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Figure 2-7 1:1 line graphs of observed temperatures versus model predicted temperatures at all depths
for the modeled hot calm day.
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Figure 2-8 1:1 line graphs of observed temperatures versus model predicted temperatures at all depths
for the modeled hot windy day.

Table 2-3 Model root mean square deviations (RMSD) by depth and modeled day.

Weather Scenarios

Depth (cm) CC cw HC HW
5 0.83 1.29 1.04 0.73

15 0.70 1.22 1.00 0.54

35 0.65 1.21 1.20 0.53

60 0.85 1.27 1.17 0.58

90 1.03 1.25 1.12 0.63

Table 2-4 Coefficient of variation (CV%) by depth and modeled day.

Depth (cm) CcC cw HC HW
5 7.45% 9.89% 5.92% 4.11%
15 6.26% 9.34% 5.67% 3.04%
35 5.85% 9.29% 6.84% 3.00%
61 7.84% 9.87% 6.79% 3.31%
20 9.48% 9.65% 6.47% 3.58%
Average 7.38% 9.61% 6.34% 3.41%

Table 2-5 The absolute difference between the model predicted temperature and observed
temperature was averaged at each depth for each modeled day.

Average Difference Between Predicted and

Observed
Depth (cm) CC cw HC HW
5 0.7 1.1 0.7 0.7
15 0.6 1.0 0.7 0.5
35 0.5 1.0 1.0 0.5
60 0.7 1.1 0.9 0.5
90 0.9 1.0 0.9 0.5
Average 0.7 1.0 0.8 0.5

Table 2-6 The daily average effective diffusion coefficient for each modeled day with depth.

Daily Average Effective Diffusion Coefficient (m? h!)

Depth (cm) CC cw HC HW
5 0.57 0.77 0.47 0.67

15 0.45 0.69 0.44 0.58

25 0.21 0.51 0.39 0.39
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35 0.09 0.42 0.29 0.29

45 0.09 0.41 0.14 0.28
55 0.08 0.51 0.07 0.27
65 0.07 0.70 0.06 0.26
75 0.18 0.71 0.19 0.31
85 0.40 0.52 0.44 0.41
90 0.51 0.43 0.57 0.46
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Figure 2-9 Temperature with depth profile for all modeled days. The plotted values include modeled
and interpolated temperatures at 12pm on each modeled day.
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Figure 2-10 The average effective diffusion coefficient with depth for all modeled days.

50



Chapter 3. Modeling the competition of cyanobacteria and the sensitivity of

competition to buoyancy

Introduction

The impact of lake physical mixing and buoyancy regulation on species
interactions and competition is important in the context of human drivers and climate
change. Several theories have been developed to predict how changes in turbulent
mixing shifts competition for light between sinking and floating species of
phytoplankton. Competition theory developed by Huisman et al. (2004) predicts
buoyant algae dominate competition under low turbulent diffusivity, while sinking
species succeed under high turbulent diffusivity. Game theory developed by Klausmeier
and Litchman (2001) incorporates nutrient limitations into predictions of competition.
Under low nutrient conditions and low light attenuation, the evolutionarily stable
strategy is for a benthic layer of algae to form; and at high nutrient levels, a surface
scum is more evolutionarily stable (Klausmeier and Litchman 2001). In both ecological
theories, the conditions of nutrient supply, light availability, and physical turbulence
levels are used to explain the physiological adaptions of phytoplankton and link them to
competition between phytoplankton functional groups (i.e. sinking species and buoyant
species). However, extending these theories to explain competition between species

with similar physiological adaptions proves difficult.
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Early competition models used differential equations to describe key physical,
chemical, and biological processes in aquatic ecosystems (Chen 1970). These models
were simple descriptions of aquatic systems that helped elucidate the interactions
between nutrients, organic matter, and functional groupings such as phytoplankton and
zooplankton (Steele 1974; Wroblewski et al. 1988; Anderson 2005). Competition models
can satisfactorily predict outcomes at higher aggregation levels such as phytoplankton
community level (McCauley and Murdoch 1987), however this level of aggregation can
be an unreliable indicator of structural ecosystem shifts (Schindler 1990). Increasing
complexity has been integrated into simple community-level models in order to explore
complicated ecological interactions.

Competition models are increasingly representing multiple biogeochemical
cycles at a time, with multiple biotic communities and their interactions (Van Nes and
Scheffer 2005). Some researchers have argued that complex models can have
misleading results due to the poorly understood ecology of the systems in question, a
lack of data, and the sensitivity of the results to model parameterizations (Anderson
2005; Shimoda and Arhonditsis 2016). Anderson (2005) and Shimoda and Arhonditsis
(2016) recommend gradual incorporation of complexity, skepticism of model outputs,
an objective assessment of the parameters, use of empirical alternatives to dynamic
representation of parameters, and an open dialogue on how to mathematically depict
complex interconnections. Thus, it is important to compare mathematical equations and

parameters used between models.
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Competition models have been used to develop ecological theory and to explore
abiotic and biotic interactions. Theoretical competition modeling has investigated
interactions such as: the competition for light and nutrients (Klausmeier and Litchman
2001), turbulent mixing and competition for light between buoyant and sinking
phytoplankton (Huisman et al. 1999; Huisman et al. 2004), influence of vertical mixing
on competition (Bengfort and Malchow 2016), influence of climate change on
phytoplankton assemblage (Joehnk et al. 2008), and competition between invasive and
native phytoplankton under various light and temperature conditions (Mehnert et al.
2010). The goals of models used in the context of water quality management are to
predict harmful algal blooms and to deduce the physiological traits of cyanobacteria
that render competitive capacity and induce shifts in species composition. Important
physiological traits include higher temperature optima, buoyancy regulation, low light-
energy requirements, resistance to zooplankton grazing, nitrogen fixation, high affinity
for and ability to store phosphorus, and superior kinetics for different nitrogen forms
(Lampert 1981; Paerl and Huisman 2009; Carey et al 2012; O’Neil et al. 2012; Chung et
al. 2014). It is common for studies to focus on one physiological trait at a time, so in
studies that investigate buoyancy regulation, nutrients are assumed to be not limiting to
simplify model parameters (Huisman et al. 1999; Huisman and Sommijer 2002; Huisman
et al. 2004; Joehnk et al. 2008). The competition model used in this study was
developed to explore the role of buoyancy regulation in the competition between two

buoyant cyanobacteria (Aphanizomenon flos-aquae (APFA) and Microcystis aeruginosa
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(MSAE)) in Upper Klamath Lake (UKL). In order to make the assumption that nutrient
limitation is not a factor in the competition, the role of nutrients in UKL must be
explored over an annual cycle.

There is a seasonal pattern in total nutrients in UKL, but exactly how nutrients
impact the interactions between species is unclear. Eldridge et al. (2013) reviewed toxic
microcystins, nutrient dynamics and environmental variables in 2009. They found that
from May to October, total nitrogen (TN) and total phosphorous (TP) generally
increased, while the TN: TP ratios decreased. Dissolved inorganic nitrogen and dissolved
inorganic phosphorous peaked in late July, and declined right after. This peak roughly
coincides with the first APFA bloom, which occurred in June and July. After the first
APFA bloom declined, nitrogen and phosphorous concentrations increased, which
coincided with MSAE concentration increase. This has been interpreted as a causal
relationship (Eldridge et al. 2013), where early APFA blooms “feed” nitrogen to the non-
N fixing MSAE, however a mechanism has not been demonstrated. Microcystin
concentration peaks in mid-August, which means there is sufficient dissolved inorganic
nitrogen that can support MSAE growth into late summer. Unique nutrient physiological
traits allow cyanobacteria to maintain high growth rates when the epilimnetic ratio of
TN:TP is below 29:1 by weight (Smith 1983). MSAE has a high affinity for dissolved
inorganic nitrogen, and the ability to store large amounts of phosphorous (Jacobson and
Halmann 1982; Takamura et al. 1987), and APFA can fix atmospheric nitrogen (Paerl et

al. 2001). All UKL sampling sites reported TN:TP ratios of less than 29 for all of 2006,
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which indicates that the appropriate conditions existed to establish cyanobacteria
dominance over other phytoplankton (Lindenberg et al. 2009). The present study
focused on time (late summer) when nitrogen concentration is sufficient for MSAE
growth. In addition, the competition model in this study has a limited temporal scope (5
days), which further reduces the need to consider seasonal nutrient dynamics. The focus
of this competition model will be to explore the sensitivity of competition to
physiological algal buoyancy rates and the physical mixing process in UKL.

The ability to regulate buoyancy confers several ecological benefits to the
cyanobacteria species that are able to create gas vesicles. The primary benefit of
buoyancy regulation is increased fitness in the competition for light (Walsby 1994).
Buoyant cyanobacteria can overcome steep thermal density gradients in order to spend
more time near the water surface and receive more light than sinking species of
phytoplankton (Reynolds and Walsby 1975; Humphries and Lyne 1988; Ibelings et al.
1991). This allows the buoyant cyanobacteria, like MSAE and APFA, to effectively act as
a canopy species: they shade out competitors, which essentially denies other
phytoplankton of the light needed to photosynthesize (Ganf et al. 1989). Other
secondary advantages of occupying surface waters are the increased availability of free
CO; during times of depletion (Booker and Walsby 1981; Paerl and Ustach 1982), and
atmospheric fixed nitrogen (Lewis 1983). Buoyancy regulation allows cyanobacteria to
quickly recover water surface location after a high wind event causes mixing; in one

deep Spanish reservoir, APFA was able to recover surface position within 80 minutes of
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a wind event (Moreno-Ostos et al. 2009). Buoyancy regulation also allows cyanobacteria
to escape the surface during periods of high irradiance, which can help them avoid
photo-oxidative damage (Reynolds and Walsby 1975; Reynolds 1987). However,
buoyancy regulation can fail: during blooms, photosynthetic activity is restricted to the
first few millimeters of the water surface, and cells are kept at the surface by a blanket
of buoyant colonies below them (Ibelings and Mur 1992). Buoyancy regulation confers
ecological advantages to cyanobacteria over sinking phytoplankton, however the role of
buoyancy on competition between buoyant cyanobacteria is not well understood and
depends on the species involved and the physical turbulence and thermal density

gradients of the water column.

Many species of cyanobacteria, including MSAE and APFA, have the ability to
regulate buoyancy, which helps them avoid conditions that are not conducive for
growth (Chung et al. 2014), however there are differences between the two species
physiological parameters. MSAE exhibits both seasonal and diurnal vertical migration
patterns, which are adaptive mechanisms that enable it to acquire adequate sunlight
and nutrients for growth (Reynolds et al. 1987; Ibelings et al. 1991; Walsby 1994). Field
observations of APFA also reveal a daily migration pattern (Reynolds et al. 1987). MSAE
has the ability to form quasi-spherical colonies of varying size (up to 1mm in diameter)
by embedding cells in mucilage (Reynolds and Walsby 1975; Carey et al. 2012). MSAE
colony size plays a role in both vertical distribution and buoyancy regulation, since larger

colonies are less affected by mixing and experience more rapid vertical velocities than
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smaller colonies (Kromkamp and Walsby 1990; Wallace et al. 2000; Wu and Kong 2009).
The trichomes of APFA aggregate into rafts of 100 or more filaments that can measure
up to 500 x 50 um (Reynolds and Walsby 1975). MSAE vertical flotation velocity has
been calculated at 0.5 m h* (Huisman et al. 2004; Joehnk et al. 2008). APFA vertical
velocity has been calculated to be 0.9 +/- 0.5 m h* (Walsby et al. 1995). There exists
variability in buoyancy, with turgor pressure, gas vesicle volume, cell ballast, light
intensity and light and nutrient history impacting a cells buoyancy response (Reynolds
and Walsby 1975; Brookes and Ganf 2001). The addition of gas vesicles helps cells
achieve positive buoyancy, and levels of irradiance impact cyanobacteria species
differently. Optimal photon irradiance for production of new gas vesicles is 35 pmol m
s1 for MSAE and around 13-22 pmol m2 s’ for APFA (Walsby 1994). This indicates MSAE
can regulate its buoyancy better in high irradiance conditions than APFA. The
physiological characteristics of buoyant cyanobacteria interact with and are impacted by

the physical and chemical properties of the lake they inhabit.

Many of the physical lake properties that are advantageous for buoyant
cyanobacteria are present in UKL. During the peak bloom season (May to November)
between 90-100% of phytoplankton biomass is APFA, while MSAE is <1% (Kann 1998).
Typical summers are dry and hot in the Upper Klamath Basin, and wind speeds are
relatively low with average daily wind speeds less than 5 m s from June to August
(Lindenberg et al. 2009). UKL is shallow and mixes on an almost daily basis, so it is likely

that the vertical migration pattern of buoyant cyanobacteria is controlled@by the
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physical turbulence and thermal density gradients of the water column, in addition to
light availability (Wood and Gartner 2010). Wood and Gartner (2010) found daily
suspended solids (which includes organic matter like APFA rafts and inorganic matter)
migration showed a near surface maximum during times of peak thermal stability
(afternoon), and exhibited a uniform distribution throughout the water column when
temperature stability was at its lowest (late night to mid-morning). They measured
positive velocities of 0.1cm s from these suspended solids concentration. While re-
suspended bed material would be expected to be included in this velocity calculation,
Wood and Gartner (2010) argued that by selecting the deep trench in UKL, in
combination with high lake levels and low wind speed, low levels of re-suspended bed
materials were expected in the velocity calculation. While APFA colonies were
suspected to be in the suspended solids concentration (and thus subject to the velocity
calculation), this could not be verified. UKL is a dynamic, large and fast moving system,
and how fast cyanobacteria can move through this system could influence algal

competition and bloom dynamics.

Previous studies often treat buoyancy regulation as either present or absent in a
species, but do not investigate the degree to which varying buoyancy rates impact
competition between phytoplankton. Buoyancy is seen as an advantage in competition
because buoyant species have better access to radiance-rich surface waters and
nutrient-rich bottom waters (Ibelings et al. 1991; Paerl et al. 2001). Buoyant species

dominate competition under stratified conditions (Huisman et al. 2004; Joehnk et al.

58



2008; Carey et al. 2012), and can quickly reestablish presence at the surface after high
wind stress events (Moreno-Ostos et al. 2009). The advantage of buoyancy regulation is
often discussed in the context of competition for light between buoyant and sinking
species (Huisman and Sommeijer 2002; Huisman et al. 2004; Joehnk et al. 2008; Paerl
and Huisman 2008; Bengfort and Malchow 2016). The main findings of these studies
indicate that vertical mixing can influence the outcome of competition between
buoyancy-regulating species and sinking species, but it doesn’t evaluate the degree to
which buoyancy was an influential mechanism in the outcome of competition between
two buoyant species. This thesis is unique in that varying buoyancy rates could influence
the outcome of competition between two buoyant species of cyanobacteria was the
focus of the investigation.

A theoretical competition model was used to explore if the buoyancy regulation
mechanism impacts phytoplankton community assemblage under different weather
scenarios. The model is not a predictive tool for detecting bloom development and does
not forecast changes in weather. It is hypothesized the buoyancy rates for APFA in UKL
are higher than published literature values for the species (Wood and Gartner 2010;
Tammy Wood personal communication). Observations of high APFA concentrations in
the Klamath River above expected temperature maxima suggest regional ecotypes of
APFA exist with differential sensitivities to temperature (Paerl and Otten 2016). |
investigated if regional ecotypes are also sensitive to buoyancy rate. My work aimed to

parameterize the vertical velocity of APFA in UKL for two reasons: 1) Direct
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measurement of raft movement allows for comparison to published literature values,
and 2) to use the calculated buoyancy rate in the competition model. | was unable to
verify the buoyancy rate of MSAE because | was not able to locate and measure enough
MSAE colonies to calculate the population buoyancy rate. The model allows for
parameter sensitivity analysis and for identifying depths at which dangerous
accumulations of cyanobacteria could occur. This information could be useful to lake
managers as they consider regional impacts of climate change and contemplate risk
assessment and mitigation plans for impaired lakes. The model’s parameters are based
on literature values but is not calibrated or validated with algal concentration data, and
thus is a purely theoretical tool that could be used to design studies to monitor algal
densities. MSAE growth is expected to outpace APFA growth under high temperatures
and when the water column is fully mixed, due to its superior high temperature optima

and in spite of slower vertical velocity.

Methods
Study site

UKL is a large (232 km?), shallow (average depth of 2.8 m) lake located in south-
central Oregon (Lindenberg et al. 2009). This natural lake is in a sizeable watershed
(9,415 km?), and a dam down river controls the height of the lake. Agency Lake is
located north of UKL and is connected to UKL via a shallow channel, and adds about 38

km? of surface area to the UKL total surface area (Johnson 1985). The lakes are
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connected by a channel and more recently through The Nature Conservancy project
where the levees were removed and lake water could move across the property. Both
lakes are hypereutrophic and have annual blooms of APFA. The prevailing winds at UKL
are westerly over the northern part of the of the lake and northwesterly over the

southern two-thirds of the lake (Lindenberg et al. 2009).

APFA samples were collected from three locations, including Moore Park,
Howard Bay and Lake Ewuana (Figure 3-1). Moore Park is a municipal park in Klamath
Falls and is located on the southern end of UKL. The park has boat access ramps and is a
popular birding area. Howard Bay is located on the western end of UKL and is sheltered
from local wind patterns. Lake Ewauna is a reservoir that is linked to UKL via the Link
River, and is located at the headwaters of Klamath River. The three locations the
samples were taken from were selected in order to gather specimens from locations
with widely different characteristics and properties. A more accurate lake average
buoyancy rate would be calculated by sampling APFA from many locations within the

lake.

Data collection

A meteorological station and data loggers were deployed in October 2015,
August 2016 and September 2016. This work focuses on the most recent and complete
set of data, which was collected in September 2016. Data were collected from

September 1-23, and was collected at ten-minute intervals. Please see Chapter 3 for
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details on variables, data processing, and modeled day selection. Four days were
selected for hydrodynamic modeling based on the average day’s temperature and wind
conditions, and were categorized as: hot and windy, hot and calm, cool and windy, and
cool and calm. The temperature and effective diffusion of heat was calculated in order
to model the water column turbulence and thermal structure. Each modeled day was

repeated for 5 days for input into the competition model.

Sampling method and processing

APFA rafts were collected from UKL between August 21 and 22, 2015. Sampling
locations included: Moore Park, Howard Bay and Lake Ewuana. Lake water was collected
at each site in brown-colored, 125-ml Nalgene HDPE bottles, and put directly into the
dark for 30 minutes to 5 hours before APFA raft movement was video recorded.
Samples were collected between 8am to 5pm. Thirty-three samples were derived from
the collected APFA rafts. Samples were placed in a flat-sided cuvette and APFA raft
movement was video recorded for approximately 10 minutes. The camera was placed
approximately 10cm from the cuvette such that the cuvette took up the full frame and
no light was directed on the cuvette.

All buoyancy rates were calculated using Logger Pro® 3 software. This software
allows users to track movement in a video, which can be used to calculate movement
rate (distance travelled over time it took to travel that distance). Videos were loaded

into the software, and the cuvettes were subdivided into ten sections (Figure 3-2). One
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APFA raft was randomly selected from each section for tracking at a random minute in
the video. The aim of this randomization in both space and time was to decrease the
selector’s bias of choosing the easiest, biggest or fastest raft for tracking. This ensured a
random selection of rafts were chosen for rate calculation. Absolute distance travelled,
regardless of direction, was tracked. Ten individual APFA rafts were selected for
buoyancy measurement, and averaged to obtain one representative buoyancy rate per
sample. The direct observation measurement and cuvette method is similar to the work
pioneered by Reynolds (1972 and 1973), but has been simplified by the use of cameras
and tracking software. Arick Rouhe and John Rueter in the Rueter Lab at Portland State
developed the direct observation measurement and cuvette method (personal

communication).

Competition model

The phytoplankton competition model is a one-dimensional model developed by
Huisman and colleagues (Huisman et al. 1999; Huisman et al. 2004). The competition
model was executed in the same platform as the one-dimensional hydrodynamic model
(STELLA™ version 10.0.6). The model assumes nutrients are not limiting, and thus do not
play a role over the several-day scale. Light availability, water temperature, mixing, and
buoyancy rates govern the model’s population dynamics. Light and temperature data
were measured in the field, the hydrodynamic model predicted the mixing parameters,

the buoyance rate for MSAE was from the literature, and the buoyancy rate was from
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my measurements described above. The model simulates the cell concentration of two
species of cyanobacteria (APFA and MSAE) in a vertical water column in seven layers at
the following depths (cm): 0, 10, 20, 30, 40, 50, 60, 70, 80, and sediment (~90). The
population in each layer is dynamically simulated from specific loss and growth rates,
and exchanges from the next layer via mixing and buoyancy (Figure 3-3). The population
dynamics are explained by a series of reaction-advection-diffusion equations from
Huisman et al. (2004). Let N;(z, t) be the density of species i at depth z and time t. Let |

be the light intensity (in PAR range), and T be the temperature (°C) at depth z and time

dN; 9] 0 oNy .

=2 = TN = my(DN; + = (DN + 5(’% E) i=1,..,n
where
u;(1,T) is the specific growth rate of species i and is also a function of light (/)
and temperature (7).
m;(T) is the specific loss rate and is a function of temperature. The loss rate
includes cell natural mortality, grazing, and virus deaths.
v;(T) is the vertical velocity (i.e. buoyancy rate) depends on the viscosity of
water, and thus, is it also a function of temperature.
D, is the turbulent diffusivity, and this is space and time dependent. What

follows next is an explanation of each term and how it was calculated in the

competition model.
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Specific growth rate

The specific growth rate of both species is a function of light and temperature. It

is an increasing saturation function light intensity:

.umax,i (T)I

.umax,i (T)
a; + 1

Au'l(IlT) =

where
Umax,i (T)= maximum specific growth rate of species i

a; = initial slope of growth under light-limited conditions, and is determined by

temperature independent processes

It should be noted that pt,,4, ; is assumed to vary with temperature, while a; is
independent of temperature.
Since growth is not linear with temperature, it can be described by a

temperature optimum curve (modified from Joehnk et al. 2008).

T-Topt,i ln(R ) T—Topti
.umax,i(T) = .umax,i(Topt,i)[1 + bi ((Rli PE 1) - ln(R:l-) (Rzi Pt — 1))]
i

where

,umax,i(Topt,l-) = maximum specific growth rate at optimum temperature for
species i

Ri;, Ry, b; = are variables used to form the optimum curve for species i
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The optimum curve for MSAE used values from Joehnk et al. (2008). The optimum curve

for APFA was visually fitted using growth curves from Reynolds (1989).

Since light conditions change with depth, time, and is impacted by turbidity and

phytoplankton densities, / can be described by:

- Kng

I(z,t) = Ln(©)(1 —1)exp| — [ kiN;(t)
[12

where

1(z,t) = light intensity at depth z and time t

I;,,(t) = incident light intensity (PAR) at the water’s surface
r = reflection coefficient

k; = specific light attenuation coefficient of species i

Kp4 = background attenuation coefficient

Specific loss rate

The specific loss rate increases exponentially with temperature, and has been
mathematically expressed as (Robarts and Zohary 1987):
mi(T) = m;(20)Q;"

where

m;(20) = specific loss rate at 20°C

Q; = describes the change in specific loss rate with a temperature change of 10°C
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Vertical flux

The vertical flux term incorporates two processes that drive the exchange of
water and cyanobacteria cells between two adjoining layers of water: vertical velocity
and turbulent diffusion. The vertical velocity of phytoplankton is inversely proportional
to the viscosity of water, which varies with temperature (Hutter and Joehnk 2004;
Reynolds 2006). The model assumes a uniform distribution of cells in each layer at the

beginning of the simulations, and was adopted from Huisman and colleague’s work

(2002).
_ n(20)

v(T) = (T v; + (C; — G)E,
where

v;(T) = vertical flux of species i at temperature T

n(T) = dynamic viscosity of water at temperature T

n(20) = viscosity of water at 20 °C

vi = buoyancy rate of species i

C; and C; = concentration of cells in layers 2 and 1, respectively

E; = effective diffusion at depth z

The effective diffusion rates were calculated from the weather scenarios

generated in the 1D hydrodynamic model (see Chapter 3). Each weather scenario was
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allowed to run for five days to see how that temperature and wind regime influenced

cyanobacteria growth.

Data analysis

Sample buoyancy rates were averaged to obtain an overall APFA buoyancy rate
estimate, and the standard deviation was calculated to obtain the variance of buoyancy
between the samples. Rate differences between locations were tested to investigate if
there were statistically significant differences between the sample locations. Boxplots
and normal QQ plots were used to visually inspect the normality of the data. The
assumption of normality was tested using a Shapiro-Wilk test. Since the assumptions of
normality and equal variance were violated, a Kruskal-Wallis test was used to

investigate if the median rates of all locations were equal.

There were two main questions that required statistical analysis from the
outputs of the competition model: 1) do the weather scenarios impact the
concentration of APFA and MSAE differently, and 2) are the concentrations of APFA and
MASE significantly different from each other within each layer. A repeated measures
ANOVA was conducted for both questions because repeated measures ANOVA allows
for the investigation of how the mean concentration of cyanobacteria changes over time
with weather scenario. Since layer is a source of variability (cyanobacteria are not
equally distributed throughout the water column), layer was treated as a treatment-by-

subjects design. This allows the investigator to test if cyanobacteria concentrations are a
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function of weather scenario or species, given the layer. The concentration of APFA and
MSAE was measured every four hours (6 times per day) across the 5 simulated days for
each layer in order to capture daily variability in cyanobacteria water column position.
For the first question, the repeated measures ANOVA investigated if cyanobacteria
concentration is a function of weather scenario, given the layer. The concentration of
APFA and MSAE was investigated separately. A Tukey test was conducted when weather
scenarios were found to be statistically significant. A 90% family-wise confidence level
graph was made for every weather scenario combination. For the second question, the
repeated measures ANOVA investigated if cyanobacteria concentration was a function
of species, given the layer and weather scenario. The ANOVA and Tukey HSD test used
a=0.05 to signify statistical significance, but results that were close to 0.05 were also

discussed.

Buoyancy rate sensitivity

A sensitivity analysis was conducted on the buoyancy parameter for both
cyanobacteria species in every weather scenario. The species that “won” had its
buoyancy parameter decreased while the other specie’s buoyancy parameter stayed
static. In a separate analysis, the losing species had its buoyancy increased while the
other species’ buoyancy parameter was held the same. APFA’s buoyancy rate parameter
was decreased from 0.89 m h''to 0.60 m h'1, 0.50 m h'tand 0.40 m h™. The resulting

growth pattern for each species was compared to the original simulation results in order
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to elucidate how buoyancy regulation impacts competition. MSAE’s buoyancy rate was
held static for comparison. In another buoyancy sensitivity analysis, MSAE’s buoyancy
rates were increased from 0.50 m h1to 0.70 m h%, 0.80 m h*and 0.90 m h* while
APFA’s buoyancy rate was held. Within each weather scenario, a repeated measure
ANOVA was used to test if cyanobacteria accumulations were a function of buoyancy
scenario (given the layer). This test was used in order to elucidate if buoyancy inferred
competitive advantage under differing mixing regimes (i.e. weather scenarios). A Tukey
HSD test was conducted when weather scenarios were found to be statistically

significant (a=0.05).

Model implementation

The competition model was executed in STELLA™. The simulation ran for 120
hours at an eight-minute time step. Each layer was treated as a box 1m by 1m and
10cm thick, and had 1,000 cells at the beginning of the simulation. The water
temperature and effective diffusion coefficient outputs from the one-dimensional
hydrodynamic model were used as inputs in the competition model to simulate
different mixing regimes. The result of the APFA buoyancy rate calculations was used as

a species parameter.

For a complete list of variables, model code and diagram, see Appendix B. Model

outputs are available at http://www.cyanolab.research.pdx.edu/.
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Results
APFA buoyancy rates in UKL closely matched literature

The overall calculated buoyancy rate for APFA was 0.89 m h'! (+/- 0.34 m h).
The average buoyancy rates for the three sampling locations ranged from 0.79 m h' to
1.12 m h'l. The buoyancy rates of the thirty-three subsamples were not drawn from a
normal distribution (Shapiro-Wilk normality test, W = 0.81, p = 0.001). The variances
were not equal (F test, F =0, df = 32, p-value < 0.05). This is caused by a single outlier
rate from Lake Ewuana (Figure 3-4). When this outlier is removed, the data become
normally distributed. However, since there is no compelling reason to remove this point,
the outlier was not removed. The median buoyancy rates for all three locations were
not significantly different from each other (Kruskal-Wallis test, x> = 2.85, DF= 2, p-value

=0.24).

Four weather scenarios and competition

MSAE cell accumulations between weather scenarios were significantly different
from each other (repeated measures ANOVA, DFN=3, DFD=9, F=2.9, p=0.03), while APFA
concentrations were not significantly different between the weather scenarios
(repeated measures ANOVA, F=1.8, p>0.05). The MSAE accumulation patterns between
hot calm and cool calm conditions were nearly significantly different from each other

(TukeyHSD test, p=0.07). The MSAE accumulation patterns between hot windy and cool
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calm were also nearly significantly different from each other (TukeyHSD test, p=0.08;
Figure 3-5).

APFA and MSAE accumulations were significantly different from each between
layers (repeated measures ANOVA, F=33,916.3 and 10,070.6, respectively, and p<0.05
for both). The F score was high in this test because of the high concentration of
cyanobacteria cells in the layers in comparison to the model’s residuals. Nevertheless,
clear patterns of accumulations developed. Both species developed accumulations at
the surface and cells were absent at the bottom of the water column at the end of the
5-day simulation. For APFA, the 0 and 10cm layers were significantly different than all
other layers and from each other (TukeyHSD test, p<0.05). For MSAE, the 0, 10 and
20cm layers were significantly different than all other layers and from each other
(TukeyHSD test, p<0.05).

The concentrations of APFA and MSAE were significantly different from each
other in every weather scenario modeled (repeated measures ANOVA, see Table 3-1).
Total water column cell accumulation was higher for APFA than MSAE in every weather
scenario (Table 3-2). Total APFA accumulation outnumbered MSAE by between 15% (in
both hot weather scenarios) to 9% (cool calm scenario). While APFA outnumbered
MSAE in total and surface accumulations, MSAE had between 25-28% higher
accumulations at near surface layers (10cm) in every weather scenario competition.
Due to its overall higher volume of cells, APFA was considered the fittest species in all

competition scenarios.
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APFA buoyancy sensitivity analysis

The column APFA cell accumulation decreased as buoyancy rates decreased in
every weather scenario, however this increase was not significant in any weather
scenario (repeated measures ANOVA, p>0.05). The general water column distribution
was the same under all scenarios: the majority of cells occupied the surface layer, and
no cells occupied the bottom half of the water column, which was around 40 to 50 cm
(Table 3-3). Surface accumulations of APFA decreased with decreasing buoyancy as cells
accumulated at near surface layers (10cm) instead (total water column cell
concentrations were mostly unchanged; see Table 3-3).

MSAE cell accumulation was unaffected by decreasing APFA buoyancy rates (
Table 3-4), and there was no statistical difference between the decreasing APFA
buoyancy rates and MSAE accumulations (repeated measures ANOVA, F=0, p=1). Total
APFA cell accumulations outpaced MSAE in every weather scenario and under every

buoyancy rate.

MSAE buoyancy sensitivity analysis

The column MSAE cell accumulation increased slightly as buoyancy rates
increased in every weather scenario, however this increase was not significant in any
weather scenario (repeated measures ANOVA, p>0.05). The general water column

distribution was the same under all scenarios: the majority of cells occupied the surface
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layer, and no cells occupied the bottom half of the water column, which was around 40

to 50 cm (

Table 3-5). While surface accumulations of MSAE increased with increasing buoyancy,
near surface layers (10cm) saw a decrease in cell accumulation. The hot day scenarios
saw a slightly increase in the total water column cell concentration for MSAE, while cool
days only saw a slight redistribution of cell location.

APFA cell accumulation was unaffected by increasing MSAE buoyancy rates (
Table 3-6), and there was no statistical difference between the increasing MSAE
buoyancy rates and APFA accumulations (repeated measures ANOVA, F=0, p=1). Total
APFA cell accumulations outpaced MSAE in every weather scenario and under every

buoyancy rate.

Other parameter sensitivity analysis

Since changing buoyancy didn’t impact the outcome of the competition, the
MSAE’s light attenuation coefficient and optimum temperature growth curve were
changed to match APFA species parameters in order to test if the accumulations of APFA
and MSAE were significantly different from each other within each weather scenario.
The altered light attenuation coefficient had no impact on the competition overall. The

species’ cell accumulations were exactly the same as in the original simulation.
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Using the same optimum temperature growth curve for MSAE that was used for
APFA did yield different cell accumulations (Table 3-7). Cell accumulations for APFA and
MSAE were investigated within each weather scenario to see if APFA and MSAE had
different cell concentrations within each layer. Within the layers, APFA and MSAE
concentrations were not significantly different from each other in the cool calm, cool
windy, or hot calm weather scenarios, but were significantly different in the hot windy
scenario (repeated measures ANOVA, see Table 3-8). When a buoyancy sensitivity
analysis was conducted on the model with equal growth curves for the hot windy
scenario, MSAE layer accumulations were still not a function of buoyancy rate (repeated

measures ANOVA, F=0, p=1).

Discussion
APFA buoyancy rate in UKL

The purpose of investigating the buoyancy rate of APFA in UKL was to see if the
ecotype in UKL was significantly different from the published literature rates. There was
a high degree of agreement between the calculated APFA buoyancy rate in UKL (0.89 m
hrl+/-0.34 m hrt) with the rate published by Walsby (1995; 0.9 +/- 0.5 m hr?). Walsby
(1995) calculated APFA buoyancy from the time it took rafts to float between gradation
marks on a measuring cylinder. However, the calculated buoyancy rate was not
recorded in situ, and should not be interpreted as the in-lake buoyancy rate of APFA in

UKL. APFA raft movement was recorded in a lab setting, and many conditions
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(temperature, light source) did not replicate in-lake conditions. The results indicate the
APFA buoyancy rate in UKL could be similar to published literature rates. While the
results of this study could be interpreted as a physiological response of APFA under lab
conditions, it does not represent the fastest velocity possible since water column
stability and turbulence were not factors in the lab experiment. Wood and Gartner
(2010) found that when cycles of vertical velocity were present, they were out of phase
with the expected vertical movement of APFA rafts based on the theory of light-driven
movement. This suggests that water stability (thermal gradient) and turbulence were
more important in explaining APFA’s movements in UKL than light. Thus, temperature
and mixing of the water column could have a significant impact on the vertical velocity
of APFA within UKL. Since the vertical transport of phytoplankton is driven by both the
sinking/buoyancy of the cell and by turbulent mixing of the cells through the water
column (Huisman et al. 2004), any model that attempts to simulate the movement of

APFA through water will have to account for the raft’s buoyancy and turbulent mixing.

Competition model

Overall, MSAE accumulation patterns differed between the weather scenarios,
while APFA did not. However, a pairwise comparison between the weather scenarios for
MSAE accumulation did not yield significant differences. This is because the Tukey test
controls for Type | error, and requires a larger difference for significance than ANOVA F-
tests. Using the near significance weather scenario comparisons, the results indicate

that MSAE might be influenced by thermal and turbulent mixing regimes, while APFA
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growth is less sensitive to the modeled mixing and thermal regimes. On calm days, the
temperature difference alone was enough to significantly impact MSAE cell
accumulations. MSAE growth is more limited in water cooler than 15°C than APFA
(Robarts and Zohary 1987). The average surface temperature on the calm days fell on
either side of this temperature; cool calm scenario was 11.1 °C, and on the hot calm
scenario it was 17.6 °C. However, the cool calm scenario accumulated more MSAE cells
than the hot windy scenario, indicating that the turbulence on the windy day was more
of a barrier to accumulation than lower temperatures. The temperatures on the hot
windy scenario was also much less than the optimal growth temperature for MSAE: on
average, the hot windy day had a temperature of less than 18 °C, while MSAE’s optimal
temperature for growth is much higher (28°C; Reynolds 2006).

APFA accumulation outpaced MSAE accumulation at the surface layers, while
MSAE accumulated more cells at near surface layers (10-30cm). Both APFA and MSAE
were absent from the bottom layers. This pattern was expected given positive and
differing buoyancies for the two species.

Within each weather scenario more APFA accumulated in the total water
column and at the surface than MSAE. This indicates that APFA is the dominant
competitor in UKL under a variety of thermal and mixing regimes. APFA exhibited the
same accumulation patterns on both hot weather scenarios, which indicates APFA was
able to accumulate at the surface regardless of the increased turbulence on the windy

day. MSAE accumulation was higher than APFA at the near surface layer (10cm), which
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suggests there was enough light to sustain growth. APFA was not able to establish itself
and shade out competitors.

The results from the buoyancy sensitivity analysis show that altering buoyancy
alone is not sufficient to change the outcome of competition. The light attenuation
coefficient sensitivity analysis also yielded no change in the outcome of competition,
which indicates APFA’s lower critical intensity was not a factor in the outcome of the
competition. However, the species optimum temperature growth curve was an
important factor in determining the outcome of competition. When MSAE and APFA’s
growth curve was set to the same parameters, APFA accumulation was insignificantly
higher than MSAE accumulation in all weather scenarios except for hot windy. However,
the buoyancy rate sensitivity analysis on the model with equal growth curve did not find
buoyancy rate to be a significant factor in MSAE concentration between the layers in the
hot windy scenario. This indicates that if species have very similar growth rates and
temperature sensitivities, a change in buoyancy rate might not be enough to influence
the outcome of competition.

There are limitations and uncertainty associated with this modeling approach.
The model is a simplistic one-dimensional representation of a complex process. As such,
there are many natural phenomena that are not accounted for, such as: photo-
inhibition, nutrient dynamics, lateral water movement, and varying buoyancy rates due

to vesicle formation and ballast changes. The model is also not calibrated with algal
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biovolume samples. Nevertheless, there are benefits of this simple theoretical modeling
for lake managers.

The greatest uncertainty in forecasting and mitigating the impacts of climate
change will be in understanding how species level interactions will change (Winder and
Schindler 2004). The complex interactions between APFA and MSAE are confounded by
regional response to climate change in the highly-impacted system of UKL, and it is
unclear if lake restoration might result in a shift in species composition (Nadia Gillett,
personal communication). The insights gained from the results of this simple
competition model can assist lake managers as they assess mitigation plans and adapt
to climate change.

The dynamics between APFA and MSAE can be driven by temperature in some
lakes (Wu et al. 2015) or nitrogen dynamics in others (Lehman et al. 2009), but there is
not a clear pattern of succession established in UKL. Modeling competition and
potential succession between species can be used to gain insights and consider
mitigation plans based on regional needs. The competition model focused on population
dynamics and how species compete for light through buoyancy. It showed that mixing
regimes impact MSAE population dynamics, and MSAE’s buoyancy rate was not able to
overcome the turbulent mixing patterns modeled from UKL data to outcompete APFA.
In this shallow, enriched, and well-mixed lake, APFA dominates the system (Eldridge et
al. 2014) and the ecotype in UKL might be accustomed to much higher temperatures

than other APFA ecotypes (Paerl and Otten 2016). UKL also mixes on an almost daily
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basis, so it is likely that buoyant cyanobacteria’s vertical migration is controlled by
physical turbulence and thermal gradients (Wood and Gartner 2010). On turbulent days,
MSAE accumulated less than on calm days, so it is possible that mixing can be used to
suppress MSAE without impacting APFA. If mixing regimes are significantly altered by
regional responses to climate change, mangers might consider reestablishing current

mixing regimes if MSAE blooms become a regular occurrence.

Conclusion

The buoyancy rate of APFA in UKL is similar to published literature values.
However, water column stability and turbulence could significantly alter the vertical
velocity of APFA under various weather conditions. The hypothesized outcome of MSAE
dominance under conditions of high water temperature did not occur. APFA was the
better competitor under high temperatures and high turbulence. The proposition that
increasing buoyancy rates would shift the outcome of competition did not occur either,
as buoyancy was not found to be a function of algal concentration. The species optimum
temperature growth curve was found to be the most important in determining the
outcome of competition between APFA and MSAE. In these competition scenarios,
MSAE had a slightly higher cell concentration that APFA on the cool calm days, however

the difference was not significant.
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Tables and Figures Chapter 3

Figure 3-1 Map of Upper Klamath Lake APFA collection sites.
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Figure 3-2 This is the Logger Pro® tracking software interface. An APFA raft video has been loaded into
the software. The subdivisions used in raft selection are marked (1-10).
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Figure 3-3 schematic diagram of the competition model.
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Boxplot of Buoyancy Rates by Sample Location
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Figure 3-4 Boxplot of buoyancy rates by location (hb = Howard Bay, le = Lake Ewuana, and mp = Moore
Park). A single outlier buoyancy rate can be seen in the ‘le’ location boxplot.
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Figure 3-5 A 90% confidence level graph for concentrations of MSAE under various weather scenarios
(CC=cool calm, CW=cool windy, HC=hot calm, and HW=hot windy). Confidence intervals were
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constructed using TukeyHSD test. Two confidence intervals were significant (HC-CC, p=0.07; HW-CC,
p=0.08)

AFA Concentration at End of Simulation
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hc
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Figure 3-6 Concentration of APFA cells with depth for each weather scenario at the end of simulation
(CC=cool calm, CW=cool windy, HC=hot calm, and HW=hot windy).
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MSAE Concentration at End of Simulation
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Figure 3-7 Concentration of MSAE cells with depth for each weather scenario at the end of simulation
(CC=cool calm, CW=cool windy, HC=hot calm, and HW=hot windy).

Table 3-1 Repeated measures ANOVA table comparing the concentration of APFA and MSAE cells
between different weather scenarios.

Weather Scenario F-ratio P-value
Cool calm 4.6 3.20E-02
Cool windy 8.9 3.00E-03
Hot calm 8.5 3.60E-03
Hot windy 11.9 6.10E-04
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Table 3-2 Total cell accumulations for each species at the end of the 5-day simulations. Totals assume a
1m3 volume water column.

Cool Calm Cool Windy Hot Calm Hot Windy
Depth APFA MSAE APFA MSAE APFA MSAE APFA MSAE
(cm) (cells) (cells) (cells) (cells) (cells) (cells) (cells) (cells)

0 8,165 6,894 8,065 6,713 7,863 6,290 7,867 6,304
10 837 1,167 767 1,060 679 906 681 910

20 68 160 60 142 43 98 44 100
30 3 11 3 12 1 4 1 4
40 0 0 0 1 - - - 0
50 - 0 - 0 - - - -
60 - - - - - - - -
70 - - - - - - - -
80 - - - - - - - -
90 - : . = : . = :
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Table 3-7 Comparison of algal cell counts among different weather scenarios when MSAE parameters
were changed to equal APFA’s parameter, and the competition model was ran for a 5-day simulation.

MSAE Cool Calm Cool Windy Hot Calm Hot Windy
parameter
changed

APFA MSAE APFA MSAE APFA MSAE APFA  MSAE
(cells) (cells) (cells) (cells) (cells) (cells) (cells) (cells)
Original 9,073 8,233 8,89 7,927 8,586 7,298 8,594 7,318
simulation
Optimum 9,073 9,095 8,89 8,744 8,586 8,009 8,594 8,029
temperature
growth
curve
Light 9,073 8,233 8,89 7,927 8,586 7,298 8,594 7,318
attenuation
coefficient

Table 3-8 Repeated measures ANOVA table comparing the concentration of APFA and MSAE cells
between different weather scenarios when the optimum temperature growth curve for APFA was used
for both species.

Weather Scenario F-ratio P-value
Cool calm 0.005 0.95
Cool windy 0.4 0.53
Hot calm 2.3 0.13
Hot windy 3.7 0.05
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Chapter 4. Conclusions and potential future work

It is generally believed that climate change will promote and increase the
frequency and intensity of cyanobacterial blooms due to their unique physiological
adaptions (Paerl and Huisman 2008; Adrian et al. 2009; Carey et al. 2012; O’Neil et al.
2012). Thus, climate change will add more challenges to preventing and controlling
blooms. To improve and devise new management methods for bloom control, it is
critical to understand how cyanobacterial physiological adaptions interact with and is
impacted by lake morphology, watershed geology, climate, and a lake’s physical and
chemical properties. It is also critical to better understand the physiological adaptions of
lake specific ecotypes that may differ in light and temperature ranges (Paerl and Otten
2016) since competitive advantage is only exploited at the upper and lower end of a
cyanobacteria’s range tolerance. This thesis investigated buoyancy rates of
Aphanizomenon flos-aquae (APFA) in Upper Klamath Lake (UKL), Oregon and
contributed to a better understanding of buoyancy’s role in cyanobacteria competition

under varying mixing regimes.

Aphanizomenon flos-aquae buoyancy in Upper Klamath Lake

The buoyancy rate of APFA was calculated from in-lake specimens in Chapter 3.
The investigation focused on determining if the vertical movement of APFA in UKL was
significantly different from the published literature values. APFA movement through

water was directly measured, in a lab setting, and the buoyancy rate of 0.89 m h'* (+/-
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0.34 m h!) was calculated. A high degree of agreement was found between the
buoyancy rate calculated and the published literature rate. The calculated buoyancy
rate was not recorded in situ, and should not be interpreted as the in-lake buoyancy
rate of APFA in UKL. However, the calculated buoyancy rate is an indicator of the
physiological adaptions of APFA in UKL. APFA raft movement was recorded in a lab
setting, and while some conditions replicated lake conditions (temperature, controlled
light source), others did not replicate in-lake conditions (wind patterns, relative
humidity). In situ APFA buoyancy rates in UKL have not been recorded (although Wood
and Gartner (2010) recorded suspended particle movement, the particles were not
verified as APFA colonies). More work is needed to confirm the range of APFA buoyancy

rates in UKL.

Modeling cyanobacteria competition under different mixing regimes

Buoyancy regulation confers ecological advantages to cyanobacteria over sinking
phytoplankton, however the role of buoyancy on competition between buoyant
cyanobacteria is not well understood and depends on the species involved and the
physical turbulence and thermal density gradients of the water column. The objective of
this study was to model how weather patterns and algal buoyancy regulation influence
the competition and growth of two bloom-forming buoyant cyanobacteria species
(APFA and toxin-forming Microcystis aeruginosa (MSAE)) in UKL, Oregon. This was

accomplished by modifying and combining a coupled one-dimensional hydrodynamic

93



with an algal competition model, using lake specific physiological parameters following
the example of Huisman et al. (2004). The hydrodynamic model is driven by
meteorological variables, and is a system of four partial differential equations, which
describe the mechanics of momentum, heat transfer, turbulent kinetic energy, and
turbulent dissipation rate (Joehnk et al. 2008). The competition model tracked APFA and
MSAE growth with depth over 5 days, and a sensitivity analysis was conducted on the
buoyancy parameter.

In Chapter 2, weather data was collected, and turbulent mixing patterns were
modeled for days with contrasting weather patterns. In Chapter 3, the turbulent mixing
regimes modeled in Chapter 2 were applied it to short term competition for light for
periods when both APFA and MSAE were in the water column. The hypothesized
outcome of MSAE dominance under conditions of high water temperature did not
occur. APFA was the better competitor under high temperatures and high turbulence.
The hypothesis that increasing buoyancy rates would shift the outcome of competition
did not occur either, as buoyancy was not found to be a function of algal concentration.
APFA’s optimum temperature growth curve was found to be the most important factor
in determining the outcome of competition between APFA and MSAE. When MSAE’s
growth curve was set to equal APFA’s growth curve, APFA ceased to be the fitter
competitor in every weather scenario except for hot windy conditions. Since windy
conditions negatively impacted MSAE concentrations, lakes managers could investigate

localized mixing to suppress MSAE accumulations, if they become a reoccurring problem
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in UKL. While buoyancy might not play a large role in competition in UKL because the
shallow lake regularly mixes and does not develop a thermocline, future work is needed
in order to understand what governs the interaction between competing and coexisting

buoyant cyanobacteria species.

Management implications

The goal of hydrologic withdrawal and aeration is to both weaken thermal
stratification and deepen the mixing layer in order to suppress cyanobacteria blooms
(Lehman et al. 2009). Inducing physical turbulence can be a fast acting technique that
can be deployed quickly in response to a threat of a bloom. While nutrient limitation
and control is often the ultimate long-term goal for reducing cyanobacteria blooms
(Paerl et al. 2001; Paerl et al. 2001; Paerl and Otten 2016), alternative short-term
management strategies should be surveyed and studied in order to address potential
increasing cyanobacteria blooms under climate change (Arick Rouhe, personal
communication). The competition model supports exploring the competition of
buoyancy cyanobacteria under various mixing regimes. Results from the competition
model indicates that high turbulence and lower temperatures in UKL can negatively
impact MSAE accumulation, which agrees with previous findings from other lakes
(Bonnet and Poulin 2002; Joehnk et al. 2008; Wu et al. 2015). While more study is
needed to determine the key mechanisms of competition, coexistence, and the role of

nutrients in the succession between APFA and MSAE, results from this study indicate
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that adapting short-term management techniques that mimic turbulence gradients that
negatively impact MSAE accumulations could be viable if MSAE blooms become a

persistent problem in late summer.

Potential future work

Future work is needed in order to understand how buoyancy is regulated in UKL.
Previous studies have shown that the vertical distribution of MSAE depends on
carbohydrate ballast dynamics and colony size (Wallace et al. 2000). To understand how
buoyancy influences the competition between APFA and MSAE, we need to understand
how key parameters of buoyancy differ between the two species present in UKL.
Parameters include: the strength of gas vesicles, the speed of carbohydrate ballast
accumulation, and the response time for physiological adjustment to an increase in
light. Once the groundwork for buoyancy regulation comparison has been laid, an
investigation of why APFA is so abundant in UKL can be conducted. Understanding the
reason why APFA currently dominates UKL could help inform management strategies if
UKL experiences a shift to more MSAE blooms due to climate change.

An in-depth observation experiment similar to work conducted by Ibelings et al.
(1991) would be beneficial in UKL. Their study consisted of a couple 24-hour
observational periods, where measurements of carbohydrate, protein, turgor pressure,
relative gas vacuole volume (RGV), buoyancy, and vertical distribution of phytoplankton

species was taken every two hours throughout the water column. The depth of the
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mixed layer was determined by the lake’s temperature profile and wind patterns. From
this information, diurnal changes in carbohydrate, ballast content, RGV, and buoyancy
can be tracked and compared to the vertical distribution of the species. Understanding
relationship and patterns between the vertical distribution of species and diurnal
changes in buoyancy is the first step to determining how buoyancy impacts the
competition between APFA and MSAE.

Lastly, the one-dimensional hydrodynamic model could be used with a more
thorough sensitivity analysis to look for weather patterns that create turbulence
gradients that might result in a competitive difference between APFA and MSAE
accumulations. Temperature and turbulence gradients can be simulated using
hypothetical weather patterns that represent possible weather conditions under climate
change scenarios. Water column analysis for MSAE and APFA would be a challenging

and labor-intensive task that would be necessary to test the model predictions.

Conclusion

The impacts of climate change and human induced enrichment has the potential
to change existing patterns of species interactions in lentic systems. Understanding how
key physiological adaptions operate is the first step to assessing the scope of this impact
and devising adaptable smart management strategies. Therefore, more research on the
physiological determinants of competition/coexistence is necessary to understand

mechanisms that influence competition for resources in lentic systems.
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Appendix A. Hydrodynamic model
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Figure A-1 Model diagram for the one-dimensional hydrodynamic
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model, implemented in
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Model code

conc_0_10(t) = conc_0_10(t - dt) + (-DZ_10) * dt

INIT conc_0_10=30

OUTFLOWS:

DZ_10 = Ez_10*(conc_0_10-conc_10_30)/(.2-.05)*1/.1

conc_10_30(t) = conc_10_30(t - dt) + (DZ_10 - Dz_30) * dt

INIT conc_10_30=30

INFLOWS:

DZ_10=Ez_10*(conc_0_10-conc_10_30)/(.2-.05)*1/.1

OUTFLOWS:

Dz_30=Ez_30*(conc_10_30-conc_30_50)/(.4-.2)*1/.2

conc_30_50(t) = conc_30_50(t - dt) + (Dz_30 - Dz_50) * dt

INIT conc_30_50 =30

INFLOWS:

Dz_30 = Ez_30*(conc_10_30-conc_30_50)/(.4-.2)*1/.2

OUTFLOWS:

Dz_50 = Ez_50*(conc_30_50-conc_50_70)/(.6-.4)*1/.2

conc_50_70(t) = conc_50_70(t - dt) + (Dz_50 - Dz_70) * dt

INIT conc_50_70 =30

INFLOWS:

Dz_50 = Ez_50*(conc_30_50-conc_50_70)/(.6-.4)*1/.2

OUTFLOWS:

Dz_70 = Ez_70*(conc_50_70-conc_70_90)/(.8-.6)*1/.2

conc_70_90(t) = conc_70_90(t - dt) + (Dz_70 - Dz_90) * dt

INIT conc_70_90 =30

INFLOWS:

Dz_70 = Ez_70*(conc_50_70-conc_70_90)/(.8-.6)*1/.2

OUTFLOWS:

Dz_90 = Ez_90*(conc_70_90-conc_90_110)/(1-.8)*1/.2

conc_90_110(t) = conc_90_110(t - dt) + (Dz_90) * dt

INIT conc_90_110 = 30

INFLOWS:

Dz_90 = Ez_90*(conc_70_90-conc_90_110)/(1-.8)*1/.2

Qtotal_0_10cm(t) = Qtotal_0_10cm(t - dt) + (Qsn + Qatm + Qws + Qevap + Qsensible - Qsn_10 -
Q_Eff_Diff_5) * dt

INIT Qtotal_0_10cm =0

INFLOWS:

Qsn = (Solar_lIrradiance*3600)*(1-Reflectance)

Qatm = (2.042*107(-7))*(0.398*107(-5)*Air_Temp_Abs”(2.148))*Air_Temp_Abs*(4)
Qws = -((Water_Temp_Abs”4)*0.97*(2.042*107(-7))*1.0)

Qevap = -(5.0593*WS_kh*(es-ea))

Qsensible = -(1.5701*WS_kh*(surf_water_temp-Air_Temp_C))

OUTFLOWS:

Qsn_10 = Qsn_B*(EXP(-ABS10*(10-Zb)))

Q_Eff_Diff 5=(4.1816*0.001*10000*Ez_10*((Temp_5cm-Temp_20cm)/10))
Qtotal_10_30(t) = Qtotal_10_30(t - dt) + (Qsn_10 + Q_Eff_Diff 5-Qsn_30 - Q_Eff_Diff_20) * dt
INIT Qtotal_10_30=0

INFLOWS:

Qsn_10 = Qsn_B*(EXP(-ABS10*(10-Zb)))

Q_Eff_Diff 5=(4.1816*0.001*10000*Ez_10*((Temp_5cm-Temp_20cm)/10))
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OUTFLOWS:

Qsn_30 = Qsn_B*EXP(-ABS30*(30-Zb))

Q_Eff_Diff_20 = (4.1816*.001*10000*Ez_30*((Temp_20cm-Temp_40cm)/20))
Qtotal_30_50(t) = Qtotal_30_50(t - dt) + (Qsn_30 + Q_Eff_Diff 20 - Qsn_50 - Q_Eff_Diff 50) * dt
INIT Qtotal_30_50=0

INFLOWS:

Qsn_30 = Qsn_B*EXP(-ABS30*(30-zb))

Q_Eff_Diff_20 = (4.1816*.001*10000*Ez_30*((Temp_20cm-Temp_40cm)/20))
OUTFLOWS:

Qsn_50 = Qsn_B*EXP(-ABS50*(50-Zb))
Q_Eff_Diff_50=(4.1816*.001*10000*Ez_50*((Temp_40cm-Temp_60cm)/20))
Qtotal_50_70(t) = Qtotal_50_70(t - dt) + (Qsn_50 + Q_Eff_Diff_50 - Qsn_70 - Q_Eff_Diff_70) * dt
INIT Qtotal_50_70=0

INFLOWS:

Qsn_50 = Qsn_B*EXP(-ABS50*(50-Zb))

Q_Eff_Diff_50 = (4.1816*.001*10000*Ez_50*((Temp_40cm-Temp_60cm)/20))
OUTFLOWS:

Qsn_70 = Qsn_B*EXP(-ABS70*(70-Zb))
Q_Eff_Diff_70=(4.1816*.001*10000*Ez_70*((Temp_60cm-Temp_80cm)/20))
Qtotal_70_90(t) = Qtotal_70_90(t - dt) + (Qsn_70 + Q_Eff_Diff _70 - Qsn_90 - Q_Eff_Diff _90) * dt
INIT Qtotal_70 90 =0

INFLOWS:

Qsn_70 = Qsn_B*EXP(-ABS70*(70-Zb))
Q_Eff_Diff_70=(4.1816*.001*10000*Ez_70*((Temp_60cm-Temp_80cm)/20))
OUTFLOWS:

Qsn_90 = Qsn_B*EXP(-ABS90*(90-Zb))

Q_Eff_Diff_90 = (4.1816*.001*10000*Ez_90*((Temp_80cm-Temp_100cm)/20))
Qtotal_90 110(t) = Qtotal_90_110(t - dt) + (Qsn_90 + Q_Eff_Diff 90 - Qsn_Bottom - Cond_S) * dt
INIT Qtotal 90 110 =0

INFLOWS:

Qsn_90 = Qsn_B*EXP(-ABS90*(90-Zb))

Q_Eff_Diff_90 = (4.1816*.001*10000*Ez_90*((Temp_80cm-Temp_100cm)/20))
OUTFLOWS:

Qsn_Bottom = Qsn_B*EXP(-ABS100*(110-Zb))

Cond_S =Ks*((Temp_100cm-Temp_Sediment)/0.20)*3.6*1

Q_Earth(t) = Q_Earth(t - dt) + (Conductivity_E) * dt

INIT Q_Earth=0

INFLOWS:

Conductivity_E = Ke*((Temp_Sediment-Temp_Earth)/5)*3.6*1

Q_Sediment(t) = Q_Sediment(t - dt) + (Qsn_Bottom + Cond_S - Conductivity_E) * dt
INIT Q_Sediment =0

INFLOWS:

Qsn_Bottom = Qsn_B*EXP(-ABS100*(110-Zb))

Cond_S = Ks*((Temp_100cm-Temp_Sediment)/0.20)*3.6*1

OUTFLOWS:

Conductivity_E = Ke*((Temp_Sediment-Temp_Earth)/5)*3.6*1

a = TAN((PI*.5)-WD_Radians_2)*Length

ABSO =0.64

ABS10=0.34

ABS100 =0.001
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ABS110=0

ABS30=0.18

ABS50=0.1

ABS70=0.05

ABS90 =0.01

Adj_WS = if Wind_Vector<Min_WS then Min_WS*(10/Anenometer_H)*(1/7) else
Wind_Vector*(10/Anenometer_H)"(1/7)

Air_Temp_Abs = Air_Temp_C+273.15

Air_Temp_C = GRAPH(timer)

(0.00, 17.0), (1.02, 16.8), (2.03, 15.9), (3.05, 16.0), (4.07, 16.0), (5.08, 15.9), (6.10, 12.9), (7.12, 13.2), (8.13,
16.5), (9.15, 18.3), (10.2, 18.8), (11.2, 19.6), (12.2, 20.2), (13.2, 21.2), (14.2, 22.2), (15.3, 21.3), (16.3, 20.6),
(17.3,20.2), (18.3, 20.7), (19.3, 18.4), (20.3, 17.8), (21.4, 16.2), (22.4, 15.0), (23.4, 11.9), (24.4, 17.0), (25.4,
16.8), (26.4, 15.9), (27.5, 16.0), (28.5, 16.0), (29.5, 15.9), (30.5, 12.9), (31.5, 13.2), (32.5, 16.5), (33.6, 18.3),
(34.6, 18.8), (35.6, 19.6), (36.6, 20.2), (37.6, 21.2), (38.6, 22.2), (39.7, 21.3), (40.7, 20.6), (41.7, 20.2), (42.7,
20.7), (43.7, 18.4), (44.7, 17.8), (45.8, 16.2), (46.8, 15.0), (47.8, 11.9), (48.8, 17.0), (49.8, 16.8), (50.8, 15.9),
(51.9, 16.0), (52.9, 16.0), (53.9, 15.9), (54.9, 12.9), (55.9, 13.2), (56.9, 16.5), (58.0, 18.3), (59.0, 18.8), (60.0,
19.6), (61.0, 20.2), (62.0, 21.2), (63.0, 22.2), (64.1, 21.3), (65.1, 20.6), (66.1, 20.2), (67.1, 20.7), (68.1, 18.4),
(69.1,17.8), (70.2, 16.2), (71.2, 15.0), (72.2, 11.9), (73.2, 17.0), (74.2, 16.8), (75.2, 15.9), (76.3, 16.0), (77.3,
16.0), (78.3, 15.9), (79.3, 12.9), (80.3, 13.2), (81.3, 16.5), (82.4, 18.3), (83.4, 18.8), (84.4, 19.6), (85.4, 20.2),
(86.4,21.2), (87.4, 22.2), (88.5, 21.3), (89.5, 20.6), (90.5, 20.2), (91.5, 20.7), (92.5, 18.4), (93.5, 17.8), (94.6,
16.2), (95.6, 15.0), (96.6, 11.9), (97.6, 17.0), (98.6, 16.8), (99.6, 15.9), (101, 16.0), (102, 16.0), (103, 15.9),
(104, 12.9), (105, 13.2), (106, 16.5), (107, 18.3), (108, 18.8), (109, 19.6), (110, 20.2), (111, 21.2), (112,
22.2), (113, 21.3), (114, 20.6), (115, 20.2), (116, 20.7), (117, 18.4), (118, 17.8), (119, 16.2), (120, 15.0),
(121, 11.9)

AlphaV = (1.5%10A(-5)*(Ave_T1-277))-(2.0¥107(-7)*(Ave_T1-277)7(2))
AlphaV_2 = (1.5*107(-5)*(Ave_T1_2-277))-(2.0*107(-7)*(Ave_T1_2-277)A
AlphaV_3 = (1.5*107(-5)*(Ave_T1_3-277))-(2.0*10A(-7)*(Ave_T1_3-277)A
AlphaV_4 = (1.5*107(-5)*(Ave_T1_4-277))-(2.0*107(-7)*(Ave_T1_4-277)A
AlphaV_5 = (1.5*10A(-5)*(Ave_T1_5-277))-(2.0*10A(-7)*(Ave_T1_5-277)A
Anenometer_H =25

Area_WS = Adj_WS*Fetch_Adj

Ave_Fetch = Width*0.5/COS(WD_Radians)

Ave_Fetch_2 = Length*0.5/COS((pi*.5)-WD_Radians_2)

Ave_T1 = ((Temp_5cm+Temp_20cm)/2)+273

Ave_T1 2= ((Temp_40cm+Temp_20cm)/2)+273

Ave_T1 3 =((Temp_40cm+Temp_60cm)/2)+273

Ave_T1 4= ((Temp_60cm+Temp_80cm)/2)+273

Ave_T1 5= ((Temp_100cm+Temp_80cm)/2)+273

b = TAN(WD_Radians*Width)

Cos_Solar_Zenith =
SIN(Latitude_in_RAD)*SIN(Declination_RAD)+(COS(Latitude_in_RAD)*COS(Declination_RAD)*COS(Hour_A
ngle_RAD))

Declination_RAD = .40928*SIN(((0.9863)*(284+JDay))*0.01745329)

Density10 = 0.99987+(0.69*107(-5)*Temp_5cm)-(8.89*107(-6)*Temp_5cm”(2))+(7.4*10/(-
8)*Temp_5cm~(3))

DO_adj_WS = Wind_Speed*(10/Anenometer_H)"(1/7)

DO_Saturation = SDOT*(1-.0001*Elevation)

dT_dZ1 = (Temp_5cm-Temp_20cm)/dz

dT_dZ1_2 = (Temp_20cm-Temp_40cm)/dz_2

dT_dz1_3 = (Temp_40cm-Temp_60cm)/dz_3

2)
2)
2)
2)

_~ < < <

)
)
)
)
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dT_dZ1_4 = (Temp_60cm-Temp_80cm)/dz_4

dT_dZ1_5 = (Temp_80cm-Temp_100cm)/dz_5

dz=0.15

dz_2=0.2

dz_3=0.2

dz_4=0.2

dz_5=0.2

ea = Relative_Humidity*25.374*EXP(17.62-(5271/Air_Temp_Abs))

Elevation =4

es = 25.374*EXP(17.62-(5271/Water_Temp_Abs))

Ez10 = ((Kho*EXP(-k*.1))*3600)*Kh_Kho_10

Ez30 = ((Kho*EXP(-k*.3))*3600)*Kh_Kho_30

Ez50 = ((Kho*EXP(-k*.5))*3600)*Kh_Kho_50

Ez70 = ((Kho*EXP(-k*.7))*3600)*Kh_Kho_70

Ez90 = ((Kho*EXP(-k*.9))*3600)*Kh_Kho_90

Ez_10 = if Temp_5cm<Temp_20cm then Ez_max else if Ez10 < 0 then 5.4 else if EzZ10>Ez_max then Ez_max
else Ez10

Ez_30 = if Temp_20cm<Temp_40cm then Ez_max else if Ez30 < 0 then 5.4 else if EzZ30>Ez_max then
Ez_max else Ez30

Ez_50 = if Temp_40cm<Temp_60cm then Ez_max else if Ez50 < 0 then 5.4 else if EzZ50>Ez_max then
Ez_max else Ez50

Ez_70 = if Temp_60cm<Temp_80cm then Ez_max else if Ez70 < 0 then 5.4 else if EzZ70>Ez_max then
Ez_max else Ez70

Ez_90 = if Temp_100cm<Temp_80cm then Ez_max else if Ez90 < 0 then 5.4 else if Ez90>Ez_max then
Ez_max else Ez90

Ez_max=0.8

FA = Mean_Fetch/Max_Eff_Fetch

Fetch_Adj = if FA>1 then 1 else if FA<0.5 then 0.5 else FA

Fric_Velocity = ((Wind_Shear/(Density10*1000))*(0.5))

grav =9.81

Hour_Angle_RAD = (((StdHour)/100-12)*15)*0.01745329

Imax = 1000

initial_DO =16

Initial_Temp_10=16

Initial_Temp_100 = 16

Initial_Temp_20=16

Initial_Temp_40 =16

Initial_Temp_60 = 16

Initial_Temp_80 =16

JDay =251

k = (6*(Area_WS)~(-1.84))

Ke=0.3

Kho = (Fric_Velocity)*(2)/(k*Us)

Kh_Kho_10 =if Ri_10 < 0 then 1 else (1+s*Ri_10)*(-n)

Kh_Kho_30 =if Ri_30 < 0 then 1 else (1+s*Ri_30)"(-n)

Kh_Kho_50 =if Ri_50 < 0 then 1 else (1+s*Ri_50)"(-n)

Kh_Kho_70 =if Ri_70 < 0 then 1 else (1+s*Ri_70)*(-n)

Kh_Kho_90 = if Ri_90 < 0 then 1 else (1+s*Ri_90)*(-n)

KL = (.0036*(8.43*DO_adj_WS*(0.5)-3.67*DO_adj_WS+0.43*DO_adj_WS*(2)))

Ks=0.2
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Latitude = 40

Latitude_in_RAD = Latitude/57.2958

Length = 164

Max_Eff _Fetch = 65

Max_Fetch = Width/COS(WD_Radians)

Max_Fetch_2 = Length/COS((pi*.5)-WD_Radians_2)

Mean_Fetch = if WD>286.96 then Mean_Fetch_1 else if WD > 253.04 then Mean_Fetch_2 else if WD >=
106.96 then Mean_Fetch_1 else if WD >= 73.04 then Mean_Fetch_2 else Mean_Fetch_1

Mean_Fetch_1 = if WD = 0 then Width else if WD = 180 then Width else Tri_Wt_Fetch+Other_Fetch
Mean_Fetch_2 = if WD =90 then Length else if WD = 270 then Length else Other_Fetch_2 + Tri_Fetch_2
Min_WS =1

n=1

OneOverCos_r = 1/COS(r)

Other_Fetch = Max_Fetch*(1-Tri_Wt)

Other_Fetch_2 = Max_Fetch_2*(1-Tri_Wt_2)

PAR = GRAPH(timer)

(0.00, 1.20), (1.02, 1.20), (2.03, 1.20), (3.05, 1.20), (4.07, 1.20), (5.08, 1.20), (6.10, 2.45), (7.12, 150), (8.13,
488), (9.15, 818), (10.2, 1098), (11.2, 1230), (12.2, 1306), (13.2, 1478), (14.2, 1252), (15.3, 553), (16.3,
294), (17.3, 167), (18.3, 205), (19.3, 7.03), (20.3, 1.20), (21.4, 1.20), (22.4, 1.20), (23.4, 1.20), (24.4, 1.20),
(25.4, 1.20), (26.4, 1.20), (27.5, 1.20), (28.5, 1.20), (29.5, 1.20), (30.5, 2.45), (31.5, 150), (32.5, 488), (33.6,
818), (34.6, 1098), (35.6, 1230), (36.6, 1306), (37.6, 1478), (38.6, 1252), (39.7, 553), (40.7, 294), (41.7,
167), (42.7, 205), (43.7, 7.03), (44.7, 1.20), (45.8, 1.20), (46.8, 1.20), (47.8, 1.20), (48.8, 1.20), (49.8, 1.20),
(50.8, 1.20), (51.9, 1.20), (52.9, 1.20), (53.9, 1.20), (54.9, 2.45), (55.9, 150), (56.9, 488), (58.0, 818), (59.0,
1098), (60.0, 1230), (61.0, 1306), (62.0, 1478), (63.0, 1252), (64.1, 553), (65.1, 294), (66.1, 167), (67.1,
205), (68.1, 7.03), (69.1, 1.20), (70.2, 1.20), (71.2, 1.20), (72.2, 1.20), (73.2, 1.20), (74.2, 1.20), (75.2, 1.20),
(76.3, 1.20), (77.3, 1.20), (78.3, 1.20), (79.3, 2.45), (80.3, 150), (81.3, 488), (82.4, 818), (83.4, 1098), (84.4,
1230), (85.4, 1306), (86.4, 1478), (87.4, 1252), (88.5, 553), (89.5, 294), (90.5, 167), (91.5, 205), (92.5, 7.03),
(93.5, 1.20), (94.6, 1.20), (95.6, 1.20), (96.6, 1.20), (97.6, 1.20), (98.6, 1.20), (99.6, 1.20), (101, 1.20), (102,
1.20), (103, 1.20), (104, 2.45), (105, 150), (106, 488), (107, 818), (108, 1098), (109, 1230), (110, 1306),
(111, 1478), (112, 1252), (113, 553), (114, 294), (115, 167), (116, 205), (117, 7.03), (118, 1.20), (119, 1.20),
(120, 1.20), (121, 1.20)

PAR_20cm = 300

PAR_5cm = 1500

Pen_PAR = (1-Reflectance)*PAR

Pmax =0

Pond_Area = 8200

Pond_Depth=1.1

Pond_Volume = Pond_Area*Pond_Depth

Qsn_B = (1-Surf_Absorbance)*Qsn

r = ARCSIN(Sin_r)

Reflectance = if Refl_Calc > 1 then 1 else Refl_Calc*Refl_wind_adj

Refl_Calc = 2.2*((180*Solar_Altitude)/pi)*(-.97)

Refl_wind_adj = (1-(0.08*(Wind_Speed*Fetch_Adj)))

Relative_Humidity = GRAPH(timer)

(0.00, 0.723), (1.02, 0.706), (2.03, 0.741), (3.05, 0.747), (4.07, 0.759), (5.08, 0.746), (6.10, 0.802), (7.12,
0.816), (8.13, 0.735), (9.15, 0.662), (10.2, 0.657), (11.2, 0.624), (12.2, 0.613), (13.2, 0.6), (14.2, 0.601),
(15.3,0.578), (16.3, 0.582), (17.3, 0.607), (18.3, 0.592), (19.3, 0.685), (20.3, 0.705), (21.4, 0.709), (22.4,
0.762), (23.4, 0.796), (24.4, 0.723), (25.4, 0.706), (26.4, 0.741), (27.5, 0.747), (28.5, 0.759), (29.5, 0.746),
(30.5,0.802), (31.5, 0.816), (32.5, 0.735), (33.6, 0.662), (34.6, 0.657), (35.6, 0.624), (36.6, 0.613), (37.6,
0.6), (38.6, 0.601), (39.7, 0.578), (40.7, 0.582), (41.7, 0.607), (42.7, 0.592), (43.7, 0.685), (44.7, 0.705),
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(45.8,0.709), (46.8, 0.762), (47.8, 0.796), (48.8, 0.723), (49.8, 0.706), (50.8, 0.741), (51.9, 0.747), (52.9,
0.759), (53.9, 0.746), (54.9, 0.802), (55.9, 0.816), (56.9, 0.735), (58.0, 0.662), (59.0, 0.657), (60.0, 0.624),
(61.0, 0.613), (62.0, 0.6), (63.0, 0.601), (64.1, 0.578), (65.1, 0.582), (66.1, 0.607), (67.1, 0.592), (68.1,
0.685), (69.1, 0.705), (70.2, 0.709), (71.2, 0.762), (72.2, 0.796), (73.2, 0.723), (74.2, 0.706), (75.2, 0.741),
(76.3,0.747), (77.3, 0.759), (78.3, 0.746), (79.3, 0.802), (80.3, 0.816), (81.3, 0.735), (82.4, 0.662), (83.4,
0.657), (84.4, 0.624), (85.4, 0.613), (86.4, 0.6), (87.4, 0.601), (88.5, 0.578), (89.5, 0.582), (90.5, 0.607),
(91.5, 0.592), (92.5, 0.685), (93.5, 0.705), (94.6, 0.709), (95.6, 0.762), (96.6, 0.796), (97.6, 0.723), (98.6,
0.706), (99.6, 0.741), (101, 0.747), (102, 0.759), (103, 0.746), (104, 0.802), (105, 0.816), (106, 0.735), (107,
0.662), (108, 0.657), (109, 0.624), (110, 0.613), (111, 0.6), (112, 0.601), (113, 0.578), (114, 0.582), (115,
0.607), (116, 0.592), (117, 0.685), (118, 0.705), (119, 0.709), (120, 0.762), (121, 0.796)

Ri_10 = ((AlphaV*grav*(.10)"2)/Fric_Velocity”(2))*dT_dz1

Ri_30 = ((AlphaV_2*grav*(.10)"2)/Fric_Velocity”?(2))*dT_dz1_2

Ri_50 = ((AlphaV_3*grav*(.10)"2)/Fric_Velocity”(2))*dT_dz1_3

Ri_70 = ((AlphaV_4*grav*(.10)"2)/Fric_Velocity”?(2))*dT_dz1_4

Ri_90 = ((AlphaV_5*grav*(.10)"2)/Fric_Velocity”(2))*dT_dz1_5

s=0.1

SDOT = 14.652-0.41022*Temp_5cm+0.007991*Temp_5cm”(2)-.0000778*Temp_5cm”(3)

Sed_Rate =12

Sed_Rate_Tconst = 23.5

Sin_r = Sin(Solar_Zenith_Rad)/1.33

Solar_Altitude = (1.570796 - Solar_Zenith_Rad)

Solar_lIrradiance = PAR*4*10/(-4)

Solar_Zenith_Rad = (pi/180)* ARCCOS(Cos_Solar_Zenith)

ST1 = EXP((-Pen_PAR/Imax)*EXP(-ABS10*210))

ST1_2 = EXP((-Pen_PAR/Imax)*EXP(-ABS30*230))

ST1_3 = EXP((-Pen_PAR/Imax)*EXP(-ABS50*250))

ST1_4 = EXP((-Pen_PAR/Imax)*EXP(-ABS70*z70))

ST1_5 = EXP((-Pen_PAR/Imax)*EXP(-ABS90*290))

ST1_6 = EXP((-Pen_PAR/Imax)*EXP(-ABS110*2110))

ST2 = EXP((-Pen_PAR/Imax)*EXP(-ABS0*z0))

ST2_2 = EXP((-Pen_PAR/Imax)*EXP(-ABS10*z10_2))

ST2_3 = EXP((-Pen_PAR/Imax)*EXP(-ABS30*z30_2))

ST2_4 = EXP((-Pen_PAR/Imax)*EXP(-ABS50*z50_2))

ST2_5 = EXP((-Pen_PAR/Imax)*EXP(-ABS70*z70_2))

ST2_6 = EXP((-Pen_PAR/Imax)*EXP(-ABS90*290 _2))

StdHour = timer

Surf_Absorbance = 0.05

surf_water_temp = Temp_5cm

Temp_100cm = Initial_Temp_100+(Qtotal_90_110/836.32)

Temp_20cm = Initial_Temp_20+Qtotal_10_30/836.32

Temp_40cm = Initial_Temp_40+Qtotal_30_50/836.32

Temp_5cm = Initial_Temp_10+Qtotal_0_10cm/418.16

Temp_60cm = Initial_Temp_60+Qtotal_50_70/836.32

Temp_80cm = Initial_Temp_80+Qtotal_70_90/836.32

Temp_Earth =10

Temp_Sediment = Initial_Temp_100+ (Q_Sediment/(.2*1760))

timer = TIME

Total_Area = Length*Width

Tri_Area = ((b*Width)/2)*2

Tri_ARea_2 = (a*Length/2)*2
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Tri_Fetch_2 =Tri_Wt_2*Ave_Fetch_2

Tri_Wt = Total_Area*Tri_Area

Tri_Wt_2 =Tri_ARea_2*Total_Area

Tri_Wt_Fetch = Ave_Fetch*Tri_Wt

Us = 30*Fric_Velocity

Water_Temp_Abs = surf_water_temp+273.15

WC_Rate_Tconst = 24.5

WC_Resp_Rate =0.39

WD = Wind_Direction

WD1 = if WD> 286.96 then 360 - WD else if WD >180 then WD-180 else if WD> 106.96 then 180-WD else
WD

WD2 = if WD> 270 then 360 - WD else if WD >253.04 then WD-180 else if WD> 90 then 180-WD else WD
WD_Radians = WD1*(pi/180)

WD_Radians_2 = WD2*(pi/180)

Width = 50

Wind_Direction = GRAPH(timer)

(0.00, 259), (1.01, 200), (2.02, 199), (3.03, 271), (4.03, 276), (5.04, 171), (6.05, 139), (7.06, 145), (8.07,
111), (9.08, 213), (10.1, 175), (11.1, 215), (12.1, 258), (13.1, 265), (14.1, 261), (15.1, 303), (16.1, 304),
(17.1, 292), (18.2, 308), (19.2, 121), (20.2, 290), (21.2, 183), (22.2, 110), (23.2, 113), (24.2, 259), (25.2,
200), (26.2, 199), (27.2, 271), (28.2, 276), (29.2, 171), (30.3, 139), (31.3, 145), (32.3, 111), (33.3, 213),
(34.3, 175), (35.3, 215), (36.3, 258), (37.3, 265), (38.3, 261), (39.3, 303), (40.3, 304), (41.3, 292), (42.4,
308), (43.4, 121), (44.4, 290), (45.4, 183), (46.4, 110), (47.4, 113), (48.4, 259), (49.4, 200), (50.4, 199),
(51.4, 271), (52.4, 276), (53.4, 171), (54.5, 139), (55.5, 145), (56.5, 111), (57.5, 213), (58.5, 175), (59.5,
215), (60.5, 258), (61.5, 265), (62.5, 261), (63.5, 303), (64.5, 304), (65.5, 292), (66.6, 308), (67.6, 121),
(68.6, 290), (69.6, 183), (70.6, 110), (71.6, 113), (72.6, 259), (73.6, 200), (74.6, 199), (75.6, 271), (76.6,
276), (77.6, 171), (78.7, 139), (79.7, 145), (80.7, 111), (81.7, 213), (82.7, 175), (83.7, 215), (84.7, 258),
(85.7, 265), (86.7, 261), (87.7, 303), (88.7, 304), (89.7, 292), (90.8, 308), (91.8, 121), (92.8, 290), (93.8,
183), (94.8, 110), (95.8, 113), (96.8, 259), (97.8, 200), (98.8, 199), (99.8, 271), (101, 276), (102, 171), (103,
139), (104, 145), (105, 111), (106, 213), (107, 175), (108, 215), (109, 258), (110, 265), (111, 261), (112,
303), (113, 304), (114, 292), (115, 308), (116, 121), (117, 290), (118, 183), (119, 110), (120, 113)
Wind_Shear = 1.1988*1.3*10/(-3)*(Area_WS)A2

Wind_Speed = GRAPH(timer)

(0.00, 3.61), (1.02, 4.11), (2.03, 2.23), (3.05, 3.36), (4.07, 3.27), (5.08, 1.85), (6.10, 0.798), (7.12, 0.292),
(8.13, 0.335), (9.15, 1.09), (10.2, 2.90), (11.2, 4.41), (12.2, 6.13), (13.2, 4.49), (14.2, 3.86), (15.3, 6.67),
(16.3, 6.34), (17.3, 5.00), (18.3, 2.90), (19.3, 3.44), (20.3, 3.06), (21.4, 1.76), (22.4, 0.798), (23.4, 1.05),
(24.4,3.61), (25.4, 4.11), (26.4, 2.23), (27.5, 3.36), (28.5, 3.27), (29.5, 1.85), (30.5, 0.798), (31.5, 0.292),
(32.5, 0.335), (33.6, 1.09), (34.6, 2.90), (35.6, 4.41), (36.6, 6.13), (37.6, 4.49), (38.6, 3.86), (39.7, 6.67),
(40.7, 6.34), (41.7, 5.00), (42.7, 2.90), (43.7, 3.44), (44.7, 3.06), (45.8, 1.76), (46.8, 0.798), (47.8, 1.05),
(48.8, 3.61), (49.8, 4.11), (50.8, 2.23), (51.9, 3.36), (52.9, 3.27), (53.9, 1.85), (54.9, 0.798), (55.9, 0.292),
(56.9, 0.335), (58.0, 1.09), (59.0, 2.90), (60.0, 4.41), (61.0, 6.13), (62.0, 4.49), (63.0, 3.86), (64.1, 6.67),
(65.1, 6.34), (66.1, 5.00), (67.1, 2.90), (68.1, 3.44), (69.1, 3.06), (70.2, 1.76), (71.2, 0.798), (72.2, 1.05),
(73.2,3.61), (74.2, 4.11), (75.2, 2.23), (76.3, 3.36), (77.3, 3.27), (78.3, 1.85), (79.3, 0.798), (80.3, 0.292),
(81.3, 0.335), (82.4, 1.09), (83.4, 2.90), (84.4, 4.41), (85.4, 6.13), (86.4, 4.49), (87.4, 3.86), (88.5, 6.67),
(89.5, 6.34), (90.5, 5.00), (91.5, 2.90), (92.5, 3.44), (93.5, 3.06), (94.6, 1.76), (95.6, 0.798), (96.6, 1.05),
(97.6, 3.61), (98.6, 4.11), (99.6, 2.23), (101, 3.36), (102, 3.27), (103, 1.85), (104, 0.798), (105, 0.292), (106,
0.335), (107, 1.09), (108, 2.90), (109, 4.41), (110, 6.13), (111, 4.49), (112, 3.86), (113, 6.67), (114, 6.34),
(115, 5.00), (116, 2.90), (117, 3.44), (118, 3.06), (119, 1.76), (120, 0.798), (121, 1.05)

Wind_Vector = Wind_Speed

WS_kh = if Wind_Speed<Min_WS then Min_WS*3.6 else (Wind_Speed *3.6)*(2/Anenometer_H)"(1/7)
20=0
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210=10
210 2=10
2110 =110
230 = 30
230 2=30
250 = 50
250 2 =50
270=70
270 2=70
290 = 90
290 2 =90
Zb=0
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Appendix B. Competition model
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Appendix Figure B-1 Model dagram of the competition model, implemented in STELLA™.
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Variable tables

Appendix Table B-1 Species specific parameters used in the competition model simulations.

Para Description MSAE Source APFA  Source Units

meter

HWinax Maxspec growth rate 0.8 Reynolds 1997 1.2 Uehlinger 1981  day™
at optimum
temperature

a Initial slope of light- 0.01 model 0.011 Mehnert 2010 day* (umol
dependent growth calibration m2st)?l

Topt Optimum temperature  28.2  Reynolds 1997 24 Paerl & Otten °C

2016; Mehnert
2010

b Coefficient in optimum  5.77  Reynolds 1997 4 calibration -
curve

R; Coefficient in optimum 1.3 Reynolds 1997 1.3 calibration -
curve

R Coefficient in optimum  1.37  Reynolds 1997 1.32  calibration -
curve

N(0) Initial population 10,00 1,000 cells m3
density 0

ki Specific light 3.4  Huisman 2004 304  Husiman 1999 um cell?
attenuation coefficient

v Buoyancy rate 0.5 Huisman 2004 0.89 Brunkalla2017 mh?

m(20) Specific loss rate at 20 0.08 Robson & 0.06  Walker 2001 day?
°C Hamilton 2004

Q Temperature 2.16  Joehnk 2008 1.52 Foy 1976 -

dependence of specific
loss rate

Appendix Table B-2 Environmental parameters used in the competition model simulations.

Parameter Description Value Source Units
lin Incident light intensity est from PAR calculated umol m?s?
sin curve
r Reflection coefficient 0.06 calibrated -
N; Population of species i 1,000 cells m3
Kog Background attenuation 0.7 calibrated m?
coefficient
n Dynamic viscosity n(T) Hutter & Joehnk kg mts?
2004
E, Effective diffusion at depth z E.(T) modeled m; h!
Model code

APFAOQ(t) = APFAO(t - dt) + (APFAOGrowth + Upwelling10toO_2 - APFAOLoss) * dt
INIT APFAO = 1000

INFLOWS:
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APFAOGrowth = (APFAO*Topt5APFA*Light5/(Topt5APFA/.01+Light5))/24

Upwelling10to0_2 = 1.002/(-0.461*In(Temp5)+2.3719)*(APFA_Buoyancy/.1)*APFA10+(APFA10-
APFAO0)*Mix5

OUTFLOWS:

APFAOLoss = (APFAO*.06*1.527((Temp5-20)/10))/24

APFA10(t) = APFA10(t - dt) + (APFA10Growth + Upwelling20to10_2 - Upwelling10to0_2 - APFA10Loss) * dt
INIT APFA10 = 1000

INFLOWS:

APFA10Growth = APFA10*Topt15APFA*Light15/(Topt15APFA/.01+Light15)/24

Upwelling20to10_2 = 1.002/(-0.461*In(Temp15)+2.3719)*(APFA_Buoyancy/.1)*APFA20+(APFA20-
APFA10)*Mix15

OUTFLOWS:

Upwelling10to0_2 = 1.002/(-0.461*In(Temp5)+2.3719)*(APFA_Buoyancy/.1)*APFA10+(APFA10-
APFAO0)*Mix5

APFA10Loss = (APFA10*.06*1.52A((Temp15-20)/10))/24

APFA20(t) = APFA20(t - dt) + (APFA20Growth + Upwelling30to20_2 - Upwelling20to10_2 - APFA20Loss) *
dt

INIT APFA20 = 1000

INFLOWS:

APFA20Growth = APFA20*Topt25APFA*Light25/(Topt25APFA/.01+Light25)/24

Upwelling30t020_2 = 1.002/(-0.461*In(Temp25)+2.3719)*(APFA_Buoyancy/.1)*APFA30+(APFA30-
APFA20)*Mix25

OUTFLOWS:

Upwelling20to10_2 = 1.002/(-0.461*In(Temp15)+2.3719)*(APFA_Buoyancy/.1)*APFA20+(APFA20-
APFA10)*Mix15

APFA20Loss = (APFA20*.06*1.527((Temp25-20)/10))/24

APFA30(t) = APFA30(t - dt) + (APFA30Growth + Upwelling40to30_2 - Upwelling30to20_2 - APFA30Loss) *
dt

INIT APFA30 = 1000

INFLOWS:

APFA30Growth = APFA30*Topt35APFA*Light35/(Topt35APFA/.01+Light35)/24

Upwelling40to30_2 = 1.002/(-0.461*In(Temp35)+2.3719)*(APFA_Buoyancy/.1)*APFA40+(APFA40-
APFA30)*Mix35

OUTFLOWS:

Upwelling30t020_2 = 1.002/(-0.461*In(Temp25)+2.3719)*(APFA_Buoyancy/.1)*APFA30+(APFA30-
APFA20)*Mix25

APFA30Loss = (APFA30*.06*1.52A((Temp35-20)/10))/24

APFA40(t) = APFA40(t - dt) + (APFA40Growth + upwelling50to40_2 - Upwelling40to30_2 - APFA40Loss) *
dt

INIT APFA40 = 1000

INFLOWS:

APFA40Growth = APFA40*Topt45APFA*Light45/(Topt45APFA/.01+Light45)/24

upwelling50to40_2 = 1.002/(-0.461*In(Temp45)+2.3719)*(APFA_Buoyancy/.1)*APFA50+(APFA50-
APFA40)*Mix45

OUTFLOWS:

Upwelling40to30_2 = 1.002/(-0.461*In(Temp35)+2.3719)*(APFA_Buoyancy/.1)*APFA40+(APFA40-
APFA30)*Mix35

APFA40Loss = (APFA40*.06*1.527((Temp45-20)/10))/24

APFAS50(t) = APFA50(t - dt) + (APFA50Growth + Upwelling60to50_2 - APFA50Loss - upwelling50to40_2) *
dt
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INIT APFA50 = 1000

INFLOWS:

APFA50Growth = APFA50*Topt55APFA*Light55/(Topt55APFA/.01+Light55)/24

Upwelling60to50_2 = 1.002/(-0.461*In(Temp55)+2.3719)*(APFA_Buoyancy/.1)*APFA60+(APFA60-
APFA50)*Mix55

OUTFLOWS:

APFA50Loss = (APFA50*.06*1.52((Temp55-20)/10))/24

upwelling50to40_2 = 1.002/(-0.461*In(Temp45)+2.3719)*(APFA_Buoyancy/.1)*APFA50+(APFA50-
APFA40)*Mix45

APFA60(t) = APFA60(t - dt) + (APFA60Growth + Upwelling70to60_2 - Upwelling60to50_2 - APFA60Loss) *
dt

INIT APFA60 = 1000

INFLOWS:

APFA60Growth = APFA60*Topt65APFA*Light65/(Topt65APFA/.01+Light65)/24

Upwelling70to60_2 = 1.002/(-0.461*In(Temp65)+2.3719)*(APFA_Buoyancy/.1)*APFA70+(APFA70-
APFA60)*Mix65

OUTFLOWS:

Upwelling60to50_2 = 1.002/(-0.461*In(Temp55)+2.3719)*(APFA_Buoyancy/.1)* APFA60+(APFA60-
APFA50)*Mix55

APFA60Loss = (APFA60*.06*1.52((Temp65-20)/10))/24

APFA70(t) = APFA70(t - dt) + (APFA70Growth + upwelling80to70_2 - Upwelling70to60_2 - APFA70Loss) *
dt

INIT APFA70 = 1000

INFLOWS:

APFA70Growth = APFA70*Topt75APFA*Light75/(Topt75APFA/.01+Light75)/24

upwelling80to70_2 = 1.002/(-0.461*In(Temp75)+2.3719)*(APFA_Buoyancy/.1)*APFA80+(APFA80-
APFA70)*Mix75

OUTFLOWS:

Upwelling70to60_2 = 1.002/(-0.461*In(Temp65)+2.3719)*(APFA_Buoyancy/.1)*APFA70+(APFA70-
APFA60)*Mix65

APFA70Loss = (APFA70*.06*1.52((Temp75-20)/10))/24

APFA80(t) = APFA80(t - dt) + (APFA80Growth + Upwelling90to80_2 - APFA80Loss - upwelling80to70_2) *
dt

INIT APFA80 = 1000

INFLOWS:

APFA80Growth = APFA80*Topt85APFA*Light85/(Topt85APFA/.01+Light85)/24

Upwelling90to80_2 = 1.002/(-0.461*In(Temp85)+2.3719)*(APFA_Buoyancy/.05)*APFA90+(APFA90-
APFA80)*Mix85

OUTFLOWS:

APFA80Loss = (APFA80*.06*1.527((Temp85-20)/10))/24

upwelling80to70_2 = 1.002/(-0.461*In(Temp75)+2.3719)*(APFA_Buoyancy/.1)*APFA80+(APFA80-
APFA70)*Mix75

APFA90(t) = APFA90(t - dt) + (APFA90Growth - Upwelling90to80_2 - APFA90Loss) * dt

INIT APFAS0 = 1000

INFLOWS:

APFA90Growth = APFA90*Topt90APFA*Light90/(Topt90APFA/.01+Light90)/24

OUTFLOWS:

Upwelling90to80_2 = 1.002/(-0.461*In(Temp85)+2.3719)*(APFA_Buoyancy/.05)*APFA90+(APFA90-
APFAS80)*Mix85

APFA90Loss = (APFA90*.06*1.52((Temp90-20)/10))/24
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MSAEOQ(t) = MSAEOQ(t - dt) + (Upwelling10to0 + msaeOgrowth - msaeOloss) * dt

INIT MSAEO = 1000

INFLOWS:

Upwelling10to0 = 1.002/(-0.461*In(Temp5)+2.3719)*(MSAE_Buoyancy/.1)*MSAE10+(MSAE10-
MSAEQ)*Mix5

msaeOgrowth = MSAEQ*Topt5MSAE*Light5/(Topt5MSAE/.01+Light5)/24

OUTFLOWS:

msae0loss = (MSAEQ*.08*2.16”((Temp5-20)/10))/24

MSAE10(t) = MSAE10(t - dt) + (Upwelling20to10 + msael0growth - Upwelling10to0 - msae10loss) * dt
INIT MSAE10 = 1000

INFLOWS:

Upwelling20to10 = 1.002/(-0.461*In(Temp15)+2.3719)*(MSAE_Buoyancy/.1)*MSAE20+(MSAE20-
MSAE10)*Mix15

msael0growth = MSAE10*Topt15MSAE*Light15/(Topt15MSAE/.01+Light15)/24

OUTFLOWS:

Upwelling10to0 = 1.002/(-0.461*In(Temp5)+2.3719)*(MSAE_Buoyancy/.1)*MSAE10+(MSAE10-
MSAEQ)*Mix5

msael0loss = (MSAE10*.08*2.16”((Temp15-20)/10))/24

MSAE20(t) = MSAE20(t - dt) + (Upwelling30to20 + msae20growth - Upwelling20to10 - msae20loss) * dt
INIT MSAE20 = 1000

INFLOWS:

Upwelling30t020 = 1.002/(-0.461*In(Temp25)+2.3719)*(MSAE_Buoyancy/.1)* MSAE30+(MSAE30-
MSAE20)*Mix25

msae20growth = MSAE20*Topt25MSAE*Light25/(Topt25MSAE/.01+Light25)/24

OUTFLOWS:

Upwelling20to10 = 1.002/(-0.461*In(Temp15)+2.3719)*(MSAE_Buoyancy/.1)*MSAE20+(MSAE20-
MSAE10)*Mix15

msae20loss = (MSAE20*.08*2.167((Temp25-20)/10))/24

MSAE30(t) = MSAE30(t - dt) + (Upwelling40to30 + msae30growth - Upwelling30t020 - msae30loss) * dt
INIT MSAE30 = 1000

INFLOWS:

Upwelling40to30 = 1.002/(-0.461*In(Temp35)+2.3719)*(MSAE_Buoyancy/.1)* MSAE40+(MSAE40-
MSAE30)*Mix35

msae30growth = MSAE30*Topt35MSAE*Light35/(Topt35MSAE/.01+Light35)/24

OUTFLOWS:

Upwelling30t020 = 1.002/(-0.461*In(Temp25)+2.3719)*(MSAE_Buoyancy /.1)*MSAE30+(MSAE30-
MSAE20)*Mix25

msae30loss = (MSAE30*.08*2.16/((Temp35-20)/10))/24

MSAE40(t) = MSAE4O0(t - dt) + (msaed40growth + upwelling50to40 - Upwelling40to30 - mase40loss) * dt
INIT MSAE40 = 1000

INFLOWS:

msae40growth = MSAE40*Topt45MSAE*Light45/(Topt45MSAE/.01+Light45)/24

upwelling50to40 = 1.002/(-0.461*In(Temp45)+2.3719)* (MSAE®/.1)*MSAE50+(MSAE50-MSAE40)* Mix45
OUTFLOWS:

Upwelling40to30 = 1.002/(-0.461*In(Temp35)+2.3719)*(MSAE_Buoyancy/.1)*MSAE40+(MSAE40-
MSAE30)*Mix35

mase40loss = (MSAE40*.08*2.16"((Temp45-20)/10))/24

MSAES50(t) = MSAESO0(t - dt) + (Upwelling60to50 + msae50growth - msae50loss - upwelling50to40) * dt
INIT MSAE50 = 1000

INFLOWS:
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Upwelling60to50 = 1.002/(-0.461*In(Temp55)+2.3719)*(MSAE_Buoyancy/.1)*MSAE50+(MSAE50-
MSAE60)*Mix55

msae50growth = MSAE50*Topt55MSAE*Light55/(Topt55MSAE/.01+Light55)/24

OUTFLOWS:

msae50loss = (MSAE50*.08*2.16”((Temp55-20)/10))/24

upwelling50to40 = 1.002/(-0.461*In(Temp45)+2.3719)*(MSAE_Buoyancy/.1)*MSAE50+(MSAE50-
MSAE40)*Mix45

MSAE60(t) = MSAEG0(t - dt) + (msae60growth + Upwelling70to60 - Upwelling60to50 - msae60loss) * dt
INIT MSAEG0 = 1000

INFLOWS:

msae60growth = MSAE60*Topt65MSAE*Light65/(Topt65MSAE/.01+Light65)/24

Upwelling70to60 = 1.002/(-0.461*In(Temp65)+2.3719)*(MSAE_Buoyancy/.1)*MSAE70+(MSAE70-
MSAE60)*Mix65

OUTFLOWS:

Upwelling60to50 = 1.002/(-0.461*In(Temp55)+2.3719)*(MSAE_Buoyancy/.1)*MSAE50+(MSAE50-
MSAE60)*Mix55

msae60loss = (MSAE60*.08*2.167((Temp65-20)/10))/24

MSAE70(t) = MSAE70(t - dt) + (Upwelling80to70 + msae70growth - msae70loss - Upwelling70to60) * dt
INIT MSAE70 = 1000

INFLOWS:

Upwelling80to70 = 1.002/(-0.461*In(Temp75)+2.3719)*(MSAE_Buoyancy/.1)*MSAE80+(MSAE80-
MSAE70)*Mix75

msae70growth = MSAE70*Topt75MSAE*Light75/(Topt75MSAE/.01+Light75)/24

OUTFLOWS:

msae70loss = (MSAE70*.08*2.16"((Temp75-20)/10))/24

Upwelling70to60 = 1.002/(-0.461*In(Temp65)+2.3719)*(MSAE_Buoyancy/.1)*MSAE70+(MSAE70-
MSAE60)*Mix65

MSAES80(t) = MSAES80(t - dt) + (msae80growth + Upwelling90to80 - Upwelling80to70 - msae80loss) * dt
INIT MSAE80 = 1000

INFLOWS:

msae80growth = MSAE80*Topt85MSAE*Light85/(Topt85MSAE/.01+Light85)/24

Upwelling90to80 = 1.002/(-0.461*In(Temp85)+2.3719)*(MSAE_Buoyancy/.05)*MSAE90+(MSAE90-
MSAES0)*Mix85

OUTFLOWS:

Upwelling80to70 = 1.002/(-0.461*In(Temp75)+2.3719)*(MSAE_Buoyancy/.1)* MSAE80+(MSAES0-
MSAE70)*Mix75

msae80loss = (MSAE80*.08*2.16/((Temp85-20)/10))/24

MSAE90(t) = MSAE9Q(t - dt) + (msae90growth - Upwelling90to80 - msae90loss) * dt

INIT MSAESO = 1000

INFLOWS:

msae90growth = MSAE90*Topt90MSAE*Light90/(Topt90MSAE/.01+Light90)/24

OUTFLOWS:

Upwelling90to80 = 1.002/(-0.461*In(Temp85)+2.3719)*(MSAE_Buoyancy/.05)*MSAE90+(MSAE90-
MSAES80)*Mix85

msae90loss = (MSAE90*.08*2.167((Temp90-20)/10))/24

APFA_Buoyancy = 0.89

Incident_Light = if sin((time-6)*P1/12)>0 then 2000*sin((time-6)*P1/12) else 1.2

KAPFA = 3.04e-10

KMSAE = 3.4e-12

Light15 = Light5*exp(.1*(-KMSAE*MSAE10-KAPFA*APFA10)-.7)
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Light25 = Light15*exp(.1*(-KMSAE*MSAE20-KAPFA*APFA20)-.7)

Light35 = Light25*exp(.1*(-KMSAE*MSAE30-KAPFA*APFA30)-.7)

Light45 = Light35*exp(.1*(-KMSAE*MSAE40-KAPFA*APFA40)-.7)

Light5 = Incident_Light*exp(.05*(-KMSAE*MSAEOQ-KAPFA*APFAQ)-.7)

Light55 = Light45*exp(.1*(-KMSAE*MSAE50-KAPFA*APFA50)-.7)

Light65 = Light55*exp(.1*(-KMSAE*MSAE60-KAPFA*APFA60)-.7)

Light75 = Light65*exp(.1*(-KMSAE*MSAE70-KAPFA*APFA70)-.7)

Light85 = Light75*exp(.1*(-KMSAE*MSAE80-KAPFA*APFA80)-.7)

Light90 = Light85*exp(.05* (-KMSAE*MSAE90-KAPFA*APFA90)-.7)

Mix15 = GRAPH(TIME)

(0.00, 0.207), (1.01, 0.207), (2.02, 0.368), (3.03, 0.306), (4.03, 0.528), (5.04, 0.551), (6.05, 0.351), (7.06,
0.204), (8.07, 0.238), (9.08, 0.399), (10.1, 0.648), (11.1, 0.601), (12.1, 0.602), (13.1, 0.622), (14.1, 0.611),
(15.1, 0.144), (16.1, 0.00637), (17.1, 0.274), (18.2, 0.6), (19.2, 0.668), (20.2, 0.611), (21.2, 0.6), (22.2, 0.6),
(23.2,0.6), (24.2,0.207), (25.2, 0.207), (26.2, 0.368), (27.2, 0.306), (28.2, 0.528), (29.2, 0.551), (30.3,
0.351), (31.3,0.204), (32.3, 0.238), (33.3, 0.399), (34.3, 0.648), (35.3, 0.601), (36.3, 0.602), (37.3, 0.622),
(38.3,0.611), (39.3, 0.144), (40.3, 0.00637), (41.3, 0.274), (42.4, 0.6), (43.4, 0.668), (44.4, 0.611), (45.4,
0.6), (46.4,0.6), (47.4, 0.6), (48.4, 0.207), (49.4, 0.207), (50.4, 0.368), (51.4, 0.306), (52.4, 0.528), (53.4,
0.551), (54.5, 0.351), (55.5, 0.204), (56.5, 0.238), (57.5, 0.399), (58.5, 0.648), (59.5, 0.601), (60.5, 0.602),
(61.5, 0.622), (62.5, 0.611), (63.5, 0.144), (64.5, 0.00637), (65.5, 0.274), (66.6, 0.6), (67.6, 0.668), (68.6,
0.611), (69.6, 0.6), (70.6, 0.6), (71.6, 0.6), (72.6, 0.207), (73.6, 0.207), (74.6, 0.368), (75.6, 0.306), (76.6,
0.528), (77.6,0.551), (78.7, 0.351), (79.7, 0.204), (80.7, 0.238), (81.7, 0.399), (82.7, 0.648), (83.7, 0.601),
(84.7,0.602), (85.7, 0.622), (86.7, 0.611), (87.7, 0.144), (88.7, 0.00637), (89.7, 0.274), (90.8, 0.6), (91.8,
0.668), (92.8, 0.611), (93.8, 0.6), (94.8, 0.6), (95.8, 0.6), (96.8, 0.207), (97.8, 0.207), (98.8, 0.368), (99.8,
0.306), (101, 0.528), (102, 0.551), (103, 0.351), (104, 0.204), (105, 0.238), (106, 0.399), (107, 0.648), (108,
0.601), (109, 0.602), (110, 0.622), (111, 0.611), (112, 0.144), (113, 0.00637), (114, 0.274), (115, 0.6), (116,
0.668), (117, 0.611), (118, 0.6), (119, 0.6), (120, 0.6)

Mix25 = GRAPH(TIME)

(0.00, 0.602), (1.01, 0.603), (2.02, 0.656), (3.03, 0.635), (4.03, 0.709), (5.04, 0.717), (6.05, 0.65), (7.06,
0.601), (8.07, 0.613), (9.08, 0.666), (10.1, 0.345), (11.1, 0.202), (12.1, 0.207), (13.1, 0.265), (14.1, 0.232),
(15.1, 0.052), (16.1, 0.00213), (17.1, 0.0914), (18.2, 0.2), (19.2, 0.404), (20.2, 0.233), (21.2, 0.2), (22.2, 0.2),
(23.2,0.2), (24.2, 0.602), (25.2, 0.603), (26.2, 0.656), (27.2, 0.635), (28.2, 0.709), (29.2, 0.717), (30.3, 0.65),
(31.3,0.601), (32.3, 0.613), (33.3, 0.666), (34.3, 0.345), (35.3, 0.202), (36.3, 0.207), (37.3, 0.265), (38.3,
0.232), (39.3, 0.052), (40.3, 0.00213), (41.3,0.0914), (42.4,0.2), (43.4, 0.404), (44.4, 0.233), (45.4, 0.2),
(46.4,0.2), (47.4,0.2), (48.4, 0.602), (49.4, 0.603), (50.4, 0.656), (51.4, 0.635), (52.4, 0.709), (53.4, 0.717),
(54.5, 0.65), (55.5, 0.601), (56.5, 0.613), (57.5, 0.666), (58.5, 0.345), (59.5, 0.202), (60.5, 0.207), (61.5,
0.265), (62.5, 0.232), (63.5, 0.052), (64.5, 0.00213), (65.5, 0.0914), (66.6, 0.2), (67.6, 0.404), (68.6, 0.233),
(69.6, 0.2), (70.6, 0.2), (71.6, 0.2), (72.6, 0.602), (73.6, 0.603), (74.6, 0.656), (75.6, 0.635), (76.6, 0.709),
(77.6,0.717), (78.7, 0.65), (79.7, 0.601), (80.7, 0.613), (81.7, 0.666), (82.7, 0.345), (83.7, 0.202), (84.7,
0.207), (85.7, 0.265), (86.7, 0.232), (87.7, 0.052), (88.7, 0.00213), (89.7, 0.0914), (90.8, 0.2), (91.8, 0.404),
(92.8,0.233), (93.8,0.2), (94.8, 0.2), (95.8, 0.2), (96.8, 0.602), (97.8, 0.603), (98.8, 0.656), (99.8, 0.635),
(101, 0.709), (102, 0.717), (103, 0.65), (104, 0.601), (105, 0.613), (106, 0.666), (107, 0.345), (108, 0.202),
(109, 0.207), (110, 0.265), (111, 0.232), (112, 0.052), (113, 0.00213), (114, 0.0914), (115, 0.2), (116, 0.404),
(117, 0.233), (118, 0.2), (119, 0.2), (120, 0.2)

Mix35 = GRAPH(TIME)

(0.00, 0.6), (1.01, 0.6), (2.02, 0.636), (3.03, 0.622), (4.03, 0.695), (5.04, 0.698), (6.05, 0.633), (7.06, 0.6),
(8.07, 0.606), (9.08, 0.603), (10.1, 0.15), (11.1, 0.00169), (12.1, 0.00844), (13.1, 0.084), (14.1, 0.0419),
(15.1, 0.006), (16.1, 0.00), (17.1, 0.00), (18.2, 0.00), (19.2, 0.276), (20.2, 0.045), (21.2, 0.00), (22.2, 0.00),
(23.2,0.00), (24.2, 0.6), (25.2, 0.6), (26.2, 0.636), (27.2, 0.622), (28.2, 0.695), (29.2, 0.698), (30.3, 0.633),
(31.3,0.6), (32.3, 0.606), (33.3, 0.603), (34.3, 0.15), (35.3, 0.00169), (36.3, 0.00844), (37.3, 0.084), (38.3,
0.0419), (39.3, 0.006), (40.3, 0.00), (41.3, 0.00), (42.4, 0.00), (43.4, 0.276), (44.4, 0.045), (45.4, 0.00), (46.4,
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0.00), (47.4, 0.00), (48.4, 0.6), (49.4, 0.6), (50.4, 0.636), (51.4, 0.622), (52.4, 0.695), (53.4, 0.698), (54.5,
0.633), (55.5, 0.6), (56.5, 0.606), (57.5, 0.603), (58.5, 0.15), (59.5, 0.00169), (60.5, 0.00844), (61.5, 0.084),
(62.5, 0.0419), (63.5, 0.006), (64.5, 0.00), (65.5, 0.00), (66.6, 0.00), (67.6, 0.276), (68.6, 0.045), (69.6, 0.00),
(70.6, 0.00), (71.6, 0.00), (72.6, 0.6), (73.6, 0.6), (74.6, 0.636), (75.6, 0.622), (76.6, 0.695), (77.6, 0.698),
(78.7,0.633), (79.7, 0.6), (80.7, 0.606), (81.7, 0.603), (82.7, 0.15), (83.7, 0.00169), (84.7, 0.00844), (85.7,
0.084), (86.7, 0.0419), (87.7, 0.006), (88.7, 0.00), (89.7, 0.00), (90.8, 0.00), (91.8, 0.276), (92.8, 0.045),
(93.8, 0.00), (94.8, 0.00), (95.8, 0.00), (96.8, 0.6), (97.8, 0.6), (98.8, 0.636), (99.8, 0.622), (101, 0.695), (102,
0.698), (103, 0.633), (104, 0.6), (105, 0.606), (106, 0.603), (107, 0.15), (108, 0.00169), (109, 0.00844), (110,
0.084), (111, 0.0419), (112, 0.006), (113, 0.00), (114, 0.00), (115, 0.00), (116, 0.276), (117, 0.045), (118,
0.00), (119, 0.00), (120, 0.00)

Mix45 = GRAPH(TIME)

(0.00, 0.2), (1.01, 0.2), (2.02, 0.309), (3.03, 0.267), (4.03, 0.486), (5.04, 0.495), (6.05, 0.299), (7.06, 0.201),
(8.07,0.217), (9.08, 0.21), (10.1, 0.0632), (11.1, 0.000562), (12.1, 0.00731), (13.1, 0.0775), (14.1, 0.0406),
(15.1, 0.006), (16.1, 0.00), (17.1, 0.00), (18.2, 0.00), (19.2, 0.284), (20.2, 0.046), (21.2, 0.00), (22.2, 0.00),
(23.2,0.00), (24.2, 0.2), (25.2, 0.2), (26.2, 0.309), (27.2, 0.267), (28.2, 0.486), (29.2, 0.495), (30.3, 0.299),
(31.3,0.201), (32.3, 0.217), (33.3, 0.21), (34.3, 0.0632), (35.3, 0.000562), (36.3, 0.00731), (37.3, 0.0775),
(38.3, 0.0406), (39.3, 0.006), (40.3, 0.00), (41.3, 0.00), (42.4, 0.00), (43.4, 0.284), (44.4, 0.046), (45.4, 0.00),
(46.4, 0.00), (47.4, 0.00), (48.4, 0.2), (49.4, 0.2), (50.4, 0.309), (51.4, 0.267), (52.4, 0.486), (53.4, 0.495),
(54.5, 0.299), (55.5, 0.201), (56.5, 0.217), (57.5, 0.21), (58.5, 0.0632), (59.5, 0.000562), (60.5, 0.00731),
(61.5, 0.0775), (62.5, 0.0406), (63.5, 0.006), (64.5, 0.00), (65.5, 0.00), (66.6, 0.00), (67.6, 0.284), (68.6,
0.046), (69.6, 0.00), (70.6, 0.00), (71.6, 0.00), (72.6, 0.2), (73.6, 0.2), (74.6, 0.309), (75.6, 0.267), (76.6,
0.486), (77.6, 0.495), (78.7, 0.299), (79.7, 0.201), (80.7, 0.217), (81.7, 0.21), (82.7, 0.0632), (83.7,
0.000562), (84.7, 0.00731), (85.7, 0.0775), (86.7, 0.0406), (87.7, 0.006), (88.7, 0.00), (89.7, 0.00), (90.8,
0.00), (91.8, 0.284), (92.8, 0.046), (93.8, 0.00), (94.8, 0.00), (95.8, 0.00), (96.8, 0.2), (97.8, 0.2), (98.8,
0.309), (99.8, 0.267), (101, 0.486), (102, 0.495), (103, 0.299), (104, 0.201), (105, 0.217), (106, 0.21), (107,
0.0632), (108, 0.000562), (109, 0.00731), (110, 0.0775), (111, 0.0406), (112, 0.006), (113, 0.00), (114,
0.00), (115, 0.00), (116, 0.284), (117, 0.046), (118, 0.00), (119, 0.00), (120, 0.00)

Mix5 = GRAPH(TIME)

(0.00, 0.00927), (1.01, 0.01), (2.02, 0.225), (3.03, 0.142), (4.03, 0.438), (5.04, 0.468), (6.05, 0.202), (7.06,
0.005), (8.07, 0.0508), (9.08, 0.265), (10.1, 0.8), (11.1, 0.8), (12.1, 0.8), (13.1, 0.8), (14.1, 0.8), (15.1, 0.19),
(16.1,0.0085), (17.1, 0.365), (18.2, 0.8), (19.2, 0.8), (20.2, 0.8), (21.2, 0.8), (22.2, 0.8), (23.2, 0.8), (24.2,
0.00927), (25.2, 0.01), (26.2, 0.225), (27.2, 0.142), (28.2, 0.438), (29.2, 0.468), (30.3, 0.202), (31.3, 0.005),
(32.3, 0.0508), (33.3, 0.265), (34.3, 0.8), (35.3, 0.8), (36.3, 0.8), (37.3, 0.8), (38.3, 0.8), (39.3, 0.19), (40.3,
0.0085), (41.3, 0.365), (42.4, 0.8), (43.4, 0.8), (44.4, 0.8), (45.4, 0.8), (46.4, 0.8), (47.4, 0.8), (48.4, 0.00927),
(49.4,0.01), (50.4, 0.225), (51.4, 0.142), (52.4, 0.438), (53.4, 0.468), (54.5, 0.202), (55.5, 0.005), (56.5,
0.0508), (57.5, 0.265), (58.5, 0.8), (59.5, 0.8), (60.5, 0.8), (61.5, 0.8), (62.5, 0.8), (63.5, 0.19), (64.5, 0.0085),
(65.5, 0.365), (66.6, 0.8), (67.6, 0.8), (68.6, 0.8), (69.6, 0.8), (70.6, 0.8), (71.6, 0.8), (72.6, 0.00927), (73.6,
0.01), (74.6, 0.225), (75.6, 0.142), (76.6, 0.438), (77.6, 0.468), (78.7, 0.202), (79.7, 0.005), (80.7, 0.0508),
(81.7,0.265), (82.7, 0.8), (83.7, 0.8), (84.7, 0.8), (85.7, 0.8), (86.7, 0.8), (87.7, 0.19), (88.7, 0.0085), (89.7,
0.365), (90.8, 0.8), (91.8, 0.8), (92.8, 0.8), (93.8, 0.8), (94.8, 0.8), (95.8, 0.8), (96.8, 0.00927), (97.8, 0.01),
(98.8, 0.225), (99.8, 0.142), (101, 0.438), (102, 0.468), (103, 0.202), (104, 0.005), (105, 0.0508), (106,
0.265), (107, 0.8), (108, 0.8), (109, 0.8), (110, 0.8), (111, 0.8), (112, 0.19), (113, 0.0085), (114, 0.365), (115,
0.8), (116, 0.8), (117, 0.8), (118, 0.8), (119, 0.8), (120, 0.8)

Mix55 = GRAPH(TIME)

(0.00, 0.00), (1.01, 0.00), (2.02, 0.141), (3.03, 0.0863), (4.03, 0.374), (5.04, 0.386), (6.05, 0.128), (7.06,
0.001), (8.07, 0.0219), (9.08, 0.012), (10.1, 0.0186), (11.1, 0.00), (12.1, 0.00506), (13.1, 0.072), (14.1,
0.0387), (15.1, 0.00581), (16.1, 0.00), (17.1, 0.00), (18.2, 0.00), (19.2, 0.283), (20.2, 0.0453), (21.2, 0.00),
(22.2, 0.00), (23.2, 0.00), (24.2, 0.00), (25.2, 0.00), (26.2, 0.141), (27.2, 0.0863), (28.2, 0.374), (29.2, 0.386),
(30.3,0.128), (31.3, 0.001), (32.3, 0.0219), (33.3, 0.012), (34.3, 0.0186), (35.3, 0.00), (36.3, 0.00506), (37.3,
0.072), (38.3, 0.0387), (39.3, 0.00581), (40.3, 0.00), (41.3, 0.00), (42.4, 0.00), (43.4, 0.283), (44.4, 0.0453),
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(45.4, 0.00), (46.4, 0.00), (47.4, 0.00), (48.4, 0.00), (49.4, 0.00), (50.4, 0.141), (51.4, 0.0863), (52.4, 0.374),
(53.4, 0.386), (54.5, 0.128), (55.5, 0.001), (56.5, 0.0219), (57.5, 0.012), (58.5, 0.0186), (59.5, 0.00), (60.5,
0.00506), (61.5, 0.072), (62.5, 0.0387), (63.5, 0.00581), (64.5, 0.00), (65.5, 0.00), (66.6, 0.00), (67.6, 0.283),
(68.6, 0.0453), (69.6, 0.00), (70.6, 0.00), (71.6, 0.00), (72.6, 0.00), (73.6, 0.00), (74.6, 0.141), (75.6, 0.0863),
(76.6, 0.374), (77.6, 0.386), (78.7, 0.128), (79.7, 0.001), (80.7, 0.0219), (81.7, 0.012), (82.7, 0.0186), (83.7,
0.00), (84.7, 0.00506), (85.7, 0.072), (86.7, 0.0387), (87.7, 0.00581), (88.7, 0.00), (89.7, 0.00), (90.8, 0.00),
(91.8, 0.283), (92.8, 0.0453), (93.8, 0.00), (94.8, 0.00), (95.8, 0.00), (96.8, 0.00), (97.8, 0.00), (98.8, 0.141),
(99.8, 0.0863), (101, 0.374), (102, 0.386), (103, 0.128), (104, 0.001), (105, 0.0219), (106, 0.012), (107,
0.0186), (108, 0.00), (109, 0.00506), (110, 0.072), (111, 0.0387), (112, 0.00581), (113, 0.00), (114, 0.00),
(115, 0.00), (116, 0.283), (117, 0.0453), (118, 0.00), (119, 0.00), (120, 0.00)

Mix65 = GRAPH(TIME)

(0.00, 0.00), (1.01, 0.00), (2.02, 0.134), (3.03, 0.0814), (4.03, 0.36), (5.04, 0.37), (6.05, 0.121), (7.06, 0.001),
(8.07, 0.0201), (9.08, 0.0095), (10.1, 0.0162), (11.1, 0.00), (12.1, 0.00169), (13.1, 0.0675), (14.1, 0.0362),
(15.1, 0.00544), (16.1, 0.00), (17.1, 0.00), (18.2, 0.00), (19.2, 0.274), (20.2, 0.0429), (21.2, 0.00), (22.2,
0.00), (23.2, 0.00), (24.2, 0.00), (25.2, 0.00), (26.2, 0.134), (27.2, 0.0814), (28.2, 0.36), (29.2, 0.37), (30.3,
0.121), (31.3, 0.001), (32.3, 0.0201), (33.3, 0.0095), (34.3, 0.0162), (35.3, 0.00), (36.3, 0.00169), (37.3,
0.0675), (38.3, 0.0362), (39.3, 0.00544), (40.3, 0.00), (41.3, 0.00), (42.4, 0.00), (43.4, 0.274), (44.4, 0.0429),
(45.4, 0.00), (46.4, 0.00), (47.4, 0.00), (48.4, 0.00), (49.4, 0.00), (50.4, 0.134), (51.4, 0.0814), (52.4, 0.36),
(53.4,0.37), (54.5, 0.121), (55.5, 0.001), (56.5, 0.0201), (57.5, 0.0095), (58.5, 0.0162), (59.5, 0.00), (60.5,
0.00169), (61.5, 0.0675), (62.5, 0.0362), (63.5, 0.00544), (64.5, 0.00), (65.5, 0.00), (66.6, 0.00), (67.6,
0.274), (68.6, 0.0429), (69.6, 0.00), (70.6, 0.00), (71.6, 0.00), (72.6, 0.00), (73.6, 0.00), (74.6, 0.134), (75.6,
0.0814), (76.6, 0.36), (77.6, 0.37), (78.7, 0.121), (79.7, 0.001), (80.7, 0.0201), (81.7, 0.0095), (82.7, 0.0162),
(83.7, 0.00), (84.7, 0.00169), (85.7, 0.0675), (86.7, 0.0362), (87.7, 0.00544), (88.7, 0.00), (89.7, 0.00), (90.8,
0.00), (91.8, 0.274), (92.8, 0.0429), (93.8, 0.00), (94.8, 0.00), (95.8, 0.00), (96.8, 0.00), (97.8, 0.00), (98.8,
0.134), (99.8, 0.0814), (101, 0.36), (102, 0.37), (103, 0.121), (104, 0.001), (105, 0.0201), (106, 0.0095),
(107, 0.0162), (108, 0.00), (109, 0.00169), (110, 0.0675), (111, 0.0362), (112, 0.00544), (113, 0.00), (114,
0.00), (115, 0.00), (116, 0.274), (117, 0.0429), (118, 0.00), (119, 0.00), (120, 0.00)

Mix75 = GRAPH(TIME)

(0.00, 0.00), (1.01, 0.00), (2.02, 0.124), (3.03, 0.0741), (4.03, 0.342), (5.04, 0.352), (6.05, 0.113), (7.06,
0.001), (8.07, 0.189), (9.08, 0.206), (10.1, 0.211), (11.1, 0.2), (12.1, 0.2), (13.1, 0.249), (14.1, 0.226), (15.1,
0.204), (16.1, 0.2), (17.1, 0.2), (18.2, 0.2), (19.2, 0.402), (20.2, 0.231), (21.2, 0.2), (22.2, 0.2), (23.2, 0.2),
(24.2,0.00), (25.2, 0.00), (26.2, 0.124), (27.2, 0.0741), (28.2, 0.342), (29.2, 0.352), (30.3, 0.113), (31.3,
0.001), (32.3, 0.189), (33.3, 0.206), (34.3, 0.211), (35.3, 0.2), (36.3, 0.2), (37.3, 0.249), (38.3, 0.226), (39.3,
0.204), (40.3,0.2), (41.3, 0.2), (42.4, 0.2), (43.4, 0.402), (44.4, 0.231), (45.4, 0.2), (46.4, 0.2), (47.4, 0.2),
(48.4, 0.00), (49.4, 0.00), (50.4, 0.124), (51.4, 0.0741), (52.4, 0.342), (53.4, 0.352), (54.5, 0.113), (55.5,
0.001), (56.5, 0.189), (57.5, 0.206), (58.5, 0.211), (59.5, 0.2), (60.5, 0.2), (61.5, 0.249), (62.5, 0.226), (63.5,
0.204), (64.5, 0.2), (65.5, 0.2), (66.6, 0.2), (67.6, 0.402), (68.6, 0.231), (69.6, 0.2), (70.6, 0.2), (71.6, 0.2),
(72.6, 0.00), (73.6, 0.00), (74.6, 0.124), (75.6, 0.0741), (76.6, 0.342), (77.6, 0.352), (78.7, 0.113), (79.7,
0.001), (80.7, 0.189), (81.7, 0.206), (82.7, 0.211), (83.7, 0.2), (84.7, 0.2), (85.7, 0.249), (86.7, 0.226), (87.7,
0.204), (88.7, 0.2), (89.7, 0.2), (90.8, 0.2), (91.8, 0.402), (92.8, 0.231), (93.8, 0.2), (94.8, 0.2), (95.8, 0.2),
(96.8, 0.00), (97.8, 0.00), (98.8, 0.124), (99.8, 0.0741), (101, 0.342), (102, 0.352), (103, 0.113), (104, 0.001),
(105, 0.189), (106, 0.206), (107, 0.211), (108, 0.2), (109, 0.2), (110, 0.249), (111, 0.226), (112, 0.204), (113,
0.2), (114, 0.2), (115, 0.2), (116, 0.402), (117, 0.231), (118, 0.2), (119, 0.2), (120, 0.2)

Mix85 = GRAPH(TIME)

(0.00, 0.00), (1.01, 0.00), (2.02, 0.111), (3.03, 0.0642), (4.03, 0.32), (5.04, 0.331), (6.05, 0.105), (7.06,
0.001), (8.07, 0.53), (9.08, 0.602), (10.1, 0.604), (11.1, 0.6), (12.1, 0.6), (13.1, 0.616), (14.1, 0.609), (15.1,
0.601), (16.1, 0.6), (17.1, 0.6), (18.2, 0.6), (19.2, 0.667), (20.2, 0.61), (21.2, 0.6), (22.2, 0.6), (23.2, 0.6),
(24.2, 0.00), (25.2, 0.00), (26.2, 0.111), (27.2, 0.0642), (28.2, 0.32), (29.2, 0.331), (30.3, 0.105), (31.3,
0.001), (32.3, 0.53), (33.3, 0.602), (34.3, 0.604), (35.3, 0.6), (36.3, 0.6), (37.3, 0.616), (38.3, 0.609), (39.3,
0.601), (40.3, 0.6), (41.3, 0.6), (42.4, 0.6), (43.4, 0.667), (44.4, 0.61), (45.4, 0.6), (46.4, 0.6), (47.4, 0.6),
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(48.4, 0.00), (49.4, 0.00), (50.4, 0.111), (51.4, 0.0642), (52.4, 0.32), (53.4, 0.331), (54.5, 0.105), (55.5,
0.001), (56.5, 0.53), (57.5, 0.602), (58.5, 0.604), (59.5, 0.6), (60.5, 0.6), (61.5, 0.616), (62.5, 0.609), (63.5,
0.601), (64.5, 0.6), (65.5, 0.6), (66.6, 0.6), (67.6, 0.667), (68.6, 0.61), (69.6, 0.6), (70.6, 0.6), (71.6, 0.6),
(72.6, 0.00), (73.6, 0.00), (74.6, 0.111), (75.6, 0.0642), (76.6, 0.32), (77.6, 0.331), (78.7, 0.105), (79.7,
0.001), (80.7, 0.53), (81.7, 0.602), (82.7, 0.604), (83.7, 0.6), (84.7, 0.6), (85.7, 0.616), (86.7, 0.609), (87.7,
0.601), (88.7, 0.6), (89.7, 0.6), (90.8, 0.6), (91.8, 0.667), (92.8, 0.61), (93.8, 0.6), (94.8, 0.6), (95.8, 0.6),
(96.8, 0.00), (97.8, 0.00), (98.8, 0.111), (99.8, 0.0642), (101, 0.32), (102, 0.331), (103, 0.105), (104, 0.001),
(105, 0.53), (106, 0.602), (107, 0.604), (108, 0.6), (109, 0.6), (110, 0.616), (111, 0.609), (112, 0.601), (113,
0.6), (114, 0.6), (115, 0.6), (116, 0.667), (117, 0.61), (118, 0.6), (119, 0.6), (120, 0.6)

MSAE_Buoyancy = 0.5

Templ5 = GRAPH(TIME)

(0.00, 27.4), (1.01, 27.4), (2.02, 27.4), (3.03, 27.4), (4.03, 27.4), (5.04, 27.4), (6.05, 27.4), (7.06, 27.4), (8.07,
27.5), (9.08, 27.6), (10.1, 27.8), (11.1, 28.1), (12.1, 28.5), (13.1, 28.9), (14.1, 29.2), (15.1, 29.5), (16.1, 29.7),
(17.1, 29.7), (18.2, 29.4), (19.2, 29.0), (20.2, 29.0), (21.2, 29.0), (22.2, 29.0), (23.2, 29.0), (24.2, 27.4), (25.2,
27.4),(26.2,27.4), (27.2, 27.4), (28.2, 27.4), (29.2, 27.4), (30.3, 27.4), (31.3, 27.4), (32.3, 27.5), (33.3, 27.6),
(34.3, 27.8), (35.3, 28.1), (36.3, 28.5), (37.3, 28.9), (38.3, 29.2), (39.3, 29.5), (40.3, 29.7), (41.3, 29.7), (42.4,
29.4), (43.4, 29.0), (44.4, 29.0), (45.4, 29.0), (46.4, 29.0), (47.4, 29.0), (48.4, 27.4), (49.4, 27.4), (50.4, 27.4),
(51.4, 27.4), (52.4, 27.4), (53.4, 27.4), (54.5, 27.4), (55.5, 27.4), (56.5, 27.5), (57.5, 27.6), (58.5, 27.8), (59.5,
28.1), (60.5, 28.5), (61.5, 28.9), (62.5, 29.2), (63.5, 29.5), (64.5, 29.7), (65.5, 29.7), (66.6, 29.4), (67.6, 29.0),
(68.6, 29.0), (69.6, 29.0), (70.6, 29.0), (71.6, 29.0), (72.6, 27.4), (73.6, 27.4), (74.6, 27.4), (75.6, 27.4), (76.6,
27.4),(77.6,27.4), (78.7, 27.4), (79.7, 27.4), (80.7, 27.5), (81.7, 27.6), (82.7, 27.8), (83.7, 28.1), (84.7, 28.5),
(85.7, 28.9), (86.7, 29.2), (87.7, 29.5), (88.7, 29.7), (89.7, 29.7), (90.8, 29.4), (91.8, 29.0), (92.8, 29.0), (93.8,
29.0), (94.8, 29.0), (95.8, 29.0), (96.8, 27.4), (97.8, 27.4), (98.8, 27.4), (99.8, 27.4), (101, 27.4), (102, 27.4),
(103, 27.4), (104, 27.4), (105, 27.5), (106, 27.6), (107, 27.8), (108, 28.1), (109, 28.5), (110, 28.9), (111,
29.2), (112, 29.5), (113, 29.7), (114, 29.7), (115, 29.4), (116, 29.0), (117, 29.0), (118, 29.0), (119, 29.0),
(120, 29.0)

Temp25 = GRAPH(TIME)

(0.00, 27.4), (1.01, 27.4), (2.02, 27.4), (3.03, 27.4), (4.03, 27.4), (5.04, 27.4), (6.05, 27.4), (7.06, 27.4), (8.07,
27.5), (9.08, 27.6), (10.1, 27.9), (11.1, 28.1), (12.1, 28.5), (13.1, 28.8), (14.1, 29.1), (15.1, 29.3), (16.1, 29.5),
(17.1, 29.6), (18.2, 29.6), (19.2, 29.6), (20.2, 29.6), (21.2, 29.6), (22.2, 29.6), (23.2, 29.6), (24.2, 27.4), (25.2,
27.4),(26.2,27.4),(27.2, 27.4), (28.2, 27.4), (29.2, 27.4), (30.3, 27.4), (31.3, 27.4), (32.3, 27.5), (33.3, 27.6),
(34.3, 27.9), (35.3, 28.1), (36.3, 28.5), (37.3, 28.8), (38.3, 29.1), (39.3, 29.3), (40.3, 29.5), (41.3, 29.6), (42.4,
29.6), (43.4, 29.6), (44.4, 29.6), (45.4, 29.6), (46.4, 29.6), (47.4, 29.6), (48.4, 27.4), (49.4, 27.4), (50.4, 27.4),
(51.4,27.4), (52.4, 27.4), (53.4, 27.4), (54.5, 27.4), (55.5, 27.4), (56.5, 27.5), (57.5, 27.6), (58.5, 27.9), (59.5,
28.1), (60.5, 28.5), (61.5, 28.8), (62.5, 29.1), (63.5, 29.3), (64.5, 29.5), (65.5, 29.6), (66.6, 29.6), (67.6, 29.6),
(68.6, 29.6), (69.6, 29.6), (70.6, 29.6), (71.6, 29.6), (72.6, 27.4), (73.6, 27.4), (74.6, 27.4), (75.6, 27.4), (76.6,
27.4),(77.6,27.4), (78.7, 27.4), (79.7, 27.4), (80.7, 27.5), (81.7, 27.6), (82.7, 27.9), (83.7, 28.1), (84.7, 28.5),
(85.7, 28.8), (86.7, 29.1), (87.7, 29.3), (88.7, 29.5), (89.7, 29.6), (90.8, 29.6), (91.8, 29.6), (92.8, 29.6), (93.8,
29.6), (94.8, 29.6), (95.8, 29.6), (96.8, 27.4), (97.8, 27.4), (98.8, 27.4), (99.8, 27.4), (101, 27.4), (102, 27.4),
(103, 27.4), (104, 27.4), (105, 27.5), (106, 27.6), (107, 27.9), (108, 28.1), (109, 28.5), (110, 28.8), (111,
29.1), (112, 29.3), (113, 29.5), (114, 29.6), (115, 29.6), (116, 29.6), (117, 29.6), (118, 29.6), (119, 29.6),
(120, 29.6)

Temp35 = GRAPH(TIME)

(0.00, 27.5), (1.01, 27.5), (2.02, 27.5), (3.03, 27.5), (4.03, 27.5), (5.04, 27.5), (6.05, 27.5), (7.06, 27.5), (8.07,
27.5), (9.08, 27.6), (10.1, 27.8), (11.1, 28.0), (12.1, 28.3), (13.1, 28.5), (14.1, 28.8), (15.1, 28.9), (16.1, 29.1),
(17.1, 29.1), (18.2, 29.2), (19.2, 29.2), (20.2, 29.2), (21.2, 29.2), (22.2, 29.2), (23.2, 29.2), (24.2, 27.5), (25.2,
27.5), (26.2, 27.5), (27.2, 27.5), (28.2, 27.5), (29.2, 27.5), (30.3, 27.5), (31.3, 27.5), (32.3, 27.5), (33.3, 27.6),
(34.3, 27.8), (35.3, 28.0), (36.3, 28.3), (37.3, 28.5), (38.3, 28.8), (39.3, 28.9), (40.3, 29.1), (41.3, 29.1), (42.4,
29.2), (43.4,29.2), (44.4, 29.2), (45.4, 29.2), (46.4, 29.2), (47.4, 29.2), (48.4, 27.5), (49.4, 27.5), (50.4, 27.5),
(51.4, 27.5), (52.4, 27.5), (53.4, 27.5), (54.5, 27.5), (55.5, 27.5), (56.5, 27.5), (57.5, 27.6), (58.5, 27.8), (59.5,
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28.0), (60.5, 28.3), (61.5, 28.5), (62.5, 28.8), (63.5, 28.9), (64.5, 29.1), (65.5, 29.1), (66.6, 29.2), (67.6, 29.2),
(68.6, 29.2), (69.6, 29.2), (70.6, 29.2), (71.6, 29.2), (72.6, 27.5), (73.6, 27.5), (74.6, 27.5), (75.6, 27.5), (76.6,
27.5), (77.6, 27.5), (78.7, 27.5), (79.7, 27.5), (80.7, 27.5), (81.7, 27.6), (82.7, 27.8), (83.7, 28.0), (84.7, 28.3),
(85.7, 28.5), (86.7, 28.8), (87.7, 28.9), (88.7, 29.1), (89.7, 29.1), (90.8, 29.2), (91.8, 29.2), (92.8, 29.2), (93.8,
29.2), (94.8, 29.2), (95.8, 29.2), (96.8, 27.5), (97.8, 27.5), (98.8, 27.5), (99.8, 27.5), (101, 27.5), (102, 27.5),
(103, 27.5), (104, 27.5), (105, 27.5), (106, 27.6), (107, 27.8), (108, 28.0), (109, 28.3), (110, 28.5), (111,
28.8), (112, 28.9), (113, 29.1), (114, 29.1), (115, 29.2), (116, 29.2), (117, 29.2), (118, 29.2), (119, 29.2),
(120, 29.2)

Temp45 = GRAPH(TIME)

(0.00, 27.5), (1.01, 27.5), (2.02, 27.5), (3.03, 27.5), (4.03, 27.5), (5.04, 27.5), (6.05, 27.5), (7.06, 27.5), (8.07,
27.5), (9.08, 27.6), (10.1, 27.8), (11.1, 27.9), (12.1, 28.1), (13.1, 28.4), (14.1, 28.5), (15.1, 28.7), (16.1, 28.8),
(17.1, 28.8), (18.2, 28.9), (19.2, 28.9), (20.2, 28.9), (21.2, 28.9), (22.2, 28.9), (23.2, 28.9), (24.2, 27.5), (25.2,
27.5), (26.2, 27.5), (27.2, 27.5), (28.2, 27.5), (29.2, 27.5), (30.3, 27.5), (31.3, 27.5), (32.3, 27.5), (33.3, 27.6),
(34.3, 27.8), (35.3, 27.9), (36.3, 28.1), (37.3, 28.4), (38.3, 28.5), (39.3, 28.7), (40.3, 28.8), (41.3, 28.8), (42.4,
28.9), (43.4, 28.9), (44.4, 28.9), (45.4, 28.9), (46.4, 28.9), (47.4, 28.9), (48.4, 27.5), (49.4, 27.5), (50.4, 27.5),
(51.4, 27.5), (52.4, 27.5), (53.4, 27.5), (54.5, 27.5), (55.5, 27.5), (56.5, 27.5), (57.5, 27.6), (58.5, 27.8), (59.5,
27.9), (60.5, 28.1), (61.5, 28.4), (62.5, 28.5), (63.5, 28.7), (64.5, 28.8), (65.5, 28.8), (66.6, 28.9), (67.6, 28.9),
(68.6, 28.9), (69.6, 28.9), (70.6, 28.9), (71.6, 28.9), (72.6, 27.5), (73.6, 27.5), (74.6, 27.5), (75.6, 27.5), (76.6,
27.5), (77.6, 27.5), (78.7, 27.5), (79.7, 27.5), (80.7, 27.5), (81.7, 27.6), (82.7, 27.8), (83.7, 27.9), (84.7, 28.1),
(85.7, 28.4), (86.7, 28.5), (87.7, 28.7), (88.7, 28.8), (89.7, 28.8), (90.8, 28.9), (91.8, 28.9), (92.8, 28.9), (93.8,
28.9), (94.8, 28.9), (95.8, 28.9), (96.8, 27.5), (97.8, 27.5), (98.8, 27.5), (99.8, 27.5), (101, 27.5), (102, 27.5),
(103, 27.5), (104, 27.5), (105, 27.5), (106, 27.6), (107, 27.8), (108, 27.9), (109, 28.1), (110, 28.4), (111,
28.5), (112, 28.7), (113, 28.8), (114, 28.8), (115, 28.9), (116, 28.9), (117, 28.9), (118, 28.9), (119, 28.9),
(120, 28.9)

Temp5 = GRAPH(TIME)

(0.00, 27.5), (1.01, 27.5), (2.02, 27.5), (3.03, 27.5), (4.03, 27.5), (5.04, 27.5), (6.05, 27.5), (7.06, 27.5), (8.07,
27.5), (9.08, 27.6), (10.1, 27.6), (11.1, 27.9), (12.1, 28.3), (13.1, 28.8), (14.1, 29.2), (15.1, 29.6), (16.1, 29.8),
(17.1, 29.6), (18.2, 28.7), (19.2, 27.5), (20.2, 27.5), (21.2, 27.5), (22.2, 27.5), (23.2, 27.5), (24.2, 27.5), (25.2,
27.5), (26.2, 27.5), (27.2, 27.5), (28.2, 27.5), (29.2, 27.5), (30.3, 27.5), (31.3, 27.5), (32.3, 27.5), (33.3, 27.6),
(34.3, 27.6), (35.3, 27.9), (36.3, 28.3), (37.3, 28.8), (38.3, 29.2), (39.3, 29.6), (40.3, 29.8), (41.3, 29.6), (42.4,
28.7), (43.4, 27.5), (44.4, 27.5), (45.4, 27.5), (46.4, 27.5), (47.4, 27.5), (48.4, 27.5), (49.4, 27.5), (50.4, 27.5),
(51.4, 27.5), (52.4, 27.5), (53.4, 27.5), (54.5, 27.5), (55.5, 27.5), (56.5, 27.5), (57.5, 27.6), (58.5, 27.6), (59.5,
27.9), (60.5, 28.3), (61.5, 28.8), (62.5, 29.2), (63.5, 29.6), (64.5, 29.8), (65.5, 29.6), (66.6, 28.7), (67.6, 27.5),
(68.6, 27.5), (69.6, 27.5), (70.6, 27.5), (71.6, 27.5), (72.6, 27.5), (73.6, 27.5), (74.6, 27.5), (75.6, 27.5), (76.6,
27.5), (77.6, 27.5), (78.7, 27.5), (79.7, 27.5), (80.7, 27.5), (81.7, 27.6), (82.7, 27.6), (83.7, 27.9), (84.7, 28.3),
(85.7, 28.8), (86.7, 29.2), (87.7, 29.6), (88.7, 29.8), (89.7, 29.6), (90.8, 28.7), (91.8, 27.5), (92.8, 27.5), (93.8,
27.5), (94.8, 27.5), (95.8, 27.5), (96.8, 27.5), (97.8, 27.5), (98.8, 27.5), (99.8, 27.5), (101, 27.5), (102, 27.5),
(103, 27.5), (104, 27.5), (105, 27.5), (106, 27.6), (107, 27.6), (108, 27.9), (109, 28.3), (110, 28.8), (111,
29.2), (112, 29.6), (113, 29.8), (114, 29.6), (115, 28.7), (116, 27.5), (117, 27.5), (118, 27.5), (119, 27.5),
(120, 27.5)

Temp55 = GRAPH(TIME)

(0.00, 27.4), (1.01, 27.4), (2.02, 27.4), (3.03, 27.4), (4.03, 27.4), (5.04, 27.4), (6.05, 27.4), (7.06, 27.4), (8.07,
27.4), (9.08, 27.5), (10.1, 27.7), (11.1, 27.8), (12.1, 28.0), (13.1, 28.2), (14.1, 28.4), (15.1, 28.5), (16.1, 28.6),
(17.1, 28.7), (18.2, 28.7), (19.2, 28.7), (20.2, 28.7), (21.2, 28.7), (22.2, 28.7), (23.2, 28.7), (24.2, 27.4), (25.2,
27.4), (26.2, 27.4), (27.2, 27.4), (28.2, 27.4), (29.2, 27.4), (30.3, 27.4), (31.3, 27.4), (32.3, 27.4), (33.3, 27.5),
(34.3,27.7), (35.3, 27.8), (36.3, 28.0), (37.3, 28.2), (38.3, 28.4), (39.3, 28.5), (40.3, 28.6), (41.3, 28.7), (42.4,
28.7), (43.4, 28.7), (44.4, 28.7), (45.4, 28.7), (46.4, 28.7), (47.4, 28.7), (48.4, 27.4), (49.4, 27.4), (50.4, 27.4),
(51.4, 27.4), (52.4, 27.4), (53.4, 27.4), (54.5, 27.4), (55.5, 27.4), (56.5, 27.4), (57.5, 27.5), (58.5, 27.7), (59.5,
27.8), (60.5, 28.0), (61.5, 28.2), (62.5, 28.4), (63.5, 28.5), (64.5, 28.6), (65.5, 28.7), (66.6, 28.7), (67.6, 28.7),
(68.6, 28.7), (69.6, 28.7), (70.6, 28.7), (71.6, 28.7), (72.6, 27.4), (73.6, 27.4), (74.6, 27.4), (75.6, 27.4), (76.6,
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27.4), (77.6,27.4), (78.7, 27.4), (79.7, 27.4), (80.7, 27.4), (81.7, 27.5), (82.7, 27.7), (83.7, 27.8), (84.7, 28.0),
(85.7, 28.2), (86.7, 28.4), (87.7, 28.5), (88.7, 28.6), (89.7, 28.7), (90.8, 28.7), (91.8, 28.7), (92.8, 28.7), (93.8,
28.7), (94.8, 28.7), (95.8, 28.7), (96.8, 27.4), (97.8, 27.4), (98.8, 27.4), (99.8, 27.4), (101, 27.4), (102, 27.4),
(103, 27.4), (104, 27.4), (105, 27.4), (106, 27.5), (107, 27.7), (108, 27.8), (109, 28.0), (110, 28.2), (111,
28.4), (112, 28.5), (113, 28.6), (114, 28.7), (115, 28.7), (116, 28.7), (117, 28.7), (118, 28.7), (119, 28.7),
(120, 28.7)

Temp65 = GRAPH(TIME)

(0.00, 27.4), (1.01, 27.4), (2.02, 27.4), (3.03, 27.4), (4.03, 27.4), (5.04, 27.4), (6.05, 27.4), (7.06, 27.4), (8.07,
27.4), (9.08, 27.5), (10.1, 27.6), (11.1, 27.8), (12.1, 28.0), (13.1, 28.1), (14.1, 28.3), (15.1, 28.4), (16.1, 28.5),
(17.1, 28.5), (18.2, 28.5), (19.2, 28.5), (20.2, 28.5), (21.2, 28.5), (22.2, 28.5), (23.2, 28.5), (24.2, 27.4), (25.2,
27.4), (26.2, 27.4), (27.2, 27.4), (28.2, 27.4), (29.2, 27.4), (30.3, 27.4), (31.3, 27.4), (32.3, 27.4), (33.3, 27.5),
(34.3, 27.6), (35.3, 27.8), (36.3, 28.0), (37.3, 28.1), (38.3, 28.3), (39.3, 28.4), (40.3, 28.5), (41.3, 28.5), (42.4,
28.5), (43.4, 28.5), (44.4, 28.5), (45.4, 28.5), (46.4, 28.5), (47.4, 28.5), (48.4, 27.4), (49.4, 27.4), (50.4, 27.4),
(51.4, 27.4), (52.4, 27.4), (53.4, 27.4), (54.5, 27.4), (55.5, 27.4), (56.5, 27.4), (57.5, 27.5), (58.5, 27.6), (59.5,
27.8), (60.5, 28.0), (61.5, 28.1), (62.5, 28.3), (63.5, 28.4), (64.5, 28.5), (65.5, 28.5), (66.6, 28.5), (67.6, 28.5),
(68.6, 28.5), (69.6, 28.5), (70.6, 28.5), (71.6, 28.5), (72.6, 27.4), (73.6, 27.4), (74.6, 27.4), (75.6, 27.4), (76.6,
27.4),(77.6, 27.4), (78.7, 27.4), (79.7, 27.4), (80.7, 27.4), (81.7, 27.5), (82.7, 27.6), (83.7, 27.8), (84.7, 28.0),
(85.7, 28.1), (86.7, 28.3), (87.7, 28.4), (88.7, 28.5), (89.7, 28.5), (90.8, 28.5), (91.8, 28.5), (92.8, 28.5), (93.8,
28.5), (94.8, 28.5), (95.8, 28.5), (96.8, 27.4), (97.8, 27.4), (98.8, 27.4), (99.8, 27.4), (101, 27.4), (102, 27.4),
(103, 27.4), (104, 27.4), (105, 27.4), (106, 27.5), (107, 27.6), (108, 27.8), (109, 28.0), (110, 28.1), (111,
28.3), (112, 28.4), (113, 28.5), (114, 28.5), (115, 28.5), (116, 28.5), (117, 28.5), (118, 28.5), (119, 28.5),
(120, 28.5)

Temp75 = GRAPH(TIME)

(0.00, 27.4), (1.01, 27.4), (2.02, 27.4), (3.03, 27.4), (4.03, 27.4), (5.04, 27.4), (6.05, 27.4), (7.06, 27.4), (8.07,
27.4), (9.08, 27.5), (10.1, 27.6), (11.1, 27.7), (12.1, 27.9), (13.1, 28.1), (14.1, 28.2), (15.1, 28.3), (16.1, 28.4),
(17.1, 28.4), (18.2, 28.4), (19.2, 28.4), (20.2, 28.4), (21.2, 28.4), (22.2, 28.4), (23.2, 28.4), (24.2, 27.4), (25.2,
27.4), (26.2, 27.4), (27.2, 27.4), (28.2, 27.4), (29.2, 27.4), (30.3, 27.4), (31.3, 27.4), (32.3, 27.4), (33.3, 27.5),
(34.3, 27.6), (35.3, 27.7), (36.3, 27.9), (37.3, 28.1), (38.3, 28.2), (39.3, 28.3), (40.3, 28.4), (41.3, 28.4), (42.4,
28.4), (43.4, 28.4), (44.4, 28.4), (45.4, 28.4), (46.4, 28.4), (47.4, 28.4), (48.4, 27.4), (49.4, 27.4), (50.4, 27.4),
(51.4, 27.4), (52.4, 27.4), (53.4, 27.4), (54.5, 27.4), (55.5, 27.4), (56.5, 27.4), (57.5, 27.5), (58.5, 27.6), (59.5,
27.7), (60.5, 27.9), (61.5, 28.1), (62.5, 28.2), (63.5, 28.3), (64.5, 28.4), (65.5, 28.4), (66.6, 28.4), (67.6, 28.4),
(68.6, 28.4), (69.6, 28.4), (70.6, 28.4), (71.6, 28.4), (72.6, 27.4), (73.6, 27.4), (74.6, 27.4), (75.6, 27.4), (76.6,
27.4), (77.6, 27.4), (78.7, 27.4), (79.7, 27.4), (80.7, 27.4), (81.7, 27.5), (82.7, 27.6), (83.7, 27.7), (84.7, 27.9),
(85.7, 28.1), (86.7, 28.2), (87.7, 28.3), (88.7, 28.4), (89.7, 28.4), (90.8, 28.4), (91.8, 28.4), (92.8, 28.4), (93.8,
28.4), (94.8, 28.4), (95.8, 28.4), (96.8, 27.4), (97.8, 27.4), (98.8, 27.4), (99.8, 27.4), (101, 27.4), (102, 27.4),
(103, 27.4), (104, 27.4), (105, 27.4), (106, 27.5), (107, 27.6), (108, 27.7), (109, 27.9), (110, 28.1), (111,
28.2), (112, 28.3), (113, 28.4), (114, 28.4), (115, 28.4), (116, 28.4), (117, 28.4), (118, 28.4), (119, 28.4),
(120, 28.4)

Temp85 = GRAPH(TIME)

(0.00, 27.4), (1.01, 27.4), (2.02, 27.4), (3.03, 27.4), (4.03, 27.4), (5.04, 27.4), (6.05, 27.4), (7.06, 27.4), (8.07,
27.4), (9.08, 27.5), (10.1, 27.6), (11.1, 27.7), (12.1, 27.9), (13.1, 28.0), (14.1, 28.1), (15.1, 28.2), (16.1, 28.3),
(17.1, 28.3), (18.2, 28.4), (19.2, 28.4), (20.2, 28.4), (21.2, 28.4), (22.2, 28.4), (23.2, 28.4), (24.2, 27.4), (25.2,
27.4), (26.2, 27.4), (27.2, 27.4), (28.2, 27.4), (29.2, 27.4), (30.3, 27.4), (31.3, 27.4), (32.3, 27.4), (33.3, 27.5),
(34.3, 27.6), (35.3, 27.7), (36.3, 27.9), (37.3, 28.0), (38.3, 28.1), (39.3, 28.2), (40.3, 28.3), (41.3, 28.3), (42.4,
28.4), (43.4, 28.4), (44.4, 28.4), (45.4, 28.4), (46.4, 28.4), (47.4, 28.4), (48.4, 27.4), (49.4, 27.4), (50.4, 27.4),
(51.4, 27.4), (52.4, 27.4), (53.4, 27.4), (54.5, 27.4), (55.5, 27.4), (56.5, 27.4), (57.5, 27.5), (58.5, 27.6), (59.5,
27.7), (60.5, 27.9), (61.5, 28.0), (62.5, 28.1), (63.5, 28.2), (64.5, 28.3), (65.5, 28.3), (66.6, 28.4), (67.6, 28.4),
(68.6, 28.4), (69.6, 28.4), (70.6, 28.4), (71.6, 28.4), (72.6, 27.4), (73.6, 27.4), (74.6, 27.4), (75.6, 27.4), (76.6,
27.4), (77.6, 27.4), (78.7, 27.4), (79.7, 27.4), (80.7, 27.4), (81.7, 27.5), (82.7, 27.6), (83.7, 27.7), (84.7, 27.9),
(85.7, 28.0), (86.7, 28.1), (87.7, 28.2), (88.7, 28.3), (89.7, 28.3), (90.8, 28.4), (91.8, 28.4), (92.8, 28.4), (93.8,
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28.4), (94.8, 28.4), (95.8, 28.4), (96.8, 27.4), (97.8, 27.4), (98.8, 27.4), (99.8, 27.4), (101, 27.4), (102, 27.4),
(103, 27.4), (104, 27.4), (105, 27.4), (106, 27.5), (107, 27.6), (108, 27.7), (109, 27.9), (110, 28.0), (111,
28.1), (112, 28.2), (113, 28.3), (114, 28.3), (115, 28.4), (116, 28.4), (117, 28.4), (118, 28.4), (119, 28.4),
(120, 28.4)

Temp90 = GRAPH(TIME)

(0.00, 27.4), (1.01, 27.4), (2.02, 27.4), (3.03, 27.4), (4.03, 27.4), (5.04, 27.4), (6.05, 27.4), (7.06, 27.4), (8.07,
27.4), (9.08, 27.5), (10.1, 27.6), (11.1, 27.7), (12.1, 27.8), (13.1, 28.0), (14.1, 28.1), (15.1, 28.2), (16.1, 28.3),
(17.1,28.3), (18.2, 28.3), (19.2, 28.3), (20.2, 28.3), (21.2, 28.3), (22.2, 28.3), (23.2, 28.3), (24.2, 27.4), (25.2,
27.4), (26.2, 27.4), (27.2, 27.4), (28.2, 27.4), (29.2, 27.4), (30.3, 27.4), (31.3, 27.4), (32.3, 27.4), (33.3, 27.5),
(34.3, 27.6), (35.3, 27.7), (36.3, 27.8), (37.3, 28.0), (38.3, 28.1), (39.3, 28.2), (40.3, 28.3), (41.3, 28.3), (42.4,
28.3), (43.4, 28.3), (44.4, 28.3), (45.4, 28.3), (46.4, 28.3), (47.4, 28.3), (48.4, 27.4), (49.4, 27.4), (50.4, 27.4),
(51.4,27.4), (52.4, 27.4), (53.4, 27.4), (54.5, 27.4), (55.5, 27.4), (56.5, 27.4), (57.5, 27.5), (58.5, 27.6), (59.5,
27.7), (60.5, 27.8), (61.5, 28.0), (62.5, 28.1), (63.5, 28.2), (64.5, 28.3), (65.5, 28.3), (66.6, 28.3), (67.6, 28.3),
(68.6, 28.3), (69.6, 28.3), (70.6, 28.3), (71.6, 28.3), (72.6, 27.4), (73.6, 27.4), (74.6, 27.4), (75.6, 27.4), (76.6,
27.4), (77.6, 27.4), (78.7, 27.4), (79.7, 27.4), (80.7, 27.4), (81.7, 27.5), (82.7, 27.6), (83.7, 27.7), (84.7, 27.8),
(85.7, 28.0), (86.7, 28.1), (87.7, 28.2), (88.7, 28.3), (89.7, 28.3), (90.8, 28.3), (91.8, 28.3), (92.8, 28.3), (93.8,
28.3), (94.8, 28.3), (95.8, 28.3), (96.8, 27.4), (97.8, 27.4), (98.8, 27.4), (99.8, 27.4), (101, 27.4), (102, 27.4),
(103, 27.4), (104, 27.4), (105, 27.4), (106, 27.5), (107, 27.6), (108, 27.7), (109, 27.8), (110, 28.0), (111,
28.1), (112, 28.2), (113, 28.3), (114, 28.3), (115, 28.3), (116, 28.3), (117, 28.3), (118, 28.3), (119, 28.3),
(120, 28.3)

Topt15APFA = (1.2/24)*(1+4*((1.3A(Temp15-24)-1)-(In(1.3)/In(1.32))*(1.324(Temp15-24)-1)))
Topt15MSAE = (.8/24)*(1+5.77*((1.37(Temp15-28.2)-1)-(In(1.3)/In(1.37))*(1.37(Temp15-28.2)-1)))
Topt25APFA = (1.2/24)*(1+4*((1.3~(Temp25-24)-1)-(In(1.3)/In(1.32))*(1.32(Temp25-24)-1)))
Topt25MSAE = (.8/24)*(1+5.77*((1.37(Temp25-28.2)-1)-(In(1.3)/In(1.37))*(1.37*(Temp25-28.2)-1)))
Topt35APFA = (1.2/24)*(1+4*((1.3(Temp35-24)-1)-(In(1.3)/In(1.32))*(1.32A(Temp35-24)-1)))
Topt35MSAE = (.8/24)*(1+5.77*((1.3(Temp35-28.2)-1)-(In(1.3)/In(1.37))*(1.377(Temp35-28.2)-1)))
Topt45APFA = (1.2/24)*(1+4*((1.37(Temp45-24)-1)-(In(1.3)/In(1.32))*(1.32”(Temp45-24)-1)))
Topt45MSAE = (.8/24)*(1+5.77*((1.3MTemp45-28.2)-1)-(In(1.3)/In(1.37))*(1.37A(Temp45-28.2)-1)))
ToptS5APFA = (1.2/24)*(1+4*((1.3MTemp55-24)-1)-(In(1.3)/In(1.32))*(1.32*(Temp55-24)-1)))
Topt55MSAE = (.8/24)*(1+5.77*((1.3MTemp55-28.2)-1)-(In(1.3)/In(1.37))*(1.37*(Temp55-28.2)-1)))
TOptSAPFA = (1.2/24)*(1+4*((1.3MTemp5-24)-1)-(In(1.3)/In(1.32))*(1.32A(Temp5-24)-1)))

Topt5SMSAE = (.8/24)*(1+5.77*((1.3*(Temp5-28.2)-1)-(In(1.3)/In(1.37))*(1.37*(Temp5-28.2)-1)))
TOpt65APFA = (1.2/24)*(1+4*((1.3(Temp65-24)-1)-(In(1.3)/In(1.32))*(1.327(Temp65-24)-1)))
Topt65MSAE = (.8/24)*(1+5.77*((1.3MTemp65-28.2)-1)-(In(1.3)/In(1.37))*(1.37*(Temp65-28.2)-1)))
Topt75APFA = (1.2/24)*(1+4*((1.3MTemp75-24)-1)-(In(1.3)/In(1.32))*(1.32*(Temp75-24)-1)))
Topt75MSAE = (.8/24)*(1+5.77*((1.3MTemp75-28.2)-1)-(In(1.3)/In(1.37))*(1.37*(Temp75-28.2)-1)))
Topt85APFA = (1.2/24)*(1+4*((1.37(Temp85-24)-1)-(In(1.3)/In(1.32))*(1.32(Temp85-24)-1)))
Topt85MSAE = (.8/24)*(1+5.77*((1.3MTemp85-28.2)-1)-(In(1.3)/In(1.37))*(1.374(Temp85-28.2)-1)))
Topt90APFA = (1.2/24)*(1+4*((1.3*(Temp90-24)-1)-(In(1.3)/In(1.32))*(1.32”(Temp90-24)-1)))
Topt90OMSAE = (.8/24)*(1+5.77*((1.3*(Temp90-28.2)-1)-(In(1.3)/In(1.37))*(1.37*(Temp90-28.2)-1)))
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