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Project EDDIE: LAKE METABOLISM 
Instructor’s Manual
 
This module was initially developed by D.C. Richardson, J.L. Klug, and C.C. Carey. 26 June 2015. Project EDDIE: Lake Metabolism. Project EDDIE Module 2, Version 1. http://cemast.illinoisstate.edu/data-for-students/modules/lake-metabolism.shtml. Module development was supported by NSF DEB 1245707.

Overall description: Different lakes exhibit a range of catchment sizes, morphometry, and land use that contribute to differences in lake function. These functional differences mean that lakes vary in ecosystem services such as habitat quality and recreational value. In this module, students will explore high-frequency water quality datasets from several lakes around the world, graph high-frequency data, and use simple conceptual and mathematical models to calculate estimates of metabolism (gross primary production and respiration). Finally, students will compare metabolism rates across different lakes to examine gradients of eutrophication.

Pedagogical connections: 
	Phase
	Functions
	Examples from this module

	Engagement
	Introduce topic, gauge students’ preconceptions, call up students’ schemata
	Pre-class readings, reflection questions, introductory lecture, in-class discussions of readings

	Exploration
	Engage students in inquiry, scientific discourse, evidence-based reasoning
	Make predictions about what high- frequency datasets look like, interpret patterns in high-frequency data

	Explanation
	Engage students in scientific discourse, evidence-based reasoning
	In-class discussion, interpret patterns in high-frequency data 

	Expansion
	Broaden students’ schemata to account for more observations
	Compare metabolism rates across different types of lakes

	Evaluation
	Assess students’ understanding, formatively and summatively
	Discussion questions to interpret metabolism results in the context of published literature



Learning objectives:
· Discuss eutrophication of aquatic ecosystems
· Compare and contrast structural vs. functional ecosystem metrics
· Explain the drivers of diel variation in sensor data
· Calculate metabolism rates (for Gross Primary Production and Respiration) from high-frequency data
· Compare rates of Gross Primary Production and Respiration from lakes with different trophic status
How to use this module:
This entire module can be completed in one 2-3 hour lab period or two 1 hour lecture periods. Students will need 1-2 hours before class to prepare for the exercise. Activity A and B can be started in one class, Activity B can be completed for homework, and Activity C can be done in a following class. The module can be extended or shortened depending on how the instructor wants to present the PowerPoint slides. 
Quick overview of the activities in this module
· Activity A: Graphing high-frequency sensor data from a lake and analyzing temporal variability
· Activity B: Calculating gross primary production and respiration 
· Activity C: Comparison of gross primary production and respiration across lakes.

Workflow of this module:
1. Assign pre-class readings
2. Give students their handout when they arrive to class
3. Discussion of pre-class readings (this could be a separate activity or embedded as part of the PowerPoint lecture)
4. Instructor gives PowerPoint presentation on metabolism and the study lakes (this PowerPoint can be edited as desired)
5. Halfway through the presentation, the students divide into teams and are each assigned a different lake from the 5 available lakes. Students graph high-frequency data to look at temporal trends and examine what is gained from high-frequency data (Activity A)
6. The instructor then presents slides detailing the metabolism conceptual model.
7. Students then calculate respiration rates over 4 nights from dissolved oxygen data for their lake. The students will also calculate 3 days of gross primary production rates using dissolved oxygen data and their estimates of respiration (Activity B)
8. Students will ultimately compare metabolism rates across the class and to literature values to make predictions about the trophic status of their lake (Activity C).

Suggested pre-class readings (underlined text is hyperlinked):
· Palmer, M. A. and Febria, C. M. 2012. The heartbeat of ecosystems. Science 336(6087): 1393-1394. Open access http://www.sciencemag.org/content/336/6087/1393.summary
· Odum, H. T. 1956. Primary Production in Flowing Waters. Limnology and Oceanography 1(2):102-117. Open access http://www.aslo.org/lo/toc/vol_1/issue_2/0102.pdf 
· Wines, M. 2013. Spring Rain, Then Foul Algae in Ailing Lake Erie, New York Times, March 14: 3 pages. http://www.nytimes.com/2013/03/15/science/earth/algae-blooms-threaten-lake-erie.html?_r=1
· Solomon, C. T., Bruesewitz, D. A., Richardson, D. C., Rose, K. C., Van de Bogert, M. C., et al. 2013. Ecosystem respiration: drivers of daily variability and background respiration in lakes around the globe. Limnology and Oceanography 58(3): 849-866. Open access http://aslo.org/lo/toc/vol_58/issue_3/0849.html. Use specifically for the metadata table.

Other possible useful readings and resources for instructors:
· Shipley-Hiles, S. 2012. Dead zone pollutant grows despite decades of work. Scientific American, July 9: 6 pages. Open access http://www.scientificamerican.com/article/dead-zone-pollutant-grows-despite-decades-work/
· Wines, M. 2014. Behind Toledo’s Water Crisis - a Long-Troubled Lake Erie, New York Times, August 4: 4 pages. http://www.nytimes.com/2014/08/05/us/lifting-ban-toledo-says-its-water-is-safe-to-drink-again.html
· Staehr, P. A., Testa, J. M., Kemp, W. M., Cole, J. J., Sand-Jensen, K., and Smith, S. V. 2012. The metabolism of aquatic ecosystems: history, applications, and future challenges. Aquatic Sciences 74(1):15-29.

Data providers citation:
· Solomon, C. T., Bruesewitz, D. A., Richardson, D. C., Rose, K. C., Van de Bogert, M. C., et al. 2013. Ecosystem respiration: drivers of daily variability and background respiration in lakes around the globe. Limnology and Oceanography 58(3): 849-866. Open access http://aslo.org/lo/toc/vol_58/issue_3/0849.html.

Presentation
The notes below apply to slides within the PowerPoint presentation and act as things for the instructor to think through in advance or use as prompts for discussion during the presentation. Instructors can pick and choose from the PowerPoint as needed for their classroom. 
· Learning objectives
· These are a list of what you can expect students to be able to do after completing the module. 
· These statements represent achievements that can be assessed in a summative manner in either labs or on exams.
· Eutrophication of freshwater ecosystems
· This section is an introduction to eutrophication, which provides context for why we want to measure metabolism
· Eutrophication: natural eutrophication is a slow process that involves the filling in of a lake basin with eroded sediment – but the process is occurring at a geological scale (centuries to millennia)
· Anthropogenic: some examples of anthropogenic eutrophication include municipal sewage, atmospheric deposition of nitrogen and sulfur, detergents, runoff from fertilizers from agriculture and lawns, runoff from cultivation and mining, runoff from parking lots and road, and manure from feedlots
· The problems with eutrophication are high concentrations of nitrogen and phosphorus, lots of algal production, algal death, decomposition of organic matter, and anoxia at the bottom of lakes 
· Here, a student misconception is the process of decomposition. Students often think that dead animals and plants decompose, possibly spontaneously. It is important to point out that bacteria and microbes decompose organic matter. 
· The profiles include temperature to examine thermoclines and how the epilimnion is cut off from the hypolimnion with minimal replenishment of O2 from the atmosphere.
· The picture of the fishkill is from Narragansett Bay, a bay and estuary on the north of the Rhode Island Sound.
· The watershed covers most of Rhode Island including Providence and extends into Massachusetts.
· The trophic conditions scale show how lakes of oligotrophic vs. eutrophic trophic state exhibit differing biology and chemistry.
· Here, it might be important to mention dystrophic lakes (brown water lakes) that function slightly differently with high DOC subsidies.
· The image of Lake Erie includes extensive algal blooms in 2012. The Lake Erie watershed includes major industry and populations in cities like Detroit, MI, Toldeo, OH, Cleveland, OH, Erie, PA, and Buffalo, NY, as well as parts of Canada.
·  Discussion question based on Wines (2013) reading: What are the implications of the Lake Erie algal blooms?
· What are the steps that have been taken to resolve the issue?
· What are the complications of conservation or management?
· Ecosystem structural vs. functional metrics 
· The table of ecosystem structural vs. functional metrics are from the Palmer and Febria (2012) assigned reading.
· Structural metrics are often easier to collect, but usually are only measured at low temporal and spatial resolution. 
· Functional metrics incorporate longer time scales and broader spatial scales into one number.
· What is lake metabolism? Introduction to GPP and R
· Lake metabolism rates include GPP (gross primary production) and R (respiration).
· Here, a common misconception is that plants and algae do not respire. It is important to remind the students that both heterotrophs and autotrophs respire and are included in ecosystem respiration rates.
· Respiration is also called ecosystem or community respiration. 
· O2 is easier to measure than organic matter because it is a single molecule; organic matter is diverse and includes small amino acids and simple sugars as well as large organic molecules like humic and fulvic acids, DNA, and proteins.
· At this point, it would be helpful to talk through the photosynthesis and aerobic respiration equations for the students: they may have encountered them before, but it’s important to put them in the context of whole-lake ecosystem processes.
· Here, there is less concern with the stoichiometry than the overall process of the production and consumption of O2.
· In this context, organic matter refers to the initial product (i.e., sugars) but also different biomass and organic molecules built from those initial photosynthetic by-products (such as organisms!).
· The traditional calculations of metabolism come from light and dark bottles but these methods are labor-intensive, difficult to scale up to the ecosystem level, and can provide biased estimates based on containment artifacts (see Staehr et al. 2012 Aquatic Sciences for more discussion).
· Introduction to high-frequency sensors for studying lake metabolism 
· Open water techniques to measure metabolism are becoming more accessible, cheaper, and can record important environmental data ranging from weather (wind speed, direction, light levels, humidity, temperature) to underwater water physics and chemistry (temperature, dissolved oxygen, nitrogen) to even biological variables (chlorophyll a) at high-frequency (minutes to hours scale). 
· The map has green balloons with Global Lake Ecological Observatory Network (GLEON) sites from around the world (see gleon.org for the most recent map). Many of these sites have data posted on the web – you can see real-time data or posted data from Israel, New Zealand, Taiwan, Wisconsin, New Hampshire, and many others across the globe. 
· The M balloons are where some GLEON meetings have been held
· Kentucky Lake is a manmade reservoir (the dam can be seen at the northern end of a map).
· The reservoir has sensors attached to a pier with multiple sensors at the surface and at the bottom: http://www.murraystate.edu/qacd/cos/hbs/wq.cfm
· PAR (photosynthetically-active radiation) is measured by one of the high-frequency sensors.
· Discussion questions: Why do we care about PAR? Why are plants green? 
· Photosynthetic pigments only absorb in certain wavelengths.
· The photosynthetic pigments in algae and plants are mostly chlorophylls (a, b, c) and some others which are more efficient at absorbing red and blue light.
· Discussion question: Ask the students to think through graphs of PAR over two days, then pair up and talk about it, then draw some predictions for graphs of PAR over 48 hours. 
· The actual graphs for Kentucky Lake data are on the next page.
· Note the 0 values at night and the peak values midday.
· Discussion question: Why might there the dip in the afternoon on the first day?

· Activity A: Graphing high-frequency sensor data from a lake and analyzing temporal variability
· Have the students pair up and choose a lake from one of the 5 options in the Excel spreadsheet.
· Make sure that all 5 lakes are analyzed in your class, if possible.
· Each lake has a separate tab in the data file with three data columns (O2, PAR, and wind speed).
· This activity has two main points: figure preparation and analyzing temporal variability in the high-frequency data.
· Prepare a graph from a large dataset- this will require changing Excel default settings to make the graph look more professional and interpretable for a scientific audience.
· This includes formatting axis scales, tick marks, labels, and other settings. Students will often leave the Excel defaults for the axis ranges, which leaves lots of blank space and minimizes the ability to visualize variability over time. 
· Analyzing temporal variability:
· Discussion questions for the students to talk to each other about: What temporal patterns do they see in each lake’s dataset and why? What is their initial prediction for the trophic status of their lake? Why?

· Return to the PowerPoint lecture to present the conceptual model of oxygen in lakes 
· Lakes “breathe” as an ecosystem as a result of biological and physical processes. 
· Photosynthesis (revisit this equation)
· Respiration (revisit this equation)
· Exchange with the atmosphere (optional additional details in next few bullets)
· Atmospheric exchange: this depends on both the difference between the water O2 concentration and the atmosphere (undersaturated, saturated, or supersaturated: this is controlled by biology) and possible oxygen saturation levels of the water (based on temperature: colder waters can hold more oxygen than warm waters).
· Atmospheric exchange is also influenced by wind speed, which will increase turbulent mixing at the surface and exchange of dissolved gases with the atmosphere.
· Molecular diffusion from high concentration to low oxygen concentrations across the thermocline if stratified. 
· This is very slow relative to the other processes.
· Mixing between layers (twice a year or more or less frequent depending on mixing regime) can also facilitate movement of gases from epilimnion to hypolimnion.
· Discussion question: What is happening in Lake Sunapee during this time period at multiple time scales?
· Water temperature is decreasing over this time period, resulting in higher concentrations at saturation. In addition, we have day-night differences due to biology (GPP and R), and windy days/nights disrupt the diel pattern. The take-home message here is that there are multiple processes occurring due to both biological and physical processes.
· Calculation of GPP and R for Activities B and C
· These calculations walk the students through the conceptual models of the math behind metabolism calculations. These can be tricky, so we recommend that the instructor is familiar with how these calculations occur prior to teaching the module. (Note: See instructor answer key as to how the calculations should be implemented).
· The change in O2 during each 24-hour day is a result of both biology and physics.
· The change in O2 over a nighttime or daytime period is equal to the concentration from time 2 – time 1 (so, nighttime = sunrise – sunset, and daytime = sunset – sunrise). 
· The two examples in the PowerPoint slide are to clarify what rates are, unit analysis, and what it means to have a positive change in oxygen concentration (increase) vs. a negative change (decrease). The rate of change are in units (e.g., mg/L/time) that can be little confusing and worth talking through to make sure that all students understand this step before moving ahead.
· Example 1: ΔO2=+3 mg/L, gaining O2 (positive), the rate is 3 mg/L/1.5 hours = 2 mg/L/hour. 
· Example 1: ΔO2=-2 mg/L, losing O2 (negative), the rate is -2 mg/L/5 hours = -0.4 mg/L/hour. 
· The remaining PowerPoint slides refer to a model with biology only. We are making a large assumption that physics do not play a role here: these data were selected to attempt to minimize the physical fluxes (with biology dominating the observed oxygen changes). 
· There are other possible ways of incorporating physics into the model including:
· Bookkeeping model (e.g., see Van de Bogert, M. C., Carpenter, S. R., Cole, J. J., & Pace, M. L. 2007. Assessing pelagic and benthic metabolism using free water measurements. Limnology and Oceanography: Methods 5(5):145-155 and works cited within).
· Parameter estimation by inverse modeling (see Solomon et al. 2013 and works cited within)
· Bayesian modeling (see Holtgrieve, G. W., Schindler, D. E., Branch, T. A., and A'mar, Z. T. 2010. Simultaneous quantification of aquatic ecosystem metabolism and reaeration using a Bayesian statistical model of oxygen dynamics. Limnology and Oceanography 55(3):1047-1063 for free software).
· During the night: GPP is 0. Discussion question: Why?
· The ΔO2 is just respiration; cannot have photosynthesis during the dark at night.
· During the day: The ΔO2 is a result of both GPP and R. 
We can assume that the Rday is the same as Rnight. 
· Discussion question: Is this a good assumption? This is an active scientific research question. Depending on your class, you can spend some time talking about why this may or may not be true. For example, do fish respire the same during the day as night? It depends on when they are actively feeding, many are crepuscular and are less active during both day and night. 
· Knowing the ΔO2 (from the data) and calculating the Rday, GPP can be calculated. 
· Note: the respiration is O2 consumption and is a negative rate. Therefore this subtracts a negative number.
· The conceptual model of subtracting a negative number is presented.

· Activity B: Determination of GPP and R. 
This activity will take the bulk of the class time, with the length of time for the calculations dependent on the students’ comfort in math and Excel. Answers are in the instructor’s answer key of the dataset.
· Here are the steps for the calculations that follow the PowerPoint slides and the instructor answers. The students are not given any equations in the Excel spreadsheet but should figure out how to calculate these with instructor help. What is presented below follows the Instructor’s Answer Key, ordered by the columns in the key from left to right. In addition to these calculation steps, we have highlighted below some of the challenges that students might experience, in the order they will encounter them in the activity. 
· Step 1: Identify sunrise and sunset for each night and day from the PAR record. 
· Students often ask which point to pick to identify sunrise or sunset – the last PAR value that is 0 or the first non-zero value. This is something the students should decide amongst themselves but be consistent with throughout the 4-day dataset. Note that choosing slightly different sunrise/sunset times may alter metabolism rates but the overall magnitude should not be affected.
· Step 2: Find the associated O2 concentrations for each of those sunrise and sunset times. 
· Step 3: Calculate the ΔO2 for all the days and nights (reminder: daytime = sunset-sunrise; nighttime = sunrise-sunset).
· Step 4: Find out the length of each night in hours.
· The instructor answers key has a column that multiplies by 24 hours per day because subtracting two dates in Excel results in day units.
· Alternatively, this could be in days (i.e., 12 hours = 0.5 days)
· Step 5: For nights only, the ΔO2 is just a result of respiration. Calculate respiration (the rate of O2 change)
· This will be in units of mg O2 L-1 hour-1
· Step 6: Convert to daily respiration by multiplying by 24 hours/1 day.
· This is the daily respiration.
· This will be in units of mg O2 L-1 day-1
· Step 7: For days only, ΔO2 is now a result of both GPP and R. The students need to calculate the average R in mg/L/day units from the preceding and following days.
· Step 8: The R needs to be scaled from daily rates to just the respiration of the daylight hours. (This is tricky for the students). 
· Using the length of the day in hours, multiply the R (mg O2 L-1 day-1) by the proportion of daylight hours (e.g., 14 daylight hours/24). This will result in a value of the mg/L respired during a day.
· Step 9: The GPP for the daytime period is the ΔO2 – R 
· Tricky point: R is negative; subtracting a negative number will yield a positive number.
· Tricky point: The GPP for the daytime period is also daily (e.g., 24 hours) GPP (mg O2 L-1 day-1) because there is no GPP at night.
· The final answers for this exercise should be in mg/L/day units for GPP and R for the 24-hour days (they can either give the averaged rates for R for the three days OR they can give separate GPP and R rates for each nighttime and daytime period).
· The students turn in their calculations – as Excel submitted online via course software, email, or printed off, or handwritten on paper with their work clearly written out.
· The students also make bar graphs of the 4 R results and 3 GPP results for their lake.

· Activity C: Comparison across lakes and reflection
· After the students finish Activity B, (they can finish it for homework and Activity C can happen in the next class period), the students write their lake’s average metabolism rates on the board to compare across lake ecosystems.
· Discussion questions: Which lakes are oligotrophic vs. eutrophic? Which lakes are highly productive? How do they fit in the more general global context (see Solomon et al. 2013 Figure 4)? 
· All lakes from this module are represented in the Solomon et al. (2013) figure. This discussion can be include the temporal variability observed within a year for each lake, as shown in the Solomon et al. (2013) paper (on the last PowerPoint slide and included in the student handout). 
· Discussion questions: What happens if you just measured O2 during the 4 days that you have in August? Is that representative of metabolism conditions over the whole year?
· This discussion could also focus on spatial variability across lakes: how do metabolism rates vary across latitudinal gradients?
· Discussion questions: How does your lake’s metabolism rates in early August compare to other times of year as well as other lakes? 
· Point out the variability of lakes from this study to put metabolism rates in context across multiple ecosystems (here are some examples, feel free to add more!):
· Row 1, Column 1: Trout Lake is from northern Wisconsin, USA
· Row 2, Column 2 and 3: Rotoiti and Rotorua are from New Zealand (think through northern vs. southern hemisphere differences)
· Row 1, Column 5: Yuan Yang Lake is from Taiwan
· This is also a place to highlight Yuan Yang Lake (YLL). Discussion question: How is YLL different from the other lakes?
· Answer: This is a dystrophic brown water lake with high terrestrial DOC and terrestrial carbon inputs – the R is much higher than GPP.
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