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Abstract
Since their discovery in 1988, zebra mussels have colonized bodies of water across the United
States. Having ecological and economic implications, zebra mussels have made noticeable
changes in the lakes they inhabit. One of these specific impacts is altered lake water clarity.
Using data collected by agencies and monitoring programs, this research utilizes regression
analysis to examine factors impacting water clarity, and to see how zebra mussels work in
conjunction with these factors. The analysis indicates that zebra mussel growth and precipitation
have a positive relationship with increased water clarity, while air temperature has a negative
relationship with water clarity. The results also suggest that natural and developed land use are
associated with higher water clarity than agricultural land use.
The analysis of how zebra mussel growth interacts with land use to impact water clarity indicates
that mussel growth has the strongest positive relationship to increased water clarity in
agricultural areas. The investigation of how zebra mussel growth interacts with climate to impact
water clarity suggests that zebra mussel growth is more strongly associated with increased water
clarity in mild to cool watersheds and watersheds with average to low precipitation levels.
This thesis expands the knowledge of zebra mussels’ effects on water clarity in Minnesota lakes.
Additionally, it helps fill the gap in research of how zebra mussels’ interaction with land use and
climate alters their impact on water clarity. This is especially important today in the context of
climate change.
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Introduction
Native to Eurasia, zebra mussels are an invasive aquatic species that made its way into U.S.
waters between 1985 and 1986 traveling in the ballast water of a ship (Ludyanskiy, et al., 1993).
While the first reported zebra mussel was discovered in Lake St. Clair in Michigan in 1988, the
first adult mussels were found a month later in Lake Erie (Nalepa, & Schloesser, 2013). Just over
a year afterwards, zebra mussels were found in Lake Ontario, the St. Lawrence River in New
York, Lake Michigan, and Lake Superior (Nalepa, & Schloesser, 2013). Zebra mussels are
notorious for “hitchhiking” on watercrafts which has allowed them to travel to and colonize
bodies of water they otherwise would not have been able to access (Vanderbush, et al., 2021).
For instance, this is likely how they were first introduced to the St. Lawrence River and Lake
Superior (Nalepa, & Schloesser, 2013). Additionally, they are known to travel through rivers and
canals to new bodies of water. For example, zebra mussels were able to make their way into the
Mississippi River Basin after traveling from Lake Michigan to the Illinois River (Nalepa, &
Schloesser, 2013). As of 2019 they can be found in 31 states across the U.S. (Vanderbush, et al.,
2021) and have been found in densities as high as 700,000 𝑚−2 (Griffiths, 1991).
Zebra mussels’ life history events are the reason they have been so successful in hitchhiking and
traveling through connected bodies of water. First, free-swimming larva develop after the
external fertilization of gametes released into the water by female zebra mussels. Next the larva
goes through two veliger stages where it begins to develop its shell within 9 days after
fertilization. Afterwards (within a few days), the veliger begins to develop a foot and enters the
pediveliger stage where it can swim at the bottom of bodies of water and crawl on surfaces. 18 to
90 days post fertilization, the pediveligers begin their settling stage where they anchor
themselves to a surface – hard surfaces or aquatic plants – using byssal threads and go through
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metamorphosis to become a postveliger. While many mussels produce byssal threads only after
metamorphosis, zebra mussels can produce them throughout their life cycle. After undergoing
metamorphosis, zebra mussels form their gills, mouth, and their adult shell. Lastly, the mussels
relocate from their initial anchoring spot to a more permanent and stable area (Ackerman, et al.,
1994). By going through the larval stage where the larva floats around zebra mussels can end up
in bilges, live wells, or bait buckets on boats and be transported to another lake. Additionally,
once zebra mussels have reached the settling stage they may attach directly to a boat or attach to
an aquatic plant that later gets caught on a boat motor or trailer and resulting in transportation to
a new body of water (Zebra Mussel, n.d.).
Zebra mussels are known to pose an economic threat by attaching to and clogging water intake
pipes, water filtration, and electric generating plants. A study examining impacts on drinking
water treatment and electric generation facilities indicated that zebra mussels caused an
estimated cost of $267 million between 1989 and 2004. Most of the costs were attributed to
prevention efforts and lost production and revenues. (Connelly, et al., 2007). Additionally, by
changing ecosystems in lakes zebra mussels are known to economically impact fisheries
(Ludyanskiy, 1993).
Ecologically, zebra mussels can be just as detrimental. Their most immediate and visible
ecological impact is attaching to, and eventually incapacitating, native mussel, clam, and snail
species (Benson & Boydstun, 1995). As a filter feeder, zebra mussels are also known to alter the
nutrient levels in water bodies, and thus, impact the ecosystems in which they reside (Emery‐
Butcher, et al., 2020).
By gathering and organizing data collected by various sources and databases centered around
Minnesota lakes, this research aims to analyze the response water clarity has to precipitation, air
6

temperature, land use, and zebra mussel colonization and growth. More specifically, this research
will explore the interaction between zebra mussels and precipitation, air temperature, and land
use to better understand the range of effects zebra mussels can have on water clarity. As land
continues to be developed and climate change evolves, these interactions are becoming
increasingly important in understanding the water clarity impacts zebra mussels will have in the
future.

Literature Review
This literature review will first introduce the foundational concepts of water clarity, as water
clarity comprehension is needed to fully understand the independent variables involved in
altering clarity. Additionally, it will include previous studies looking at how changes in climate
and land use have altered water clarity. Then, the literature review will note various zebra mussel
physiology studies to establish an understanding of zebra mussels’ population dynamics and
ideal ecosystem conditions. Lastly, previous research surrounding zebra mussel impacts on water
clarity will be included to enable a more complete analysis on the findings in this research.
Factors of Water Clarity
The direct causes of water clarity are suspended sediments and algae. Sediments enter lakes
through runoff and shoreline erosion and can be stirred up within a lake by fish (such as carp),
human activity, and heavy wind. Algae are small aquatic plants made up of chlorophyll. Algae is
more likely to form when lakes experience eutrophication caused by an increase of nutrients –
such as phosphorus (Betz & Howard, 2009).
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Several studies have analyzed the relationship between chlorophyll and phosphorus in lakes.
Quinlan, et al. (2020) found that total phosphorus and chlorophyll-a have a sigmoidal
relationship at intermediate concentrations of total phosphorus, but that they have a nonlinear
relationship when total phosphorus is at a low or high concentration. Additionally, Quinlan, et al.
(2020) found that the chlorophyll-a – total phosphorus relationship was weak at temperature
extremes. Filstrup & Downing (2017) evaluated the relationships between chlorophyll,
phosphorus, and nitrogen. While examining lakes in an agricultural region, they found that
chlorophyll-a levels were highest when total phosphorus concentrations were high and total
nitrogen levels were medium. However, they found that chlorophyll-a levels were reduced when
total nitrogen was at its highest level. Filstrup & Downing (2017) suggested that there could be a
seasonal effect on the relationship between Chlorophyll-a and total nitrogen given that the
highest concentrations of total nitrogen are in the early summer before phytoplankton biomass
have a lot of time to develop.
There have been extensive studies on variables that play a more indirect role in lake water
clarity. Pettersson, et al. (2003) analyzed the impact air temperature has on water quality through
the study of various nutrients – including phosphate and chlorophyll-a. While studying a lake in
Sweden over two time periods – one period of warm years and one period or cold years – they
found that significantly higher levels of phosphate and chlorophyll-a were found in the warm
years. They stated that higher water temperatures resulting from the warmer weather resulted in
an increased amount of nutrients in the water column.
Rose, et al. (2017) evaluated the impact precipitation and land use have on water clarity in
Wisconsin. They found that water clarity is higher in dry years and lower in wet years. However,
the lakes that were typically clearer had more variation in both the dry and wet years. They also
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found that climate, land use, and lake morphology (size, depth, and whether there was a dam in
the lake) played a larger role in water clarity in the dry year. More specifically, they found that
agriculture negatively correlated with water clarity, but was more of a predictor during the dry
year. (Rose, et al., 2017). Another study done in 2016 found that oligotrophic lakes have a
positive correlation with water clarity during dry years, but that eutrophic and some mesotrophic
lakes have a negative correlation with water clarity in dry years. One reason they attributed to
this is that phosphorus concentrations in eutrophic lakes dilute in wet years creating greater water
clarity (Lisi & Hein, 2019).
The impact of land use around Midwest lakes has been the subject of research done by Lottig, et
al. (2014) who found that lakes in more northern latitudes saw an increase in water clarity over
the last 20 years, while lakes in more southern latitudes experienced a decrease in water clarity
during the same time frame. They implicated the nutrients and soil patterns related to land use
patterns as a possible reason for these trends. Forested and less populated areas tend to be found
in northern latitudes, while agriculture and urban areas are located more in the southern parts of
the study area. Olmanson, et al. (2014) examined the geospatial and temporal trends of water
clarity in Minnesota lakes. They found that lake clarity in the south and southwest part of the
state was consistently lower than the lake clarity in the north and northeast. They also found that
between 1985 and 2005 the water clarity in forested ecoregions remained relatively stable, while
the water clarity in several plain ecoregions – which are dominated by agricultural land use –
decreased over the same time period. Olmanson, et al. (2014) also found that water clarity likely
reflected natural characteristics of lakes (such as depth and watershed size). They found that
there were 41% more small lakes with decreasing water clarity rather than increasing water
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clarity, but only 12.5% more large lakes with decreasing water clarity rather than increasing
water clarity.
Zebra Mussels’ Physiology
Ever since the first zebra mussel was discovered in North America in 1988, an abundance of
studies has been conducted to better understand the invasive species. Importantly, the
mechanisms of zebra mussels and how they interact with their surroundings have been intensely
researched (Ludyanskiy, et al., 1993; Karatayev, et al., 2011; Burlakova, et al., 2006; Strayer &
Malcom, 2006; McMahon, R. F., 1996; Churchill, et al., 2017). Zebra mussels owe their success
to their resilience and rapid reproduction rate. One female zebra mussel can release more than
one million eggs in one spawning season, and of those around 3% survive the settling stage
where they become postveligers – the point at which mussels anchor to a hard surface
(Ludyanskiy, et al., 1993). While zebra mussels use external fertilization, all native mussels use
internal fertilization which requires a smaller number of fertilized eggs to be brooded over a
several month period. Forgoing internal fertilization allows zebra mussels to reproduce at faster
rates (Mackie, G. L.,1991). In another study, Karatayev et al. (2011) found that zebra mussels
achieve maximum population density anywhere from 1-4 years after they are first found in a
body of water. However, on average they reach their maximum population density 2.5 years after
their discovery. Other literature specifies that zebra mussels reach their maximum population 7
to 12 years after they are first introduced, but it takes years before they reach a high enough
density to be noticed (Burlakova, et al., 2006).
Strayer & Malcom (2006) studied zebra mussel population dynamics and identified five types of
zebra mussel population trajectories:
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•

The boom-bust cycle – zebra mussels take over a body of water quickly for several years
followed by rapid population decline. The boom-bust cycle is most common for
populations with predators and diseases that follow the initial colonization and growth
stages.

•

The cyclic cycle – the zebra mussel population density spikes and falls over and over
depending on the dominance of the zebra mussels. This cycle is more likely when food is
limited.

•

The equilibrial trajectory –zebra mussel populations remain relatively stable over time.
This trajectory is more likely when zebra mussels are in a limited amount of space (i.e., a
small lake) and have plentiful food sources.

•

The irregular cycle – where the zebra mussel population density is unpredictable and
reveals no long-term trend. This cycle can occur when severe disturbances are also
irregular.

•

The lag cycle – zebra mussel populations begin with a slow growth and eventually reach
a point of rapid growth and eventual stabilization. The lag cycle can happen when zebra
mussels convert their colonized body of water into a more habitable place – such as
creating more hard surfaces to latch onto if the lake initially has a lot of soft substrate
surfaces. (Strayer & Malcom, 2006).

Various studies have looked at the ideal and necessary conditions of ecosystems for successful
zebra mussel invasions. In terms of water temperature, one study looking at zebra mussels in
Europe showed that they can successfully spawn at water temperatures as cold as 12°C and as
warm as 26°C, but reproduction rates are maximized between 17°C and 18°C (McMahon, R. F.,
1996). A more recent study looking at zebra mussel trends in the United States has revealed that
11

zebra mussels have been adapting to warmer temperatures. Churchill, et al. (2017) found that an
estimated 13% of zebra mussels were able to survive in 30°C temperatures and all mussels
survived in 26°C temperatures. However, they also found highest densities of mussels in water
temperatures between 14-28°C. Moreover, Petsch, et al. (2020) suggest that climate change will
further promote zebra mussels in temperate areas and predict they will displace native species in
higher latitudes in North America as temperatures increase. Lake water temperatures vary in
Minnesota depending on lake size and location, but using model simulation Stefan, et al., 1994
found that water temperatures in Minnesota range from 0-30°C throughout the year.
Zebra Mussels’ Ecological Impact
The ecological impact of zebra mussels has also been a focus of research. A study published by
Jones & Montz (2020) analyzed the impact zebra mussels in a Minnesota lake had on water
clarity and water chemistry between the time they were first discovered and nine years
afterwards. First, they found that the zebra mussels had a logistic growth curve with an average
maximum population density at 5.2 years. While 5.2 years is higher than the 2.5 years Karatayev
et al. (2011) found, the discrepancy could be attributed to the large area (207 𝑚𝑖𝑙𝑒𝑠 2) of the lake
in Jones & Montz (2020) research. The growth rate at each location was driven by habitat – areas
with more hard substrates had higher growth rates than areas with softer substrates. They also
found that the secchi depth measurements (which are used to determine water clarity levels) did
not correlate in any way with higher zebra mussel densities. Additionally, the chlorophyll-a and
phosphorus levels did not change with the increased zebra mussel densities. However, the
amount of benthic biomass found in the water was 1,500 times higher than it was previously,
which indicates that much of the phytoplankton was converted into benthic biomass (Jones &
Montz, 2020). In another study, Terziyski, et al. (2018) measured levels of chlorophyll-a, total
12

phosphorus contents, and water clarity levels in invaded lakes and uninvaded reservoirs in
Bulgaria. They found that zebra mussels have a positive correlation with water clarity, a negative
correlation with chlorophyll-a and no correlation with total phosphorus.
Emery-Butcher, et al. (2020) evaluated zebra mussels’ impacts on freshwater systems as an
ecosystem engineer. Through processes that add more mussel shells to ecosystems, remove
phytoplankton from the water, and add benthic nutrients zebra mussels can create changes from
phytoplankton-dominated ecosystems to macrophyte-dominated ecosystems.

Theory of Equations
All Lakes
The following equation can be used to better understand the factors impacting water clarity in
each lake (i) every year (j) in Minnesota:
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦𝑖𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑖𝑗 + 𝛽2 𝑙𝑎𝑛𝑑𝑢𝑠𝑒 𝑖𝑗 + 𝛽3 𝑐𝑙𝑖𝑚𝑎𝑡𝑒 𝑖𝑗 + 𝛽4 𝑚𝑜𝑟𝑝ℎ𝑜𝑙𝑜𝑔𝑦𝑖 + 𝜇
This equation looks at the impact zebra mussels, land use, and climate have on water clarity
changes over time while also noting the effect lakes’ physical morphology plays in water clarity
levels. Including land use, climate, and lake morphology controls allows the zebra mussel
variable to be isolated. While this foundational equation presents the overarching controls of
water clarity, they each can be broken down into control sub-categories which are described in
the following equation:
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑖𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑖𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑖𝑗 + 𝛽3 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟𝑖𝑗 + 𝛽4 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑖𝑗
+ 𝛽5 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑖𝑗 + 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑖𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑖𝑗 + 𝛽8 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑖𝑗
+ 𝛽9 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑖𝑗 + 𝛽10 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑖 + 𝛽11 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑖 + 𝛽12 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑖
+𝜇
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The zebramussels variable is an indicator variable that shows “0” in years when zebra mussels
are absent and “1” when they are present. The growthcurve variable reflects a logistic growth
curve of zebra mussels that defines peak population density happening 4 years after being
discovered.
The next five variables show the categories of land use percentages of each sub-watershed the
lakes lie in. While open water is not included in the equation because it is used to compare the
other land use types with, it includes lake area as well as river and pond area. Developed includes
the developed urban areas of open space, low intensity, medium intensity, and high intensity.
Natural includes most natural and undeveloped areas (deciduous forest, evergreen forest, mixed
forest, barren land, shrub/scrub, and grassland/herbaceous). Wetlands includes the natural areas
excluded in natural (woody wetlands and emergent wetlands). Lastly, agriculture includes all
area developed for agricultural purposes (cultivated crops and pasture/hay). Only the years of
2001, 2006, 2011, and 2016 have collected land use data, so all years prior to 2006 contain 2001
data, years between 2006 and 2011 contain 2006 data, years between 2011 and 2016 contain
2011 data, and years after 2016 contain 2016 data.
The variables within climate are temperature and precipitation. The temperature variable shows
the annual three-month (June, July and August) average temperature in each of the main
watersheds. Precipitation shows the annual aggregate amount of precipitation from April
through September.
The last three variables are the sub-variables of physical lake morphology. Lakearea is a fixed
variable for each lake showing the area of water in acres. Lakedepth is a fixed variable for each
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lake reflecting the average depth in each lake in feet. Shorelength is a fixed variable for each lake
that reflects the perimeter around each lake in miles.
While this equation shows all the sub-variables of the foundational equation, it does not reflect the
interactions that variables have with each other.
The following equation includes the interaction variables of precipitation and land use:
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑖𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑖𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑖𝑗 + 𝛽3 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟𝑖𝑗 + 𝛽4 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑖𝑗
+ 𝛽5 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑖𝑗 + 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑖𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑖𝑗 + 𝛽8 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑖𝑗
+ 𝛽9 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑖𝑗 + 𝛽10 (𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 ∗ 𝑙𝑎𝑛𝑑𝑢𝑠𝑒)𝑖𝑗 + 𝛽11 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑖
+ 𝛽12 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑖 + 𝛽13 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑖 + 𝜇

The precipitation*landuse interaction variable is important because, as noted in the literature
review, whether lakes are eutrophic, mesotrophic, or oligotrophic can alter the effect
precipitation has on water clarity. Although the lakes’ trophic statuses are not explicitly included
in the data, they would have some correlation with land use. For example, lakes in areas
dominated with agricultural surroundings are more likely to be eutrophic, while lakes with
forested surroundings are more likely oligotrophic.
Lake Nutrient Subset
A subset of lakes was chosen to analyze the relationship between water clarity, the controls
previously described, and nutrients (chlorophyll and total phosphorus) found in lakes. Because
chlorophyll and phosphorus can also be considered dependent variables, there are two additional
equations that reflect them as such. Six lakes in Douglass County (l) were chosen to limit any
regional (geographic and climatic) impact.
The equation looking at water clarity as the dependent variable is as followed:
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𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦𝑙𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑙𝑗 + 𝛽2 𝑙𝑎𝑛𝑑𝑢𝑠𝑒 𝑙𝑗 + 𝛽3 𝑚𝑜𝑟𝑝ℎ𝑜𝑙𝑜𝑔𝑦𝑙 + 𝛽4 𝑙𝑎𝑘𝑒𝑛𝑢𝑡𝑟𝑖𝑒𝑛𝑡𝑠𝑙𝑗
+ 𝜇
Which can be further broken down into the following equation:
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑙𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑙𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑙𝑗 + 𝛽3 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟𝑙𝑗 + 𝛽4 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑙𝑗
+ 𝛽5 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑙𝑗 + 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑙𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑙𝑗 + 𝛽8 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑙
+ 𝛽9 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑙 + 𝛽10 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑙 + 𝛽11 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑙𝑗 + 𝛽12 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑙𝑗
+𝜇
The additional two equations are:
𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑙𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑙𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑙𝑗 + 𝛽3 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑙𝑗 + 𝛽4 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑙𝑗
+ 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑙𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑙𝑗 + 𝛽8 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑙 + 𝛽9 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑙
+ 𝛽10 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑙 + 𝛽11 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑙𝑗 + 𝛽12 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑙𝑗 + 𝜇

𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑙𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑙𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑙𝑗 + 𝛽3 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑙𝑗 + 𝛽4 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑙𝑗
+ 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑙𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑙𝑗 + 𝛽8 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑙 + 𝛽9 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑙
+ 𝛽10 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑙 + 𝛽11 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑙𝑗 + 𝛽12 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑙𝑗 + 𝜇

The chlorophyll variable is the concentration of chlorophyll-a measured in each lake and
phosphorus is the concentration of total phosphorus measured. All the lakes are within the same
main watershed, so the variables related to temperature and precipitation have been excluded
because they are the same across all the lakes in the subset. Including equations with chlorophyll
and phosphorus as the dependent variables will allow for a more well-rounded evaluation on how
zebra mussels and the other controls impact water clarity and whether or not it is through the
direct impact of nutrients.
Substrate Subset
Another subset of lakes was included in a set of regressions to better explore how the results
might alter depending on the growth of zebra mussels. One equation uses only lakes with
predominantly hard substrates and one equation uses only lakes with predominantly soft
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substrates. The same natural growth curve was used in both equations to allow for a better
comparison of how zebra mussel growth interacts with soft and hard substrate lakes.
The substrate equation for hard substrate lakes (h) is:
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 ℎ𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠ℎ𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒ℎ𝑗 + 𝛽3 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟ℎ𝑗 + 𝛽4 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑ℎ𝑗
+ 𝛽5 𝑛𝑎𝑡𝑢𝑟𝑎𝑙ℎ𝑗 + 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠ℎ𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒ℎ𝑗 + 𝛽8 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒ℎ𝑗
+ 𝛽9 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛ℎ𝑗 + 𝛽10 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎ℎ + 𝛽11 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎℎ + 𝛽12 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎℎ
+𝜇
The substrate equation for soft substrate lakes (s) is:
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑠𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑠𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑠𝑗 + 𝛽3 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟𝑠𝑗 + 𝛽4 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑠𝑗
+ 𝛽5 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑠𝑗 + 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑠𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑠𝑗 + 𝛽8 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑠𝑗
+ 𝛽9 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑠𝑗 + 𝛽10 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑠 + 𝛽11 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑠 + 𝛽12 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑠
+𝜇

Data
Zebra Mussels
The zebra mussel data was obtained from the “Infested Waters List” that the Minnesota
Department of Natural Resources’ (MN DNR) updated on August 7, 2020 (Minnesota
Department of Natural Resources, n.d.). The MN DNR has listed all the lakes in Minnesota that
have been infested by one or more aquatic invasive species and the year the lake was listed as
infested. Only the lakes listed as infested by zebra mussels prior to 2020 were used. The lakes’
identification numbers (DOW numbers) were used to merge the zebra mussel data with the rest
of the data. There are 472 lakes in the dataset that have zebra mussels listed as at least one of
their invasive species. However, after removing lakes without secchi depth measurements and
lake physical morphology data only 202 lakes are used in this analysis.
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Of the 202 lakes, the time since zebra mussel discoveries ranged from 1 year to 14 years. In other
words, the first year one of the lakes was listed as infested was 2006 and the last year was 2019.
The average year for zebra mussel discovery in the lakes was 2015. This data is reflected in
Table 1 and Figure 1. While it appears that zebra mussel colonization dramatically increased
from 2013 to 2014 it is likely that zebra mussels inhabited some, if not most, of the lakes prior to
their discovery but that there was an increase in public awareness to report zebra mussel
sightings in 2014.
Climate
To merge both the precipitation and temperature data with the rest of the data, all the observed
lakes were assigned to their major watershed. This was done by locating each lake on Google
Maps and then finding it on the Minnesota Climate Trends website map where the major
watersheds were labeled, and the outlines of lakes were visible. In total, the 202 lakes were
found in 24 major watersheds. The major watersheds distribution in the state, and the number of
lakes in each one can be seen in Figure 2.
Temperature
Temperature data was obtained through the MN DNR’s Minnesota Climate Trends
website (Minnesota Department of Natural Resources, n.d.). Using major watershed
boundaries, the annual three-month average temperatures of June, July and August
between the years 1996-2019 were recorded. June, July and August were chosen because
they typically have the warmest average temperatures and including more months in the
mean calculation would flatten the peak of summer temperatures.
As seen in Table 2, these lakes’ average temperatures ranged between 70.14- and 63.58degrees Fahrenheit during each of their observed years. Figure 3 depicts the geospatial
18

pattern of the six watersheds with the highest average temperatures and the six
watersheds with the lowest average temperatures. The number of observed years for each
watershed varied and was dependent on the lakes in each watershed. Figure 4 shows the
annual trends of average temperatures across the main watersheds. The warmest summer
was in 2012 when the average temperature was 69.80 degrees Fahrenheit. The coolest
summer was in 2004 when the average temperature was 63.46 degrees Fahrenheit. In
general, there seems to be a slight increase in average temperatures over the last 24 years.
The interaction between temperature and secchi depth can be seen in Figure 5. To
display the data in an easier way to interpret, the data was binned to partition the
temperature data into 30 sections, and which then averaged the secchi depth in each of
those sections. It shows a strong negative relationship between temperature and secchi
depth.
Precipitation
Precipitation data was also obtained through the Climate Trends website developed by
the MN DNR (Minnesota Department of Natural Resources, n.d.). April through
September annual precipitation totals were taken from 1996-2019. Because the ice out
date on most lakes is sometime in April, it made sense to only count precipitation from
the months after water clarity testing had begun. Additionally, because the water clarity
data is typically measured between the months of April and early October, precipitation
in October and later months will not influence the data.
As seen in Table 3, the average cumulative precipitation in each watershed ranged from
16.98 to 23.41 inches in the observed years. Figure 6 depicts the geospatial pattern of
high and low average total precipitation. Like the temperature data, the years recorded for
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each watershed varied by the lakes within them and the amount of secchi depth data they
had. Figure 7 shows the annual precipitation trends. 2014 averaged the most precipitation
across the watersheds with 25.80 inches and 2009 had the least precipitation with 13.98
inches. Additionally, it appears that average total precipitation has been increasing over
time.
The interaction between precipitation and secchi depth can be seen in Figure 8. The data
has been binned the same way as in Figure 5. It shows a negative relationship between
secchi depth and precipitation, although it appears that the relationship is not completely
linear and that secchi depth peaks when precipitation is moderate.
Lake Morphology
Lake Depth, Lake Area, and Shore Length
The maximum depths, surface areas, and shore lengths of all observed lakes were found
using the Minnesota Department of Natural Resources’ LakeFinder online tool
(Minnesota Department of Natural Resources, n.d.). Although lake depth, lake area, and
shore length gradually change over time, they are relatively static measurements and,
therefore, are fixed in the dataset. The lake morphology variables are important to include
in the dataset because they help control for differences in lake ecosystems. For example,
the ecosystem of a shallow lake with a small area will be different from a deep lake with
a large area.
The observed lakes varied widely in maximum depth and ranged between 1.9 ft and 208
ft, but the median depth was 48 ft. Ideally, the mean depth would be used in the
regression analysis to avoid outlying deep areas in lakes. However, only a small number
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of lakes had mean depth measurement data available. Figure 9 depicts the lake
frequencies at various depths.
There was a large range in lake areas across all the observations. The smallest area was
9.13 acres and the largest was 128,250 acres (less than 1 𝑚𝑖𝑙𝑒 2 to over 200 𝑚𝑖𝑙𝑒𝑠 2 ). The
median lake area was 597.94 acres. Figure 10 shows the lake frequencies at all areas. To
depict the frequencies of lakes more accurately, Figure 11 narrows in on all lakes with
areas less than 3,000 acres.
The median shore length of the observed lakes was 5.915 miles, but the shore lengths
ranged from 0.47 miles to 92.0 miles. Figure 12 shows the lake frequencies at all shore
lengths, and Figure 13 excludes the outlying lake with the longest shore length and looks
at all lakes with shore lengths less than 50 miles long.
Substrates
Substrate data was only available for 29 of the observed lakes. It was found in various
vegetation reports linked to lakes’ information on the MN DNR LakeFinder tool. The
vegetation reports stated what type of shoal sediments were most common in water sites
0 to 6 feet deep. Of the 29 lakes with vegetation reports, 18 were listed as having
predominantly hard substrates (boulders, rubble/gravel, and sand) and 10 were listed as
having mostly soft substrates (silt, marl, and muck). The last lake was listed as being
about evenly mixed. Because there was only one mixed lake, it was excluded from the
subset of lakes with substrate data.
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Land Use
The 2011 land use data was obtained through “Model My Watershed” created by Stroud Water
Research Center (n.d.). The 2001, 2006, and 2016 land use data was found with MN DNR’s land
use shapefiles through ArcMap. Both the “Model My Watershed” and the DNR’s shapefile data
consisted of land cover percentages of the following categories: open water, developed open
space, developed low intensity, developed medium intensity, developed high intensity, barren
land, deciduous forest, evergreen forest, mixed forest, shrub/scrub, grassland/herbaceous,
pasture/hay, cultivated crops, woody wetlands, and emergent wetlands. However, because there
are similarities in several of these categories, some were combined to create 5 broad categories.
Open water remained as “open water”. Developed open space, developed low intensity,
developed medium intensity, and developed high intensity were combined to create a
“developed” category. Deciduous forest, evergreen forest, mixed forest, barren land, shrub/scrub,
and grassland/herbaceous were combined to create a “natural” category. Pasture/hay and
cultivated crops were combined to create an “agricultural” category. Lastly, woody wetlands and
emergent wetlands were combined to create a “wetlands” category.
To find the percentages of land use around each lake, every lake was assigned a sub-watershed
(HUC-12) using their latitude and longitude coordinates. All the lakes fit into 122 subwatersheds.
Figure 14, Figure 15, and Figure 16 show the relationship between secchi depth and developed,
natural, and agricultural land, respectively. The data has been binned into 30 sections to display
the data in an interpretable way. The relationships in the graphs indicate that there is a positive
relationship between water clarity and natural land use and a negative relationship between water
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clarity and developed and agricultural land use. As lakes in areas with more developed and
agricultural land use are likely to experience more erosion and nutrient run-off, this is expected.
Water
Secchi Depth
The water clarity data was retrieved via email and came from the Minnesota Pollution
Control Agency’s (MPCA) EQuIS database. The data was collected through citizen
monitoring programs, other agency monitoring, and was submitted by partners of the
MPCA. The data ranged from 1996-2019. After reformatting the lake DOW numbers to
match the DOW numbers on the invasive species dataset, the lakes without zebra mussel
populations were filtered out by merging the water clarity data with the already organized
invasive species data. To create better uniformity in the data and account for the
differences in number of measurements per month in each lake, the secchi depth
measurements were converted into monthly averages. Then, all lakes without any water
clarity data, insufficient water clarity data, or with exclusively pre-invasion or postinvasion water clarity data were removed from the dataset.
In total there was 20,579 secchi measurement observations across all the lakes, however
some lakes had more observations than others. The lake with the most observations had
164 measurements, while the lake with the least had 8.
Table 4. shows that, on average (and not taking any other variable into consideration),
lakes have lower secchi depth measurements prior to zebra mussel invasions – in other
words, lakes are less clear prior to zebra mussel invasions. Table 4 also shows the
relationship between secchi depth and chlorophyll and phosphorus. Secchi depth appears
to have a negative correlation with both chlorophyll and phosphorus.
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Chlorophyll and Phosphorus
The chlorophyll and phosphorus concentration data were retrieved in two different
datasets using the National Water Quality Monitoring Council database (National Water
Quality Monitoring Council, n.d.). The data was collected through a citizen monitoring
system which resulted in some lakes have more data than others. Rather than shrinking
the main dataset to fit within the chlorophyll and phosphorus dataset, the chlorophyll and
phosphorus data was only added to the lakes that had concentration data. To better match
the secchi depth measurements, both the chlorophyll and phosphorus data was averaged
into monthly measurements when necessary. For the regression analysis, a chosen subset
of six lakes in Douglass County uses the chlorophyll and phosphorus data, however in
this section of data analysis all the chlorophyll and phosphorus data were used.
Figure 17 depicts a negative relationship between zebra mussel presence and chlorophyll
levels. However, zebra mussels appear to have a positive relationship with phosphorus
levels – as seen in Figure 18. Figure 19 shows a very strong relationship between
chlorophyll and phosphorus measurements. All three of these figures includes binned
data.

Results
All the regressions use fixed effects, so lake area, shore length, and maximum depth were
omitted in the results because of collinearity. The first set of regressions are the base regressions
that look at all the variables without any interaction variables. Regression 1(1) includes only the
zebra mussel variables – both the dummy variable and the growth variable. Although the dummy
variable does not have a statistically significant coefficient, the growth variable coefficient of
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1.071 shows that the proxy for zebra mussel growth has a positive correlation with water clarity.
Regression 1(2) includes all the controls except for zebra mussel growth. The results show
statistically significant coefficients with two of the land use variables. Using the open water land
use category as the base, natural land use has a coefficient of -3.439 and a p-value of 0.057, and
developed land use has a coefficient of -3.609, but is not statistically significant. Agricultural
land use has a coefficient of -6.236 and a p-value of 0.001. These coefficients reflect that when
agricultural land use increases from 0% to 100% in a sub-watershed water clarity would decrease
by 6.24 meters compared to if a sub-watershed went from 0% open water to 100% open water
land cover. Similarly, a shift from 0% to 100% of developed land use in a sub-watershed would
decrease water clarity by 3.00 meters, and a shift from 0% to 100% of natural land use would
decrease water clarity by 3.44 meters in comparison to open water land use. The results also
show that the temperature and precipitation coefficients are highly statistically significant.
Temperature has a highly statistically significant coefficient of -0.0612 which indicates that there
is a negative correlation between temperature and water clarity. Precipitation also has a highly
statistically coefficient of 0.0129 which indicates that it has a slight positive correlation with
water clarity. Regression 1(3) includes the same variables as the previous regression, but also
includes the zebra mussel growth variable. While most of the coefficients reflect a similar story
to those in the previous regression, the zebra mussel presence coefficient drops to -0.0610 with a
p-value of 0.044 which indicates a negative relationship with water clarity. Regression 1(4)
omits the variables having to do with zebra mussels. It shows the coefficients for developed land
use, natural land use, and agricultural land use as -5.044, -8.817, and -9.103, respectively. All
three coefficients are highly statistically significant. Neither of the temperature and precipitation
coefficients change noticeably from the regression including zebra mussel presence and growth.
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Regression 2(1) includes the land use and precipitation interaction variables that were left out of
the base regressions. While all the statistically significant coefficients reflect the findings in the
base regressions relatively closely, only the interaction variable between natural land use and
precipitation is statistically significant. This coefficient is 0.0361 and has a p-value of 0.080.
Table 5 depicts the AIC values of these first 5 regressions. It shows that Regression 2(1) has the
lowest AIC value, and therefore indicates that this model is the better fit for the data despite
using the most controls. Regression 1(3) has the second lowest AIC value, and Regression 1(1)
has the third lowest AIC value. Regression 1(4) has the highest AIC value which suggests that
the zebra mussel variables are important controls to include in the regressions. Because most of
the interaction variable coefficients are not statistically significant, the following sets of
regressions will be compared with the results of Regression 1(3).
The next set of regressions show the impact of land use on zebra mussels’ effects. Regression
3(1) looks only at lakes in a sub watershed with at least 60% developed land cover. All the
controls, other than land use, are included in the regression. While the zebra mussel growth
coefficient is not statistically significant, it is -0.145. This coefficient is flipped from the
Regression 1(3) results, and the relationship between zebra mussel growth and secchi mean is
weaker. While it is expected that zebra mussel growth has various levels of impact depending on
land cover, it is unexpected that growth has a negative relationship with water clarity in lakes
surrounded by greater amounts of developed area. Temperature does not have a statistically
significant coefficient but is -0.0371. Precipitation also does not have a statistically significant
coefficient but is 0.0129 which reflects a positive relationship with water clarity. Regression
3(2) looks at lakes in sub watersheds with at least 60% natural land cover. The zebra mussel
growth coefficient is 0.0892, but it is not statistically significant. While it does not show a very
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strong relationship with water clarity, unlike the developed land use regression, it does suggest a
positive relationship which is expected. The temperature coefficient is -0.0402 and is highly
statistically significant, while the precipitation coefficient is 0.0066 and not statistically
significant. The last regression in this subset, Regression 3(3), looks at lakes in sub watersheds
that have at least 60% agricultural land cover. Unlike the prior two regressions, the zebra mussel
growth variable has a highly statistically significant coefficient of 0.366. Not only does it suggest
a positive relationship with water clarity, but it also shows a stronger relationship than the other
two land use regressions. However, a coefficient of 0.366 is still much lower than the 1.064
coefficient in the base regression. Although this is an unexpected result, it could be attributed to
lakes with a greater diversity of land cover having stronger positive relationship between zebra
mussel growth and water clarity. The coefficient on temperature is -0.0665 and is highly
statistically significant. The coefficient on precipitation is 0.0231 and is also highly statistically
significant. These coefficients reflect the same positive relationship between water clarity and
precipitation and temperature as the other two land use sub-regressions.
The climate set of regressions are included in Regressions 4(1)-4(4). Regression 4(1) looks only
at lakes in the six watersheds with the highest average temperatures. Regression 4(2) looks at all
the other lakes that do not lie within those six watersheds. They both have a highly statistically
significant positive coefficient of 0.444 and 1.199, respectively. The fact that the coefficient in
the warmest six watersheds is much smaller than the coefficient for the rest of the watersheds
indicates that zebra mussel growth coincides with increased water clarity in areas where air
temperature is mild to cool. While the developed, natural and wetlands land use variables do not
have a statistically significant coefficient in Regression 4(1), the agriculture variable has
statistically significant coefficients of -7.292 with a p-value of 0.020. Regression 4(2) also does
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not have statistically significant coefficients for developed land and wetlands, but unlike the
previous regression, it has a statistically significant coefficient on natural land of -4.765 with a pvalue of 0.042. This coefficient is nearly twice as large as in the previous regression which
indicates that natural land use has a stronger negative relationship with water clarity (compared
to open water land cover) in lakes in more mild temperature watersheds. Part of the reason for
this could be that lakes in watersheds with cooler average temperatures include areas in Northern
Minnesota which have higher concentrations of natural land. The coefficient on agricultural land
use is highly statistically significant and is -8.585. While it reflects a stronger relationship than in
the previous regression, it is of a similar magnitude. Regression 4(3) looks at lakes within the six
watersheds with the highest average amounts of precipitation, while Regression 4(4) looks at all
the lakes outside of those watersheds. They both have statistically significant zebra mussel
growth coefficients: 0.296 and 1.324, respectively. The difference in magnitude of these
coefficients suggest that the positive relationship between zebra mussel and water clarity is
stronger in lakes in watersheds that do not experience higher than average total precipitation
levels. Regression 4(3) does not have any statistically significant coefficients on developed or
natural land use, however the coefficient on agricultural land use is -5.868 and has a p-value of
0.035. Regression 4(4) has highly statistically significant coefficients on developed land use,
natural land use, and agricultural land use of -8.374, -8.867, and -12.97, respectively. All these
coefficients are much higher than in the previous regression which indicates that water clarity in
lakes that lie in watersheds with more average and low amounts of total precipitation are more
strongly negatively related to different types of land use compared to open water land cover. This
could have something to do with open water land cover having a stronger positive relationship
with water clarity in areas with less amounts of precipitation.
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The fifth set of regressions look at lake nutrients, and their correlation with zebra mussel growth
and water clarity. Only lakes six similarly sized lakes in Douglass County were used in the
regression, so the number of observations is low compared to some of the other regressions.
Regression 5(1) uses secchi depth as the dependent variable and chlorophyll and phosphorus
concentrations as independent variables. It shows that there is a highly statistically significant
coefficient of 0.444 on the zebra mussel growth variable. This indicates that zebra mussel growth
impacts water clarity even after controlling for chlorophyll and phosphorus. The phosphorus
coefficient is statistically significant and is -4.839. The chlorophyll coefficient is highly
significant and is -0.0558. These coefficients indicate that both are negatively correlated with
water clarity, which is expected. Importantly, the R-squared value suggest that zebra mussel
growth and chlorophyll and phosphorus concentrations account for nearly 40% of the changes in
water clarity. Regression 5(2) uses phosphorus concentrations as the dependent variable. The
zebra mussel growth variable coefficient is 0.00137, however it is not statistically significant.
The chlorophyll coefficient is 0.000752 and is highly statistically significant. This indicates that
chlorophyll concentrations have a weak impact on phosphorus concentrations. The water clarity
coefficient is only slightly higher at -0.00156 with a p-value of 0.047. Regression 5(3) uses
chlorophyll concentrations as the dependent variable. The zebra mussel growth variable
coefficient is 0.784 but is not statistically significant. However, because this coefficient is larger
than in the previous regression, it indicates that zebra mussel growth has a stronger correlation
with chlorophyll concentrations than phosphorus concentrations. The phosphorus coefficient is
81.18 and is highly statistically significant which suggests a strong positive correlation with
chlorophyll levels. Because this coefficient is much larger than the chlorophyll coefficient in
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Regression 5(2) it seems that phosphorus impacts chlorophyll concentrations much more than
chlorophyll impacts phosphorus concentrations.
The last set of regressions looks at the interaction between zebra mussel growth and lake
substrate types. Regression 6(1) includes 18 lakes with predominantly hard substrates. The zebra
mussel growth coefficient is 0.771 and is highly statistically significant. Regression 6(2)
includes 10 lakes with predominantly soft substrates. The zebra mussel growth coefficient is
0.769 and is also highly statistically significant. None of the other coefficients in the soft
substrate regression had statistically significant coefficients. The zebra mussel growth coefficient
is very similar in both regressions, but marginally larger in the hard substrate regression. The
difference is very small, so it does not indicate that zebra mussel growth in lakes with hard
substrates have a stronger positive relationship with water clarity than in lakes with soft
substrates.

Discussion
Using regression analysis this research aimed to identify the impact land use, climate, and zebra
mussels have on water clarity in Minnesota Lakes. Additionally, it aimed to investigate how the
interaction between zebra mussels and climate and land use affects lake water clarity. The base
equation without interaction terms predicted that one year of zebra mussel growth in the first
year after discovery correlates with a 0.1175-meter increase in secchi depth – given that all other
factors remain constant. After the second year of zebra mussel growth, the growth correlates with
a 0.125-meter increase in secchi depth. The same equation suggests that agricultural land use
correlates with decreased water clarity more than both developed land and natural land. Natural
land has the least negative relationship with water clarity. However, because all the land use is
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being compared to open water land cover, it is difficult to tell if developed, natural, and
agricultural land use have a negative correlation with water clarity, or just weaker positive
correlations than open water. Nonetheless, this trend is similar to that found in the research done
by Lottig, et al. (2014) and Olmanson, et al. (2014) who found that water clarity has a more
positive relationship with natural land use and a negative relationship with agricultural land use.
Temperature was found to have a negative correlation with water clarity. It is important to note
that because temperature was measured in °F in the data a coefficient of -0.0618 suggests that
every increase in degree Fahrenheit, water clarity would decrease by 0.0618-meters. The trend of
water clarity decreasing with increasing air temperatures was also found in the study done by
Pettersson, et al. (2003). Lastly, the equation indicates that precipitation has a positive
correlation with water clarity. This is contradicted in the study done by Rose, et al. (2017) who
found that water clarity tends to be higher in dry years and lower in wet years. However, Lisi &
Hein (2019) found that eutrophic lakes and some mesotrophic lakes have a positive correlation
with water clarity in wet years. The data in this research did not include data on the trophic status
of the observed lakes, so there could be an undetected relationship between precipitation trends
with water clarity and the trophic status of lakes.
While the nutrient regression was included with the intention of providing more detailed insight
on how zebra mussels impact water clarity (what their direct impacts are on phosphorus and
chlorophyll concentrations) there is no statistical significance on the zebra mussel growth
coefficients in the two regressions with phosphorus and chlorophyll concentrations as the
dependent variables. More lakes would have to be included in the analysis to get more insightful
results. That saying, the regression with secchi mean as the dependent variable does indicate a
strong negative relationship between phosphorus and water clarity, which coincides with the
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findings of Betz & Howard (2009) that an increase in nutrients increases eutrophication in lakes.
Additionally, the same regression indicates that zebra mussel growth, phosphorus concentrations,
and chlorophyll concentrations are responsible for about 40% of the observed water clarity
values.
The substrate regressions suggested minimal differences between the effects zebra mussel
growth has on water clarity in lakes with predominantly hard substrates and lakes with
predominantly soft substrates. The expectation prior to running regression analysis on the
equation was that zebra mussel growth would have a stronger positive relationship with water
clarity in hard substrate lakes. This assumption is backed by the zebra mussel population
dynamics identified by Strayer & Malcom (2006). They found that a lag cycle is more common
in lakes with soft substrates because it takes time for zebra mussels to construct more hard
surfaces to attach to. However, because the soft substrate lakes included in the regression have
nearly the same zebra mussel growth coefficient as the hard substrate lakes, it indicates that the
population dynamics of zebra mussels inhabiting the two types of lakes are not necessarily that
different.
The land use regressions provide greater insight into the impact the interaction between zebra
mussel growth and land use has on water clarity. While not all the coefficients were found to be
statistically significant – likely due to a smaller number of observed lakes in the developed and
natural land use regressions – the results indicate that zebra mussel growth positively correlates
with water clarity most strongly in lakes located in watersheds with predominantly agricultural
land use. While there have not been major studies done observing the specific impacts zebra
mussels have in only agricultural land use areas, one possible explanation for this observation
could be that lakes surrounded by agriculture have less clear water prior to zebra mussel
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colonization. Therefore, there may be more algae for zebra mussels to filter enabling them to
cause a more significant impact.
In the climate set of regressions, the temperature regressions reveal that zebra mussel growth has
a stronger positive correlation with increased water clarity in lakes in more mild and cooler areas
of the state. As stated in the literature review, zebra mussel reproduction rates are maximized
between 17°C and 18°C (McMahon, R. F., 1996) which is 62.6-64.4 °F. This would coincide
with the findings, as surface lake temperatures between 17°C and 18°C in the summer would be
more likely to occur in more mild and cool areas. Additionally, the finding of Petsch, et al.
(2020) that zebra mussels will continue to spread to more northern latitudes as climate increases
also indicates that they prefer, and are more productive, in more mild climates. The precipitation
regressions suggest that zebra mussel growth is more strongly correlated with increased water
clarity in lakes that experience average to below total precipitation. The finding of Rose, et al.
(2017) that water clarity is higher in dry years offers one explanation for this. When zebra
mussels are in lakes that experience greater amounts of precipitation, it would make sense that
water clarity is less dependent on zebra mussel growth and more dependent on precipitation.
However, that idea is contradicted by the findings in this study that precipitation has a positive
relationship with water clarity – and a weaker relationship in lakes that experience high amounts
of precipitation.
While the regressions in this research provided insight on factors that control water clarity and
that interact with zebra mussel productivity, there were limitations to the data used and
regressions run. First, not all the observed lakes had the same amount of secchi depth data. While
some lakes had weekly to monthly measurements over a period of twenty years, other lakes had
multiple year gaps. Ideally weekly data would be available for all lakes, as taking monthly
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averages ignores some of the nuances of water clarity over time. Second, only four years of land
use data was used across all observed years. While changes in land cover are gradual and would
not necessarily cause major differences in the results, interpolating the data could help estimate
annual changes in land use. This would help create more accurate models. Third, this research
used one growth model for all the lakes despite zebra mussel population dynamics being
complex and varying lake to lake. Using zebra mussel density data over time in each lake to
ensure a more accurate representation of zebra mussel dynamics would enhance the model and
help lead to better fitted results of zebra mussels’ predicted impacts on water clarity. Fourth,
while this research uses zebra mussel discovery dates as the date of zebra mussel colonization in
the data, the discovery dates likely do not accurately represent the year zebra mussels colonized
lakes. Additionally, the discovery dates likely have variation in the time periods of how long
lakes had been colonized by zebra mussels before they were officially reported. Lastly, the data
did not include information on macrophytes in lakes. If macrophyte data were to be included
there would be a better understanding of algae levels in lakes.
Further courses of research would help contextualize the results in this paper further. There is a
gap in research of specific zebra mussel population dynamics in different types of lakes. An
improved understanding of zebra mussel carrying capacity in various environments is crucial to
conducting future multi-lake studies on zebra mussel effects. Additionally, there is no large-scale
data on sediment types in lakes. To predict zebra mussel population dynamics, there would have
to be more documented data on lake substrates. Lastly, there is a gap in research that analyzes
how land use and climate interact with zebra mussels’ filtering productivity. While this study
attempts to partially fill this gap, not all the results were found to be statistically significant.
More studies are needed to see if the results in this paper can be replicated.
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Conclusion
After analyzing the response water clarity has to precipitation, air temperature, land use, and
zebra mussel colonization and growth, the analysis indicates that zebra mussel growth correlates
with increased water clarity. The study also suggests that natural and developed land use are
associated with higher water clarity than agricultural land use. Additionally, the results predict
that temperature has a negative association with water clarity while precipitation has a positive
relationship with water clarity.
When further analyzing the way climate and land use interacts with the effects zebra mussel
growth has on water clarity, this research found that zebra mussel growth has the strongest
positive relationship to increased water clarity in agricultural areas. It also indicates that zebra
mussel growth is more strongly associated with increased water clarity in more temperate areas
and areas with average to low precipitation levels.
With trends of increasing temperatures and levels of precipitation caused by climate change, this
research suggests that zebra mussel impacts may become increasingly overshadowed by rising
temperatures and precipitation levels. Additionally, the results indicate that the transition of
natural land to agricultural areas may increase the impact zebra mussels have on water clarity in
lakes effected by these transitions.
This research is only the beginning of better understanding how zebra mussels’ effects on water
clarity will evolve over time and with the progression of climate change. Further research on the
interaction between zebra mussels and land use and climate is vital to progress the awareness of
zebra mussels’ impacts and implications in colonized lakes.
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Appendix
Tables & Figures
Table 1. Shows the amount of time since zebra mussels were first discovered in the 202
observed lakes.
Zebra Mussel
Time (years)
Year Listed as
Infested

N
202
202

Mean
4.9

Std. Dev.
3.2

Min

Max

1

14

2015.1

3.2

2006

2019

Table 2. Temperature Trends by Watershed
Watershed
Big Fork River
Chippewa River
Clearwater River
Crow Wing River
Des Moines River - Headwaters
Leech Lake River
Long Prairie River
Lower Minnesota
Lower St. Croix
Minnesota River - Yellow Medicine River
Mississippi River - Brainerd
Mississippi River – Headwaters
Mississippi River – Sartell
Mississippi River – St. Cloud
Mississippi River – Twin Cities
North Fork Crow River
Otter Tail River
Pine River
Pomme de Terre River
Redeye River
Rum River
Sauk River
South Fork Crow River
St. Louis River

Mean
(°F)
64.38
68.89
65.70
66.49
69.99
66.07
67.22
70.15
69.05
69.94
66.77
65.43
68.42
68.73
70.12
69.00
67.11
66.47
68.61
68.10
67.75
68.16
69.46
63.58

Max
(°F)
66.68
70.96
67.78
68.59
72.27
68.30
69.46
72.55
71.25
72.26
69.05
67.54
70.27
70.98
72.44
71.13
69.12
68.72
70.69
68.79
69.84
70.32
71.67
65.93

Min
(°F)
59.85
64.50
62.12
61.81
65.64
61.25
62.75
66.01
65.44
65.78
62.50
60.62
66.44
64.66
66.22
64.93
62.34
62.13
63.90
67.40
63.61
63.91
65.24
59.55

N
24
24
8
24
12
24
24
24
24
21
24
24
12
24
24
24
24
24
24
2
24
24
24
22

Used in
Regression 4(1)

Yes

Yes
Yes
Yes

Yes

Yes
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Table 3. Precipitation Trends by Watershed
Watershed

Mean (in.) Max (in.)

Min (in.)

N

Used in
Regression 4(3)

Big Fork River
Chippewa River
Clearwater River
Crow Wing River
Des Moines River - Headwaters
Leech Lake River
Long Prairie River
Lower Minnesota
Lower St. Croix
Minnesota River - Yellow
Medicine River
Mississippi River - Brainerd
Mississippi River – Headwaters
Mississippi River – Sartell
Mississippi River – St. Cloud
Mississippi River – Twin Cities
North Fork Crow River
Otter Tail River
Pine River
Pomme de Terre River
Redeye River
Rum River
Sauk River
South Fork Crow River
St. Louis River

18.76
20.02
16.98
19.40
22.49
18.88
20.75
22.91
23.10
20.94

27.64
27.02
23.05
27.27
30.84
29.28
26.60
30.27
32.46
30.06

13.12
12.00
11.89
13.41
18.28
12.55
12.45
14.44
13.97
13.77

24
24
8
24
12 Yes
24
24
24 Yes
24 Yes
21

21.03
18.34
22.10
22.15
23.41
21.56
19.57
19.89
19.36
19.46
22.78
21.15
21.88
20.16

26.95
29.33
28.10
31.13
32.98
30.45
26.62
28.84
24.42
20.59
30.90
27.38
28.50
31.10

13.87
12.29
16.49
13.99
13.87
14.69
14.13
13.35
13.05
18.33
14.74
14.29
14.72
13.83

24
24
12
24 Yes
24 Yes
24
24
24
24
2
24 Yes
24
24
22
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Table 4. Shows the average secchi depths (t-value = -13.3757), average chlorophyll
concentrations (t-value = 0.9587), and average phosphorus concentrations (t-value = -1.0018) in
lakes before and after zebra mussel invasion.
Group
Secchi Mean
Before (m)
Secchi Mean
After (m)
Chlorophyll Mean
Before (ug/l)
Chlorophyll Mean
After (ug/l)
Phosphorus Mean
Before (mg/l)
Phosphorus Mean
After (mg/l)

Observations
16,156

Mean
3.10

Std. Err.
0.012

Std. Dev.
1.55

[95% Conf. Interval]
3.08
3.13

4,423

3.50

0.027

1.77

3.41

3.52

9,815

12.17

0.43

42.59

11.32

13.01

2,512

11.32

0.45

22.78

10.43

12.21

10,584

0.060

0.0023

0.24

0.055

0.064

2,594

0.066

0.0075

0.38

0.051

0.080

Figure 1. Shows the distribution of when the 202 lakes were first listed as infested.
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Figure 2. Shows the number of lakes in each of the 24 main watersheds included in the
observations.

Figure 3. Shows the distribution of major watersheds with high and low average temperatures.
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Figure 4. Shows the average summer temperature (June-August) between 1996 and 2019 in
Minnesota (R-squared = 0.0072).

Figure 5. Shows the relationship between temperature and secchi depths using all observations
(R-squared = 0.0657).
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Figure 6. Shows the distribution of major watersheds with high and low amounts of
precipitation.

Figure 7. Shows the average total precipitation (April-September) between 1996 and 2019 in
Minnesota (R-squared = 0.0821).
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Figure 8. Shows the relationship between secchi depth and precipitation using all observations
(R-squared = 0.0032).

Figure 9. Shows the frequencies of maximum depth for all lakes (N=202).
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Figure 10. Shows the frequency of lake areas of all lakes less than 50,000 acres (N=201).

Figure 11. Shows the frequency of lake areas of lakes with areas less than 3,000 acres (N=179).
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Figure 12. Shows the frequencies of shore lengths of all lakes (N=202).

Figure 13. Shows the frequencies of shore lengths of lakes with shore lengths less than 50 miles
(N=201).
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Figure 14. Shows the relationship between the percentage of developed land and secchi depths
(R-squared = 0.0267.

Figure 15. Shows the relationship between the percentage of natural land and secchi depths (Rsquared = 0.0717).
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Figure 16. Shows the correlation between the percentage of agricultural land and secchi depths
(R-squared = 0.0471).

Figure 17. Shows the relationship between secchi depths and chlorophyll measurements (Rsquared = 0.0658).
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Figure 18. Shows the relationship between secchi depths and total phosphorus measurements
(R-squared = 0.0200).

Figure 19. Shows the relationship between chlorophyll and total phosphorus measurements (Rsquared = 0.0060).
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Regressions
Regression 1. Base Equations
(1)
Secchi Mean

VARIABLES
Zebra Mussel Presence
Zebra Mussel Growth

-0.0236
(0.0291)
1.071***
(0.0486)

-3.004
(1.921)
-3.439*
(1.805)
-6.236***
(1.883)
-1.839
(1.801)
-0.0612***
(0.00451)
0.0129***
(0.00194)

-0.0610**
(0.0303)
1.064***
(0.0488)
-3.146*
(1.899)
-2.533
(1.784)
-6.105***
(1.862)
-2.102
(1.781)
-0.0618***
(0.00446)
0.0107***
(0.00192)

-5.044***
(1.934)
-8.817***
(1.796)
-9.103***
(1.893)
-2.924
(1.815)
-0.0667***
(0.00454)
0.0187***
(0.00194)

3.070***
(0.00790)

10.39***
(1.492)

10.24***
(1.474)

13.40***
(1.495)

20,579
202
0.056

20,579
202
0.045

20,579
202
0.067

20,579
202
0.029

Developed Land
Natural Land
Agricultural Land
Wetlands
Temperature
Precipitation

Constant

Observations
Number of DOWnumber
R-squared
Standard errors in parentheses
*** p<0.01, ** p<0.05,
* p<0.1

(2)
(3)
(4)
Secchi Mean Secchi Mean Secchi Mean
0.405***
(0.0217)

Table 5. Depicts the AIC values of the base equations and the full base equation with
interactions.
Model
Regression 2(1)
Regression 1(3)
Regression 1(1)
Regression 1(2)
Regression 1(4)

N
20,579
20,579
20,579
20,579
20,579

ll (Null)
-29410.47
-29410.47
-29410.47
-29410.47
-29410.47

ll (Model)
-28694.90
-28700.73
-28822.81
-28938.20
-29112.38

df
13
9
3
8
7

AIC
57415.80
57490.86
57651.61
57892.4
58238.77
53

Regression 2. Full Base Equation with Interactions
VARIABLES
Zebra Mussel Presence
Zebra Mussel Growth
Developed Land
Natural Land
Agricultural Land
Wetlands
Temperature
Precipitation
Developed Land*Precipitation
Natural Land*Precipitation
Agricultural Land*Precipitation
Wetlands*Precipitation

Constant

Observations
Number of Lakes
R-squared
Standard errors in parentheses
*** p<0.01, ** p<0.05, * p<0.1

(1)
Secchi Mean
-0.0602**
(0.0303)
1.068***
(0.0489)
-3.102
(1.928)
-3.184*
(1.841)
-6.587***
(1.891)
-1.113
(1.928)
-0.0615***
(0.00446)
-0.000910
(0.0124)
0.00225
(0.0152)
0.0361*
(0.0206)
0.0210
(0.0151)
-0.0444
(0.0306)
10.43***
(1.502)
20,579
202
0.067
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Regression 3. Land Use Subset. Regression 3(1) includes all lakes in sub-watersheds with >
60% of developed land use. Regression 3(2) includes all lakes in sub-watersheds with > 60% of
natural land use. Regression 3(3) includes all lakes in sub-watersheds with > 60% of agricultural
land use.
VARIABLES
Zebra Mussel Presence
Zebra Mussel Growth
Temperature
Precipitation

Constant

Observations
Number of Lakes
R-squared
Standard errors in parentheses
*** p<0.01, ** p<0.05,
* p<0.1

(1)
Secchi Mean

(2)
(3)
Secchi Mean Secchi Mean

0.125
(0.144)
-0.145
(0.237)
-0.0371
(0.0234)
0.0129
(0.00837)

-0.0466
(0.102)
0.0892
(0.160)
-0.0480***
(0.0140)
-0.000178
(0.00679)

0.0863
(0.0775)
0.366***
(0.141)
-0.0665***
(0.0107)
0.0233***
(0.00458)

4.750***
(1.586)

6.458***
(0.910)

6.286***
(0.723)

1,140
8
0.004

787
9
0.016

2,820
33
0.037
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Regression 4. Climate Subset. Regression 4(1) includes all lakes in the 6 major watersheds with
the highest average temperatures. Regression 4(2) includes all lakes that are not in the 6 major
watersheds with the highest average temperatures. Regression 4(3) includes all lakes in the 6
major watersheds with the highest average total precipitation. Regression 4(4) includes all lakes
not in the 6 major watersheds with the highest average total precipitation.
VARIABLES
Zebra Mussel Presence
Zebra Mussel Growth
Developed Land
Natural Land
Agricultural Land
Wetlands
Temperature
Precipitation

Constant

Observations
Number of Lakes
R-squared
Standard errors in parentheses
*** p<0.01, ** p<0.05,
* p<0.1

(1)
Secchi Mean

(2)
(3)
(4)
Secchi Mean Secchi Mean Secchi Mean

-0.00281
(0.0797)
0.444***
(0.126)
-3.141
(3.438)
-2.499
(3.390)
-7.292**
(3.137)
-1.626
(2.905)
-0.0316**
(0.0124)
0.00253
(0.00458)

-0.0826**
(0.0328)
1.199***
(0.0528)
-3.409
(2.494)
-4.765**
(2.340)
-8.585***
(2.487)
-4.544*
(2.376)
-0.0693***
(0.00475)
0.0143***
(0.00214)

-0.00124
(0.0677)
0.296***
(0.105)
-1.540
(2.930)
-1.422
(2.830)
-5.868**
(2.778)
0.195
(2.577)
-0.0352***
(0.0105)
0.00630*
(0.00378)

-0.0959***
(0.0340)
1.324***
(0.0554)
-8.374***
(2.656)
-8.867***
(2.491)
-12.97***
(2.632)
-9.506***
(2.538)
-0.0704***
(0.00490)
0.0140***
(0.00226)

7.863***
(2.930)

12.57***
(1.896)

6.940***
(2.466)

16.12***
(2.018)

3,685
30
0.025

16,894
172
0.083

4,480
38
0.021

16,099
164
0.090
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Regression 5. Nutrient Subset
VARIABLES
Zebra Mussel Presence
Zebra Mussel Growth
Phosphorus Mean
Chlorophyll Mean

(1)
Secchi Mean
-0.333**
(0.162)
1.993***
(0.226)
-4.839**
(2.435)
-0.0558***
(0.00702)

Observations
Number of Lakes
R-squared
Standard errors in parentheses
*** p<0.01, ** p<0.05,
* p<0.1

-0.00923***
(0.00289)
0.00137
(0.00435)

(3)
Chlorophyll Mean
0.891
(0.957)
0.784
(1.429)
81.18***
(13.99)

3.514***
(0.0981)

0.000752***
(0.000130)
-0.00156**
(0.000787)
0.0305***
(0.00300)

-1.948***
(0.245)
11.34***
(0.959)

528
6
0.383

528
6
0.171

528
6
0.208

Secchi Mean
Constant

(2)
Phosphorus Mean
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Regression 6. Substrate Subset. Regression 6(1) includes all lakes with predominantly hard
substrates. Regression 6(2) includes all lakes with predominantly soft substrates.
VARIABLES
Zebra Mussel Presence
Zebra Mussel Growth
Developed Land
Natural Land
Agricultural Land
Wetlands
Temperature
Precipitation

Constant

Observations
Number of Lakes
R-squared
Standard errors in
parentheses
*** p<0.01, ** p<0.05, * p<0.1

(1)
(2)
secchimean secchimean
-0.00943
(0.0884)
0.771***
(0.140)
38.12***
(9.948)
30.34***
(9.419)
25.98***
(9.502)
31.70***
(9.146)
-0.0550***
(0.0126)
0.00718
(0.00554)

-0.0246
(0.131)
0.769***
(0.188)
27.64
(33.63)
27.67
(32.23)
18.55
(20.44)
46.65
(35.13)
-0.0293
(0.0202)
-0.00485
(0.00913)

-14.46**
(6.682)

-20.40
(25.13)

2,042
18
0.092

739
10
0.146
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Regression Equations
Regression 1(1): where (i) indicates all lakes.
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑖𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑖𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑖𝑗 + 𝜇

Regression 1(2): where (i) indicates all lakes.
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑖𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑖𝑗 + 𝛽2 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟𝑖𝑗 + 𝛽3 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑖𝑗 + 𝛽4 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑖𝑗
+ 𝛽5 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑖𝑗 + 𝛽6 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑖𝑗 + 𝛽7 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑖𝑗 + 𝛽8 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑖𝑗
+ 𝛽9 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑖 + 𝛽10 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑖 + 𝛽11 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑖 + 𝜇

Regression 1(3): where (i) indicates all lakes.
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑖𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑖𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑖𝑗 + 𝛽3 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟𝑖𝑗 + 𝛽4 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑖𝑗
+ 𝛽5 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑖𝑗 + 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑖𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑖𝑗 + 𝛽8 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑖𝑗
+ 𝛽9 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑖𝑗 + 𝛽10 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑖 + 𝛽11 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑖 + 𝛽12 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑖
+𝜇

Regression 1(4): where (i) indicates all lakes.
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑖𝑗 = 𝛽1 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟𝑖𝑗 + 𝛽2 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑖𝑗 + 𝛽3 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑖𝑗 + 𝛽4 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑖𝑗
+ 𝛽5 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑖𝑗 + 𝛽6 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑖𝑗 + 𝛽7 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑖𝑗 + 𝛽8 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑖
+ 𝛽9 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑖 + 𝛽10 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑖 + 𝜇

Regression 2(1): where (i) indicates all lakes.
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑖𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑖𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑖𝑗 + 𝛽3 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟𝑖𝑗 + 𝛽4 𝑢𝑟𝑏𝑎𝑛𝑖𝑗
+ 𝛽5 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑖𝑗 + 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑖𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑖𝑗 + 𝛽8 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑖𝑗
+ 𝛽9 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑖𝑗 + 𝛽10 (𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 ∗ 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑)𝑖𝑗
+ 𝛽11 (𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 ∗ 𝑛𝑎𝑡𝑢𝑟𝑎𝑙)𝑖𝑗 + 𝛽12 (𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 ∗ 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒)𝑖𝑗
+ 𝛽13 (𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 ∗ 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠)𝑖𝑗 + 𝛽14 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑖 + 𝛽15 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑖
+ 𝛽16 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑖 + 𝜇

Regression 3(1): where (d) indicates lakes in sub-watersheds with > 60% developed land use.
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑑𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑑𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑑𝑗 + 𝛽3 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑑𝑗
+ 𝛽4 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑑𝑗 + 𝛽5 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑑 + 𝛽6 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑑 + 𝛽7 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑑
+𝜇
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Regression 3(2): where (n) indicates lakes in sub-watersheds with > 60% natural land use.
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑛𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑛𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑛𝑗 + 𝛽3 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑛𝑗
+ 𝛽4 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑛𝑗 + 𝛽5 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑛 + 𝛽6 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑛 + 𝛽7 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑛
+𝜇

Regression 3(3): where (a) indicates lakes in sub-watersheds with > 60% agricultural land use.
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑎𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑎𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑎𝑗 + 𝛽3 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑎𝑗
+ 𝛽4 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑗 + 𝛽5 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑎 + 𝛽6 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑎 + 𝛽7 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑎 + 𝜇

Regression 4(1): where (h) indicates lakes in the six warmest main watersheds.
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 ℎ𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠ℎ𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒ℎ𝑗 + 𝛽3 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟ℎ𝑗 + 𝛽4 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑ℎ𝑗
+ 𝛽5 𝑛𝑎𝑡𝑢𝑟𝑎𝑙ℎ𝑗 + 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠ℎ𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒ℎ𝑗 + 𝛽8 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒ℎ𝑗
+ 𝛽9 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛ℎ𝑗 + 𝛽10 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎ℎ + 𝛽11 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎℎ + 𝛽12 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎℎ
+𝜇

Regression 4(2): where (l) indicates lakes not in the six warmest main watersheds.
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑙𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑙𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑙𝑗 + 𝛽3 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟𝑙𝑗 + 𝛽4 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑙𝑗
+ 𝛽5 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑙𝑗 + 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑙𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑙𝑗 + 𝛽8 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑙
+ 𝛽9 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑙 + 𝛽10 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑙 + 𝛽11 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑙𝑗 + 𝛽12 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑙𝑗
+𝜇

Regression 4(3): where (w) indicates lakes in the six wettest main watersheds.
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑤𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑤𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑤𝑗 + 𝛽3 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟𝑤𝑗
+ 𝛽4 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑤𝑗 + 𝛽5 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑤𝑗 + 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑤𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑤𝑗
+ 𝛽8 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑤 + 𝛽9 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑤 + 𝛽10 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑤 + 𝛽11 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑤𝑗
+ 𝛽12 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑤𝑗 + 𝜇

Regression 4(4): where (d) indicates lakes not in the six wettest main watersheds.
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑑𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑑𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑑𝑗 + 𝛽3 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟𝑑𝑗 + 𝛽4 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑑𝑗
+ 𝛽5 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑑𝑗 + 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑑𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑑𝑗 + 𝛽8 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑑
+ 𝛽9 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑑 + 𝛽10 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑑 + 𝛽11 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑑𝑗 + 𝛽12 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑑𝑗
+𝜇
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Regression 5(1): where (l) indicates six selected lakes in Douglass County.
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑙𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑙𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑙𝑗 + 𝛽3 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟𝑙𝑗 + 𝛽4 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑙𝑗
+ 𝛽5 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑙𝑗 + 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑙𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑙𝑗 + 𝛽8 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑙
+ 𝛽9 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑙 + 𝛽10 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑙 + 𝛽11 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑙𝑗 + 𝛽12 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑙𝑗
+𝜇

Regression 5(2): where (l) indicates six selected lakes in Douglass County.
𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑙𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑙𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑙𝑗 + 𝛽3 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑙𝑗 + 𝛽4 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑙𝑗
+ 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑙𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑙𝑗 + 𝛽8 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑙 + 𝛽9 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑙
+ 𝛽10 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑙 + 𝛽11 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑙𝑗 + 𝛽12 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑙𝑗 + 𝜇

Regression 5(3): where (l) indicates six selected lakes in Douglass County.
𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑙𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑙𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑙𝑗 + 𝛽3 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑙𝑗 + 𝛽4 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑙𝑗
+ 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑙𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑙𝑗 + 𝛽8 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑙 + 𝛽9 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑙
+ 𝛽10 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑙 + 𝛽11 𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙𝑙𝑗 + 𝛽12 𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑢𝑠𝑙𝑗 + 𝜇

Regression 6(1): where (h) indicates lakes with predominantly hard surfaces.
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 ℎ𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠ℎ𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒ℎ𝑗 + 𝛽3 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟ℎ𝑗 + 𝛽4 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑ℎ𝑗
+ 𝛽5 𝑛𝑎𝑡𝑢𝑟𝑎𝑙ℎ𝑗 + 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠ℎ𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒ℎ𝑗 + 𝛽8 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒ℎ𝑗
+ 𝛽9 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛ℎ𝑗 + 𝛽10 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎ℎ + 𝛽11 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎℎ + 𝛽12 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎℎ
+𝜇

Regression 6(2): where (s) indicates lakes with predominantly soft substrates.
𝑊𝐶𝑙𝑎𝑟𝑖𝑡𝑦 𝑠𝑗 = 𝛽1 𝑧𝑒𝑏𝑟𝑎𝑚𝑢𝑠𝑠𝑒𝑙𝑠𝑠𝑗 + 𝛽2 𝑔𝑟𝑜𝑤𝑡ℎ𝑐𝑢𝑟𝑣𝑒𝑠𝑗 + 𝛽3 𝑜𝑝𝑒𝑛𝑤𝑎𝑡𝑒𝑟𝑠𝑗 + 𝛽4 𝑑𝑒𝑣𝑒𝑙𝑜𝑝𝑒𝑑𝑠𝑗
+ 𝛽5 𝑛𝑎𝑡𝑢𝑟𝑎𝑙𝑠𝑗 + 𝛽6 𝑤𝑒𝑡𝑙𝑎𝑛𝑑𝑠𝑠𝑗 + 𝛽7 𝑎𝑔𝑟𝑖𝑐𝑢𝑙𝑡𝑢𝑟𝑒𝑠𝑗 + 𝛽8 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑠𝑗
+ 𝛽9 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑠𝑗 + 𝛽10 𝑙𝑎𝑘𝑒𝑎𝑟𝑒𝑎𝑠 + 𝛽11 𝑙𝑎𝑘𝑒𝑑𝑒𝑝𝑡ℎ𝑠 + 𝛽12 𝑠ℎ𝑜𝑟𝑒𝑙𝑒𝑛𝑔𝑡ℎ𝑠
+𝜇
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