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Fish stocking and trophic cascades: Modeling phosphorus cycling in lakes

Abstract:

Fish stocking of previously fishless lakes has been shown to affect nutrient cycling and trophic interactions in these ecosystems [need to indicate with language like this whether this is fact or contention].  The trophic cascade hypothesis helps elucidate the mechanisms, including top-down and bottom-up controls, at the root of the effects of fish introduction.  We use dynamic simulation modeling to explore this system, to allow distillation of complex trophic interactions to their underlying mechanisms.  Our goal is to help students become familiar with feedback in food webs, trophic cascades, and phosphorus cycling in lake ecosystems, through the implementation of six different modeling scenarios.  Lessons learned are relevant to common concerns of lake ecosystem conservation, including recent changes in both nutrient cycling and population dynamics.

Background:


Fish stocking and inadvertent fish introduction are a particular ecological concern in historically fishless lakes, due to the far-reaching and often unexpected consequences of adding a new trophic level to these systems (Simon and Townsend 2003).  This issue is especially relevant to areas such as the Sierra Nevadas, where non-native trout now populate over 80% of previously fishless lakes (Knapp 1996).  One important, commonly observed effect of fish introduction is an increase in lake primary production (Perez-Fuentetaja 1996, Schindler et al. 2001, McDowall 2003, Simon and Townsend 2003).  The trophic cascade theory, which helps explain this effect, predicts that consumers will influence even the lowest trophic levels as their effects propagate through lake food webs (Carpenter and Kitchell 1988). [You need to provide a bit more general background on and simple description of the concept of trophic cascade – say something like, “adding a new trophic level can have a direct negative effect on the next trophic level down (e.g. trout reduce planktivorous fish) and this, in turn, can have a positive effect on the trophic level below that (planktivorous fish population consumes less phytoplankton)”]  Trophic cascades can be described by tracing phosphorus, as it cycles through lake food webs.  Phosphorus is a useful element to trace because it limits plant growth in lake ecosystems.  Therefore the effects of fish on inorganic P directly affect in plant populations.  Tracing P also reveals interesting cycling patterns in response to the seasonal changes in the oxidation-reduction (redox) potential of lake sediments.

In a simplified food web described in units of P, stocks include inorganic P, plant P, grazer P, and P in detritus (Deaton and Winebrake 2000).  In this system, fish introduction affects plants through both top-down and bottom-up control on other trophic levels [probably need to define and explain bottom up and top down control – I think you assuming too much background knowledge for your intended audience], due to the feedback loops that connect trophic levels (Perez-Fuentetaja et al. 1996).  Fish addition adds top-down control to the grazers, which decreases grazing rate, allowing plant population to grow.  Fish also contribute to the detrital pool of P, which is then mineralized and nourishes the plants.  Thus fish increase plant stocks through bottom-up control as well.  The resulting increase in primary productivity in lakes may lead to increased biological oxygen demand (BOD), and loss of species in the lake ecosystem (Citation?).

Dynamic simulation modeling is particularly appropriate for exploring this system.  Because our model represents a closed system, the variation produced by our scenarios is solely a function of internal ecosystem structure.  In addition, P cycling in fishless lakes is already a dynamic process, and fish introduction has complex effects on existing feedback structures [not quite clear what you are getting at here].  Simulation modeling facilitates the exploration of hard-to-predict interactions between the various feedback loops that comprise a food web.  Simulation modeling can therefore be used to predict variation in the effects of fish introduction in model scenarios that include variation in rates of flows, sizes of stocks, or inclusion of seasonal variability.  Our heuristic model can simplify these complex trophic interactions to allow users unfamiliar with P cycling and/or trophic cascades to gain a mechanistic understanding of the basic causalities behind system dynamics.  [This paragraph is a bit disorganized]
Instructions:
Our model is designed to be user-friendly, with sufficient internal documentation that it can be understood with limited outside instructions.  However, users are assumed to have read the background information presented above before interacting with the model. 

First, look for the large purple button labeled “Introduction” in the model’s user interface.  Click on this button for descriptions of our hypothetical lake ecosystem and the various components of the model’s user interface.

Click on the blue "Conceptual Model of Food Web" button for a depiction of the hypothetical system on which this model is based.  It illustrates the flows between the stocks Inorganic P, Plant P, Grazer P, Fish P, and Detrital P.  Notice the feedback loops involved in this food web.  Which component loops exhibit negative feedback? Where do you see positive feedback?

Now it’s time to explore trophic cascades and P cycling by running through a series of six modeling scenarios, and hopefully by coming up with some of your own at the end.  Click on the button for Scenario 1: Steady-state P cycling.  Follow the instructions.  Notice that levels of all phosphorus stocks remain relatively constant over time.  Why might you expect that this would be the case?  Now try Scenario 2: Fish Stocking.  Click the button for instructions, and see what happens to each stock of phosphorus over time when the lake is stocked with fish.  Notice both the difference in patterns of stock dynamics, as well as the difference in their steady-state values by the end of the simulation period. [Would be useful to have comparative graphs for fish and for zooplankton as well]

The next two scenarios emphasize the ways in which the influence of fish, at the highest trophic level in our stocked lake, passes through the food web to have a particular effect on primary producers, “Plant P” in our model.  Scenario 3: Top-down Control, emphasizes the role that negative feedback loops play in fish stocking’s influence over Plant P.  Fish top-down control grazers, because an increase in fish leads to a decrease in grazers, as you saw in the feedback loop depicted in the “Conceptual Model of Food Web” button.  The decrease in grazers results in an increase in plants.  Instructions in the Scenario 3 button will lead you through the process of making plants more sensitive to grazing, to emphasize what happens when fish relieve them of grazing pressure.  The Plant P stock is generally diminished both by natural death (conversion to detritus) and by grazing, and you will now increase plant grazing relative to plant death.  How does this scenario change the effects of adding fish? Next, you will increase the importance of another top-down control, that exerted on grazers by fish.  What happens to Plant P as a result of this change?


Now try Scenario 4: Bottom-up Control, to explore another mechanism by which fish influence plants.  The button instructions explain that turning on the Grazer Stocking Switch adds a constant inflow to the grazer stock, with the result that even when fish are turned on, the grazer stock is maintained at its steady-state value from the original fishless scenario.  Fish influence plant growth not only due to their top-down control of the grazers that top-down control plants, but also due to their contribution to the pool of detrital P.  When detritus is mineralized, it becomes inorganic P, which is then available for assimilation by plants.  Note that this scenario opens the previously closed system to P added from outside, into the Grazer P stock.  Therefore, ignore absolute stock values, and focus instead on the changes in pattern of P sequestration in this scenario.

Click on the button for Scenario 5: Seasonal Variability, to see how to add more realism to your system with two types of seasonal variability.  Photosynthetically Active Radiation (PAR), the part of the visible light spectrum that fuels photosynthesis, varies in intensity with the seasons.  The redox potential of lake sediments also varies in response to seasonal changes.  Our hypothetical lake is modeled after the many real lakes that stratify in the summer, as surface waters heat up faster than deeper waters.  By the end of the summer, much organic material has fallen to the bottom of the lake, where it is decomposed by aerobic bacteria.  These decomposers use up O2 and thus lower the redox potential of the sediments, reducing iron from Fe 3+ to Fe 2+.  Oxidized Fe 3+ complexes with phosphate to form FePO4, but upon reduction to Fe 2+ in late summer, it releases PO4 into the water column to enter the Inorganic P stock, which is available for uptake by plants.  In late fall, as surface water cools to match the temperature of deeper waters, lake turnover brings O2 to the lake bottom again.  Fe is oxidized and again sequesters some of the phosphate from the water column.  Click on the “To Model” button and then double click the “Seasonal P Availability” converter to see how this phenomenon is incorporated into our model.  What effects might these patterns of variation have on the model? [My sense is that this explanation of P dynamics will confuse intro biology students. For the purpose of the exercise, I think you could probably just  say that oxidation-reduction reactions in the sediment often times result in a release of stored phosphorus into the water column in the summer]

The final Scenario 6: Overstocking, demonstrates the sensitivity of our system to initial intensity of fish stocking.  Click on the button to learn how to explore this variable and its effects.  What level of fish might be found in a lake that is naturally populated with fish?
Questions:
Please respond to questions posed in the model interface and included in italics throughout the “instructions” section above.

Reflect on the model as a whole.  What simplifications limit the realism of our model?  
Trophic cascades are well illustrated by the influence of fish on plants in our system. Where else can you find the effects of trophic cascades in our model?

Since trophic cascades act through flows and feedback, are there flows that could be added to the system, instead of adding stocks such as fish, that could induce trophic cascades?  

Our model lake could be classified as oligotrophic, meaning that primary production is limited by low levels of P.  Our model is also closed to external flows of P.  How could you model a lake that is open to inputs and outputs of P?  To what scenarios would such a model apply?  How would this change system dynamics over long time periods? [Good questions]
Conclusion:

The interactions emphasized by our model apply to the organisms as well as they apply to the phosphorus that constitutes our model’s stocks [?].  Fish stocking changes not only nutrient cycling, but also population dynamics in ecosystems [since you are expressing populations in currencies of P, isn’t this implicit?].  Our model helps to explain the mechanisms by which introduced species threaten native species, and could be modified to address this important ecological concern.  

Our model emphasizes mechanisms of the complex trophic interactions that are behind some of the real-world concerns about fish stocking and P cycling.  We focus on ecosystem structure as the cause of internal dynamics, and show, for instance, that imbalances such as algal blooms do not require external forcing in the form of nutrient inputs.  Though P cycling is often discussed in the context of eutrophication due to external flows, it is useful to first understand the mechanisms of internal P cycling in order to deal with this concern and make informed decisions for lake ecosystem management. [Conclusion could be reworded to more clearly summarize what you expect students to have learned from your exercise and to suggest other aspects of system dynamics that they might explore with this and other simulation models.]
Summary Report: 

Our model includes two basic types of flow formulations: mass action with Michaelis-Menton hyperbolic saturation/satiation, and first order loss.  We use the latter formulation for all flows of living stocks into detritus, representing death and waste from the organisms, and for the mineralization of detritus into inorganic P.  Death and waste are often modeled as first-order loss, and, considering that the flow should increase in direct proportion to the stock it depletes, we chose to do so as well.  To simplify our model we ignore the effects of decomposer and detritivore populations on mineralization, and instead use first-order loss as an approximation.  Deaton and Winebrake (2000) use the same first-order mineralization formulation in their STELLA model of P cycling, and like us, employ mass-action formulations for their living stocks’ growth equations.  Conceptually, the mass-action formulation makes sense because the flows occur due to an “encounter” (assimilation, grazing or predation) between two entities.  Therefore, the flow is the product of the two stocks’ concentrations.  We added a Michaelis-Menton limitation term to our second order formulations to model predator satiation and nutrient saturation.  This term limits Growthmax: the growth rate determined solely by the growth rate coefficient and the concentration of each stock.  At relatively low resource levels compared to high resource levels, small incremental increases in resource concentrations cause a proportionally larger increase in stock growth.

The flow of P from dissolved inorganic P to FePO4, representing the sequestration of P in sediments due to seasonal variation in the redox potential of lake sediments, was modeled using an empirical [in this context, empirical would generally mean based on real data] forcing function.  The graph in the “Seasonal P Availability” converter models the sequestration and release of P from the lake sediments.  This graph is not based on real data, but relative values were hypothesized based on seasonal changes in redox potentials due to stratification and O2 availability described by Chapin (2002).  The multiplier converter calibrates the magnitude of the seasonal variation.


We base seasonal light variation on an empirical PAR equation adapted from modeling assignment #6.  Maximum and minimum PAR values over the course of the year are based on data from Arizona (Kania and Giacomelli 2002).  Initial inorganic P levels are based on typical P concentrations in an oligotrophic lake (Brönmark and Hansson 1998).  From this and the typical relationship between primary production and inorganic P, we extrapolated initial values for P stocks (Brönmark and Hansson 1998).  Initial levels of other living stocks were determined using the 10% rule: each trophic level begins with 10% of the P in the trophic level beneath it.  We ignore any differences in the C/P ratio from trophic level to trophic level.


Finally the grazer stocking switch adds a constant flow into the Grazer P stock, and is calibrated to keep the grazer stock at a level close to its fishless steady state value, even when the fish switch is turned on.

Kate and Nathaniel made the model together, their contributions are inseparable.
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Model project grading criteria for heuristic models (From syllabus):

Documentation and summary report (3-5 pgs of text total):

Documentation is written in the form of a handout that the intended audience will receive together with the STELLA model. Yes
Model and documentation form a self-contained unit that intended audience members can easily follow to learn your desired lesson.  Yes, but see comments in text
Documentation should contain the following sections (include these headings): 

· Abstract: One paragraph summarizes background, approach and learning objectives of the exercise.

· Background: Sets context for the model. Briefly reviews the topic, citing related literature. Describes how/why modeling provides a useful approach. Clearly describes objectives. I DO think that a model like this could potentially be useful in Systems Ecology.  It could also be useful in bio120, but I think it would require more detailed explanation than you provide in your introduction. See comments in text
· Instructions: Provides a step-by-step description of how the intended audience should use the model. Describes simulation scenarios. yes
· Questions: Pose a set of questions that stimulate your intended audience to accomplish your learning objectives and that assess whether they have done so. Yes, good questions
· Conclusions: Summarizes the significance of the exercise.  Conclusions are a bit week.
· Literature cited: Use literature cited format of American Naturalist. 
· STELLA model: Should be structured so that it is easy to interpret and to use and should contain internal documentation that complements information on the handout.  Model is very nicely organized, well documented, easy to use.
· Summary report: a 1-2 page report for me (not for your audience) that describes and explains your choice of modeling formulations, provides additional information related to the construction and use of the model, and details the role of each group member in developing the model.  Cite at least three sources of literature that you used in developing your model and explain how you used them. Yes.
Oral report: 

· Background: Provides information necessary for a peer to understand subject under investigation, the question addressed, its importance, research/teaching objectives, target audience.   Yes
· Methods: Describes the modeling approach used to address the question. Yes
· Results/discussion: Presents findings, discusses implications. Yes
· Conclusion: Provides general and specific conclusions, promising next steps in research. Yes
· Presentation style: Presentation is engaging, informative, well-organized, and involves all group members.  Talk is practiced, transitions are smooth, time is used efficiently.  Group members maintain eye contact with class. Visual aids are thoughtfully selected to convey information (e.g., PowerPoint, posters, scientific equipment, etc.).

· Your presentation was exceptional.  Clearly you carefully rehearsed – smoothness of transition between the two of you was reminiscent of a broadcast news team.  Conceptual model was very helpful (and images looked very familiar!).  Both informative and slick.
Darn nice work! 
