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	Abstract



Algal populations form the base of many Arctic and Antarctic ecosystems. Due to the Earth's changing climate, the ice of our polar ecosystems is changing, which would have long-term effects on ice algal populations. Using a basic pre-existing model for nutrient and algae interactions, we examined how differing nutrient fluxes can affect a population. This model is relevant for our current climate, and provides a solid foundation for the formulation of a more complex model in the future.

	Introduction



When examining the Earth's changing climate, the ocean and its inhabitants becomes a quick subject of conversation. As the oceans ice continues to change in size and structure, understanding the mechanisms of algal blooms, which form the base of many aquatic ecosystems, becomes increasingly important. 
	As sea ice forms from salt water, highly saline tunnels develop within the ice. Many organisms live within these pockets, including ice algae. Due to the ice environment, algae receive nutrients in a unique manner. Nutrients may enter the ice through the channels and tubes in the bottom of the ice or percolate into the ice from the top surface. Snow may fall and coat cover of the ice, limiting the amount of light that travels to algae below. 
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High nutrient quantity and quality is essential to a large algal bloom. As seen in Smith, Gosselin, and Taguchis work, “All measures of algal response indicated that nitrogen rather than silicon was the principal potential limiting nutrient. Silicon… significantly influenced the growth of the most dominant species,” (1997). This suggests that nitrogen, specifically NO3-, is the nutrient of interest for Arctic systems. However, it also implies that silicon is critical for algal growth. NO3- is not always the inhibitor for algal blooms as “[l]ight is the principal factor limiting the onset and early development of blooms of bottom ice algae,” (Smith et al. 1997). It is for that reason that we saw it essential to effectively model ice algae populations, with respect to phytoplankton, nutrients, and light.
	[image: ][image: ]Steffen et al. 2018
	The saline pockets within sea ice are dynamic and the algae that live within them utilize Extracellular Polymeric Substances (EPS) to avoid being swept out of their saline tunnel due to flooding. EPS is advantageous to the individual, but an abundance of EPS within large populations could cause clogging, preventing the influx of nutrients.



	Model Formulation



For the purpose of our model, we chose to examine populations that experienced minimum predation. Thus rather than starting with a nutrient-phytoplankton-zooplankton (NPZ) model, we started with a simple nutrient-phytoplankton (NP) model from “A Model of Phytoplankton Blooms,” (Huppert, Blasius, and Stone 2002). This model assumed that predation was extremely limited and that nutrients were distributed uniformly. In Huppert, Blasius, and Stones paper, nutrient flux (Ṅ) and algae flux (Ṗ) are defined an ordinary differential equation, dependant on the amount of nutrients (N) and algae (P), (2002). Initially, the model defines nutrient dynamics in terms of nutrient input (positive), uptake by algae populations (negative), and loss from the system (negative). Algae fluxuations are modeled with respect to nutrient uptake (positive), and algae loss (negative), which could be due to death or removal from ice. Equation (1) displays these fluctuations as equations dependant on the current amount of nutrients and algae.
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Equation (1) is then nondimensionalized to yield equation (2).
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Here, I is the influx of nutrients, and q is the output of nutrients for the system. If we remove the dashes, this yields equation (3) (Huppert, Blasius, and Stone 2002).
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	Results and Analysis



Using Matlab, equation (3) was solved and graphed for differing input and outputs of nutrients as seen in figures 1-4. For these graphs, we assumed N(0)=0.15 an P(0)=1.0.
	Figure 1
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Figure 1: I=q=0
This scenario describes when there is no input or output of nutrients. This situation may occur in an environment such as a gap layer (a pocket of salt water within the ice where nutrient output and input may be limited). Figure 1A shows graphs for nutrients, N(t), and algae, P(t) as a function of time. Figure 1B is the Nutrient Algae, NP, phase plane.

	

Figure 2
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	Figure 2: I<q
Figure 2 describes a systems where there is a net gain of nutrients in the system. This could happen due to deposition from the atmosphere or surface of the ice, or from nutrient rich water percolating up from the ocean. Figure 2A shows graphs for nutrients, N(t), and algae, P(t) as a function of time. Figure 2B is the Nutrient Algae, NP, phase plane.

	











Figure 3
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Figure 3: I>q>I(1-I/4)
Figure 3 describes a system with a net loss of nutrients. This could occur due to relatively nutrient poor water flushing tunnels and removing nutrients in the process. Figure 3A shows graphs for nutrients, N(t), and algae, P(t) as a function of time. Figure 3B is the Nutrient Algae, NP, phase plane.








	
Figure 4

	Figure 4A
[image: ]
	Figure 4B
[image: ]

	Figure 4: q<I(1-I/4)
Figure 4 describes a system with a net loss of nutrients such that q<I(1-I/4). This could occur due to very nutrient poor water being exchanged for the nutrient rich water inside the saline tunnels of the ice. Figure 4A shows graphs for nutrients, N(t), and algae, P(t) as a function of time. Figure 4B is the Nutrient Algae, NP, phase plane.



	Discussion



Though oscillatory behavior is observed in Figure 4, none of these systems display oscillations similar to seasonal algal blooms. Figures 1-3 show that when conditions are right, a bloom will occur. However Figures 1-3 also display a decay in the systems algae and nutrient content. This model may work for a system that has one large bloom, but would not work for modeling populations across multiple blooms without significant change. Figure 4 displays oscillatory behaviors, but also displays a decay in algae and nutrients over time. This scenario would work to model a system with a large algal bloom at the beginning followed by smaller blooms for the remainder of the season. Significant change would be necessary to use this model for seasonal growth. Figures 1-4 assume a constant input and output of nutrients. In actual ice ecosystems, nutrient intake and output may vary largely due to rainfall, snowfall, shifting ocean currents, and other disturbances.

	Conclusion and Future Plans



This project provides a standard approximation for algae populations that can branch off in numerous directions. Though light is an important contributor to ice ecosystems, we have yet to incorporate it. In the future, we plan to incorporate a function such as the Tanh function that starts slow but grows quickly before tapering off. This function has been used to model light in other publications, (book citation). One variation of this model, would be in the instance of snowfall. It may be important to consider how light not only affects the algae populations, but how it may affect their nutrient supply as well. Additionally, we hope to compare our system more intimately to actual ice ecosystems to create a simple model that effectively models any ice algal bloom. Furthermore, we hope to examine how limited nutrient inputs and outputs can sustain an algae population within gap layers. This scenario is particularly interesting if the algae within the ice grow to large enough numbers to limit light ot the algae growing in the bottom of the ice below. In gap layers, snowfall may also have a large effect on algae populations as snow cover persists or melts. Snowfall also has relevant impacts in nutrient supply. The weight of snowfall can push ice into the water, causing new salt water to percolate up from the bottom of the ice. Snow may also melt and carry nutrients into the ice as it makes its way downward. We also wish to closer examine EPS and what conditions may have negative repercussions to an ecosystem. Finally, it would be beneficial to create a model that accurately represents seasonality for ice systems. A model of this sort would need to replenish nutrients and algae populations to the correct quantities to ensure blooms of similar size reoccur. One way this has been done is through adding a forcing term for a “high season” and “low season” in Hupperts other works, (Huppert 2007?). Although we have a basic model,  it will be important to more accurately model algal populations in the future.
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