
conductivity and zooplankton abundance (Ersoy et al. 2022, Soto and De los Rios 2006). In
general, zooplankton are sensitive to changes in specific conductivity because conductivity is an
indicator of salinity changes in a lake.

The North Arm is fairly protected from the main body of the lake, which would cause
less mixing. The North Arm is shallow compared to the deep basins of the main body, and had
more observed signs of eutrophication (high plant material, high zooplankton abundance, lower
DO) than the main body. Furthermore, dissolved oxygen may be lower in the North Arm due to
less mixing with the main body of the lake: the oxygenated water in the main body rarely mixes
with the less oxygenated water in the Arm. Together, these variables reveal how the North Arm
most likely has little mixing with the main body of the lake and creates an environment suitable
for zooplankton.

The data indicate that multiple factors contribute to the spatial heterogeneity of

zooplankton, supporting existing literature that highlights how zooplankton distribution is shaped
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by a multitude of interacting influences. The North Arm of Lake Geneserath is different from the
other regions in regard to dissolved oxygen and specific conductivity, both of which can shape
spatial heterogeneity of zooplankton. In the narrow, protected section of a large,
meso-oligotrophic lake, I observed how water qualities likely reveal limited mixing with the rest
of the lake and contribute to a suitable habitat for zooplankton. In terms of eutrophication of
Lake Geneserath, the data suggest that the North Arm is more eutrophic than the main basins due
to its higher zooplankton abundance and lower dissolved oxygen. This information can improve
conservation and management of the lake as it demonstrates how there are different types of
habitat present in one contiguous lake.

In respect to shoreline houses, there was a significant difference in ammonium levels,
with ammonium being lower in front of houses (Figure 13). The highest ammonium readings
were taken on the East shore, where a marsh area was observed as well as a creek coming into
Lake Geneserath. The East shore is undeveloped, while all other areas of the lake have housing,
which could contribute to this pattern. Nutrient input may be coming from this marsh area and
stream which is part of an undeveloped area, causing these differences in the “house” variable.

I observed a significant difference in rotifer richness in relation to the location of houses
on the shoreline of Lake Geneserath: rotifer genera richness was higher where there were no
houses on the shoreline (Figure 14). While there is a substantial body of research on factors
influencing rotifer diversity, including habitat structure and land use, there are no studies
specifically examining the impact of shoreline housing on rotifer richness. A study on ponds in
Germany found that land use, particularly surrounding agricultural areas, significantly affected
rotifer diversity and abundance (Onandia et al. 2021). However, future research is needed to

understand why this pattern has emerged between rotifer richness and shoreline development,
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especially since it does not appear to be correlated with any water quality variables. Measuring
the “house” variable as a binary categorical variable was a limitation in my study: this
measurement was subjective and thus weakens the interpretation of the data. In the future, |
would measure it as the distance our sample site is from a house or development.

My analysis revealed a significant negative relationship between PAR and rotifer
diversity, calculated using the Shannon-Wiener diversity index (Figure 15). This suggests that as
light availability increases, rotifer communities become less diverse. However, time of day had
no significant effect on rotifer diversity, indicating that the observed changes were not merely a
product of temporal variation but were more directly linked to PAR levels. Unlike diel vertical
migration, which is driven by predator avoidance and light exposure (Williamson et al. 2011), the
observed correlation suggests that certain rotifers may exhibit spatial avoidance of high-light
environments rather than just temporal shifts. The literature supports the hypothesis that
ultraviolet radiation from the sun can be damaging to certain zooplankton as rotifers are
transparent and do not have pigment protection from sunlight. Certain Asplanchna rotifers have
shorter lifespans under high UV light (Sawada & Enesco 1984). Some rotifers cannot digest food
under high UV radiation in laboratory settings (Feng et al. 2007). It is possible that some rotifer
genera are avoiding UV light effects by migrating down in the water column in sunny areas but
are more present in shady areas. While the correlation between PAR and rotifer diversity was
statistically significant (p = 0.02465), it explained only 14.55% of the variation in rotifer
diversity, suggesting that other environmental or biological factors may also play crucial roles.

The AquaBOT is a useful tool with many potential applications beyond the reasons for
which it was originally created. Originally made for detecting nutrient hotspots in small streams

in agricultural areas, the AquaBOT has now been used in a meso-oligotrophic lake. We found the
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AquaBOT to be convenient, quick, and simple to use for water quality testing. New and
emerging technologies such as the AquaBOT can change field work by reducing the time, costs,
and labor associated with field work. The AquaBOT took measurements at a total of 1,933
individual locations on Lake Geneserath, a feat that would be tedious and nearly impossible with
human labor alone. This broad-picture sampling can provide insights for management, especially
in regard to zooplankton abundance which may indicate more eutrophic areas with greater
abundances of zooplankton predators such as fish. Investigating the spatial heterogeneity of
predators to zooplankton could provide a more complete picture of ecosystem dynamics in
irregularly shaped lakes.

There are some limitations to the study methods that may impact the application of its
results. For instance, I only sampled the top meter of the water. Zooplankton can be vertically
stratified (Williamson et al. 2011), meaning this methodology is missing the vertical aspect of
zooplankton spatial heterogeneity. Another limitation was the timing of sampling. Due to
logistical restraints, only one to two sections of the lake could be sampled each day. There were
three boat launches on Lake Geneserath: one in the South end, one on the East shore and one in
the North Arm. Sampling was broken up into multiple days, which means that weather was
variable across samples and between regions of the lake. While we did not sample on highly
windy days due to safety concerns, wind levels were variable on sampling days which could
cause mixing on the top of the lake. Furthermore, sampling occurred in a one week period
because the AquaBOT was on lease to the Central Michigan University Biological Station for
only two weeks. Zooplankton abundance and diversity exhibit significant seasonal variation;

therefore, this study represents only a limited representation of these dynamics.
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Future research on zooplankton spatial heterogeneity in freshwater ecosystems,
particularly in irregularly shaped and meso-oligotrophic lakes undergoing eutrophication like
Lake Geneserath, should focus on several key areas. First, exploring other underlying
mechanisms driving the observed differences in zooplankton abundance and diversity, such as
water circulation, nutrients, and habitat structure, would provide valuable insights on the
relationship with lake morphometry. Second, investigating the spatial heterogeneity of predators
to zooplankton could provide a more complete picture of ecosystem dynamics in irregularly
shaped lakes. Third, seasonal studies are needed to assess how these patterns change over time as
I only collected field data in June. Comparative studies across other irregularly shaped lakes
could provide clarity on the generalizability of my findings. These research directions will not
only advance ecological knowledge but also inform effective lake management and conservation
strategies.

The use of advanced technologies, like the AquaBOT aquatic drone, should be expanded
to collect higher-resolution, real-time data, which could be integrated with artificial intelligence
to improve predictive models of zooplankton distribution. I also recommend that the AquaBOT
be used in lakes that have greater levels of development or are part of watersheds that include
agricultural land. This could provide insights on how anthropogenic modifications to ecosystems
impact watersheds at a fine-scale. Utilizing the AquaBOT to find nutrient hotspots in lake
ecosystems can indicate causes of eutrophication such as runoff and pollution that can be

addressed by management and policy.
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