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Abstract 
 

Research has recently begun to show the importance of lakes in controlling global 
CO2 budgets, but this work has only been done on a few large lakes.   Small, shallow 
lakes and wetlands are the most plentiful lake ecosystems in world, but the most 
ignored.  Here, I explore their ability to sequester CO2 and in some cases release the 
greenhouse gas to atmosphere.  I found that pristine shallow lakes where macrophytes 
(aquatic vegetation) dominated, the lakes sequestered much more CO2 than disturbed 
lakes where phytoplankton dominated.  Furthermore, I found that heterotrophs in 
shallow lakes respired tremendous amounts of carbon of terrestrial origin, thus calling 
into question the net ability of terrestrial ecosystems to sequester carbon.  Finally, I 
found that some of the underlying mechanisms, including the productivity of different 
autotrophs and growth efficiencies of bacteria, favor greater carbon sequestration by 
macrophyte-rich shallow lakes.  All of my observations form a basis for future work 
into the ability of shallow lakes to sequester CO2 and stresses the importance of not 
only saving shallow lakes and wetlands, but preserving them in a macrophyte-rich 
state.  
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Introduction 

 Shallow lakes are among the most dynamic aquatic ecosystems in the world.  

Over the past fifteen years they have garnered increased attention because of their ability 

to exist in two alternative stable states as well as the important role they play in the 

terrestrial carbon cycle (Cotner et al. In Prep; Downing et al. 2006; Scheffer et al. 1993; 

Tranvik et al. In prep).  Each state was first recognized by measures of water clarity, one 

being very turbid and the other clear, but most attention has focused on the fact that the 

lakes have very different primary producers.  In the clear-water state, macrophytes are the 

dominant autotrophs, while in the turbid-water state, phytoplankton are the dominant 

autotrophs.  Macrophyte-rich states can still have phytoplankton and epiphytic algae 

present, while phytoplankton-rich lakes can still have macrophytes present, but their 

biomass is small compared to dominant autotroph of each stable state.  Research into the 

macrophyte-rich and phytoplankton-rich alternative stable states has flourished resulting 

in a number of books and special editions of journals on the topic, but the research 

primarily targets questions on what the different autotrophs mean for higher organisms in 

the lakes’ food webs (Scheffer 1998; Scheffer and van Nes 2007; van der Valk 2006).  

Ignored are other fundamental questions, such as what does having a different autotroph 

in different states do to the carbon budget of a shallow lake?  This dissertation attempts to 

answer part of this basic question by analyzing various carbon pools and fluxes in 

shallow lakes in the Prairie Pothole Region of Minnesota. 

 The first two chapters of this dissertation examine questions dealing with net 

heterotrophy in shallow lakes.  Net heterotrophy reflects fluxes of dissolved inorganic 

carbon (DIC) in a lake and is generally accepted as the norm in all but the most eutrophic 

lakes because there is not enough photosynthesis in most lakes to offset the respiration of 
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allochthonous and autochthonous organic carbon in the lakes (Cole et al. 1994, 2007; 

Cole 1999; del Giorgio and Peters 1994; Schindler et al. 1997).  However, this paradigm 

was developed primarily from studies of deep lakes where long term stratification is 

common and insufficient light reaches the benthos to support macrophytes across much 

of the lakes.  With small littoral zones, macrophyte photosynthesis would be minimal and 

insufficient to offset respiration.  On the other hand, the benthos of macrophyte-rich 

shallow lakes can be completely covered with macrophytes when phytoplankton 

abundances are low.  If the photosynthetic removal of CO2 in macrophyte-rich lakes is 

high enough to render the lakes net autotrophic, this calls into question the paradigm of 

net heterotrophy in lakes because most lakes in the world are shallow (Downing et al. 

2006; Wetzel 2001).  Some studies have shown that macrophytes can create net 

heterotrophic conditions within individual macrophyte beds, but this has not been 

measured for an entire lake (Andersson and Brunberg 2006). 

The possibility of net autotrophic conditions in shallow lakes may have even more 

global significance because our historic treatment of all lakes as net heterotrophic implies 

lakes are large sources of CO2, but the photosynthesis of macrophytes in shallow lakes 

may render them CO2 sinks.  Chapter 1 addresses the general CO2 source/sink nature of 

each alternative stable state by providing measurements of the rate of CO2 exchange with 

the atmosphere in a set of macrophyte-rich and phytoplankton-rich lakes, while Chapter 2 

provides measurements of the underlying photosynthesis and respiration rates of 

phytoplankton and macrophytes that affect the balance between net heterotrophy and 

autotrophy. 



 3

 If the shallow lakes are net heterotrophic, where does that extra carbon come from 

to allow bacterial respiration to exceed photosynthesis?  Many studies have attempted to 

address this question and have suggested everything from allochthonous sources of 

carbon lifting respiration beyond photosynthesis, to experimental problems in which 

measurements were taken during periods of heavy bacterial respiration fueled by carbon 

from a previous period of high primary production (Arístegui and Harrison 2002; 

Biddanda and Cotner 2002; Cotner and Biddanda 2002; Cole 1999).  Chapter 3 explores 

where dissolved organic and inorganic carbon in the shallow lakes comes from and how 

concentrations change over time in the shallow lakes.  This is important to know, not just 

in the context of identifying the source of carbon that is fueling the bacterial respiration 

in these lakes, but also in the context of understanding how the dominant autotrophs in 

the alternative stable states affect dissolved carbon concentrations.  Carbon in 

phytoplankton-rich lakes would presumably be mostly from phytoplankton, but this is not 

necessarily true because the few macrophytes and the loose sediments in the shallow 

water can be major carbon sources as well (Huss and Wehr 2004; Reitner et al. 1999; 

Stets and Cotner 2008; Vadeboncoeur et al. 2003; Waicham 1996).  Similarly, 

macrophytes are presumably the major source of carbon in macrophyte-rich lakes, but 

epiphyton tends to intercept and process carbon released from macrophytes so the 

dissolved carbon supply may have a much larger algal component than assumed     

(Thiel-Nielsen and Söndergaard. 1999).  Consequently, the dominant autotroph may not 

necessarily be providing most of the dissolved carbon to fuel respiration, thus making it 

even more important to understand where this carbon is coming from and how 

concentrations change over time. 
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 Ultimately, organic carbon from allochthonous and autochthonous sources 

released into lakes has three fates.  One is that the carbon eventually settles to the bottom 

and is buried.  Another is that the carbon is exported downstream, or in the case of these 

landlocked wetlands studied here, enters into the groundwater.  The last fate is that it is 

consumed by bacteria and eventually respired by bacteria back into inorganic carbon, 

thus allowing lakes to be net heterotrophic and CO2 sources.  Bacterioplankton play a 

crucial role in the biogeochemical processes of all aquatic ecosystems, but many studies 

on shallow lakes tend to treat them as a mere black box that is involved in nutrient 

cycling and not warranting as intense exploration as complex interactions of higher 

organisms within the shallow lakes (Scheffer 1998).  This is unfortunate because the very 

different autotrophs in each stable state likely have profound impacts on the bacterial 

community and on the biogeochemistry of the ecosystem as a whole.   

Bacterioplankton in macrophyte-rich shallow lakes face a situation where they 

have what may be a large organic carbon source and colonizing surface from 

macrophytes, but also a large competitor for nutrients (Burkholder and Wetzel 1989a, b; 

Huss and Wehr 2004; Kufel and Kufel 2002; Reitner et al. 1999; Sand-Jensen and Borum 

1991; Vadeboncoeur et al. 2003; Waicham 1996; Cotner et al 2009).  The bacteria in 

macrophyte-rich shallow lakes also face a food web with a trophic structure favoring a 

large abundance of Daphnia spp. and other zooplankton, which can exert some grazing 

pressure on bacteria, but also exert grazing pressure on heterotrophic nanoflagellates and 

other strong bacterial predators (Pace et al. 1998; Zöllner et al. 2003).  In phytoplankton-

rich lakes where conditions are so conducive for phytoplankton growth, bacterioplankton 

may also be abundant due to the large carbon source from the phytoplankton and nutrient 
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source from resuspended sediments in the shallow, unstratified water column.  Chapter 4 

explores bacterioplankton populations in shallow lakes by examining overall abundance 

as well as their growth efficiencies and stoichiometry in order to gain a picture of how 

well they are growing under the complex conditions of each alternative stable state where 

both negative and positive factors exist. 

 Shallow lakes have been greatly eliminated from the world’s landscape and are 

continuingly being drained or altered by agriculture and development (van der Valk and 

Pederson 2003).  Given the importance of shallow lakes in nutrient cycling and food 

webs, many people have successfully pushed to prevent further wetland loss, including 

legislation mandating mitigation wetlands.  Unfortunately, mitigation wetlands and the 

degraded natural ones that remain may not have the same properties as the ones that used 

to dominate landscapes (Fennessey et al. 2008; Kettlewell et al. 2008).  In particular, few 

lakes remain in a macrophyte-rich state anymore.  Macrophytes promote high 

biodiversity and nutrient retention.  Little attention has focused on carbon in the context 

of alternative stable states in shallow lakes, but given what we know about lakes as 

conduits and repositories of carbon, macrophyte- and phytoplankton-rich shallow lakes 

may have unique carbon dynamics.  The chapters presented here will hopefully add to 

that knowledge and provide further incentive to preserve and properly restore wetlands 

around the world. 
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Chapter One 
 

CO2 and CH4 sinks/sources in shallow lakes in two alternative stable states 
 
 Modeled regional terrestrial greenhouse gas budgets often overestimate the 

magnitude of measured carbon sinks.  The reason for this is that they do not fully account 

for landscape heterogeneity, in particular the impact of lakes.  Based on research on deep 

lakes, most lentic ecosystems are assumed to be sources of greenhouse gases.  However, 

most lakes in the world are shallow.  In shallow lakes, primary productivity is high under 

most conditions because both macrophytes and phytoplankton are abundant.  Shallow 

lakes are said to have two stable states, a macrophyte- and phytoplankton-rich one, 

because only one of these autotrophs tends to dominate the lake.  The question addressed 

here is whether the high productivity of shallow lakes enables them to be CO2 sinks.  

Similarly, are they a source or sink of CH4?  I observed CO2 and CH4 fluxes in five 

shallow lakes, two in each stable state and one in the process of switching from a 

phytoplankton- to macrophyte-rich state due to managed food web manipulation.  Net 

average CO2 removal rates were 74.3 ± 18.8 mmol m-2 day-1 in the macrophyte-rich lakes, 

58.5 ± 9.3 mmol m-2 day-1 in the phytoplankton-rich lakes, and 70.3 ± 48.3 mmol m-2  

day-1 in the biomanipulated lake during the growing season.  Methane release rates were 

125.3 ± 56.1 µmol CH4 m
-2 day-1 in the macrophyte-rich, 102.5 ± 47.9 µmol CH4 m

-2   

day-1 in the phytoplankton-rich, and 24.7 ± 19.0 µmol CH4 m
-2 day-1 in the 

biomanipulated lakes.  CO2 sequestration rates had pronounced seasonality in the 

macrophyte-rich lakes, but not phytoplankton-rich ones, possibly due to greater 

seasonality of the macrophyte growth.  Therefore, regional greenhouse gas models need 

to account for shallow lakes because the lakes overall reduce greenhouse gas warming 

because their uptake of CO2 is 571-2845 times faster than their release of methane, even 

though methane is 25× stronger as a greenhouse gas. 
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Introduction 
 As it becomes clear that elevated atmospheric carbon dioxide (CO2) levels are 

contributing to global climate change, it is important to understand how natural landscape 

components affect the concentration of this gas.  To comply with the Kyoto Protocol, 

many nations with vast areas of agriculture, forests, and grasslands claim that their CO2 

emissions contribute little to the global problem because much of their CO2 emitted is 

removed from the atmosphere by plants within their borders (Barrett 1998; Haag 2006; 

IPCC 2007; Nordhaus 2001). Some studies seem to support such claims by showing the 

presence of major terrestrial carbon sinks in these landscapes, but at the same time 

research on lakes are calling these claims into question because aquatic ecosystem tend to 

be sources of CO2, but are often excluded from terrestrial greenhouse gas calculations 

(Caspersen et al. 2000; Cole et al. 2007; Pacala et al. 2001; Richey et al. 2002). 

 Our understanding of terrestrial carbon sinks is complicated by variation in the 

scales of measurement.  Early models based on process studies were criticized for their 

lack of supporting data and an oversimplification of ecosystem heterogeneity (Randerson 

et al. 2002).  Today, eddy flux towers that are hundreds of meters tall continuously 

measure how CO2 concentrations vary in the atmosphere that has circulated over large 

areas.  This allows integration of landscape heterogeneity and paints a more thorough 

picture of the CO2 source/sink behavior of entire ecosystems (Baker et al. 2003). 

Interestingly, models built from net ecosystem productivity measurements of 

individual plant communities within the area measured by these towers, i.e. a tower’s 

footprint, predict that in some instances forests and grasslands are stronger CO2 sinks 

than has been actually observed (Baker et al. 2003).  In other words, some ecosystems 
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within the footprint of these towers must behave as CO2 sources and are not being 

considered or measured for these CO2 flux models.   

Lakes and wetlands may be responsible for this decreased capacity of landscapes 

to remove CO2.  The current paradigm in limnology suggests that lakes are net 

heterotrophic, or release more CO2 than they absorb because the respiration of terrestrial 

and aquatic organic matter exceeds primary production within the lake (Cole et al. 1994).  

In fact, some regions that have been previously considered carbon sinks are now being 

relabeled as sources because of the large amounts of CO2 released by local aquatic 

ecosystems (Richey et al. 2002).  The importance of lentic (lake) ecosystems in terrestrial 

carbon budgets has not been appreciated until recently (Cole et al. 2007; Cole 1999; 

Dean and Gorham 1998).  Many global and U.S. terrestrial carbon sink models account 

for carbon transport through aquatic ecosystems by using estimates of riverine carbon 

transport to the ocean and reservoirs, where it is assumed to be buried (Randerson et al. 

2002; Pacala et al. 2001).  However, this ignores the large amounts of CO2 being released 

by aquatic ecosystems along the way (Cole et al. 2007).  As a result, the net amount of 

CO2 removed from the atmosphere crossing regions of land may be overestimated if the 

release of CO2 by aquatic ecosystems has not been taken into account. 

 Shallow lakes and wetlands cover vast areas of the world making them the most 

numerous lentic ecosystem on earth (Downing et al. 2006).  The view that lakes are CO2 

sources is based on research primarily done in deep lakes (Cole et al. 1994; Kling et al. 

1992; Schindler et al. 1997).  These lakes only tend to be sinks of CO2 when nutrient 

enrichment promotes excessive phytoplankton growth (Schindler et al. 1997).  Using 

deep lakes as the paradigm for the CO2 source/sink behavior of lentic ecosystems ignores 
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the importance of shallow lakes, which greatly outnumber and behave quite differently 

than deep lakes (Downing et al. 2006; Scheffer 1998; Wetzel 2001).  Unlike deep lakes, 

shallow lakes rarely stratify and the lakes’ benthos can potentially receive enough light to 

support macrophytes.  Deep lakes often stratify and their macrophytes are limited to 

small beds along their shores because insufficient light reaches deeper sediments to 

support their growth. 

Macrophytes are plants and mulicellular algae that contain elaborate organic 

polymers along with high C:N and C:P ratios (Enríquez et al. 1993; Cotner et al. 2009).  

As a result, macrophytes tend to decompose more slowly than phytoplankton, which are 

the only major autotrophs in deep lakes, leaving the potential for greater net CO2 removal 

from the atmosphere (Enríquez et al. 1993; Godshalk and Wetzel 1978b).  However, 

macrophytes also release large quantities of labile organic carbon into their rhizospheres 

that can promote methanogenesis (Chanton and Whiting 1995).  Therefore, macrophytes 

may mitigate one greenhouse gas, CO2, and promote another, methane (CH4). 

Shallow lakes exhibit two alternative stable states, consisting of a       

macrophyte-rich state with little phytoplankton and a phytoplankton-rich state with few 

macrophytes (Scheffer et al. 1993).  Intermediate states are unstable and rarely persist.  

The purpose of this study was to determine if there are significant differences in 

macrophyte versus phytoplankton-rich shallow lakes in their source/sink behavior of CO2 

and CH4.  I assessed this by measuring CO2 and CH4 concentrations and calculating their 

rates of exchange with the atmosphere in five shallow lakes in opposite stable states.   

Because macrophytes are highly productive but slow to decompose, I expected the 
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macrophyte-rich lakes to be sinks of CO2 and sources of CH4 while phytoplankton-rich 

lakes were expected to be around the source/sink threshold of both CO2 and CH4.  

 

Materials and Methods 
Study System.  

From January 2004 to October 2005, five shallow lakes in the Prairie Pothole 

Region (PPR) of western Minnesota were studied monthly while frozen (December 

through March), and approximately bimonthly during the ice-free season.  Hagstrom and 

Blakesly Lakes were classified as macrophyte-rich lakes, Rolland and Bellevue Lakes 

were phytoplankton-rich, and Morrison Lake was a phytoplankton-rich lake 

biomanipulated with walleye (Stizostedion vitreum) in 2001 and 2002 causing it to switch 

from turbid-water, phytoplankton-rich conditions to clear-water conditions with slow, but 

progressive macrophyte recovery (Herwig et al. 2004).  The lakes were located in three 

geographically separate wetland complexes, with Hagstrom and Rolland together in the 

furthest south complex, Bellevue and Blakesly together to the north, and Morrison alone 

in the furthest north location.  Each lake was located within state and federal Waterfowl 

Production Areas (WPAs) where their watersheds were managed as prairie grasses for 

waterfowl nesting cover.   

All lakes were chosen based on similar limnological characteristics, including 

chemistry, and watersheds. The lakes’ surface areas were 5 to 15 hectares and sat within 

a bowl-shaped basin causing a uniform depth of 1.5 to 2.0 meters across the whole 

bottom. Because of the shape of the basin, the watershed:surface area ratio of the lakes 

were 3.5-5.5 (Reed 2006).  The lakes sat at a higher elevation than neighboring water 

bodies, but heavy precipitation caused subtle increases in depth.  Surface connections 

with other water bodies were never observed in the lakes, but the fact that most contain 



 11

fathead minnows (Pimephales promelas) despite frequent winter-kill implied that such 

conditions had occurred in the past.  Therefore, each lake represented an isolated water 

body exhibiting one of the stable states and containing similar limnological and 

watershed characteristics, thus making them ideal for studying the effects of alternative 

stable states on the CO2 and CH4 source/sink behavior of a shallow lake. 

 

Climate 

 Temperatures ranged from 32°C in the summer and -33°C in the winter both 

years, but 2005 was a cooler year with ice-out two weeks later in early April 2005 versus 

late March in 2004.  More precipitation fell in the summer of 2005 (33 cm more rain than 

2004), with most falling in late August/early September when precipitation typically 

declines in the PPR.  Water levels were nearly constant except for winter 2004 when the 

lakes were 20 cm lower than at any other time in the study, but spring snowmelt that year 

lifted water levels again in the spring of 2004. 

Ice cover on the lakes reached over 70 cm thick both winters (Kenning, personal 

observation).  This posed a problem for gathering water from macrophyte-rich Blakesly 

in early 2004 because the lower water levels caused the lake to freeze solid in February.  

Water was obtained after multiple failed attempts where the ice augur drilled straight into 

the sediment.  The consequence of little water and possible contamination with interstitial 

sediment water made the February 2004 Blakesly samples by far the highest observed 

concentrations of both CH4 and CO2 seen in any of the lakes at any time.   

 
Measurements   

To characterize gaseous carbon fluxes in the lakes, three to fifteen water samples 

were obtained during the daytime hours on each sampling date for CO2 and CH4 
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measurements using a boat along a transect from the upwind to downwind shore of each 

lake, except in the early spring, late fall, and winter.  During fall and spring water 

samples were gathered by wading to 1m deep water.  Boats could not be used at this time 

because they fell within the waterfowl breeding season in the spring and hunting season 

in the fall.  Therefore, three to five samples were gathered during those months 30 meters 

from shore, so the center of the lakes was not represented.  During winter months, 

samples were gathered from three holes drilled in the ice near the middle of each lake.  

Water samples were gathered approximately 5 cm and 1 m below the surface to represent 

surface waters and the deeper waters at or below submerged macrophyte canopies.  

Attempts were also made to measure ebullition, but strong wind, waves, and wildlife 

dislodged equipment. 

CO2 and CH4 concentrations in the water were measured using a modified 

headspace equilibrium technique (Cole et al. 1994).  Briefly, 10 mL of water were drawn 

into a syringe and injected through a 1cm-thick rubber septa into a small, glass vial 

leaving a 5mL headspace of ambient atmospheric air.  These vials were then shaken to 

equilibrate the air with the water and transported on ice to the lab within 3 hours for 

determination of CO2 and CH4 concentrations.  In the laboratory, the vials were warmed 

to ambient lake temperatures and shaken again to ensure the air was in equilibrium with 

the water.  The air from the headspace was analyzed with a gas chromatograph 

(Shimadzu GC 14A) to determine the concentration of CO2 (Thermal Conductivity 

Detector) and CH4 (Flame Ionizing Detector).  

Atmosphere samples were gathered directly upwind of the lakes in order to 

calculate the net difference in CO2 and CH4 concentrations between the water and 
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atmosphere.  I held my breath for 30s during wind gusts and gathered the air upwind 

myself to prevent my own exhalation from contaminating samples with CO2. The air was 

stored in the same glass vials and sealed with the same rubber septa as the water samples.  

Beginning November 2004, air samples were gathered directly above the water in order 

to better represent spot to spot water-atmosphere gas exchange. 

CO2 and CH4 exchange between the lake and atmosphere were calculated using 

the following formula: 

Flux = KSh [(CO2)aq – (CO2)air)] 

where K is the gas transfer velocity and Sh is Henry’s constant (Feeley et al. 2002; 

Weisenburg and Guinasso 1979; Weiss 1974).  K is dependent on the boundary layer 

characteristics of each gas at given temperature and wind speed.  Although many 

variables ultimately affect K, such as wind sheer, surface waves, and bubble formation, 

MacIntyre et al. (1995) deduced from numerous studies that K can be derived from the 

simple equation: 

K(600) = 0.45u10
1.6(Sc/600)-0.5 

 

where u10 is wind speed at 10 meters height and Sc is the Schmidt number, which is the 

ratio of the kinematic viscosity of water to the molecular diffusion coefficient of the gas 

(Anderson et al. 1999).  In this equation, K is normalized to CO2 at 20ºC by dividing Sc 

by 600. 

 
Diel Changes in CO2 and CH4  

Because I only took spot measurements of pCO2 and pCH4, whose values are 

known to change over 24 hours, I could not calculate daily CO2 and CH4 fluxes.  

Therefore, I placed a datalogger (Hydrolab Minisonde 4a, Hach) in each lake during 
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sample weeks measuring pH, temperature, dissolved O2 and conductance at 10 or 15 

minute intervals.  These limnological parameters are chemically and biologically related 

to dissolved CO2 and CH4, hypothetically allowing me to calculate continuous 

measurements of pCO2 and pCH4.  To calculate continuous measurements of  pCO2 and 

pCH4, spot measurements of pH, temperature, dissolved O2,conductance, pCO2 and pCH4 

were used to construct a multiple linear regression model using partial least squares (JMP 

5.1.2, SAS Institute).  The correlation between pCO2 and the other measurements was 

used to model pCO2 concentrations in the lake over 24 hour intervals based on datalogger 

measurements.  CH4 did not correlate with any measured variables so was not modeled. 

 
Annual Source/Sink Behavior  

Annual CO2 and CH4 sequestration or release was calculated by integrating CO2 

and CH4 concentrations over the entire ice-free season.  Because my model results 

showed a maximum diel change of 200 ppm for CO2 in the lakes, I adjusted CO2 

concentrations hourly to reflect that 200 ppm change, with a CO2 minima near sunset and 

maxima near dawn before integrating them together, while determining the annual CO2 

flux.  No daily variation was found for CH4 so no adjustments were made to the 

integration.  Because federal rules on WPAs prevented me from permanently leaving 

dataloggers in the lakes, water temperature was not measured during the days between 

sampling weeks, so temperature was calculated using air temperature from the closest 

weather station at the Alexandria, MN airport (KAXN, Chandler Field) located 18 miles 

from the lakes.  Air temperature and water temperature were expected to differ slightly 

due to differences in the heat exchange properties and sunlight absorbance of water, but 

the lakes were expected to closely track air temperature due to their shallow nature (Herb 
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and Stefan 2006). The best relationship between air and water temperature was the mean 

temperature over the proceeding 30 hrs so this relationship was used to calculate water 

temperature.  Hourly wind speed was also gathered from the airport weather station. 

 
Results 
Concentrations of Greenhouse Gases in the air above the lakes 
CO2 Atmospheric pCO2 (pCO2 atm) concentrations in the air above the lakes ranged 

from 377.9 ± 13.5 to 2,088 ± 74.6 ppm depending on the site and date.  High 

concentrations were observed above all lakes during January 2004, after which 

concentrations fell to between 370 – 670 ppm until June 20, 2005 when concentrations 

returned to nearly 1,000 ppm (Appendix A Figure 1).  Little geographic variation in pCO2 

atm appeared between wetland complexes for most of the study, but beginning on June 22, 

2005 the southern lakes (Hagstrom, Rolland) had atmospheric concentrations as much as 

350 ppm pCO2 higher than northern lakes, eventually becoming significantly higher on 

July 11th (ANOVA, p-value 0.0109).  By October 1, 2005, this north-south geographic 

variation of average pCO2 concentrations of the atmosphere broke down, although there 

was extensive lake to lake variation that had not been observed previously.  The standard 

error in atmospheric samples above a single lake was generally much less than 100 ppm 

and often less than 10 ppm on each date.  The largest variations were on those dates and 

locations where concentrations topped 1,000 ppm when standard error ranged from 600 

to over 1,000 ppm.  

 
CH4 Atmosphere pCH4 (pCH4 atm) concentrations in the air above the lakes exhibited 

two annual peaks, one each in winter and summer, however the winter peak was much 

higher than that seen in the summer (Appendix A Figure 2).  The 2004 wintertime peak 
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was 93.4 ± 2.9 ppm CH4 in January and the 2005 peak ranged from 9-21 ppm between 

January and February.  A weaker summertime peak occurred on July 11th of both years.  

This peak was 16.3 ± 6.6 ppm and 6.8 ± 0.3 ppm in 2004 and 2005 in the air over 

Hagstrom.  Between those peaks, springtime concentrations bottomed out over Hagstrom 

at 2.3 ± 0.5 ppm and 4.5 ± 0.0 ppm on June 24, 2004 and May 28, 2005, respectively.  

Autumn atmospheric concentrations reached their lowest levels just before the surface of 

the lakes froze, including a reading of 8.03 ± 0.0 ppm on November 23, 2004.  Unlike 

pCO2 atm concentrations, pCH4 atm concentrations showed little geographic variation 

outside of February 24, 2005 when southern lakes were 13.5 ppm higher than northern 

lakes, but this geographic variation was statistically insignificant (ANOVA, p-value 

0.1917).  

 
CO2 concentrations in the lakes 
Phytoplankton-rich Lakes Bellevue and Rolland behaved similarly throughout the 

measurement period (Appendix A Figure 1).  Net wintertime aquatic pCO2 (pCO2 aq) 

concentrations peaked in January at 850.7 ± 34.1 ppm (1.2× pCO2 atm) in 2004 and 941.3 

± 9.2 (1.8× pCO2 atm) in 2005 in Rolland and 1,018 ± 33.2 ppm (2.0× pCO2 atm) in 2004 

and 1,061 ± 64.3 (3.1× pCO2 atm) ppm in 2005 in Bellevue.  pCO2 aq concentrations 

declined from their wintertime highs in the spring, but interestingly this decline began 

just before ice-out when the lakes had pCO2 aq concentrations less than 406.9 ppm (0.8× 

pCO2 atm).  During ice-free months both lakes varied from being at or below the CO2 

source/sink threshold with no pronounced seasonal differences.   Levels dipped as low as 

237.1 ± 42.0 ppm (0.4× pCO2 atm) in Rolland and 234.1 ± 14.0 (0.5× pCO2 atm) in 

Bellevue in October 2005. 
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Macrophyte-rich Lakes Water was oversaturated with pCO2 throughout the winter 

months and fell quickly just prior to ice-out, except for Hagstrom during the winter of 

2005 when it was initially undersaturated (367.4 ± 10.5 ppm, 0.7× pCO2 atm) in January 

(Appendix A Figure 1).  The previous winter Hagstrom was supersaturated (1,873.4 ± 

70.2 ppm, 3.7× pCO2 atm).  Blakesly reached 6,886 ± 204.5 ppm (13.7× pCO2 atm) in the 

winter of 2004 and 2,817 ± 89.4 ppm (6.3× pCO2 atm) in 2005.   

Both lakes had pCO2 concentrations at the CO2 source/sink threshold throughout 

the spring months. However, large periphyton blooms immediately following ice-out in 

Blakesly in 2004 and in Hagstrom in 2005 coincided with a period of pCO2 aq 

undersaturation of 239.3 ± 18.1 ppm (0.4× pCO2 atm) and 226.1 ± 21.4 ppm (0.4× pCO2 

atm), respectively.  It was unclear if the undersaturation in Blakesly in 2004 lasted 

throughout the spring months as May 2004 samples were damaged, but periphyton died 

back by the end of May implying that pCO2 aq levels may have risen in Blakesly in 2004 

like what had occurred in Hagstrom after its periphyton bloom subsided in May 2005. 

Hagstrom and Blakesly experienced long, severe undersaturation of CO2 

beginning late May/early June.  The exact date of the CO2 reduction varied, happening 

earlier for Blakesly in 2004 than 2005 and earlier for Hagstrom in 2005 than 2004.  

During this extensive period of undersaturation, each lake had periods with no detectable 

pCO2 aq.  In the years when periphyton dominated the lakes in the spring (2004 for 

Blakesly and 2005 for Hagstrom) a second periphyton bloom occurred in August 

smothering the macrophytes.  This coincided with a large spike in CO2 making the lakes 

a strong CO2 source (Appendix A Figure 1).  Site to site variation in CO2 concentrations 

also increased dramatically during this time possibly reflecting site to site differences in 
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rates of macrophyte decline.  Following this spike in CO2, concentrations gradually 

declined to near the source/sink threshold by the time the lakes froze over.  In the years in 

which strong periphyton blooms did not occur, macrophytes did not senescence in 

August and pCO2 aq remained low extending the sink season up until the lakes froze in the 

fall rather than a sudden and large August increase in pCO2 aq. 

Some relatively strong sink conditions observed were more the result of high 

pCO2 atm concentrations than low pCO2 aq concentrations.  For example, Blakesly had a 

single pCO2 atm sample with 3,349 ppm on August 6, 2005, which affected the pCO2 atm 

averages and meant that pCO2 aq was 0.3× pCO2 atm.  Even though I cannot fully explain 

the existence of these randomly elevated pCO2 atm samples, removing that single pCO2 atm 

sample from the analysis resulted in pCO2 aq being 0.9× pCO2 atm on August 6, 2005. 

 

Switching Lake Annual trends in Morrison were similar to those of the 

macrophyte-rich lakes with pCO2 aq concentrations near the source/sink threshold until 

they fell abruptly in June (Appendix A Figure 1).   Typically, pCO2 aq levels were       

100-200 ppm higher in Morrison than in either macrophyte-rich lake, but on a few 

occasions Morrison was lower, such as on June 22, 2005 when Morrison pCO2 aq 

concentrations were 352.7 ± 10.91 ppm (0.4× pCO2 atm) while Blakesly was 559.4 ± 

46.74 ppm (0.7× pCO2 atm).  One difference between the macrophyte-rich lakes and 

Morrison was that pCO2 aq concentrations did not increase in August in Morrison any 

year.  Instead they remained low throughout the fall.   

 
Surface and Depth Variation Although sites along the lake surface could occasionally 

differ by over 100 ppm CO2, no consistent trend arose between upwind and downwind 
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shores, or between the centers of the lakes and their shores (Appendix A Figure 3).  

Macrophyte- and phytoplankton-rich lakes were equally likely to have large site-to-site 

differences.  

pCO2 aq 1 m below the surface tended to be slightly more enriched than surface 

waters in all lakes, but particularly macrophyte-rich lakes.  Deeper waters in the 

macrophyte-rich Hagstrom and Blakesly were on average enriched by 54.5 ± 89.2 and 

139.8 ± 140.3 ppm, respectively.  Phytoplankton-rich Rolland and Bellevue were 

enriched by 17.7 ± 23.9 and 20.2 ± 38.7 ppm, respectively.  The biomanipulated, 

switching lake averaged 23.2 ± 57.3 ppm more CO2 in deeper waters.   

 
 
CH4 concentrations in the lakes 
 On most sampling dates, no statistically significant differences (p-value < 0.05) 

arose between macrophyte- and phytoplankton-rich lakes with respect to CH4, but of the 

15 dates when significant differences arose, the macrophyte-rich lakes had higher aquatic 

pCH4 (pCH4 aq) levels on 10 of the 15 dates.  Methane concentrations in each lake varied 

by 17- and 25- fold in Morrison and Rolland over the course of the study, to as much as 

350-fold in Blakesly (Appendix A Figure 2).  Annually, methane concentrations followed 

atmospheric pCH4 with there being a large peak in midwinter and another lesser peak 

between July and August.  Despite this general trend, pCH4 aq had lots of temporal 

variation throughout the year.  For example, Morrison had its second lowest pCH4 aq 

concentrations (4.8 ± 0.04 ppm, 0.4× pCH4 atm) and its highest (48.5 ± 1.0 ppm, 7.2× 

pCH4 atm) between January and March 2005. 

 Methane concentrations changed by as much as 5 ppm across the surface of each 

lake, but no consistent trend arose between waters on the upwind and downwind shores 
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or the middle versus shoreline of each lake (Appendix A Figure 4).  Similarly, methane 

concentrations varied with depth.  Deeper waters in the macrophyte-rich lakes were on 

average enriched by 1.1 ± 1.1 ppm, phytoplankton-rich lakes were depleted by 0.9 ± 0.6 

ppm, and the biomanipulated, switching lake was enriched 0.8 ± 1.1 ppm CH4 in deeper 

waters.   

 
Diel CO2 Model 
 Direct measurements of pCO2 aq were regressed against pH, temperature, 

dissolved oxygen, and conductance measurements from the lakes to construct a diel 

model of pCO2 aq (Table 1).  Concentrations of pCO2 had a significantly (p-value < 0.05) 

negative correlation with pH and positive correlation with conductance in all lakes except 

Rolland where pCO2 aq concentrations were only significantly correlated with 

conductance.  Strangely, temperature and dissolved oxygen were only significantly 

correlated with pCO2 aq in a few lakes, probably because elevated pCO2 aq could happen 

in the cold spring and warm summer, and primary production that drove quick changes 

dissolved O2 took days to affect pCO2 aq in lakes with dissolved inorganic concentrations 

over 50 mg L-1 (Kenning Chapter 3).  Most correlations were tighter in the     

macrophyte-rich and switching lakes than in the phytoplankton-rich lakes.  This lack of 

tighter relationships between variables in the phytoplankton-rich lakes may be caused by 

lower production at times and higher levels of wind-induced resuspension of sediment in 

the shallow water columns of phytoplankton-rich lakes where macrophytes were not 

present to stabilize the sediments.   

Subsequently, multivariate diel pCO2 aq models were found to have the tightest 

fits using pH and/or conductance as independent variables for calculating pCO2 aq in all 
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lakes but Rolland (Table 2).   Adding dissolved oxygen and/or temperature did not 

improve the models, possibly due to those measurements having had the weakest 

relationships with pCO2 aq.  For August 2004 dates, only pH was modeled as the 

conductance probe on the datalogger failed.  The significant pH coefficient for the model 

was likely due to conversions of pCO2 aq between to its various hydrated forms as pH 

varies (Emerson 1975).  Tight correlations between pCO2 aq and conductance may be due 

to the same reasoning as the change in pH with the change CO2 concentrations can alter 

ion concentrations due to the dissolution/precipitation of CaCO3 (Symanski et al. 1983).  

An attempt was made to model CH4 based on the measured variables, but no significant 

model coefficients could be found indicating water column methane concentrations may 

have been independent of water chemistry. 

Results of the models showed all lakes tended to have day-night cycles with the 

lowest net pCO2 aq concentrations typically occurring in the evening and highest levels in 

the morning (Appendix A Figure 5).  Morrison best illustrated this cycle as CO2 

concentrations constantly fell during daylight hours and rose at night.  The     

macrophyte-rich lakes possessed a similarly clear cycle but appeared to plateau for a few 

hours at both extremes of the cycle perhaps in response to stagnant water as macrophytes 

slow circulation (Losee and Wetzel 1993; Megard 1961). Phytoplankton-rich Bellevue 

tended to have less of a pronounced day-night cycle as the other lakes.  The 

biomanipulated and macrophyte-rich lakes had dates during the year where the diel curve 

reversed for an hour or two in the middle of the day or night, but it did not constantly 

bounce back and forth like in the phytoplankton-rich lakes.  The magnitude of the diel 
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variations was highest in Blakesly changing by 167 ppm from July 11 and 12, 2004, and 

lowest in Bellevue which changed at most by 32.8 ppm from August 8th to 9th, 2004. 

 
Annual Source/Sink Behavior 
CO2 Source-Sink Potential  Phytoplankton-rich lakes were overall CO2 sinks during the 

ice-free seasons both years (Appendix A Figure 6).  Bellevue was a stronger sink than 

Rolland both years, perhaps because of Bellevue’s higher NPP (Kenning Chapter 2).  The 

amount of CO2 sequestered was of similar magnitude both years within the same lake 

despite changes in weather and pCO2 aq concentrations between dates each year.  

Macrophyte-rich lakes were sinks both years, but Hagstrom was a stronger sink in 

2004 than 2005 and Blakesly sequestered nearly the same amount of CO2 both years 

(Appendix A Figure 6).  However, Blakesly had tremendous temporal variation from late 

July through September 2004 resulting in a large standard deviation in 2004 and bringing 

to question the strength of its CO2 sink that year. 

Biomanipulated Morrison was a sink both years, but a much stronger one during 

2005.  This was mostly due to greatly elevated atmospheric CO2 concentrations (2,088.4 

± 777.2 ppm CO2) resulting in the high sequestration rates in late 2005. 

When comparing the stable states, the macrophyte-rich lakes had on average 

higher pCO2 aq concentrations than the phytoplankton-rich lakes in the winter and from 

August to September, but lower pCO2 concentration the rest of the year, but these results 

were not necessarily statistically significant on all dates (Appendix A Figure 1).  In the 

months following ice-out, neither stable state was consistently more CO2 enriched than 

the other.  Overall, the macrophyte-rich lakes were on average sinks of 91.7 ± 2.7 mmol 

CO2 m
-2 day-1 in 2004 and 56.8 ± 28.4 mmol CO2 m

-2 day-1 in 2005 while the 
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phytoplankton-rich lakes were carbon sinks of 49.5 ± 13.1 mmol CO2 m
-2 day-1 in 2004 

and 67.6 ± 13.7 mmol CO2 m
-2 day-1 in 2005. 

 
CH4 Source/Sink Potential   All lakes were annual sources of CH4, except for Rolland 

during 2005 when it was a slight sink (Table 3).  Total annual flux varied greatly between 

years and lakes.  No clear differences existed between macrophyte- and      

phytoplankton-rich lakes.  The macrophyte-rich lakes were on average sources of 142.7 ± 

121.6 µmol CH4 m
-2 day-1 in 2004 and 107.9 ± 59.3 µmol CH4 m

-2 day-1 in 2005 while the 

phytoplankton-rich lakes were methane sources of 112.7 ± 115.9 µmol CH4 m
-2 day-1 in 

2004 and 92.2 ± 11.5 µmol CH4 m
-2 day-1 in 2005.  This represented a 32% and 22% 

decline in methane release from the macrophyte and phytoplankton-rich lakes, 

respectively, from 2004 to 2005. 

 
Discussion 
 The purpose of this study was to determine how macrophyte-rich lakes compare 

to phytoplankton-rich lakes in terms of their CO2 and CH4 source/sink behavior.  

Although macrophyte-rich lakes were, on average, greater methane sources, there was 

considerable temporal variation.  Likewise, macrophyte-rich lakes had some of the lowest 

CO2 concentrations, but there was much higher monthly variation than in the 

phytoplankton-rich lakes.  Therefore, efforts to switch phytoplankton-rich lakes to 

macrophyte-rich ones might convert them to greater CO2 sinks, but larger CH4 sources 

(even thought the net effect of CH4 is small), with more temporally variable 

biogeochemical processes as the macrophyte community undergoes its annual growth 

cycle. 
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Annual CO2 Cycles     During periods of extensive macrophyte growth in       

macrophyte-rich lakes, lake waters were steadily undersaturated for long periods of time, 

often to the point where no detectable levels of CO2 were observed in the water.  Even 

inside a small macrophyte bed in phytoplankton-rich Bellevue, pCO2 aq was 

undersaturated (109.7 ± 14.7 ppm, 0.2× pCO2 atm) relative the rest of the lake.  The pH 

peaked at 9.60 during these times indicating that autotrophs in the water used carbonate 

and bicarbonate, possibly leading to inorganic carbon limitations (Allen and Spence 

1981; Hough and Fornwall 1998).  At such a high pH, many Prairie Pothole wetlands are 

undersaturated in pCO2 (Finlay et al. In prep).  Morrison even experienced whiting 

events each summer as pH rose and carbonate precipitated out, possibly seeded by its 

periodic cyanobacteria blooms (Thompson et al. 1997).  As a result, macrophyte growth 

created strong CO2 sink conditions. 

 CO2 undersaturation occurred in macrophyte-rich lakes even outside the 

macrophyte growing season in the spring and fall.  Water columns were clear and pelagic 

net primary production was negative during this time indicating that phytoplankton 

productivity did not account for this CO2 undersaturation during a time when 

macrophytes typically do not grow in the PPR (Kenning Chapter 2).  During 2004 in 

Hagstrom and 2005 in Blakesly, healthy growing macrophyte beds, especially Chara 

spp., continued to expand their canopies into the fall months, possibly accounting for 

undersaturation in the fall.  Another reason was perhaps the continued growth of 

epiphytic algae on macrophyte detritus even after macrophytes finally declined.  

Epiphytic algae and periphyton attached to macrophytes can account for a large portion 
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of primary productivity occurring in macrophyte beds, sometimes even more than the 

macrophytes themselves on an annual scale (Cattaneo and Kalff 1980; Wetzel 2001).    

Periphyton was not always obvious in the fall, but thick periphyton carpets 

covered every substrate in the spring of 2004 in Blakesly and 2005 in Hagstrom 

immediately following ice-out, but less so during the other years.  Whenever this strong 

spring periphyton bloom occurred, the lakes were undersaturated in CO2.  Although the 

cause of the periphyton blooms was not evaluated, changes in water chemistry, grazing or 

disease can all effect pheriphyton growth (Wetzel 2001).  Eventually the periphyton died 

back, but epiphytic algae were noticeably abundant on the macrophytes throughout the 

growing season and in some cases completely covered the macrophytes just before the 

macrophytes senesced in August.  Shading by these algae might have caused the 

macrophyte senescence, or the result of the large amount of nutrients released by the 

senescing macrophytes (Landers 1982; de la Vega et al. 1993).  Either way, their 

photosynthesis did not maintain CO2 undersaturation as the macrophytes declined 

(Godshalk and Wetzel 1978 a, c).  As a result, years with heavy periphyton growth were 

undersaturated with CO2 from the spring through August and then oversaturated once the 

macrophytes senesced, while the years/lakes when/where macrophytes were not covered 

with periphyton showed the opposite pattern with supersaturated CO2 in the spring, but 

strong undersaturation thereafter and for the remainder of the year.  Perhaps, instead of 

there only being one alternative stable state with macrophytes, two alternative states 

should be distinguished, a periphyton-free and a periphyton-rich one. 

Macrophytes slowly returned as small beds in Morrison after it was 

biomanipulated in 2001 (Herwig et al. 2004), and the lake progressively developed into a 
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CO2 sink during this study.  For the most part, Morrison tended to have similar seasonal 

CO2 source and sink periods as the macrophyte-rich lakes, which implied macrophyte 

control of CO2 dynamics.  The macrophytes in Morrison were thinly dispersed plants 

comprised primarily of floating Potamogeton spp.  In the macrophyte-rich lakes, 

macrophyte beds were very dense and in some cases had multiple canopies consisting of 

Myriophyllum and Potamogeton spp. suspended in the water column and Chara carpeting 

the sediment underneath.  The lack of extra productivity by Chara underneath the diffuse 

canopies of the other macrophyte species may be why Morrison was not as 

undersaturated in CO2 as the macrophyte-rich lakes during the macrophyte growing 

season.  Nonetheless, Morrison remained a CO2 sink despite a rather sparse macrophyte 

population indicating something must also be drawing down CO2 during the year. 

An interesting aspect of carbon dynamics in Morrison was that despite having 

similar seasonal CO2 dynamics as the macrophyte-dominated lakes, the pCO2 aq 

concentrations never rose in the autumn above saturation even during 2005 when the 

macrophyte community was covered with periphyton similar to Hagstrom.  Perhaps the 

reason for this prolonged undersaturation in the fall despite that absence of macrophytes 

at the time was the unexpected occurrence of cyanobacterial blooms of Oscillatoria and 

Aphanizomenon each August and lasted throughout the fall (Yokota, personal 

communication).  The biomanipulation was successful in instigating a trophic cascade 

that resulted in large Daphnia spp. populations that cleared the water of most 

phytoplankton but Daphnia generally have difficulty grazing cyanobacteria (Gragnami et 

al. 1999; Hawkins and Lampert 1989; Herwig et al. 2004).  Macrophyte recovery was 

also insufficient to lead to large scale nutrient sequestration by macrophytes and their 
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epiphytes.  As a result, Morrison remained eutrophic, especially in terms of phosphorus 

(Herwig et al. 2004).  High levels of phosphorus relative to nitrogen can promote 

cyanobacterial blooms (Schindler 1977; Sterner and Elser 2002).  Morrison was 

susceptible to cyanobacterial blooms and these blooms were perhaps behind the large 

sink found in Morrison despite its rather sparse macrophyte community. 

CO2 concentrations in phytoplankton-rich lakes drifted around the threshold 

between source and sink, but on the whole were net annual sinks.  Bellevue tended to be 

less saturated in CO2 than Rolland, perhaps partly attributed to Bellevue’s beds of 

Potamogeton where pCO2 concentrations were undersaturated.  However, the beds were 

not large enough to account for the CO2 undersaturation found across the entire lake.  

Bellevue also had slightly higher phytoplankton production (Herwig et al. 2004; Kenning 

Chapter 2, 3).  Therefore, the combination of greater macrophyte and phytoplankton net 

primary production possibly led to Bellevue being a stronger CO2 sink. 

CO2 concentrations in both lakes swung in the either direction across the 

source/sink threshold regardless of the time of the year, instead of having clear seasonal 

source and sink phases as in the macrophyte-rich lakes.  Also, diel CO2 plots showed that 

pCO2 aq of the phytoplankton-rich lakes had sudden jumps between their daily high and 

low and then back again over 30 minutes, rather than having a smooth diel sinusoidal 

curve like in the macrophyte-rich lakes (Appendix A Figure 5).   

The reason for this variation in the phytoplankton-rich lakes likely has to do with 

variation in wind speeds and mixing in theses lakes (Herb and Stefan 2005; Lövstedt and 

Bengtsson 2008).  Waters in the phytoplankton-rich lakes circulated much more freely 

than in the macrophyte-rich lakes because macrophytes stabilize the water column.  The 
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Prairie Pothole Region is very windy (Wichser and Klink 2008), and plumes of water of 

enriched or depleted in CO2 could rapidly move across the phytoplankton-rich lakes 

causing the sudden pCO2 aq levels.  Furthermore, unstable sediments and the shallow 

water columns in the phytoplankton-rich lakes lead to heavy sediment resuspension that 

could suspend anoxic, nutrient-rich interstitial waters (Jackson 2003; Jeppesen et al. 

2003).  Readily observable plumes of brown, turbid water were seen rising to the surface 

of the lakes causing the lakes looked brown rather than green up close (Jackson 2003; 

Kenning, personal observation).  Also, high levels of dissolved organic matter (10-150 

mg L-1) were observed in these lakes, which can fuel high bacterial respiration and offset 

the effects CO2 sequestration by the high levels of primary production in eutrophic 

systems (Cole 1999; Jansson et al. 2000; Kenning Chapter 3).  All of this may easily add 

up to a situation where days of low light and high winds can cause the phytoplankton-rich 

lakes to move suddenly from source to sink conditions. 

 
Winter Conditions  Estimates of CO2 sequestration and CH4 release rates in this study 

share one flaw with many greenhouse gas studies in temperate regions, in that the fluxes 

are biased towards the growing season, largely excluding wintertime fluxes.  This is a 

problem with this study because the low primary production occurring in the winter 

likely leaves both terrestrial and aquatic ecosystems net greenhouse gas sources. 

pCO2 aq tended to peak 1.9–2.6× higher in four of the lakes and 4.5× higher in 

Blakesly during the winter than before the lakes froze, with the macrophyte-rich lakes 

having much higher pCO2 aq than in the phytoplankton-rich lakes, except in    

macrophyte-rich Hagstrom during the winter of 2004-2005.  Ice formation reduced the 

volume of liquid water in the lake by 35-50%, which could concentrate pCO2 1.5–1.9× 
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during the winter.  Similarly, the decline in the pH of the lakes from 8.6 to 6.1 after the 

lakes froze was sufficient to increase pCO2 aq 1.6–3.2× depending on the lake (Emerson 

1975).  Therefore, the increase in CO2 aq during the winter was likely due to physical and 

chemical changes in the lakes. 

 Respiration may have also contributed to the increase in wintertime pCO2 aq 

because it likely exceeded photosynthesis, especially in the macrophyte-rich lakes where 

macrophyte senescence in the late summer left large quantities of organic matter to fuel 

bacterial respiration, but little primary production during the shortened winter days (less 

than 9 hours daylight).  Thick ice and snow could have also produced dark conditions 

under the ice limiting photosynthetic activity.  However, high winds and a lack of trees 

along the lakes tended to result in little snow accumulation on the ice except for in 

narrow and long Blakesly, which accumulated much snow and also happened to have had 

the highest wintertime pCO2 aq concentrations.  Otherwise, the other lakes had only a mild 

crust of snow, which could have allowed for some primary production under the ice, 

particularly in the phytoplankton-rich lakes where the ice augers and other equipment 

came up coated in algae.  Nonetheless, dissolved O2 concentrations were never higher 

than 2 ppm, indicating that the lakes were net heterotrophic.  However, the extent net 

heterotrophy contributed to rising pCO2 aq concentrations was unclear given that the 

rising pCO2 aq could be explained entirely by abiotic means.   

After a winter of elevated pCO2 aq in the lakes, concentrations fell back to, or even 

below, the source/sink threshold just before ice-out.  Much of this may be attributed to 

the increase volume of liquid water in the lake and pH increase of 1.2, the opposite of 

what happened when the lakes froze and ice thickened.  Changes in photosynthetic rates 
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may have also played a role in the decline pCO2 aq.  Respiration rates of the water column 

were not necessarily lower during the winter than spring (Kenning Chapter 2, 4).  

Measurements of photosynthetic rates were not taken under the ice, but it was likely 

some increase occurred as melting ice allowed for higher light levels.  Spikes in 

chlorophyll have been recorded just prior to ice-out in deep lakes (Baehr and DeGrandpre 

2004), so the declining pCO2 aq may again have been primarily due to abiotic processes, 

but also be partially attributed to increasing photosynthesis.   

Another important event may have been happening leading up to the decline in 

pCO2 aq concentrations as the lakes thawed.  Melting along the edges could have allowed 

the lakes to interact with the atmosphere, which could have caused the release of CO2 

from the lakes while the lakes equilibrated with the atmosphere after being sealed by ice 

all winter (Larmola et al. 2004; Michmerhuizen et al. 1996; Striegl et al. 2001; Wetzel 

2001).  Striegl and Michmerhuizen (1998) found that 46% of springtime CO2 release 

occurred during ice-out.  If that were the case for the lakes in this study, the lakes would 

have released copious amounts of CO2 as they thawed and calculations of annual CO2 

sequestrations would have underestimated annual CO2 release.  More attention needs to 

be devoted to the thawing of the lakes and its effect on the source/sink potential of a lake. 

 
Atmosphere over the lakes  Despite the occurrence of pronounced sink periods in the 

lakes, some of these periods can be attributed to elevated atmospheric CO2 concentrations 

over the lakes.  Average global atmospheric CO2 concentrations approached 380 ppm 

during this study (NOAA, http://www.cmdl.noaa.gov/ccgg/index.html, 

http://www.esrl.noaa.gov/gmd/ccgg/iadv/). If all water samples were adjusted by 

subtracting CO2 concentrations of 380 ppm instead of the CO2 concentration above the 
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lake itself, only the macrophyte-rich lakes and biomanipulated Morrison would still have 

pronounced periods of strong CO2 undersaturation.  The phytoplankton-rich lakes would 

only be occasional sinks.   

Atmospheric CO2 concentrations were always higher than the global average, 

indicating a regional source of CO2, such as the numerous large, deep lakes (> 15 km2) 

nearby that typically release CO2, or the nearby agricultural activity.  Although pCO2 atm 

concentrations as high as the ones measured here are rare, the atmosphere over other, 

larger Minnesota lakes can regularly reach 550–600 ppm CO2 (Stets et al. 2009).  In 

these lakes, 75% of pCO2 measurements were <600 ppm (median, 530.19 ppm CO2).   

The surrounding landscape may have also attributed to the elevated CO2 because any 

measurements >600 ppm CO2 atm occurred over the same lake on consecutive dates rather 

than all of the lakes at once.   There may have also been experimental error, but great care 

was taken in collecting the samples to prevent CO2 from the experimenter and no 

motorized equipment was used on the lakes.  Attempts should be made in future CO2 

studies of shallow lakes to discover the source and extent of the CO2-rich air over the 

lakes because the atmospheric CO2 concentrations affect whether the lakes are considered 

a source or sink. 

 
CO2 Sequestration  Calculated annual source/sink behavior based on wind speed and 

temperature showed that all lakes were CO2 sinks over the entire ice-free season.  The 

extent of the CO2 sink changed little between 2004 and 2005 in the phytoplankton-rich 

lakes and macrophyte-rich Blakesly, but the other macrophyte-rich lake and the 

biomanipulated lake had annual variation in the magnitude of their CO2 sink.  This is 

reasonable for phytoplankton-rich lakes because they were never a strong source, nor a 
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strong sink, meaning all samples fell within a similar range throughout the year.  

Therefore, CO2 sequestration in other phytoplankton-rich lakes might also be similar over 

many years.  Blakesly on the other hand was a macrophyte-rich lake with extensive 

seasonal source and sink periods.  The fact that the magnitude of the CO2 sink in 

Blakesly came out to similar values each year may have been pure chance because the 

CO2 sequestration was dependent on the seasonal growth of macrophytes, which was 

why the magnitude of the CO2 sink in macrophyte-rich Hagstrom differed between years. 

The macrophyte-rich lakes and the biomanipulated lakes where macrophytes were 

increasing were greater CO2 sinks on average than phytoplankton-rich ones.  However, to 

say all conditions dominated by macrophytes result in greater annual CO2 sinks depends 

on the extent of the macrophyte growing season.  This dependence on the length of the 

macrophyte growing season suggests that climatic variation can play an important role in 

the carbon behavior of these systems. 

Other studies have shown CO2 undersaturation amongst macrophytes indicating 

that macrophyte-rich lakes may go against the common paradigm that all lakes are 

sources of CO2 (Andersson and Brunberg 2006; Portielje and Lijklema 1995).  Although 

it is now becoming common for researchers to present exceptions to this paradigm, this 

work often focuses on deeper lakes where CO2 sequestration is a product of low levels of 

dissolved organic matter inhibiting respiration or highly eutrophic conditions promoting 

primary production (Jansson et al. 2000; Schindler et al. 1997).   To my knowledge, no 

study has specifically described the CO2 source/sink behavior of shallow lakes in terms 

of their stable states and dominant autotrophs.  Results presented here show that it is 
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important not only to consider lake depth, but also the dominant primary producers in 

studying CO2 source/sink behavior. 

 A few problems with the annual source/sink calculations did arise, with 

the largest being a lack of more frequent measurements of pCO2 aq in the lakes over time.  

Calculations for macrophyte-rich lakes were especially problematic for this reason 

because of the seasonality of the source and sink periods.  Future studies need to account 

for when and how long a lake takes to transition from being a sink to source, and vice 

versa.  Missing that time by even a matter of days during windy weather would result in 

huge differences in the amount of CO2 lost or sequestered annually.  This is not a big 

problem in the phytoplankton-rich lakes because of their smaller range in concentrations, 

but miscalculating how many days concentrations are on either side of the source/sink 

threshold would add up to large errors in the final results.  Consequently, more 

continuous measurements of CO2 exchange over shallow lakes are needed to better 

calculate their CO2 source/sink behavior. 

The exact rate of CO2 exchange at the air-water interface in these systems needs 

to be studied further.  Rates presented here are based on a simplified model of CO2 

exchange.  To be more accurate, data on boundary layer dynamics needs to be greatly 

improved.  This includes knowing additional variables, such as wind shear and water skin 

temperature (Anderson et al. 1999; MacIntyre et al. 1995).  The use of gas tracers, such 

as SF6, would be beneficial in filling these voids in the calculations (MacIntyre et al. 

1995).  Knowledge of the water chemistry also needs to be improved because CO2 itself 

may be replenished by either exchange with the atmosphere or changes in the chemistry 

of the water (Emerson 1975).  Although the pCO2 aq samples in this study were gathered 
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in the top few centimeters of the water, the CO2 may not have exchanged directly with 

the atmosphere despite the strong winds in this region.   These same high winds could 

mean greater water column circulation.  Instead of drawing a lot of CO2 in from the 

atmosphere during sink conditions, possibly a significant amount water may have been 

driven deeper and had CO2 replenished by the heavy sediment respiration (Kenning 

Chapter 2).  Any future study needs to take these concerns into account to improve upon 

the results presented here.  

 
Methane   On average the macrophyte-rich lakes had higher methane release rates than 

the phytoplankton-rich lakes.  At the same time though, the variability in methane release 

interannually in Blakesly caused it to be the largest methane source among all five lakes 

in 2004, but smallest in 2005.  Wetlands tend to be large sources of methane because the 

shallow water column keeps waters constantly circulating over the methane sources in the 

sediments giving methane less of a chance to be oxidized before release into the 

atmosphere (Strack et al. 2006). Also, macrophytes and warm water conditions can 

increase rates of ebullition methane (Fechner-Levy and Hemond 1996; Ostrovsky 2003; 

Potter 1997).  Therefore, macrophyte-rich lakes would be expected to be greater sources 

of methane than phytoplankton-rich lakes. 

Methane could at times vary strongly with depth indicating that water column 

mixing was not rapid enough to equilibrate methane concentrations throughout the entire 

water column.  The methane itself did not correlate with oxygen, temperature, CO2 or any 

of the other measured water characteristics so the changes with depth may have been just 

a matter of the rate of exchange through the water column and between the water column 

and the sediment where methanogenesis primarily occurs.  Future methane studies in 
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shallow lakes need to address not only the exchange of methane with the atmosphere, but 

also exchange of methane with the sediment and its circulation through the water column. 

Methane had two annual peaks, one in winter and one in summer.  Wintertime ice 

capping the lakes and decreasing the rate of methane release to the atmosphere may 

account for the wintertime peak.  On average pCH4 aq fell 2.44 ± 1.54 ppm in 2004 and 

349.35 ± 285.82 ppm in 2005 following this wintertime peak.  Studies have shown that 

most methane released during the first half of the year comes from a huge pulse of this 

accumulated methane during ice-out (Larmola et al. 2004; Michmerhuizen et al. 1996; 

Striegl and Michmerhuizen 1998).  My annual flux calculations did not account for a 

major springtime pulse of methane because no measurements of methane were taken as 

the lakes thawed.  If that net methane released during the winter and ice-out were similar 

to the 0.4 to 380 mmol CH4 m
-2 reported in the literature, these lakes were slightly larger 

to 86× larger sources of CH4 than based on summertime methane release alone (Larmola 

et al. 2004; Michmerhuizen et al. 1996).   

The summertime peaks in methane may have been due to higher sediment 

temperatures, increased sedimentation of fresh organic matter, and lower oxygen levels 

promoting methanogens (Michmerhuizen et al. 1996).  Many of these things might 

happen in pulses and change rather quickly because the observed methane concentrations 

jumped all over during the summer.  As with CO2 concentrations, continuous monitoring 

of methane would provide better estimates of annual fluxes.   

Surprisingly, the lakes sequestered methane from the atmosphere at times.  

During 2005, Rolland might have even been a methane sink.  All of the lakes were 

supersaturated with oxygen during the day meaning methane may have been oxidized in 
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the water column (Kenning, personal observation). However, the major cause for 

observations of CH4 sequestration was that the atmosphere directly above the water was 

heavily enriched in methane.  Somewhere there was a methane source, probably another 

part of the lake or neighboring wetland, that enriched the atmosphere over the lakes 

enough to make my wetlands actually sequester methane at times from the atmosphere.   

One major missing variable in these calculations was methane ebullition.  

Methane bubbling up from the sediment may account for large portions of a lake’s total 

methane release (Chanton and Whiting 1995; Walter 2007, 2008).  Attempts were made 

using various equipment to assess ebullition, but the flocculent sediment and turbulent 

water made it difficult to secure equipment without disturbing the sediment or maintain 

sampling equipment facing down to collect gas.  Also, the local muskrat (Ondatra 

zibethicus) population was extremely gifted at dislodging and removing successfully 

placed equipment in the lakes.  If ebullition were taken into account, the shallow lakes in 

this study would have been much stronger methane sources than I had calculated.   

 
Conclusions   

Macrophyte-rich lakes sequestered almost 16 mmol m-2 day-1 more CO2 during 

the growing season than the phytoplankton-rich lakes.  The magnitude of the sink 

depended on the length of the macrophyte growing season because otherwise there was 

little primary productivity in the water column to offset net heterotrophy in the lakes.  All 

lakes in this study were chosen because they had small watersheds and were elevated 

above neighboring water bodies, so the impact of allochthonous organic matter was likely 

smaller than in most lakes, although stable isotope evidence still indicates a large 

presence (Kenning Chapter 3).  If the lakes were to receive larger allochthonous inputs, 
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the CO2 source/sink balance of phytoplankton-rich lakes might be more severely affected 

than macrophyte-rich lakes because the phytoplankton-rich ones were barely below the 

source/sink threshold, while   macrophyte-rich lakes at times were strong sinks.  Research 

on other macrophyte-rich lakes around the world may prove that they are more 

universally sinks than sources. 

Because of the great sink potential of shallow lakes caused by the presence of 

macrophytes, shallow lakes should be added to regional CO2 models.  Operators of eddy 

flux towers and large scale CO2 model efforts may then be able to better account for 

landscape heterogeneity. Aerial photographs and remote sensing can be utilized to 

determine the presence and coverage of macrophytes and phytoplankton, thus alleviating 

much of the ground work once the relationship between the different stable states and 

CO2 sequestration has been refined (Everitt et al. 1999; Klober et al. 2002; Lehamann 

and LaChavanne 1999; Schalles et al. 1998).  This may be especially useful for 

understanding shallow lakes like Morrison where wildlife managers are trying to 

reestablish macrophyte beds.  Relating the expansion of these beds and rates of CO2 

sequestration would refine my knowledge of the effect of macrophytes on CO2 budgets.  

Also, studying terrestrial connectivity with lakes would help establish why lakes in 

general have been so often described as net CO2 sources.  More work needs to be done to 

further establish the relationship between macrophytes and carbon sequestration, 

especially considering their potential to reduce greenhouse gas warming by taking up 

sufficient CO2 to more than offset the release of a stronger greenhouse gas in the form of 

methane.  This would help us further appreciate the importance of lakes, their alternative 
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stable states in ecosystem studies, and especially the importance of preserving 

macrophytes. 
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Chapter Two 
 

Net ecosystem productivity in shallow lakes exhibiting alternative stable states. 
 
 Net heterotrophy is often observed in lentic ecosystems, but this relationship is 

primarily based on stratified lakes where phytoplankton are the dominant autotroph and 

macrophytes are limited to a relatively small littoral region.  Net autotrophy typically 

only occurs when increased nutrient availability greatly elevates phytoplankton 

production.  Using stratified lakes to represent all lakes is biased because most lakes in 

the world are shallow and unstratified with productive phytoplankton and macrophyte 

communities. Here I attempted to determine if primary production in shallow lakes with 

abundant macrophytes was sufficient to allow for net autotrophy.  I measured net 

ecosystem production (NEP), gross primary production (GPP) and respiration of four 

shallow lakes the Prairie Pothole Region of Minnesota in two alternative stable states, 

either macrophyte-rich or phytoplankton-rich.  Macrophyte-rich lakes had brief periods 

of net autotrophy in May and June, but on an annual basis were net heterotrophic with a 

NEP of -207.58 g C m-2 yr-1 in 2004 and -310.22 g C m-2 yr-1 in 2005. Phytoplankton-rich 

lakes had no periods of net autotrophy and NEP was -447.44 and -223.27 g C m-2 yr-1 in 

2004 and 2005, respectively.  Macrophyte-rich lakes had most GPP in the benthos while 

phytoplankton-rich lakes had most production in the water column, but both types of 

lakes had most of their respiration in the benthos, an average of 86.5% of the total in the 

macrophyte-rich lakes and 69.3% of the total in the phytoplankton-rich lakes.  Despite 

overall net heterotrophy, pelagic net primary production (NPP) was on average -50.64 ± 

66.48 mg C m-2 day-1 in the macrophyte-rich lakes and 35.28 ± 145.68 mg C m-2 day-1 in 

the phytoplankton-rich ones, right at the threshold of net autotrophy at surface waters 

thus possibly allowing for atmospheric CO2 uptake.  The overall higher NEP in 

macrophyte-rich lakes may ultimately mean they have higher burial rates of organic 

carbon, but this clearly depends on the extent of the seasonal growth and decomposition 

of macrophytes and the extent of allochthonous carbon inputs. 
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Introduction 
 Net heterotrophy in lentic ecosystems is a commonly observed phenomenon 

where autochthonous primary production is not sufficient enough to offset respiration 

(Cole 1999; del Giorgio and Peters 1994; Sand-Jenson and Staehr 2009).  Many 

researchers have begun to try to tease apart the different causes behind net heterotrophy 

because of its major implications on regional atmospheric carbon budgets.  In fact, some 

regional carbon budgets that account for net heterotrophy of local aquatic ecosystems 

have shown that the carbon dioxide (CO2) released more than offsets net autotrophy of 

local terrestrial ecosystems, thus changing the region from an atmospheric carbon sink to 

a carbon source (Cole et al. 2007; Richey et al. 2002; Tranvik et al. In review).  

Therefore, understanding why net heterotrophy occurs and how widespread it is among 

lentic ecosystems can have major implications on our understanding of terrestrial carbon 

budgets. 

 The causes of net heterotrophy are numerous.  Terrigenous inputs of dissolved 

and particulate carbon can fuel heavy respiration by heterotrophs, thus increasing 

respiration relative to primary production (Cole 1999).  Net heterotrophy may also be due 

to poor temporal characterization.  In these cases, a build up of a large reservoir of carbon 

in the water and sediments by primary producers over days to years may later fuel 

respiration after primary productivity has declined, leaving the systems net heterotrophic 

(Arístegui and Harrison 2002; Biddanda and Cotner 2002; Cotner et al. 2000).  Despite 

the exact underlying cause, net heterotrophy is common in many freshwater lakes.  

Whether net heterotrophy in lentic ecosystems is the rule is still open for debate 

because most instances of net heterotrophy have been described in deep, stratified lakes 

where phytoplankton are the dominant autotroph.  However, shallow lakes are more 
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numerous and often ignored despite their extremely high levels of productivity 

(Bachmann et al. 2000; Downing et al 2006; Staehr and Sand-Jensen 2007; Waiser and 

Robarts 2004a; Wetzel 2001).  The prevalence of macrophytes is an important feature in 

shallow lakes because in deep lakes with small littoral zones, there is little macrophyte 

production to offset any declines in phytoplankton production.  However, when 

phytoplankton production declines in shallow lakes, macrophytes flourish to the point 

where shallow lakes are often said to possess two alternative stable states, a   

macrophyte-rich one in clear conditions and a phytoplankton-rich one in turbid 

conditions (Scheffer 1998, 2007; Scheffer et al. 1993). 

 Can both macrophyte- and phytoplankton-rich shallow lakes exhibit net 

autotrophy (Schindler et al. 1997; Waiser and Robarts 2004a)?  Macrophytes in shallow 

lakes can achieve the same level of primary production as phytoplankton so net 

autotrophy may occur in macrophyte-rich shallow lakes (Wetzel 2001).  CO2 

undersaturation, an indication of net autotrophy, has been observed in surface waters in 

shallow lakes of both stable states, but water just a meter below the surface has much 

higher CO2 concentrations because of its close proximity to dark, anoxic sediments 

(Andersson and Brunberg 2006; Portielje and Lijklema 1995; Kenning Chapter 1).  

Therefore, my goal was to observe whether net autotrophic (CO2 sink) conditions in 

shallow lakes differed depending on the dominant autotrophs (different stable states) and 

in the context of the shallow water column where benthic metabolism may have a large 

impact on the whole water column. 

 I set out to measure whether shallow lakes of varying stable states were net 

heterotrophic or autotrophic using measurements of primary production and respiration of 
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the lakes.  Separate benthic and pelagic measurements of respiration and primary 

productivity were performed to determine where the major sources and sinks of 

production occurred in the differing stable states.  Also, the photo-oxidation rates of 

dissolved organic carbon (DOC) were evaluated because the high DOC concentrations 

and oxidation rates could contribute to high CO2 efflux.  Such oxidation would be 

measured as heterotrophic activity despite being an abiotic process and has been       

little-studied in shallow lakes (Waiser and Robarts 2004b, Kenning Chapter 3).  

Altogether, I hypothesized that primary productivity in the macrophyte-rich lakes would 

be sufficient to cause net autotrophy, but insufficient in the phytoplankton-rich lakes 

where suspended sediments and less biomass would limit photosynthesis. 

 
Materials and Methods 
Study Sites During 2004 and 2005, production and respiration measurements were 

taken in four shallow lakes in the Prairie Pothole Region of western Minnesota (between 

46’08” and 45’48”N, 95’53” and 95’44” W).  The macrophyte-rich lakes were Blakesly 

and Hagstrom (chl a < 2.6 ppb, turbidity < 5.0 NTU) and the phytoplankton-rich lakes 

were Rolland and Bellevue (chl a > 49 ppb, turbidity > 27.7 NTU) (Herwig et al. 2004, 

Reed 2006).  All lakes were 5 to 15 hectares in size, 1.5 to 2.0 m deep, and had little 

emergent macrophyte coverage.  The lakes were located in Waterfowl Production Areas, 

where up to 90% of the surrounding vegetation is maintained as native prairies for 

waterfowl nesting cover, with the remainder used for agriculture or roadways (Reed 

2006).   

 
Climate Summertime highs were 32°C and wintertime lows were -33°C in 2004 

and 2005, but 2005 had on overall shorter ice-free season with ice-out two weeks later in 
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early April 2005 versus late March 2004.  The summer of 2005 was also wetter with 33 

cm more rain than 2004, with the most extra moisture coming in late August/early 

September when precipitation typically declines in the Prairie Pothole Region.  Water 

levels were 20 cm lower January – March 2004 than anytime in 2004 or 2005 after an 

unusually dry autumn in 2003, but snowmelt in the spring of 2004 restored water levels 

and the depth of the lakes changed little throughout the rest of the study. 

 
Sample Collection and Analysis  All lakes were sampled on average every three weeks all 

year round but more frequently in the summer sampling than the winter.  Only December 

was not represented because of difficult sampling conditions.  Samples were taken within 

a few days of important events such as ice-out in the spring and the complete freezing of 

lake surfaces in the fall.   

 Pelagic net primary production (NPP) was measured in 2004 and 2005 by placing 

unfiltered lake water from 1 m below the surface into clear glass BOD bottles and 

incubating them for 24 hours at 15 cm deep in the lakes.  Changes in oxygen over time 

were determined using Winkler titrations of BOD bottles at the beginning and end of the 

incubation based on potentiometric endpoint detection using a Mettler DL 21 autotitrator 

(Granéli and Granéli 1991). Pelagic respiration was measured similarly, except the 

incubations were performed in opaque bottles.  NPP and respiration were converted from 

units of oxygen to carbon using a photosynthetic quotient of 1.2 and respiratory quotient 

of 1 (Wetzel and Likens 1991).  Gross Primary Production (GPP) was determined by the 

following equation: GPP = NPP + Respiration.  Because variation in algal GPP is most 

strongly related to irradiance within a single lake, all production units were converted 

from carbon L-1 hr-1 to carbon m-2 hr-1 to compare GPP and NPP of the water column to 
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benthic production, by integrating over the portion of the water column illuminated 

enough for photosynthesis using a light extinction coefficient equal to 1.7/zsd with zsd 

equal to a secchi depth of 20 cm in the phytoplankton-rich lakes (Kenning, personal 

observation; Staehr and Sand-Jensen 2007; Wetzel 2001).  The clarity in the  

macrophyte-rich lakes was high (chl a < 2.6 ppb, turbidity < 5.0 NTU), leading me to 

assume light was not limiting for phytoplankton growth in the shallow water column 

above the macrophyte-canopy, which was primarily compact Chara spp.  Respiration 

measurements were converted to units carbon m-2 hr-1 by multiplying by the mean depth 

of the lakes to allow for comparison with the benthic measurements of primary 

production and respiration in the lakes.  This allowed me to determine how respiration 

and production varied between the bottom and surface of the lakes.     

 Light and dark benthic chambers were used to measure benthic production and 

respiration (APHA 1995; Suplee and Cotner 2002).  The round Plexiglas benthic 

chambers had a radius of 18 cm and height of 13 cm.  This adequately contained the 

compact Chara spp. that dominated the macrophyte community as well as some of the 

occasional small Potamogeton spp. plants.  Only the Potamogeton was slightly 

compacted by the chambers.  After chambers were put into place, the water inside the 

chamber was pumped out and replaced with lake water in order to equilibrate with 

surrounding water.  After the chambers were vented, they were allowed to sit for 30 min. 

in order to diminish problems with the tendency of macrophytes to temporarily use 

internal gas stores for respiration when put in the dark, thus rendering oxygen 

measurements in the benthic chamber useless for measuring macrophyte respiration 

(Kemp et al. 1986).  After the wait period, a YSI 5739 oxygen probe within the chambers 
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was used to measure oxygen every five minutes for 30-40 minutes at each location in the 

lakes.  Readings were manually recorded using a YSI 58 oxygen meter connected to the 

probe.  These measurements were converted to NPP (light chamber) and respiration (dark 

chamber) by linearly regressing changes in oxygen against time.  GPP was determined by 

the following equation: GPP = NPP + Respiration, but to distinguish it from the 24 hour 

average determined in the light/dark bottle experiments described above I denote it 

daytime (dGPP).  Oxygen units were converted to units carbon as described above after 

taking into account the volume of the benthic chambers.  Measurements were repeated in 

three locations in each lake on each measurement date. 

 Additional methods of measuring primary production of macrophytes were 

employed in order to determine if the macrophyte NPP component of the benthos related 

to entire benthic NPP.  One method included marking old growth on live macrophytes 

and measuring new growth on subsequent dates (APHA 1995).  Unfortunately, marking 

proved futile as high wave activity, interference from wildlife, and rapid epiphytic growth 

quickly erased any marks.  Similarly, when macrophytes were trimmed and any new 

growth was measured, high rates of epiphytic growth made discerning old and new 

growth difficult.  Therefore results of only one method are reported here: measuring 

maximum seasonal biomass.  All aboveground macrophyte biomass in 1 m2 quadrats 

were extracted, identified, cleaned of its epiphytes, dried and weighed in the spring and at 

peak biomass just as inflourescences emerged in late July and early August.  Daily NPP 

was calculated based on the net change of biomass over the growing season.  Dried 

biomass was converted to g C m-2 assuming 46.5% ash-free dry weight was carbon 

(Wetzel and Likens 1991).   
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 Problems exist with the use of maximum macrophyte biomass as a measure of 

average annual NPP.  Macrophytes do not have the same growth rate all season long and 

peak aboveground biomass does not take into account the tendency of macrophytes to 

senesce older tissue as they grow, so observed NPP may underestimate actual NPP.  

Also, many macrophytes devote resources to rhizomes and roots.  However, the two most 

common macrophytes in the lakes sampled here, Chara spp. and Myriophyllum 

exalbescens, have <10% of their biomass in roots and rhizomes while a third, 

Potamogeton spp., present in the lakes was represented by species with <20% of their 

biomass under the sediment, so the contribution of roots and rhizomes to NPP estimates 

was likely small (Wetzel 2001).  Because of these problems, aboveground biomass was 

only taken as a conservative estimate of average macrophyte NPP. 

 Whole lake net ecosystem production (NEP) was measured by placing a Hydrolab 

MiniSonde 4a with oxygen dataloggers in the lakes at a depth of 50 cm for at least 24 

hours, but in many cases 5 days or more.  Oxygen concentrations were measured at 10 or 

15 minute intervals.  NEP was determined by calculating the rate of change in oxygen 

over each time interval and averaging it over the daytime hours (Hall and Moll 1975)  

These calculations were corrected for atmospheric exchange by calculating O2 exchange 

with the atmosphere based on temperature, dissolved O2 concentrations, and wind speed 

measurements (Benson and Krause 1984; Liss and Slater 1974; Wanninkhof 1992).  

Ecosystem respiration was similarly calculated, but only nighttime hours were used in 

this calculation (Hall and Moll 1975).  Daytime GPP (dGPP) was found by the following 

equation dGPP = NEP + Ecosystem Respiration.  Because the lakes were typically net 

autotrophic during the day, it was difficult to accurately determine daytime respiration so 
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nighttime respiration was used in the dGPP calculations.  However, higher daytime 

temperatures and oxygen levels can drive up respiration rates, particularly towards the 

end of the day, so our results most likely underestimated dGPP (Szyper et al. 1992). 

Because the GPP measurements from the benthic chambers and oxygen 

dataloggers were calculated based on daytime NPP while the GPP of the light/dark bottle 

measurements was calculated from the mean 24 hour NPP, the different sets of 

measurements were not directly comparable.  Therefore, I adjusted the dGPP 

measurements from the benthic chambers and dataloggers to reflect mean 24 hour GPP 

so that direct comparisons could be made.  To do this I assumed daytime and nighttime 

respiration rates were the same, even though we recognize that daytime rates were likely 

slightly higher.  I also assumed all primary production occurred between dusk and dawn, 

even though there may have been some photosynthetic activity during twilight hours.   

For the adjustment, I multiplied the average dGPP measurements in units of mg C m-2   

hr-1 by the number of hours of daylight from dusk until dawn on the sampling date and 

divided it by 24 hours.  This gave pelagic primary production of the benthic chambers 

and dataloggers in terms of mean 24 hour GPP.  Mean 24 hour NPP was then calculated 

by subtracting respiration from the mean 24 hour GPP measurements. 

 Rates of DOC loss by photo-oxidation were measured by comparing 

concentrations of DOC before and after exposure to sunlight during August 2004.  For 

this, water from the lakes was filtered through Whatman GF/F filters (precombusted 4 

hours at 450ºC), which removed all but the smallest microbes.  Filtrate was placed in heat 

sterilized (140ºC), acid washed (10% HCl) quartz vials and then set 2 cm deep in the 

lakes for 2.5 hours in the afternoon on cloud-free days in order to expose the vials to 
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maximum ambient light and temperature.  Changes in DOC concentrations before and 

after light exposure were taken to represent the rate of photo-oxidation of DOC to DIC.  

All DOC samples from before and after light exposure were stored frozen in glass sample 

vials precumbusted for 4 hours at 550ºC and covered with Teflon coated caps.  DOC 

concentrations were measured by high temperature (680ºC) oxidation using a Shimadzu 

5000 TOC analyzer.  Changes in DIC concentrations were not used because vials tended 

to warm causing bubble formation that interfered with the measurement quality. 

 
 
Results 
Pelagic metabolism  NPP of the phytoplankton-rich lakes was positive (uptake of CO2) 

during the middle of the summer as well as during the cooler months of April and 

November, but during the transition between seasons the lakes had negative NPP 

(Appendix B Figure 1b).  Macrophyte-rich lakes always had a negative NPP in 2004, but 

only had a negative NPP in May and August 2005. Average NPP in the      

phytoplankton-rich lakes was 35.28 ± 145.68 mg C m-2 day-1 and macrophyte-rich lakes 

was -50.64 ± 66.48 mg C m-2 day -1 over the two-year period, but these two-year averages 

were not significantly different (p-value >0.05). On a monthly basis, the NPP of the 

phytoplankton-rich lakes did significantly exceed that in the macrophyte-rich lakes just 

after ice-out in the spring and again just after macrophytes senesced in the late summer. 

Mean pelagic GPP was 1,207.7 ± 92.2 mg C m-2 day-1 in the phytoplankton-rich 

lakes over the two-year study, significantly higher than the macrophyte-rich lakes 

(806.88 ± 100.32 mg C m-2 day-1), although there were individual dates where the stable 

states were not significantly different, particularly just before the onset of ice in the fall 

and after the ice retreated in the spring (Appendix B Figure 1a).   
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Mean pelagic respiration rates were significantly higher in the phytoplankton-rich 

lakes (1,060.3 ± 100.3 mg C m-2 day-1), while the macrophyte-rich lakes had values about 

¼ these on average (282.72 ± 36.72 mg C m-2 day-1).  Underlying these averages, the 

pelagic respiration rates were significantly higher in the phytoplankton-rich lakes (t-test, 

p-value < 0.05) from April through September, but were not higher than the   

macrophyte-rich lakes during the winter (Appendix B Figure 1c).   

Seasonal and inter-annual changes were very evident in pelagic GPP and 

respiration of the phytoplankton-rich lakes, but less so in the macrophyte-rich lakes.  In 

2004, the phytoplankton-rich lakes were already near maximum GPP at ice-out, but in 

2005 there was a nearly 7 fold increase in GPP between May and June.  Macrophyte-rich 

lakes had the same steady low rates of pelagic GPP and NPP all season long in both years 

outside of a pair of spikes of 698.16 ± 535.92 mg C m-2 day-1 and 1,220.4 ± 1,089.8 mg C 

m-2 day-1 in April and June 2005, respectively.  Respiration rates steadily increased and 

peaked midsummer in all lakes, but there was quite a bit of variability from date to date.  

Regressing temperature against respiration indicated that temperature had a positive 

effect on pelagic respiration in the phytoplankton-rich lakes and little effect in the 

macrophyte-rich ones, where the seasonality of macrophyte growth had a stronger effect 

(Appendix B Figure 2).   

 
Benthic Metabolism  Average benthic GPP of the phytoplankton-rich lakes over the two 

years was 855.12 ± 134.16 mg C m-2 day-1, significantly lower than the mean benthic 

GPP of the macrophyte-rich lakes, 1,365.6 ± 260.6 mg C m-2 day-1 (t-test, p-value            

< 0.05).  Underlying these average values were strong seasonal fluctuations in the benthic 

GPP in the macrophyte-rich lakes where GPP rates rose all summer and peaked in 
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August, although an extremely low value in June and high value October hid the seasonal 

pattern in 2005 (Appendix B Figure 3a).  There was little seasonal change in benthic GPP 

in the phytoplankton-rich lakes and it could actually exceed the macrophyte-rich lakes in 

the spring and fall (Appendix B Figure 3a).   

 Average benthic NPP of the macrophyte-rich lakes was -1,303.4 ± 313.7 mg C  

m-2 day-1 versus -1,728.2 ± 264.5 mg C m-2 day-1 in the phytoplankton-rich lakes.  Benthic 

NPP was never significantly different (t-test, p-value < 0.05) between the types of lakes 

on any date (Appendix B Figure 3b).  Both lake types had a negative mean NPP with the 

exception of the macrophyte-rich lakes in late May/early June of both years.  

Macrophyte-rich lakes had the highest mean NPP on all dates except for October 2004 

when the   phytoplankton-rich lakes had the highest NPP.  There were no seasonal 

patterns in the behavior of NPP in the phytoplankton-rich lakes as observed in the 

macrophyte-rich lakes. 

 Seasonally averaged benthic respiration of the phytoplankton-rich lakes over the 

two years was 2,475.8 ± 388.8 mg C m-2 day-1, little different than the 2,575.2 ± 376.1 mg 

C m-2 day-1 of the macrophyte-rich lakes.  The only time the two lake types were 

significantly different (t-test, p-value < 0.05) was early October 2005 when benthic 

respiration rates were 4.6× higher in the macrophyte-rich lakes (Appendix B Figure 3c).  

Otherwise the only time respiration rates came close to significantly differing was spring 

2004      (p-value = 0.07) when the benthic respiration in the phytoplankton-rich lakes 

exceeded the macrophyte-rich lakes.  Seasonal changes were much like GPP in 2004 

where rates increased in the middle of the summer in the macrophyte-rich lakes while the 



 51

phytoplankton-rich lakes experienced high rates in the spring through the summer, but 

then declined in the fall.  No seasonal changes were apparent in 2005. 

 
Whole Lake Metabolism   Ecosystem-scale GPP was on average 5,375.0 ± 857.3 mg C  

m-2 day-1 in the macrophyte-rich lakes, significantly lower than average GPP of the 

phytoplankton-rich lakes, 7,645.4 ± 739.7 mg C m-2 day-1 (t-test, p-value < 0.05).   The 

macrophyte-rich lakes had a strong annual pattern with GPP rates starting below 2040 mg 

C m-2 day-1 in May, gradually increasing to over 9,600 mg C m-2 day-1 by August, but 

then decreased in less than a week period to below 6,432 mg C m-2 day-1 until a slight rise 

again at the end of the October (Appendix B Figure 4a).  GPP rates in the   

phytoplankton-rich lakes lacked any discernable pattern, but the overall range of GPP 

dropped from between 11,500.6 and 7,169.5 mg C m-2 day-1 in 2004 to between 6,692.9 

and 4,915.4 mg C m-2 day-1 in 2005.  Another difference between GPP of the two stable 

states was that rates in the phytoplankton-rich lakes could vary by over 2,400 mg C m-2 

day-1 over three days while the GPP of the macrophyte-rich lakes changed only one-tenth 

as fast.   

 NEP was only positive in the macrophyte-rich lakes during late May/early June in 

both years (Appendix B Figure 4b).  Otherwise, NEP was negative in the       

macrophyte-rich lakes the rest of the year.  Phytoplankton-rich lakes never had a positive 

NEP, dropping as low as -6,339.1 mg C m-2 day-1.  On average for the two years, the 

phytoplankton-rich lakes (-3,500.4 ± 691.7 mg C m-2 day-1) had a significantly lower 

NEP than the macrophyte-rich lakes (-211.52 ± 431.04 mg C m-2 day-1). 

 Underlying the lower NEP in the phytoplankton-rich lakes was a significantly 

higher respiration rate (11,145.8 ± 1,263.4 mg C m-2 day-1) compared to the      
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macrophyte-rich lakes (7,486.6 ± 1,218.5 mg C m-2 day-1).  Over the course of the study, 

there were large fluctuations in respiration rates in the macrophyte-rich lakes where there 

was over a tenfold increase between its lowest respiration rate, 1,060.1 mg C m-2 day-1, to 

its highest, 14,208.7 mg C m-2 day-1 (Appendix B Figure 4c).  Phytoplankton-rich lakes 

also experienced large fluctuations in respiration rates, ranging from 6,727.0 to 16,875.4 

mg C m-2 day-1, but unlike the macrophyte-rich lakes, the phytoplankton-rich lakes had a 

seasonal trend where rates were at least 4,800 mg C m-2 day-1 higher from July to the end 

of September compared to the rest of the year.  Temperature was only significantly 

related to respiration in the phytoplankton-rich lakes (p-value = 0.0352), but not in the   

macrophyte-rich lakes (p-value = 0.3070) (Appendix B Figure 5). 

 
Macrophyte Biomass  During 2004, all lakes had some macrophyte biomass including the 

phytoplankton-rich lakes.   The first clearly distinguishable new macrophyte growth in 

2004 occurred on June 1st, but as much as 32.5 g/m2 was already present so May 15th was 

used as the date of macrophyte emergence in order to calculate a conservative growth rate 

for all lakes.  All macrophytes peaked in biomass in August, but some appeared to have 

new leafy tissue later in the year, although it was difficult to determine when this growth 

began.  Because of this difficulty, no biomass measurements were taken beyond August. 

Phytoplankton-rich Rolland contained a band of Potamogeton spp. along 

approximately 775 m of its western and southern shores and Bellevue had a band of 

Potamogeton that stretched 2 m from shore along approximately 1260 m of its shoreline.  

Macrophyte-rich Blakesly and Hagstrom had a 4 m band of cattails and bulrushes along 

the shore followed by a 2m band of open water containing Chara mixed with 

Myriophyllum and/or Potamogeton.  Extensive beds of almost entirely Chara stretched 
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across the rest of the macrophyte-rich lakes.  Each of these macrophyte communities in 

the macrophyte-rich lakes had over 50 times higher macrophyte NPP than any of the 

phytoplankton-rich lakes (Table 1).    

 
Photo-oxidation of DOC   The phytoplankton-rich lakes had the highest rates of      

photo-oxidation during the August photo-oxidation experiment (Table 2).  All         

photo-oxidation rates reflect rates 2 cm below the surface.  Assuming a UV penetration 

depth of 13.0 cm in these high DOC Prairie Pothole wetlands (Waiser and Robarts 

2004b) and integrating the DOC loss over depth, the amount of carbon loss averaged 

approximately 49.30 mg C m-2 day-1 in the phytoplankton-rich lakes and 17.40 mg C m-2 

day-1 in macrophyte-rich lakes.   

 
Discussion 
Whole Lake net heterotrophy and autotrophy The major goal of this study was to 

understand how the different sources of primary production and respiration in alternative 

stable states affect whether shallow lakes are net heterotrophic or autotrophic.  Although 

both stable states were net heterotrophic on an annual scale, the macrophyte-rich lakes 

had more seasonal and year-to-year variation in NPP, respiration and GPP than the 

phytoplankton-rich lakes. 

 Ecosystem-scale GPP determined from diel changes in dissolved oxygen in the 

water column was on average 7,645.4 ± 739.7 mg C m-2 day-1 in the phytoplankton-rich 

lakes and 5,375.0 ± 857.3 mg C m-2 day-1 in the macrophyte-rich lakes, some of the 

highest values reported in the literature (18.7 – 7,675.9 mg C m-2 day-1) (López-Archilla 

et al. 2004).  For both types of lakes, maximum rates of GPP exceeded 10,000 mg C m-2 

day-1 on individual dates, but the GPP in macrophyte-rich lakes was low in the spring and 
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increased to those levels while the phytoplankton-rich lakes reached those levels quickly 

in the spring and maintained those rates throughout the growing season.   

Macrophyte-rich lakes experienced seasonal differences in GPP because the 

macrophytes took time to emerge and grow in the spring. GPP in the phytoplankton-rich 

lakes did not have any seasonality during the ice-free season (Herwig et al. 2004).  They 

completely lacked the strong spring zooplankton bloom and clear-water phase that 

sometimes appears in lakes in the spring.  This finding that the seasonality of macrophyte 

growth affects an entire lake’s metabolism is important because macrophytes have not 

been studied extensively in terms of how macrophyte GPP affects NEP, but macrophyte 

GPP has been observed to increase 5 fold from spring through the summer, similar to the 

4.7 fold increase in GPP of the macrophyte-rich lakes studied here in 2005 (Wetzel 

2001).  As a result, the seasonal growth patterns of the dominant autotroph in each stable 

state appeared to be able to cause seasonal changes in whole lake metabolism. 

 Because of where the dominant autotroph in each stable state resided in the lake, 

the macrophyte-rich lakes had much more benthic primary production than pelagic 

production, while the phytoplankton-rich lakes had much higher pelagic primary 

production than benthic production.  This was most obvious in the NPP data based on 

macrophyte biomass with the macrophyte-rich lakes having at times over 110 times 

higher average benthic NPP on an annual basis than the phytoplankton-rich lakes (Table 

1).   

GPP does not tell whether each stable state was net heterotrophic or autotrophic.  

NPP takes into account respiration, which correlated strongly with GPP in both the 

macrophyte-rich (r2 = 0.92) and phytoplankton-rich lakes (r2 = 0.78) (Appendix B Figure 
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6).  On average NPP indicated no stable state was net autotrophic.  In the       

macrophyte-rich lakes, benthic NPP peaked in late May/early June, indicating maximum 

NPP of the macrophytes occurred well before macrophytes achieved maximum biomass.  

This is consistent with the paradigm that macrophyte NPP typically peaks well before 

peak biomass because macrophytes do not continuously build biomass their entire 

growing season without any losses (Wetzel 2001).  Instead, macrophytes shed leaves 

along the way to deal with self-shading and the inhibitory effects of epiphytes (Wetzel 

2001).   

Macrophyte respiration also increased with total biomass.  Regressing respiration 

against GPP (p-value < 0.0001) in the macrophyte-rich lakes indicated that respiration 

increased 1.41× faster than GPP, eventually causing NPP to become negative even as the 

macrophytes continued to grow (Appendix B Figure 6).  This indicated that respiration 

ultimately played a huge role in NPP, and that respiration was more temperature 

dependent in phytoplankton-rich lakes meaning inter-annual variation in climate could 

have a large effect on NPP in those lakes. 

Interestingly, the period of highest benthic NPP in the macrophyte-rich lakes was 

also the same time period when the entire macrophyte-rich lakes were net autotrophic 

indicating that seasonal changes in benthic metabolism strongly governed net 

autotrophy/heterotrophy of the macrophyte-rich lakes.  The phytoplankton-rich lakes 

were not net autotrophic at any point during the year.  Therefore, macrophyte NPP in the 

macrophyte-rich lakes appeared to be sufficient to create net autotrophic conditions 

during the early part of the summer.  Without the large primary production of 

macrophytes, phytoplankton primary production was not sufficient in either stable state to 
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prevent net heterotrophy.  Therefore, the macrophyte-rich lakes could possibly bury more 

carbon over time than the phytoplankton-rich lakes, even given the heavy respiration 

occurring in both types of shallow lakes (Kenning Chapter 1). 

 

Ecosystem respiration and comparison of NEP estimates   There was a discrepancy 

between calculations of NEP based on the sum of the benthic and pelagic NPP from the 

light/dark bottle experiments, and NEP measured by the oxygen dataloggers suspended in 

the water column.  In fact, the sum of the benthic and pelagic NPP was larger than the 

NEP measured by the oxygen dataloggers in most cases (Appendix B Figure 7).  When 

the opposite happened, the difference between the components and whole ecosystem 

measurements were quite small.  Why was there a difference between the sum of the 

pelagic and benthic components, and the measured NEP?    

In the phytoplankton-rich lakes, the sum of the benthic and pelagic GPP was less 

than the whole lake GPP measured by the dataloggers by a similar magnitude each month 

(average difference: 5,761.9 ± 741.6 mg C m-2 day-1), possibly indicating that the extra 

GPP measured by the dataloggers had a similar cause each month (Appendix B Figure 

8a).  Macrophyte-rich lakes had smaller differences in GPP between the sum of the 

components and whole lake in the spring, by as little as 22.80 mg C m-2 day-1 in early 

June 2004, but beginning in July the whole lake GPP was on average 4,998.7 ± 933.8 mg 

C m-2 day-1 higher than the sum of the two components.  In spring 2005 the difference 

between the individual and whole lake measurements was larger than in 2004 in the 

macrophyte-rich lakes, but again the discrepancy in the GPP measurements widened in 

the summer.  The interesting thing to discern from this was that discrepancy between the 

sum of the individual measurements and the whole lake measurement was around 5000 
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mg C m-2 day-1 in both stable states during the respective growing seasons of 

phytoplankton and macrophytes in the lakes in which they dominate.  This may be 

coincidental or the GPP discrepancies were due to the same reason in all lakes for part of 

the year. 

One thing that may have affected GPP measurements from the dataloggers to 

cause this discrepancy was that the water column circulation was too slow to equilibrate 

near and offshore waters as well as too slow to equilibrate waters near the heavily 

respiring sediments with surface waters where most of the photosynthesis was taking 

place.   

Oxygen from photosynthesis could have built up rapidly near the surface during 

the day if the water column were circulating slowly, thus making the GPP measured by 

the dataloggers appear higher than it actually was in the lakes on average. This does not 

necessarily mean the lakes were thermally stratified, although macrophyte-rich ones can 

stratify during the day, but may have had slow mixing (Megard 1961).  CO2 readings 

from these lakes supported the idea of slow turnover because they were at times over 100 

ppm higher 1 m below the surface than in the top 10 cm (Kenning Chapter 1).  In the 

phytoplankton-rich lakes with a Secchi depth of a mere 20 cm, photosynthesis primarily 

occurred at the surface so oxygen could have built up quickly there if it were not rapidly 

mixed with deeper waters.  For the macrophyte-rich lakes, the months when the different 

measurements disagreed coincided with times when the submerged macrophytes were 

most abundant meaning the macrophyte canopy was just below the dataloggers and 

oxygen from photosynthesis could have built up at the depth of the dataloggers (van der 
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Valk 2006).  Future experiments in shallow lakes should employ dataloggers at multiple 

depths in multiple locations to try to capture the effects of mixing patterns. 

Alternatively, individual measurements was that the individual measurements 

may have underestimated GPP.  Using biomass based estimates of macrophyte GPP 

instead of benthic chambers in macrophyte-rich lakes resulted in only small differences 

between the GPP from the sum of the parts versus whole lake measurements, indicating 

that the benthic chambers may have greatly underestimated GPP by not fully capturing 

the spatial heterogeneity of the macrophytes, which was likely quite large because 

biomass varied from 190.82 ± 16.11 g m-2 in the mixed species beds to 310.59 ± 36.12 g 

m-2 in the pure Chara beds.  Also, the benthic chambers could have possibly inhibited 

macrophyte primary production during measurements. 

In the phytoplankton-rich lakes, GPP may have been underestimated as well.  

There may have been more light at depth than appreciated based on the positive GPP 

values in the benthic chambers placed 75 cm deep in the phytoplankton-rich lakes.  

Furthermore, the shallow water column limited the time phytoplankton were in the shade 

as the water circulated, possibly increasing their photosynthetic output over those 

phytoplankton in the stationary bottles used for measuring GPP (Carrick et al. 1993). 

However, it is still interesting that the discrepancy between the sum of the 

individual measurements of GPP and the whole lake measurements of GPP was nearly 

the same in both macrophyte-rich and phytoplankton-rich lakes.  Perhaps the respiration 

side of the NPP equation was also very important because, as mentioned above, 

respiration appeared to ultimately be affecting the measured NPP of the lakes in which 

the GPP was calculated. 
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Because the dataloggers registered a lower NEP yet higher GPP than the sum of 

individual measurements, respiration measurements of the dataloggers must have been 

much higher than the sum of the benthic and pelagic measurements respiration.  Indeed, 

all lakes had dates when respiration measurements of the whole lake were over 9,000 mg 

C m-2 day-1 higher than the sum of the benthic and pelagic components.  Diel oxygen 

curves are notorious in shallow lakes for producing higher respiration rates than 

light/dark bottle experiments, but what was the cause in our lakes (Bachmann et al. 

2000)?   

Slow mixing might have been behind these large differences in respiration 

calculations.  Deeper waters were higher in CO2 and lower in O2 than surface ones so the 

upward circulation or convective mixing of this O2-depleted water from the sediment 

would replace what was O2-supersaturated water at the surface at night when respiration 

rates were determined and thus likely cause O2 levels to drop rapidly giving the 

appearance of heavy respiration (Kenning Chapter 1).  Additionally, respiration fueled by 

the stirring sediment and changes in temperature could have made the respiration rates 

appear higher to the oxygen datalogger, elevating rates beyond those observed by the 

light/dark bottle experiments that would not have necessarily been greatly affected by 

these variables (Bachmann et al. 2000). 

Other factors could have caused the discrepancy between chamber-based and 

whole lake respiration measurements, such as spatial heterogeneity not captured by the 

individual measurements or by changes in oxygen caused by processes other than 

respiration (Lauster et al. 2006).  Spatial heterogeneity is important because respiration 

rates can vary up to 6 to 7 fold, especially in shallow areas of lakes (Van de Bogert et al. 
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2007).  Also, the respiration measured by the dataloggers was derived from changes in 

oxygen, which may be reduced for reasons other than respiration in the water column.  

Seepage of anoxic groundwater, for instance, may not have been caught by the chamber 

measurements, but could have reduced oxygen levels around the oxygen dataloggers 

suspended in the lakes thus giving the illusion of extra community respiration.  

Groundwater flows would have to be large though because if the chamber and bottle 

measurements were correct in estimating respiration rates, they would only account for 

38.2% of the oxygen decline measured by dataloggers in the macrophyte-rich lakes, and 

31.7% of the oxygen decline in the phytoplankton-rich lakes.  In other words, over 60% 

of the decline in oxygen by the dataloggers suspended in the lakes would have to be due 

to low oxygen groundwater mixing into the lake.  Measurements of stable isotopes of 

dissolved inorganic carbon (DIC) in these lakes indicated that most of the DIC pool was 

likely allochthonous, making it reasonable that there were high levels of groundwater 

seepage into the lakes, even though attempts to measure groundwater did not locate any 

areas of groundwater flow (Kenning Chapter 3). 

Oxygen can also be consumed by photo-oxidation, which like anoxic groundwater 

would be included with respiration as measured by the oxygen dataloggers suspended in 

the lakes, but would be unaccounted for in the dark bottle experiments where light is 

blocked.  However, photo-oxidation rates were low for lakes of such high DOC content, 

amounting to <0.5% of respiration in all lakes regardless of state so photo-oxidation did 

not likely contribute to differences between the whole lake measurements of respiration 

and the sum of the chamber-based measurements (Granéli et al. 1996).  Besides, 
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respiration from dataloggers was based on nighttime conditions when any of the      

photo-oxidation processes would have ceased.   

However, the photo-oxidation data did reveal that the phytoplankton-rich lakes 

had higher photo-oxidation rates than did the macrophyte lakes.  Even if normalized for 

the larger DOC pool in the phytoplankton-rich lakes, the DOC in the phytoplankton-rich 

lakes photo-oxidized twice as fast as DOC in the macrophyte-rich lakes.  Because of the 

high turbidity in the phytoplankton-rich lakes, more of the water column was dark in the 

phytoplankton-rich than the macrophyte-rich lakes where there was very high water 

clarity above the compact Chara beds.  This turbidity in the phytoplankton-rich lakes 

could have meant that the DOC was less frequently exposed to sunlight, or became 

adsorbed/desorbed to suspended particles, so much more of the DOC remained 

susceptible to photo-oxidation in the phytoplankton-rich lakes (Biddanda and Cotner 

2002; Cotner and Biddanda 2002; Teitjen et al. 2005).   

Therefore, the discrepancies between the dataloggers and the chamber-based 

measurements in respiration, NEP, and consequently GPP were likely due to either 

spatial heterogeneity in the lake captured by the dataloggers and not the individual 

measurements (Van de Bogert et al. 2007), or mixing patterns, particularly in regards to 

sediment resuspension and the influx of groundwater, affecting oxygen levels read by the 

dataloggers, processes that would not have necessarily been revealed by the         

chamber-based measurements (Bachmann et al. 2000). 

 
Allochthonous Carbon Impacts I found net heterotrophy in these lakes on an annual scale.  

Integrating the values for the dataloggers revealed that the macrophyte-rich lakes were 

the least heterotrophic by 139.69 g m-2 yr-1 in 2004, but most heterotrophic by 320.25 g 
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m-2 yr-1 in 2005 (Table 3).  Doing the same integration with the combined pelagic and 

benthic NPP again resulted in macrophyte-rich lakes being the least heterotrophic by 

239.86 g m-2 yr-1 in 2004 and most by 86.95 g m-2 yr-1 in 2005 (Table 4).  Total 

wintertime respiration was 26.61 g m-2 in 2004 and 24.85 g m-2 in 2005 in the 

macrophyte-rich lakes and 59.31 g m-2 in 2004 and 75.69 g m-2 in 2005 in the 

phytoplankton-rich lakes.  By adding this wintertime respiration to annual NEP estimates, 

and assuming no wintertime GPP, although declining CO2 values under the ice in late 

winter indicated otherwise, made the lakes even more net heterotrophic both years 

(Kenning Chapter 1).   

Despite giving different absolute results, the different techniques both indicate 

that macrophyte-rich lakes were consistently the least heterotrophic.  Carbon loss (CO2 

production) was twice as high in 2005 compared to 2004 in the macrophyte-rich lakes, 

but there were only modest differences between years in phytoplankton-rich lakes.  

Clearly the size and life history of macrophytes have a much larger inter-annual variation 

and overall impact on the carbon pool, metabolism, and CO2 sequestration rates of a lake 

than phytoplankton.  It is clear that the role of macrophytes in the biogeochemical 

dynamics of shallow lakes is extremely important.  

For the macrophyte-rich lakes to maintain this net heterotrophy despite the large 

accumulation of macrophyte biomass, they required from 234.19 to 788.72 g C m-2 yr-1 of 

allochthonous carbon annually to subsidize autochthonous respiration.        

Phytoplankton-rich lakes required 298.96 to 614.14 g C m-2 yr-1 of allochthonous carbon 

to allow for the observed respiration rates.  The low values represent the light/dark bottle 

experiments, which would not have been influenced by anoxic groundwater like the 
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oxygen dataloggers used to measure community respiration, so I can state at minimum 

both types of lakes required 230 g of allochthonous C m-2 annually.  Attempts to measure 

groundwater flow and runoff in these lakes did not locate any areas of large flow into the 

lakes, but given that the DOC concentration in the runoff was 24-25 mg L-1 (Kenning 

Chapter 3), the lakes would require 9200 – 9583 L of runoff annually per m2 of lake 

surface to maintain net heterotrophy, or almost twice that much if the lakes bury 200 g C 

m-2 yr-1 as has been reported in Prairie Pothole wetlands (Cotner et al. In prep).  

Water levels in the lakes did not change, so with a catchment:surface area ratio 

from 4.4–5.5 for the lakes (Reed 2006) I conservatively estimate 210 cm of precipitation 

needed to have fallen in the watershed to produce enough runoff at a DOC concentration 

of 24-25 mg L-1 to fuel the extra respiration for net heterotrophy.  That is unrealistic 

given that only 52.65 cm of precipitation fell in 2004 and 85.73 cm in 2005, and much of 

that moisture would have soaked into the ground or been loss by transpiration by plants.  

Although blowing snow can accumulate in wetland depressions and increase organic 

matter input, it was probably more likely DOC of higher concentration entered the lakes 

through groundwater passing through the organic rich sediments because the clay-rich 

glacial tills in which these lakes are situated can provide substantial depression-focused 

recharge from groundwater (Berthold et al. 2004; Fang and Pomeroy 2008).  In fact, 

DOC concentrations doubled in the spring when the ground defrosted, which is the time 

when groundwater recharge is typically the highest in Prairie Pothole wetlands (Berthold 

et al. 2008; Kenning Chapter 3).  Groundwater seepage rich in DOC appeared to have the 

capacity to drive net heterotrophy and be responsible for the allochthonous carbon source 

instead of runoff. 
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 I can use our measurements of heterotrophic respiration to constrain the amount 

of carbon that must have been transported into the lakes. The amount of allochthonous C 

respired in the lakes would have been at least 28.02 Mg C yr-1 in the largest   

macrophyte-rich lake and 45.39 Mg C yr-1 in the largest phytoplankton-rich lake.  

Dividing that mass by the watershed area of the lakes revealed that the largest 

macrophyte-rich lake received at least 41.82 g C yr-1 per m2 of watershed, while the 

largest phytoplankton-rich lake received at least 54.69 g C yr-1 per m2 of watershed.  

Often analyses of terrestrial carbon sinks fail to account for this mass of carbon 

transported out of the watershed so incorrectly declare the terrestrial ecosystem a CO2 

sink when in fact the decomposition of this carbon in neighboring aquatic ecosystems 

could render them a net CO2 source (Cole et al. 2007; Richey et al. 2002).  In North 

American prairies, short-term soil organic carbon accumulation rates range from 3-60 g C 

m-2 yr-1, but according to my calculations they could also be loosing a similar amount of 

carbon through export and respiration back to CO2 in neighboring wetlands (Baer et al. 

2002; Follett 2001; Matamala et al. 2008; McLauchlan et al. 2006; Mensah et al. 2003).  

With the most productive natural terrestrial carbon sinks only sequestering 298 g C m-2 

yr-1, and 1183 g C m-2 yr-1 in some of the rapidly growing energy crops, the subsequent 

export decomposition of 41-54 g m-2 yr-1 of terrestrial carbon back to CO2 in aquatic 

ecosystems like in this study represents a large percent of the total carbon once labeled as 

sequestered or buried (Sartori et al. 2006). 

Productivity and respiration in the macrophyte-rich lakes were clearly susceptible 

to inter-annual variation because production was dependent on the length of the 

macrophyte growing season, which changed from year to year.  In some years, 
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macrophytes never visibly senesced and primary productivity along with extensive CO2 

undersaturation was observed all the way into the fall (Kenning Chapter 1).  Variations in 

climate did not affect the length of this growing season because one macrophyte-rich lake 

had a growth period that lasted well into the fall in 2004, but in 2005 the growth period of 

the macrophytes lasted only a few months, while the other macrophyte-rich lake had a 

short growth period in 2004 and long one in 2005 (Kenning Chapter 1).  This variation in 

season was enough to cause total annual CO2 sequestration rates of these lakes to vary by 

5.3 fold between years.  

Outside of the primary macrophyte growth period, extensive periphyton mats had 

developed some years in the macrophyte-rich lakes (Kenning, personal observation).  The 

effect of this periphyton on GPP depended on the season.  In the spring or fall when there 

was little primary production by macrophytes or phytoplankton in macrophyte-rich lakes, 

the presence of periphyton contributed enough GPP to cause the macrophyte-rich lakes to 

become undersaturated in CO2.  However, if the periphyton bloomed during the 

macrophyte growth period, it suppressed macrophyte GPP to the point where 

macrophytes died back and decomposed leaving the water supersaturated in CO2.  

Therefore, the timing of the periphyton bloom was very important in terms of its net 

effect on NPP.  The ability of periphyton to contribute to macrophyte senescence may 

explain variation among years in macrophyte production because in the years with the 

longest macrophyte growing season, there was little periphyton growth on the 

macrophyte beds.  The reasons underlying the inter-annual variation in periphyton were 

not determined, but may have included changes in top down control by grazer 

populations, or changes in bottom up control, such as dissolved nutrients entering the 
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lake from the sediment or watershed, or even the rather large fluctuations in the number 

of waterfowl that visit the lakes and contribute nutrient rich fecal matter (Wetzel 2001). 

Despite differences in the NEP rates of the lakes, net heterotrophy was the 

predominant condition.  Drawing conclusions from these results regarding whether lakes 

are net CO2 sources or sinks is tricky because net heterotrophy based on O2 

measurements does not automatically mean the end product is dissolved CO2, but could 

be a number of interrelated DIC molecules, especially considering that the pH of the 

lakes rose above 9 in the summer (Kenning Chapter 1).  When CO2 partial pressures were 

measured, they were in fact low enough in the surface waters in these lakes at times to 

make the lakes net CO2 sinks, despite the net heterotrophy based on NEP measurements.  

For the macrophyte-rich lakes, the lakes had a mean sink of 1.10 ± 0.32 g C m-2 day-1 in 

2004 and 0.68 ± 0.34 g C m-2 day-1 in 2005 (Kenning Chapter 1).  The 61% greater mean 

sink based on CO2 partial pressures in 2004 than 2005 corresponded with the 57% higher 

whole lake NPP in 2004 over 2005, yet CO2 partial pressures indicate a carbon sink while 

the net heterotrophy observed in this study indicated a carbon source due to the 

allochthonous input of carbon.  The same can be said for the phytoplankton-rich lakes, 

which were observed to be net heterotrophic based on NPP, but to be carbon sinks of 0.59 

± 0.16 g C m-2 day-1 in 2004 and 0.81 ± 0.16 g C m-2 day-1 in 2005 (Kenning Chapter 1).  

As a result, the annual differences in NEP did seem to track the annual fluctuations in 

CO2, but the NEP data indicated net heterotrophy, not autotrophy. 

Besides the effects of high pH and allochthonous DIC, another possible reason 

why the lakes had CO2 undersaturation at the surface despite net heterotrophy was that 

86.5% of the respiration in the macrophyte-rich lakes and 69.3% of the respiration in the 
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phytoplankton-rich lakes occurred in the benthos below where the surface where CO2 

undersaturation occurred.  At depth, the lakes did have higher CO2 concentrations 

(Kenning Chapter 1). When removing this benthic respiration from the whole-lake NEP 

calculation and looking at pelagic NPP alone, the macrophyte-rich lakes had on average 

an NPP of -50.64 ± 66.48 mg C m-2 day-1 at the surface and the phytoplankton-rich lakes 

had on average an NPP of 35.28 ± 145.68 mg C m-2 day-1 at the surface, thus sufficient to 

generate CO2 undersaturation in surface waters and allow for CO2 sequestration from the 

atmosphere.  Therefore, benthic respiration made the average conditions at the depth of 

the oxygen dataloggers net heterotrophic, but all of the CO2 generated by this process 

may not have been able to completely offset the photosynthesis happening at the 

water/atmosphere interface thus allowing for some CO2 uptake from the atmosphere.  

Regardless of the exact cause for the seemingly contradictory observations of CO2 

sequestration based on measurements of CO2 partial pressures while the O2-based NEP 

data showed net heterotrophy, the occurrence of net heterotrophy does not mean the lakes 

were not burying carbon.  Large inputs of allochthonous DOC and particulate carbon 

likely drove respiration above production, but there could still be substantial carbon 

accumulating in the sediment (Cotner et al. In prep.; Dean and Gorham 1998; Euliss et al. 

2006).  Two of the shallow lakes have sediment carbon burial estimates available for 

them, with phytoplankton-rich Rolland accumulating approximately 44.69 ± 1.30 mmol 

C m-2 day-1 and macrophyte-rich Hagstrom accumulating approximately 47.96 ± 1.03 

mmol C m-2 day-1 (Thesis Conclusion, Appendix 1).  This is comparable to rates found in 

a wide assortment of wetland types, although in recent time wetlands of the prairie 
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pothole region have seen a rapid increase in carbon burial rates so ours may as well 

(Bridgham et al. 2006; Cotner et al. In prep.).   

 
Conclusion  Net heterotrophy driven by allochthonous inputs into freshwater ecosystems 

creates a net flux of 1.4 Pg of CO2 into the atmosphere while burying 0.6 Pg C (Tranvik 

et al. In review.).  When looking at autochthonous production in large lakes, roughly 40% 

of primary production is lost as CO2 to the atmosphere or carbon burial, with CO2 loss 

being an order of magnitude more than carbon burial (Alin and Johnson 2007).  However, 

most lakes in the world are small and productive, and receiving ever increasing loads of 

terrestrial organic matter (Downing et al. 2006; Monteith et al. 2007). In the shallow 

lakes of the Prairie Pothole Region, 4-5 Tg of organic carbon is buried annually and the 

rate of burial is increasing (Cotner et al. In prep.). 

 The net ecosystem productivity measurements presented here illustrate that even 

shallow lakes of the Prairie Pothole Region are net heterotrophic even while still burying 

carbon.  Allochthonous organic matter appeared to be playing a major role in this net 

heterotrophy by fueling bacterial respiration.  The role of DIC also appeared to be 

important because in the hardwater lakes of the Prairie Pothole Region, DIC inputs can 

affect whether the lakes sequester atmospheric CO2, especially given the high pH of these 

lakes (Duarte et al. 2008; Striegl and Michmerhuizen 1998).  The GPP of our shallow 

lakes was at times over 10,000 mg C m-2 day-1, higher than large tropical lakes, but 

despite this high primary production, net heterotrophy occurred meaning a lot of 

terrestrial carbon considered buried by carbon sink models was being respired (Alin and 

Johnson 2007; Cole et al. 2007).  If more accurate and widespread estimates are made of 

the net ecosystem production of wetlands, they may prove not only to be one of the 
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largest sites of organic carbon burial on the planet, but also a large site of terrigenous 

carbon decomposition that by some estimates already rivals the carbon loss by 

deforestation and fossil fuel combustion (Tranvik et al. In review.). 

 
  



 70

Chapter Three 
 

Sources of DOC and DIC in shallow lakes with different alternative stable states. 
 
 

 Shallow lakes exhibit two alternative stable states with macrophytes as the 

dominant autotrophs in one state and phytoplankton dominant in the other.  In the 

macrophyte-rich state, the dissolved organic carbon (DOC) and inorganic carbon (DIC) 

pool of some shallow lakes may be more strongly influenced by macrophytes rather than 

phytoplankton, as has been observed in deeper lakes.  I measured concentrations and δ
13C 

signatures of DOC and DIC in two macrophyte-rich and two phytoplankton-rich lakes in 

the Prairie Pothole Region of Minnesota.  DOC concentrations were extremely high and 

averaged 86.0 ± 1.6 mg C L-1 in the winter, fell to 28.7 ± 0.6 mg C L-1 before ice-out, and 

rose temporarily to 54.4 ± 1.3 mg C L-1 in the spring.  These concentrations decreased 

again to a summertime mean of 16.44 ± 0.70 mg C L-1 in the macrophyte-rich lakes, 

which was significantly lower (p-value <0.05) than the summertime mean of 22.56 ± 1.54 

mg C L-1 in the phytoplankton-rich lakes.  DIC followed a similar annual pattern with 

macrophyte-rich lakes having high values in winter (175.21 ± 26.63 mg C L-1), and 

decreasing to a mean of 53.86 ± 2.90 mg C L-1 in the summer, significantly lower         

(p-value <0.05) than the 100.40 ± 4.32 mg C L-1 found in the phytoplankton-rich lakes. 

δ
13C signatures of DOC were -25.11 ± 0.13 ‰ in the macrophyte lakes and -25.88 ±    

0.11 ‰ in the phytoplankton-rich lakes.  Both DOC isotopic signatures were closer to the 

range of sediment (-26 to -24 ‰) and shoreline vegetation (-24 to -28 ‰) than 

macrophytes (-7 to -16 ‰) or phytoplankton (-20 to -30 ‰), possibly indicating at least 

45% of the DOC was allochthonous.  DIC δ
13C signatures were -2.65 ± 0.57 ‰ in the 

macrophyte-rich lakes and -0.35 ± 0.59 ‰ in the phytoplankton-rich lakes, but declined 

by up to 6.60 ‰ by mid-summer in the macrophyte-rich lakes compared to a decline of 

only 1.37 ‰ in the phytoplankton-rich lakes.  Consequently, the carbon pools of all lakes 

had large allochthonous inputs, but autochthonous productivity could cause major 

fluctuations in the carbon pools, especially in the macrophyte-rich lakes. 
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Introduction 
 Shallow lakes are gaining widespread interest because they lack longterm 

stratification and under conditions of high water clarity, macrophytes can potentially 

cover the entire benthos of shallow lakes providing a large source of autochthonous 

primary production in addition to any phytoplankton production occurring within the 

lakes (Scheffer 1998).  In deeper temperate lakes, longterm stratification is common and 

most of the benthos lacks sufficient light to support macrophytes.  Therefore, while 

phytoplankton can dominate primary production in deep lakes, primary production in 

shallow lakes is often dominated by both benthic primary producers and phytoplankton 

(Kenning Chapter 2; Vadeboncoeur et al. 2001).  

 However, macrophytes are not always present in large numbers even in shallow 

lakes.  High turbidity through eutrophication and sediment resuspension can decrease 

light levels causing macrophytes disappear from the lakes (Irfanullah and Moss 2004; van 

de Harterd and Ter Heerdt 2007).  However, when macrophytes are present, 

phytoplankton abundance is low because macrophytes stabilize sediments, sequester 

nutrients, and inhibit phytoplankton productivity. This dichotomy forms what is often 

referred to as the alternative stable states of shallow lakes, a phytoplankton-rich one and a 

macrophyte-rich one (Scheffer 1998, 2007; Scheffer et al. 1993). 

 These different stable states enables an interesting test case of various ecological 

phenomena, in particular carbon biogeochemistry.  Studies of dissolved carbon fluxes in 

aquatic ecosystems are widespread in deeper lakes, but only recently have studies tried to 

explore dissolved carbon dynamics in shallow lakes (Andersson and Brunberg 2006; Arts 

et al. 2000; Waiser 2006; V.-Balogh et al. 2003).  Such studies of shallow lakes and 

wetlands are very important because their overall presence on the world’s landscape 
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makes them the most numerous lentic ecosystem worldwide and globally they may bury 

as much as 0.6 Pg of organic C yr -1 (Downing et al. 2006; Tranvik et al. In review).  

Their importance to dissolved carbon pools is best illustrated by the emerging knowledge 

that globally 23% of riverine carbon originates in shallow lakes and wetlands, which is 

3.2 times more carbon than from non-wetland areas (Harrison 2005). 

 Dissolved organic carbon (DOC) is important in shallow lakes because it fuels a 

very large and active microbial loop within the lakes, including within the sediments (von 

Wachenfeldt and Tranvik 2008).  Bacteria growing on this DOC are important players in 

the processing of nutrients and carbon, thus aiding the ability of the wetlands to act as 

natural water filters (Cotner et al. 2009).  Nowhere is the microbial loop more important 

than in the macrophyte-rich states where bacterioplankton can dominate a lake’s pelagic 

respiration and possibly recycle nutrients and carbon back into the lakes’ food webs 

(Kenning Chapter 4). 

 Macrophyte biomass can be over 300 g C m-2 and thus should have a large impact 

on the dissolved carbon pool of macrophyte-rich shallow lakes where chlorophyll a 

concentrations are low (< 2.6 ppb) (Herwig et al. 2004; Kenning Chapter 2; Reed 2006; 

Wetzel 2001).  Still, even low macrophyte abundance can contribute significant 

quantities to the DOC pool in lakes (Huss and Wehr 2004; Reitner et al. 1999; Stets and 

Cotner 2008b; Vadeboncoeur et al. 2003; Waicham 1996).  Even in phytoplankton-rich 

shallow lakes where macrophytes barely cover half the benthos and phytoplankton 

productivity exceeds 100 mg C m-2 day-1, macrophytes can be a source of approximately 

23% to 55% of the DOC pool, and allow bacterial carbon demand to be an order of 
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magnitude larger than what phytoplankton production can provide alone (Huss and Wehr 

2004; Reitner et al. 1999). 

Macrophytes can produce such large quantities of carbon because of their high 

productivity (up to 10,000 g C m-2 yr-1) and constant leaf turnover as a means of dealing 

with self-shading and epiphyte load (Scheffer 1998; Wetzel 2001).  In temperate regions, 

macrophytes have a defined growing season where biomass increases after emergence 

from the sediment in the spring until senescence during the late summer and into the fall 

(Wetzel 2001).  Senescence does result in a large pulse of DOC in laboratory studies, but 

this distinct pulse has not been shown to occur in lakes (Davis et al. 2006; Godshalk and 

Wetzel 1978 a, c).  Knowledge of such pulses is important because pulses of DOC can 

greatly elevate microbial respiration and affect whether or not lakes are net sources or 

sinks for atmospheric CO2 (Biddanda and Cotner 2002; Cole et al. 1999). 

 The net heterotrophic (CO2 source) or autotrophic (CO2 sink) nature of lakes has 

gained increased attention because of the implications for atmospheric CO2 levels.  

Strong seasonal periods of net autotrophy have been observed in shallow lakes during the 

early, most productive part of the macrophyte growing season, but varying magnitudes of 

net heterotrophy exist the rest of the year (Kenning Chapter 1, 2).  This implies there is 

more respiration by heterotrophs than primary production.  Is net heterotrophy fueled by 

residual DOC from the previous year(s) or allochthonous organic carbon that is 

constantly being carried into lakes?  How do different sources and sinks in shallow lakes 

affect the seasonal size and composition of the DOC pool? 

 In this study, I examined the seasonal behavior of DOC concentrations and δ
13C 

signatures in shallow lakes in order to understand its sources and regulation in shallow 
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lakes of different stable states.  Dissolved inorganic carbon (DIC) concentrations and 

δ
13C signatures were also observed because DIC is connected with DOC through 

respiration/decomposition and production, thus helping me further understand 

fluctuations in DOC.  The lakes used in the study had similar watershed characteristics 

and were dominated by either macrophytes or phytoplankton allowing us to determine the 

effects of the dominant primary producers on the DOC pool.  I predicted that during the 

summer when primary production was greatest, the macrophyte-rich lakes would have a 

large contribution of DOC from macrophytes and the phytoplankton-rich lakes would 

have large contribution from phytoplankton, but during the rest of the year the lakes 

would be fed by pulses allochthonous DOC, especially during spring snowmelt. 

 
Materials and Methods 
Study Sites During 2004 and 2005, the DOC and DIC dynamics were studied in four 

shallow lakes in the Prairie Pothole Region of western Minnesota.  The lakes were 

macrophyte-rich Blakesly and Hagstrom, and phytoplankton-rich Rolland and Bellevue.  

All lakes had surface areas of 5-15 hectares, were 1.5-2.0 m deep, and had catchement: 

surface area ratios from 4.4–5.5 (Reed 2006).  They were also located in Waterfowl 

Production Areas where their watersheds were actively managed as native prairie grasses 

for waterfowl nesting cover. 

 
Climate Climate was similar in 2004 and 2005, with a summertime high of 32°C 

and wintertime low of -33°C both years, but 2005 had cooler spring with ice-out two 

weeks later in 2005 (early April) than 2004 (late March).  Also, precipitation was 85.60 

cm in 2005 and 52.50 cm in 2004, with most of the extra moisture coming in an 

unseasonably wet period in late August/early September when precipitation typically 



 75

declines in the region.  Nonetheless, water levels were similar both years with the 

exception of winter 2004 when all lakes were 20 cm lower after an unusually severe dry 

period the previous fall.  Spring snowmelt in 2004 caused water levels to quickly recover 

however.   

 
Field Collection All lakes were sampled on average every three weeks in 2004 and 2005 

with more sampling dates in summer than in winter. December was the only month not 

represented.  Some important events such as ice-out and lake freezing (the entire surface 

covered with ice) were captured by samples taken within a few days, and in one case 

within hours, of the events. 

DOC and DIC samples were prepared in the field by filtering water through 

Whatman GF/F filters (pre-combusted 4 hours at 450ºC) using gentle vacuum (<100 mm 

Hg) pressure to remove any particulate organic matter.  DOC samples were frozen in 

glass sample vials that had been pre-combusted for 4 hours at 550 ºC and covered with 

Teflon coated caps.  DIC samples were stored in pre-combusted airtight glass vials with 

Teflon caps and kept refrigerated until measurement.  Great care was made to ensure 

there were no air bubbles in the DIC samples. 

 
Analyses     Within 1 week of sample collection, DOC was measured by high temperature 

(680ºC) oxidation using a Shimadzu 5000 TOC analyzer.   DIC was measured by 

acidification on the same instrument by lowering the pH to 2 (with HCl) and measuring 

the CO2 released with an infrared gas analyzer.   Repeated measurements of the same 

samples were taken over consecutive days and I found that samples did not change over 

one week. 
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The isotopic composition of DOC and DIC (δ13C) was used to determine the 

sources of these carbon pools.  DOC samples were taken on 7 dates from January to 

November 2004 and 14 dates from January to October 2005. DIC samples were taken on 

7 dates from March to October 2005.  The March dates both years were taken while lakes 

were still frozen.  Samples were filtered through precombusted GF/F filters and placed in 

amber I-Chem 40 mL vials with Teflon septa.  DOC samples were prepared by adding 

10% HCl to remove the large quantities of DIC in the samples and then refrigerated until 

isotope analysis.  DIC samples were prepared by adding mercuric chloride (1% final 

solution) to prevent changes in concentration until they were measured.  Samples were 

shipped to Colorado Plateau Stable Isotope Lab at Northern Arizona University for stable 

isotope analysis using gas isotope-ratio mass spectroscopy.  

 
Results 
DOC  DOC concentrations were significantly different (t-test, p-value <0.05) between 

stable states on every date except February and May 2004, and October 2005.  

Specifically, the macrophyte-rich lakes had lower concentrations on all dates except 

under the ice from January to March 2004 when the macrophyte-rich lakes had the 

highest levels (Appendix C Figure 1). 

The ice-free months had the lowest DOC concentrations (Appendix C Figure 1).  

During 2004, DOC concentrations in all lakes increased from spring through July and 

then declined the rest of the year, but in 2005 concentrations remained unchanged except 

for a few subtle increases midsummer and late fall.  However, all lakes experienced 

springtime pattern both years that consisted of a decline in DOC concentrations just 
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before ice-out followed by a temporary increase in DOC after ice-out before settling to 

summertime levels. 

The DOC concentrations of the lakes within each stable state were averaged and 

divided into separate periods based on the observed fluctuations in DOC and the seasonal 

behavior of macrophyte growth (Table 1). This provided a better understanding of the 

differences between each stable state within important time periods for the lakes that 

were otherwise blurred by some of the daily variation.  Using these temporal divisions, 

there was inter-annual variability in DOC concentrations at all times under the ice for the 

phytoplankton-rich lakes, but less inter-annual variability for the macrophyte-rich lakes.  

However, the opposite pattern occurred during the summer when the DOC concentrations 

in the phytoplankton-rich lakes were similar each year, while the macrophyte-rich lakes 

changed from year-to-year (Table 1).  During the brief period following ice-out, all lakes 

differed strongly between years regardless of stable state. These results indicated the 

inter-annual differences in macrophyte growth patterns.  

 
DIC  During the ice-free season, DIC concentrations in the macrophyte-rich lakes 

decreased by over 40% after springtime highs both years and then increased again the 

following winter (Appendix C Figure 2).  The phytoplankton-rich lakes had midsummer 

declines in DIC concentrations of 24% in 2004, but in 2005 concentrations continued to 

decline steadily through the fall, eventually decreasing 46% below the springtime high.   

DIC levels were always elevated in the winter under the ice, but fell rapidly just 

before ice-out.  Unlike DOC, DIC showed large inter-annual variation that persisted all 

year (Table 2), perhaps due to changes in groundwater influence and lake chemistry.  

Phytoplankton-rich lakes had lower DIC concentrations in 2005 than 2004 at all times 
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except the winter. The macrophyte-rich lakes likewise had lower DIC in 2005 than 2004, 

except during a brief period in 2005 when macrophyte growth began (Table 2).   

 The DIC concentrations between the different stable states were always 

significantly different (t-test, p-value < 0.05) except for February in both years.  

Phytoplankton-rich lakes had on average 30 mg C L-1 more DIC than macrophyte-rich 

lakes, except in the winter when macrophytes had the highest DIC concentrations.  

Seasonally, DIC concentrations were over 1.5× higher in the phytoplankton-rich lakes 

and 2.9× higher in the macrophyte-rich lakes in the winter than summer both years (Table 

2).  

 
Stable Isotopes     DIC δ13C signatures averaged -0.35 ± 0.59‰ Pee Dee Belemnite in the 

phytoplankton-rich lakes, significantly higher than the average of -2.65 ± 0.57 ‰ in the 

macrophyte-rich lakes.  Signatures increased following ice-out by on average 2.95‰ in 

the macrophyte-rich lakes and 2.69 ‰ in the phytoplankton-rich lakes (Appendix C 

Figure 5).   Following a springtime peak, DIC δ
13C signatures declined by an average of 

4.21‰ and 1.32‰ in the macrophyte-rich and phytoplankton-rich lakes, respectively, 

until bottoming out in June/July.  In the fall, δ13C signatures increased again by on 

average 4.20 ‰ in the macrophyte-rich lakes and 1.97 ‰ in the phytoplankton-rich lakes.   

 Average DOC δ13C signatures were -25.88 ± 0.11 ‰ in the phytoplankton-rich 

lakes, significantly lower than the average of -25.11 ± 0.13 ‰ in the macrophyte-rich 

lakes (t-test, p-value <0.0001).  Signatures showed a seasonal trend in the phytoplankton-

rich lakes with mid-summer declines of 0.68‰ in 2004 and 0.95‰ in 2005 from January 

until May/June before rising again in the fall (Appendix C Figure 6). The δ
13C-DOC 

signatures of      macrophyte-rich lakes fluctuated with no apparent pattern.     
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Discussion 

The focus of this study was to understand DOC sources and dynamics of shallow 

lakes of varying stable states.  DIC was measured along with DOC because it can help 

explain patterns in DOC since they can be interconnected through respiration and 

production. We found that both DOC and DIC were higher in the phytoplankton-rich 

lakes.  Also, all lakes had profound fluctuations each spring as the lakes thawed, probably 

due to pulses of melt water.  As indicated by the stable isotopes, allochthonous sources 

dominated the carbon pool, but autochthonous primary production and respiration caused 

fluctuations in DOC and DIC concentrations, particularly in the macrophyte-rich lakes. 

 
DOC/DIC Concentrations  The DOC and DIC concentrations had large fluctuations in all 

lakes, but DOC concentrations were only positively correlated with DIC in the 

phytoplankton-rich lakes, perhaps due to the outlier effects from the extremely high 

wintertime concentrations (Appendix C Figure 7).  If primary production and respiration 

had been the only processes controlling the DOC and DIC pools, there should have been 

a negative correlation between these two pools.   

DIC and DOC also varied at drastically different magnitudes.  For example, DOC 

concentrations varied by over 60 mg C L-1 between ice and ice-free seasons, but DIC 

concentration changes were two times that.  Therefore, DOC and DIC concentrations did 

not appear to be completely connected by respiration and production at all times, 

consistent with the idea that allochthonous organic matter influenced dynamics, but that 

is not to imply there was not some biological role in their behavior.  Instead, high 

allochthonous inputs of DIC and DOC may have overwhelmed the effects of biological 

activities.  
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Over the course of the study, fluctuations in DOC and DIC concentrations were 

similar each winter and spring, with high concentrations under the ice followed by 

decreases at ice-out.  During the rest of the year, there was little inter-annual similarity.  

For example, in 2004 DOC concentrations increased from ice-out until midsummer and 

then decreased prior to the lakes freezing in all lakes, but in 2005 DOC concentrations 

remained level throughout the ice-free season outside of small peaks.  DIC concentrations 

decreased in mid-summer and then increased again in fall 2004, but in 2005 they 

decreased in the spring and then remained low.  Perhaps the seasonal patterns in DOC 

and DIC observed in 2004 were interrupted in 2005 because the unusually wet fall 

decreased autochthonous production, or simply swamped the autochthonous signal with 

greater inputs of allochthonous materials. 

 Another important finding was that DOC and DIC concentrations were often 

significantly higher in the phytoplankton-rich lakes than the macrophyte-rich ones.  Rates 

of primary production were not significantly different between the two stable states and 

respiration was mildly higher in the phytoplankton-rich (11,145.8 ± 1263.4 mg C m-2  

day-1) versus the macrophyte-rich lakes (7,486.6 ± 1218.5 mg C m-2 day-1) (Kenning 

Chapter 2).  Therefore, the net ecosystem productivity was not fully responsible for the 

large differences in DIC and DOC concentrations between stable states. 

The reason why lakes in alternative stable state may have different DOC and DIC 

concentrations is that macrophytes make them conducive to lower DIC and DOC 

concentrations.  For example, macrophytes may decrease the resuspension of sediment 

organic matter into the water column by stabilizing the sediment.  Resuspension rates are 

nearly 10x greater in phytoplankton-rich lakes than in macrophyte-rich lakes and their 
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sediments were rich in organic matter (>20% g/g dry weight), which would provide both 

DOC and DIC to the water column in large quantities (Kenning Appendix 1; Koncsos 

and Somlyody 1994; Reddy et al. 1996; Bachmann et al. 2000). Also, DOC from live 

macrophytes themselves tends to be consumed by epiphytic bacteria, so once released 

little may have escaped to the bulk DOC pool (Thiel-Nielsen and Söndergaard 1999).  

Additionally, the dominant macrophyte in these lakes, Chara spp., has calcareous tissue 

that can lock up a lot of inorganic carbon, possibly depressing DIC concentrations (Kufel 

and Kufel 2002).  Even if the macrophytes were not physically extracting inorganic 

carbon from the water, the high DIC concentrations, temperature, and pH of these 

macrophyte-rich lakes in the summer could have caused carbonate precipitation that 

would lower DIC concentrations in the macrophyte-rich lakes, and perhaps precipitate 

DOC along with it (Otsuki and Wetzel 1973).  Therefore, many properties of 

macrophytes may have resulted lower DOC and DIC in the macrophyte compared to the 

phytoplankton-rich lakes. 

Interestingly, though, despite these differences in concentrations between the 

alternative stable states, concentrations of DOC and DIC in all lakes increased and 

decreased simultaneously, albeit at different magnitudes, on 70% of the dates (Appendix 

C Figure 7).   When DOC or DIC concentrations fell between sampling dates in one lake, 

they fell in all lakes regardless of the stable state of the lake.  This implies that some 

control operating at a larger, regional scale may have played a role in driving changes in 

DOC and DIC (Pace and Cole 2002).  Climate was most likely the driving force as it can 

affect all of the lakes simultaneously through altering temperature, precipitation, runoff 

and/or light levels within the lakes, thus controlling autochthonous productivity and 
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carbonate precipitation, which can adsorb DOC and make DOC and DIC decline 

synchronous with each other (Otsuki and Wetzel 1973; Wetzel 2001).   However, perhaps 

the biggest factor that would have been affected by climate was the amount of 

allochthonous carbon input into the lakes due to hydrological variability.  Somewhat 

regular annual variations in allochthonous influxes of DOC and other dissolved 

chemicals entering lakes has been previously observed in streams due to climatic 

variables so it is reasonable to believe the same occurs in shallow lakes (Crump and 

Hobbie 2005).  The synchrony among lakes in DOC and DIC dynamics thus suggests the 

importance of allochthonous DOC and DIC entering the lakes (Kent et al. 2007). 

 Allochthonous DOC and DIC contributions were especially important during the 

spring thawing of the ice on the lakes.  Each year in the week preceding ice-out, DOC 

and DIC concentrations decreased after accumulating all winter under the ice.  The 

decline in DIC concentrations was expected due to the initiation of photosynthetic 

activity under the ice from phytoplankton or periphyton, as well as the possible venting 

of the high concentrations of CO2 that had accumulated under the ice (Kenning Chapter 

1).  However, the decline in DOC concentrations was surprising considering melting 

snow and increased photosynthetic activity should have delivered more DOC to the lakes 

(Finlay et al. 2006). Furthermore, increased DOC during the winter would be somewhat 

unexpected if DOC concentrations were strongly influenced by a lack of autochthonous 

production considering the 70 cm of ice and up to a meter of snow on the ice on some 

lakes that would have constrained photosynthesis. 

What can explain these wintertime patterns in DOC?  Part of the explanation is 

that DOC exclusion from ice may have caused it to accumulate in the underlying water 
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(Belzille et al. 2002).  Also, past periods of elevated primary production may have caused 

carbon to be stored in the sediments and be later released as DOC during periods when 

autochthonous primary production was low (Becquevort et al. 2002; Biddanda and 

Cotner 2002; Cauwet et al. 2002). In these shallow lakes, summertime GPP reached 

5,375 ± 857 mg C m-2 day-1 in the macrophyte-rich lakes and 7,645 ± 739 mg C m-2 day-1 

in the phytoplankton-rich lakes (Kenning Chapter 2).  With such tremendous 

productivity, a lot of organic matter may have accumulated in the sediment of the lakes 

that could subsequently be degraded and released as DOC during the winter. 

Furthermore, CO2 concentrations in the lakes increased all winter causing pH to 

decline from a summertime high of over 9.1 to a low near 6.1 in February (Kenning 

Chapter 1).  Under those conditions, carbonates that precipitated all summer, along with 

the DOC that they adsorbed, would have dissolved, increasing DIC and releasing DOC 

back into the water (Otsuki and Wetzel 1973).  Given the changes in DIC concentrations 

in the lakes between fall and winter, and the extent organic matter can be adsorbed to 

dissolving DIC (Otsuki and Wetzel 1973), approximately 50 mg C L-1 of DOC could 

have been released if the entire rise in DIC concentrations were due to the dissolution of 

carbonates.  DOC actually increased by over 70 mg C L-1.  Therefore, one of the 

predominant processes was likely adsorption and release of DOC with precipitating DIC, 

but there was also major biological component to the observations.   

However, why did DOC accumulate if bacteria had all winter to decompose it?  

Over the winter, respiration rates can be lower and bacterial growth efficiencies higher 

resulting in less respiratory carbon loss, but temperature and respiration rates remained 

unchanged during this time (Biddanda and Cotner 2002). Bacteria may have also 
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processed the most labile DOC, causing an accumulation of highly recalcitrant DOC over 

winter.  Once the snow melted and the ice thinned in the spring, this large recalcitrant 

DOC pool either became re-adsorbed to precipitating DIC, or was photo-oxidized causing 

the DOC concentrations to suddenly fall.  During the summer months, as much as 14% of 

the DOC placed in full sunlight could photo-oxidize in these lakes over just a few hours 

(Kenning Chapter 2).  A higher UV attenuation has been observed in Prairie Pothole 

wetlands in the spring than later in the year (Peterson et al. 2002).  Given the larger 

wintertime DOC concentrations in these lakes, it would take approximately a week to 

completely photo-oxidize the DOC pool if there were no DOC inputs.  Consequently, a 

lack of photo-oxidation combined with lower pH and higher carbonate solubility under 

the ice may have been why DOC accumulated all winter and then suddenly fell once 

sunlight finally penetrated the thinning ice. 

 A second equally dramatic shift in DOC and DIC concentrations occurred in the 

weeks that followed the breakup of ice when both DOC and DIC briefly increased 14-66 

mg L-1 before decreasing by over 25 mg L-1 to summertime levels.  One explanation for 

this could be snowmelt runoff, which in turn delivered large quantities of DOC from soils 

(Brooks et al. 1999; Park et al. 2005).  Also, given that the watersheds were heavily 

pitted with many tiny ephemeral ponds the thawing of the soil at this time likely 

increased groundwater flow and the flushing of carbonates from soils and sediments 

(Berthold et al. 2008).  Either way, there were clearly plumes of highly stained water 

streaking through the clearer lake water (Kenning, personal observation).   

 
DIC/DOC Isotopes  Carbon stable isotope composition can be used to help understand 

DOC/DIC’s source(s) and its seasonality because δ
13C signatures can be related back to 
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the source of the carbon, whether it be autochthonous or allochthonous (Peterson and Fry 

1987).  In the present study, the DIC and DOC δ
13C signatures had different patterns in 

the winter than the rest of the year (Appendix C Figure 8).   

In the winter, the δ13C signature of DIC tended to decline under the ice while the 

DOC signature increased slightly.  The wintertime pattern could have been partially due 

to the decomposition of the large pool of 13C-depleted organic matter that accumulated 

from the previous summer.  Respiration enzymes can have a slight bias towards 12C over 

13C, but the affect is typically small (McCallister and del Giorgio 1998; Striegl et al. 

2001).  However, the decomposition 13C-depleted organic matter from the past growing 

season would have produced CO2 with a low δ13C signature.  Additionally, the 

dissolution of carbonates due to the low pH conditions would have caused DIC δ
13C to 

decline as well (Romanek et al 1992).  Given the known CO2 concentrations of the lakes 

over this time (Kenning Chapter 1) and assuming all of the extra wintertime DIC that was 

not due to the accumulating CO2 was from carbonate dissolution, the δ
13C signature of 

the DIC should have been approximately 3.2 ‰ lower in the winter than in the fall.  This 

is very close the actual 3.3 ‰ decline measured in the lakes. 

After ice-out, the dominant isotopic fractionation should have been caused by 

photosynthesis because it increased dramatically during the ice-free season (Kenning 

Chapter 2).  Photosynthesis should have gradually increased the δ
13C signature of the 

DIC pool and decreased the δ
13C signature of the DOC because it utilizes 12C much more 

quickly than 13C depending on the conditions in the lake (Bade et al. 2006; Finlay 2004.  

McCallister and del Giorgio 2008; Peterson and Fry 1987).  However, δ
13C signature of 

DOC did not move opposite the δ13C signature of DIC.  Instead, the δ13C signature of 
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DIC and DOC moved with each other in the phytoplankton-rich lakes, while in the 

macrophyte-rich lakes the isotopic signatures of DOC moved randomly with respect to 

DIC.  In other words, photosynthesis alone was not completely responsible for the δ
13C 

observations, especially given that the lakes were net heterotrophic (Kenning Chapter 2).   

The respiration of isotopically-depleted DOC into DIC can cause the isotopic 

signature of the two to move with each other for periods of time as happened in the 

phytoplankton-rich lakes.  The lakes were net heterotrophic and warmer temperatures 

encourage higher rates of respiration (Kenning Chapter 2, 4; del Giorgio and Williams 

2005).  In the macrophyte-rich lakes where macrophytes had a signature of -7 to -16 ‰ 

(Zimmer, personal communication), the combination of photosynthesis and respiration 

that lead to overall net heterotrophy would have caused the δ
13C signatures to decline 

approximately 4.1 ‰, close to the average measured decline of 4.2 ‰ .  The isotopic 

signature of the phytoplankton is more variable (Zimmer, personal communication) 

causing greater difficulty in modeling the average decline in the phytoplankton-rich 

lakes, but the net decline in the δ
13C signature of DIC could have also been caused by the 

combined effects of photosynthesis and respiration in the lakes.  Therefore, the 

summertime changes in the isotopic signatures of DIC were likely greatly affected by net 

heterotrophy. 

Other processes occurred in the lakes that can lower the isotopic signatures of 

DIC.  One was isotopic fractionation due to the period of CO2 undersaturation that 

developed in the lakes over the early summer (Kenning Chapter 1).  This caused a period 

of CO2 invasion, especially in the macrophyte-rich lakes from May until the end of July.   

The isotopic signature of DIC could have then changed because 12CO2 dissolves faster 
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than 13CO2 (Doctor et al. 2008; Herczeg et al. 2003; Quay et al. 1986; Zhang et al. 1995).  

As a result, the DIC in a lake with CO2 invasion can become isotopically lighter than one 

with evasion.  However, the relative impact of atmospheric CO2 invasion on δ13C 

signatures may have only been minor given the size of the DIC pool (Myrbo and Shapley 

2006; Finlay 2003).  Macrophyte-rich lakes were on average 1.27× greater CO2 sinks 

than phytoplankton-rich lakes (Kenning Chapter 1).  If CO2 invasion accounted for the 

maximum net decline in δ13C signatures of DIC in the macrophyte- and      

phytoplankton-rich lakes, CO2 invasion would need to be 1.96× higher in the 

macrophyte-rich lakes due to the smaller DIC pool in the macrophyte-rich lakes.  

Therefore, CO2 fluxes at the surface may have had a role in the declining DIC signatures 

in the summer, but probably not as strong as the other processes. 

Another isotopic fractionation process that likely had a role in the lakes over the 

open water season involves the chemistry of the DIC molecules themselves.  DIC is made 

up mostly of CO2, carbonate and bicarbonate, with the latter dominating in these 

hardwater prairie potholes.  These molecules are important because they are simply 

products of one another after becoming hydrated in water (Emerson 1975).  Without any 

biological intervention, this reaction alone leaves CO2 slightly more depleted in 13C than 

the other molecules, especially if some of that DIC were removed from the water column 

by precipitation (Romanek et al. 2001; Zhang et al. 1995).  When CO2 concentrations fell 

during the summer months, pH increased from 7.3 at ice-out to over 9.1 by midsummer, 

which resulted in whiting events in area wetlands as bicarbonate precipitated out of the 

lakes (Kenning Chapter 1).  This would have left the remaining DIC isotopically 
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depleted, reinforcing the notion that the precipitation and dissolution of bicarbonates 

could have played a role in the fluctuations in DIC concentrations throughout the year. 

Methanogenesis is prevalent in shallow lakes and can affect the isotopic signature 

of DIC (Schlesinger 1997).  In general, the production of methane tends to leave DIC 

isotopically heavier (Quay et al. 1986).  For DIC to have a low δ13C signature similar to 

what was observed, there must have been high methanotrophy as well.  The lakes studied 

here were rich in dissolved methane, particularly in the middle of winter under the ice 

and the middle of the summer, so methanogenesis exceeded methanotrophy, although 

methanotrophy may still have been high (Kenning Chapter 1).   As a result, it was 

difficult to identify if methanogenesis and methanotrophy played a major role in the 

declining δ13C signatures. 

Altogether, net heterotrophy was likely behind the shift in the δ
13C signature of 

DIC during the ice-free season, as well as some additionally fractionation due to 

inorganic carbon chemistry of the lakes.  However, the origin of the DIC is not clear 

because the DIC isotopic signatures were much higher than those of the DOC (Craig 

1953; Peterson and Fry 1987). This means that most of the DIC in the lake came from 

outside the lake while autochthonous processes only adjusted it (Craig 1953).   

Allochthonous DIC sources include atmospheric CO2, which at equilibrium with 

carbonate results in a DIC signature around 0 ‰, which is slightly more enriched than the 

DIC in these lakes (Zhang et al. 1995).  The study lakes were rarely at equilibrium with 

the atmosphere with respect to CO2. Carbonate minerals in the watershed have a DIC 

with a δ13C of -15 to 4 ‰, which brackets the observed DIC values (Craig 1953).  These 
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lakes had very high bicarbonate levels so carbonate weathering in the watershed likely 

contributed to the high DIC concentrations and heavy isotopic signature of DIC. 

Therefore, what likely happened in the lakes was that the rise in DIC 

concentrations and δ13C signatures after ice-out was due to the influx of carbonates in the 

meltwater and the CO2 concentrations of the lakes equilibrating with the air.  As the 

growing season progressed, autochthonous processes (CO2 invasion, bicarbonate 

precipitation, and/or net heterotrophy of DOC into DIC) depressed δ
13C signatures by 

midsummer, especially in the macrophyte-rich lakes with the greater decline in δ13C 

signatures.   

DOC was also likely impacted by the same biological processes that affected 

DIC.  The DOC δ13C signatures were likely impacted by respiration in the winter which 

caused the δ13C signatures of DOC to slightly increase (Appendix C Figure 5, 6, 9).  

Also, rapid respiration of DOC into DIC during the summer may have contributed to why 

the δ13C signatures of DOC and DIC followed each other in the lakes, particularly in the 

phytoplankton-rich lakes where an approximately 1‰ midsummer decline in DIC was 

matched by a 1‰ midsummer decline in DOC. However, inorganic processes also likely 

played a major role in DOC dynamics much like they did for DIC. 

Identifying the source of DOC was difficult.  DOC is lost from autotrophs through 

natural leakage, predation or decomposition (Wetzel 2001).  I predicted that in the 

phytoplankton-rich lakes the DOC pool should be dominated by phytoplankton and in the 

macrophyte-rich lakes it should be dominated by macrophytes.  Of these two autotrophs, 

phytoplankton tended to be more 13C-depleted than macrophytes due to there being less 

of a barrier for diffusion of CO2 for phytoplankton (Brenner et al. 2006; Keough et al. 
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1998; Peterson and Fry 1987).  Phytoplankton in nearby wetlands had δ
13C signatures 

from -20-30‰, while submerged macrophytes ranged from -7-16‰ (Zimmer, personal 

communication).  As a result, the lower overall δ
13C signature of the DOC in the 

phytoplankton-rich lakes was consistent with a phytoplankton source, but because of the 

multiple major sources and only one tracer for DOC, identifying the relative 

contributions of the sources is difficult.   

One source of DOC in the macrophyte-rich lakes other than macrophytes was 

epiphytic algae.  Phytoplankton concentrations were much lower in the macrophyte-rich 

lakes than the phytoplankton-rich ones, but macrophytes were coated with epiphytic 

algae and metaphyton, which in some lakes completely smothered the macrophytes by 

August (Herwig et al. 2004; Irfanullah and Moss 2004).  The δ13C signatures of the DOC 

were closer to the epiphytic algae (-20 to -24‰) than the macrophytes (-7 to -16 ‰) in 

these systems and others (Zimmer, personal communication).  Some researchers even 

debate how much of the macrophyte-derived DOC ever reaches the water column after 

diffusing through the thick barrier of epiphytic algae and bacteria (Thiel-Nielsen and 

Söndergaard 1999).  This means DOC in the macrophyte-rich lakes may have had a large 

algal component, but could these algae have produced all of the DOC in macrophyte-rich 

lakes given the massive macrophyte carbon pool present?   

The DIC isotopic signature implied a large allochthonous source rather than an 

autochthonous one like metaphyton.  The average isotopic signature of DOC was -25.11 

± 0.13 ‰ in the macrophyte-rich lakes.  DOC in surface runoff from the watershed had a 

δ
13C of -20.60 to -21.09 ‰ (Kenning, unpublished).  The watershed of these lakes was 

full of depressions likely limiting surface runoff, but water may have percolated through 
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the soil and emergent macrophyte beds around the lakes.  The grasses, cattails, and reeds 

along the shores of the macrophyte-rich lakes in this region have δ
13C signatures of -24 to 

-28 ‰ (Zimmer, personal communication), bracketing the -25.11 ± 0.13 ‰ mean DOC 

δ
13C value.  This evidence further implies that much like DIC, most of the DOC comes 

from an allochthonous source in the macrophyte-rich lakes, even though autochthonous 

sources could change the DOC pool throughout the year.  

The phytoplankton-rich lakes had allochthonous sources of DOC as well.  With 

the phytoplankton isotopic signature around the -30‰ in these lakes and runoff between    

-20.60 to -21.09 ‰, surface runoff would only need to contribute 45% of the DOC during 

the ice-free months in the phytoplankton-rich lakes to reach the observed isotopic 

signature of DOC (Keough et al. 1998; Peterson and Fry 1987).  Other studies have 

shown that the small macrophyte community can contribute strongly to the DOC of a 

lake (Huss and Wehr 2004; Reitner et al. 1999; Stets and Cotner 2008b; Vadeboncoeur et 

al. 2003; Waicham 1996).  Given the even higher isotopic signature of macrophytes 

compared to phytoplankton, macrophyte-derived DOC would only need to make up 29% 

of the DOC pool in phytoplankton-rich lakes.  This is within the 23-55% range found by 

other studies (Huss and Wehr 2004; Reitner et al. 1999).  However, as in the case of the 

macrophyte-rich lakes, the -24 to -28 ‰ of shoreline vegetation best brackets the -25.88 

± 0.11 ‰ DOC δ13C of the macrophyte-rich lakes implying large allochthonous inputs. 

Despite the exact contribution of all of these other sources of DOC, phytoplankton 

probably impacted the DOC pool enough to decrease the phytoplankton-rich lakes DOC 

signature lower than that of the macrophyte-rich lakes. 
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A large terrigenous source of DOC would also explain the briefly elevated DOC 

levels following ice-out.  Snowmelt should have delivered terrigenous DOC along with 

DIC.  Terrestrial organic matter is δ13C-depleted, around -28 ‰, meaning an influx of 

terrigenous organic matter could cause the observed decline in decline δ
13C signatures of 

DOC following ice-out (Cotner et al. unpublished).  Even an increase in groundwater 

influxes with snowmelt could deliver DOC from the sediment where organic matter has a 

δ
13C around -26 ‰ (Appendix 2). Therefore, allochthonous sources of DOC and DIC 

were important in all lakes throughout the year, including the spring, and helped explain 

the net heterotrophy seen in shallow lakes (Kenning Chapter 2). 

 

Conclusion  The focus of this study was to see how alternative stable states affect the 

DOC pools in shallow lakes and how these pools change over time.   For macrophyte-rich 

lakes, the macrophytes and their epiphytes appeared to contribute more to the DOC pool 

than phytoplankton.  In the phytoplankton-rich lakes, the DOC pool was much larger and 

appeared to have a larger phytoplankton component.  Nevertheless, in all of the lakes the 

dominant sources of DOC and DIC were allochthonous.  However, macrophytes in 

macrophyte-rich lakes have a much larger impact on DOC and DIC pools during the 

growing season than phytoplankton in phytoplankton-rich lakes.  Because of my findings, 

any management of these unique and diverse ecosystems needs to account for alternative 

stable states as well as seasonal changes in allochthonous inputs when trying to control 

these alternative states, particularly during the spring when there are large temporal 

variations before the macrophytes emerge. 



 93

Chapter Four 
 

Bacterial growth efficiencies and stoichiometry in Prairie Pothole Wetlands 
 

 Phytoplankton-rich and macrophyte-rich alternative stable states in shallow lakes 

represent a dichotomy of dominant autotrophs.  These alternative stable states affect a 

wide range of organisms from waterfowl to zooplankton, but little is known about how 

differences in the dominant autotroph type affect heterotrophic bacterial growth.  I 

measured bacterial growth efficiency (BGE) and stoichiometry among lakes of different 

alternative stable states in 2002 and 2003.  BGE was determined from respiration and 

production measurements of bacterial-size fractioned water (filtered through a 1 µm  

pore-size filter) and stochiometry was determine from bacterioplankton from that 1 µm 

filtered water caught on GF/F filters. Average C:N and C:P molar ratios were 7.81 ± 0.24 

and 210.44 ± 21.24, respectively, in the phytoplankton-rich lakes in 2003.  These ratios 

were lower than the macrophyte-rich lakes which had an average C:N ratio of 9.29 ± 0.32 

and C:P ratio of 254.92 ± 19.67.  The average BGE in the macrophyte-rich lakes was 

lower (14.05 ± 4.38%) than that observed in the phytoplankton-rich lakes (23.42 ± 

4.68%), but not statistically significant (t-test, p-value 0.0816).  The respiration in the 

bacterial size-fractioned water was higher in the macrophyte-rich lakes than respiration in 

unfiltered water, perhaps indicating bacterivores limited bacterial biomass in  

macrophyte-rich lakes.  All of these observations suggest that the conditions that 

encourage phytoplankton growth in phytoplankton-rich lakes may also be conducive to 

bacterial growth, perhaps due to tighter coupling between autotrophic production and 

decomposition in these systems than in macrophyte-rich systems. 
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Introduction 
Shallow lakes and wetlands are the most numerous lentic ecosystems in the world 

and are thought to play a key role in the storage of organic carbon on the Earth’s surface 

(Einsele et al. 2001; Downing et al 2006; Wetzel 2001).  Shallow lakes differ from 

deeper lakes in that they lack long-term stratification and have the potential for high rates 

of benthic primary production, while deeper lakes can have long-term stratification, but 

relatively little benthic primary production.  Shallow lakes also exhibit alternative stable 

states wherein one state, waters are clear and macrophytes are abundant throughout the 

lake, but in the other stable state, waters are extremely turbid and phytoplankton are the 

most abundant autotrophs (Scheffer et al. 1993).  Researchers have extensively studied 

the effects of alternative stable states on many organisms in shallow lake communities, 

but few have studied the microbial community in the context of alternative stable states 

(Scheffer 1998). 

 Macrophytes are abundant throughout shallow lakes and wetlands with high water 

clarity resulting in high light levels near the sediments.  These aquatic plants and 

complex algae represent both a source of organic matter that can fuel bacterioplankton 

growth and enable competition for inorganic nutrients.  Bacterioplankton in temperate 

lakes are often limited by phosphorus and carbon (Wetzel 2001).  Although many 

angiosperm macrophytes derive many of their nutrients from the sediments, they also can 

extract large amounts of nutrients directly from the water column under certain 

conditions  (Sand-Jensen and Borum 1991).  Complex algae, such as the Chara spp., 

derive most of their nutrients from the water column and should compete with 

bacterioplankton for dissolved nutrients in shallow lakes (Kufel and Kufel 2002).  The 

question then is what is the net overall effect of macrophytes and macroalgae on 
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bacterioplankton growth given the potential negative effects through competition for 

nutrients and the potential positive effects due to excretion of labile carbon?  Ultimately it 

may be important whether organic carbon or nutrients are more important controls of 

bacterial growth in these lakes. 

 Microbes could benefit from particulate and dissolved organic carbon (POC and 

DOC, respectively) produced by macrophytes.  DOC is secreted by macrophytes 

throughout the summer, but there is believed to be a more pronounced pulse following 

macrophyte senescence in the late summer or fall, which has been shown to promote 

microbial growth (Godshalk and Wetzel 1978a, b). The more steady background flow 

during the macrophyte growth phase is also important as it can represent 1-10% of a 

macrophyte’s photosynthetic carbon fixation, a large amount considering the primary 

production rates of macrophytes can range from 6.4 up to 4400 g C m-2 yr-1 (Wetzel 

2001).   This steady background secretion of DOC by macrophytes has been shown in 

these lakes (Kenning Chapter 3) and can support the food webs of lakes, including 

bacterioplankton, during the macrophyte growing season even in water abundant with 

phytoplankton, sometimes increasing bacterial carbon demand one order of magnitude 

higher than if bacterioplankton were dependent on phytoplankton alone (Huss and Wehr 

2004; Reitner et al. 1999; Vadeboncoeur et al. 2003; Waicham 1996).  

 The question remains, though, whether bacterioplankton are more or less 

productive in macrophyte-rich shallow lakes with their large carbon supply, but heavy 

nutrient competition from the macrophytes (Kenning Chapter 3, Stets and Cotner 2008a, 

b).  Bacterial growth efficiency (BGE) is an important measurement that reveals 

underlying physiology of bacterial growth because it tells how well bacteria are 
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assimilating carbon into new biomass versus loosing carbon as respiration to meet 

metabolic demands (del Giorgio and Cole 1998).  Another important component of 

bacterial growth is their elemental stoichiometry because it provides insight into the 

ability of the bacterial community to utilize and regenerate nutrients.  Measurements of 

both stoichiometry and BGE help reveal details behind the growth of microbes under 

different alternative stable states, perhaps providing insight into why some shallow lakes 

and wetlands seem to be better at sequestering nutrients and carbon than others. 

The purpose of this study was to compare bacterioplankton growth and 

stoichiometry in shallow lakes in alternative stable states.  Measurements of bacterial 

abundance, production, respiration, stoichiometry, and biomass carbon were taken in ten 

shallow lakes existing in two different stable states.  The dominant macrophyte in these 

lakes was Chara, which often withdraws more nutrients from the water column than the 

sediment (Kufel and Kufel 2002).  Because of the large biomass of Chara in these lakes, 

310.59 ± 36.12 g C m-2 (Chapter 2), I expected the heavy nutrient competition between 

bacterioplankton and Chara in the macrophyte-rich lakes to decrease growth efficiencies 

and increase C:N and C:P ratios relative to the phytoplankton-rich ones.  In other words, 

the conditions that are conducive to phytoplankton growth in the phytoplankton-rich 

lakes may also be conducive to better bacterioplankton growth in shallow lakes. 

 

Materials and Methods 

Study System Ten shallow lakes in the Prairie Pothole Region in western Minnesota 

were selected for this study based on similar lake size, watershed area, food web, and 

water depth.  Each shallow lake was located within state and federal Waterfowl 

Production Areas where the watersheds were actively maintained as prairie for waterfowl 
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nesting cover. Lakes covered 5 to 15 hectares and had a uniform depth of 1.5 to 2.0 

meters across the entire lake.  Watershed areas of each lake were typically less than 5 

times the lake’s surface area, but heavily pitted with ephemeral wetlands that limited 

runoff directly to the lakes so only the heaviest precipitation caused subtle increases in 

water depth (Reed 2006).  Most of these lakes were not naturally connected by surface 

water to other water bodies, but two were unintentionally connected by water diversion 

projects to facilitate drainage of agricultural land during the second year of study.  

Therefore, most lakes represented isolated water bodies ideal for studying the effects of 

alternative stable states on bacterioplankton. 

 Lakes were subdivided by their alternative stable states.  Erhard, Rollag, 

Anderson 2, and Hagstrom were all clear and had Chara spp. meadows covering their 

entire benthos outside of a 2 m wide band along the perimeter of the lake where Chara 

mixed with Myriophyllum spp. early and Potamogeton spp. later in the summer.  

Macrophyte biomass reached 190.82 ± 16.11 g C m-2 in the mixed species beds and 310 ± 

36.12 g C m-2 in the pure Chara beds (Kenning Chapter 2).  Reisdorph 2, Stammer, 

Froland, Curron, Bellevue, and Rolland were all turbid and phytoplankton-rich.  Their 

turbidity was at least 45 NTUs and they had chlorophyll a concentrations exceeding 100 

ppb by August (Herwig et al. 2004).  These turbidity and chlorophyll a values were more 

than double those of the macrophyte-rich lakes (Herwig et al. 2004).  The  

phytoplankton-rich lakes did have small macrophyte beds of Potamogeton spp., but the 

highest biomass values observed in any one year were only 1.67 ± 0.67 g C m-2 (Kenning 

Chapter 2).  Lakes were studied during the second or third weeks of May through 

September 2002 and 2003.  Reisdorph 2 was sampled once during January 2003.  Due to 
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surface water connections that developed between some lakes after the local water 

projects mentioned above and a failed biomanipulation by the MN Department of Natural 

Resources, Froland and Rollag switched between stable states in 2003.  As a result, 

Froland and Rollag were not studied in 2003. 

 
Analyses  All samples were collected from three randomly placed stations across the 

middle of each lake from a depth of one meter using a Van Dorn sampler.  Samples were 

brought back to the field laboratory on ice for sample preparation and analysis.  During 

preparation, a portion of the water was pumped through a 1.0 µm polycarbonate 

Nucleopore cartridge filter to remove all particulate matter except for bacteria and    

virus-sized particles.  Bacterial abundance counts before and after filtering indicated that 

on average only 10% of bacteria were lost during the filtration process.  The remaining 

water was pumped through a 0.2 µm polycarbonate Nucleopore cartridge filter to produce 

bacteria-free water to serve as a media for bacterial dilution culture experiments. 

Bacterial respiration was measured in two lakes in 2002 (Anderson 2 and 

Rolland) and four lakes in 2003 (Anderson 2, Rolland, Hagstrom and Curron).  Using the 

1.0 µm filtered water from these lakes, bacterial respiration was determined by 

incubating the water in BOD bottles in the dark at ambient lake temperatures for up to 48 

hours.  Oxygen concentrations were measured every 12 hours using automated Winkler 

titrations based on potentiometric endpoint detection using a Mettler DL 21 autotitrator 

(Granéli and Granéli 1991).  Changes in oxygen were linearly regressed with time to 

determine respiration rates.  Respiration of unfiltered lake water was also determined by 

the same method in order to determine total respiration rates of all organisms in the lake 

water (Biddanda et al. 2001). 
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Bacterial production was determined using the dilution culture growth method 

(Ammerman et al. 1984).  This consisted of incubating 20 mL of 1.0 µm filtered water 

with 180 mL 0.2 µm filtered water in 250 mL clear Nalgene bottles. This allowed the 

bacteria to grow relatively uninhibited by bacteriovores and competition.  Bottles were 

wrapped in aluminum foil and incubated at ambient lake temperature.  Every 12-24 hrs 

for up to 60 hrs, 5 mL water samples were withdrawn and preserved with 5% (final 

concentration) formaldehyde solution for subsequent microscopic analysis of bacterial 

abundance and digital image analysis of biomass.   

Slides representing each time point were prepared by first acridine orange staining 

the bacteria and then filtering them onto black 0.2 µm membrane filters (Millipore) 

(Francisco et al. 1973).  Production was determined from the change in biomass of 

bacterial cells at each time point using epiflourescence microscopy (Olympus BX40) to 

create digital images of the slides (SPOT Basic, Diagnostic Instruments) (Hobbie et al. 

1977).  Biomass was estimated by taking the two dimensional images of individual 

acridine orange-stained bacteria and converting to biovolume.  This was followed by 

converting biovolume to biomass using a standard bacterial mass to volume ratio of 217.5 

fg C/µm3 (Loferer-Kröbacher et al. 1998).  Production rates were then found using a 

linear regression of changes in total bacterial biomass over time.   

Bacterial abundance was determined by manually counting bacteria from 

unfiltered lake samples using epiflourescence microscopy.  Water samples were 

preserved in formalin and slides were prepared as described above for production 

analysis.  During counting, 20 image fields were viewed, which contained 175 – 18,250 



 100

bacteria.  No slide samples for production and abundance calculations for July-September 

2003 were available for analyses.  

BGE was determined on the lakes where respiration was measured by using the 

following equation: BGE = production / (production + respiration) × 100%.  

Measurements of respiration were converted from units of oxygen to units of carbon 

assuming a respiratory quotient of 1:1 O2 to CO2 (Biddanda et al. 2001; Wetzel and 

Likens 1991).   

Samples for bacterial elemental composition were prepared in the field by 

drawing 50-100 mL of 1.0 µm filtered water through a glass fiber filter (Whatman GF/F) 

and then freezing the filter.  Filters were then analyzed for C and N using a CHN analyzer 

(Perkin-Elmer).  Phosphorus was determined by acid-persulfate digestion of the filters 

and then measuring soluble reactive phosphorus analysis (APHA 1995) with an Alpkem 

Flow Solution 3000 Analyzer (OI Analytical, College Station, TX).  Average bacterial 

biomass carbon of individual cells was determined by dividing the total bacterial carbon 

per mL water by bacterial abundance per mL. 

 
Results 
Abundance    Bacterial abundance was high, averaging over 107 bacteria per mL both 

years.  Abundance was typically lowest in May and peaked in August 2002 (Appendix D 

Figure 1).  The most rapid rate of increase in abundance occurred from May to June with 

half the lakes experiencing a two to fourfold increase in bacterial densities both years.  

Increases were much less dramatic the rest of the summer and abundances began to 

decline in many lakes by September. 
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Average abundances were significantly higher in the phytoplankton-rich lakes    

(t-test, p-value < 0.05) for the summer of 2002, but not for the shorter summer 2003 data 

set (Table 1).  Combining both 2002 and 2003 data, phytoplankton-rich lakes averaged 

significantly more bacterioplankton than their macrophyte-rich counterparts. At all times 

in 2002 and 2003 the phytoplankton-rich lakes averaged more bacterioplankton than the 

macrophyte-rich lakes, but the difference was much smaller in May.  For example, 

phytoplankton-rich lakes averaged only 2.08 × 106 more bacteria  mL-1 in May 2002 than 

the macrophyte-rich ones, an insignificant difference (p-vale 0.3513) (Appendix D Figure 

1c).  The differences in abundances increased all summer with the phytoplankton-rich 

lakes eventually exceeding the macrophyte-rich ones by 15.11 × 106 by September.   

 
Biomass Carbon  Cellular biomass (carbon mass per cell) was highest in the spring and 

lowest in the fall in all lakes (Appendix D Figure 2).  No significant differences in 

cellular biomass carbon between lake types were observed outside of June 2002 (t-test,  

p-value 0.004) when cellular biomass carbon in the phytoplankton-rich lakes was 2.6 

time higher than in the macrophyte-rich lakes.  

Mean total bacterial biomass was significantly different (p-value < 0.0001) 

between both lake types both years, although the very high values in 2003 were driven by 

a few outliers of over 2000 fg C Cell-1 (Table 1).  Changes in mean total bacterial 

biomass mirrored total bacterial abundance from month to month (Appendix D Figure 3).  

Phytoplankton-rich lakes had the largest total biomass, gradually increasing from 1.6 

times more biomass carbon than macrophyte-rich lakes during May to 2.1 and 1.8 times 

more biomass carbon by July in 2002 and 2003, respectively.   These differences were 

significant (t-test, p-value < 0.05) June through August 2002 and May through July 2003.  
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Each September, though, biomass carbon in the phytoplankton-rich lakes declined to be 

only 1.3 times higher than the macrophyte-rich lakes. 

 

Stoichiometry  The bacterioplankton C:N elemental ratio averaged 8.37 ± 0.19 in the 

phytoplankton-rich lakes, not significantly different than the 8.66 ± 0.21 C:N ratio of the 

macrophyte-rich lakes.  Underlying this average was seasonal variability where bacterial 

C:N ratios were not significantly different between stable states early in the summer, but 

the phytoplankton-rich lakes became significantly lower by July (t-test, p-value 0.0259) 

(Appendix D Figure 4).  Also, the phytoplankton-rich lakes averaged significantly lower 

C:N ratios in 2003, but not in 2002 due to the longer duration of sampling in 2002 (Table 

1). 

Bacterioplankton C:P elemental ratios in the macrophyte-rich lakes averaged 

262.31 ± 22.85, not significantly different from phytoplankton-rich lakes mean of 314.60 

± 57.16.  The phytoplankton-rich lakes did develop lower bacterioplankton C:P ratios 

than the macrophyte-rich lakes by July, the same pattern observed in the C:N ratios, but 

at no point were the C:P ratios significantly different (Appendix D Figure 5).  However, 

excluding the phytoplankton-rich Stammer Lake, which was shallow enough that it 

developed widespread colonies of the macrophyte Potamogeton spp. throughout, 

regardless of its high turbidity, reduced the mean C:P ratios of the phytoplankton-rich 

lakes to be significantly lower than the macrophyte-rich lakes (p-value <0.05). 

Bacterioplankton N:P elemental ratios were elevated in the spring and fall, but 

there were no major differences between lakes outside of the phytoplankton-rich lakes 

being slightly lower in August, with 2002 being statistically significant (Appendix D 
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Figure 6).  On average, though, bacteria in macrophyte-rich lakes had a N:P ratio of 

30.52 ± 2.16.  This ratio did not differ significantly from the average N:P ratio observed 

in the phytoplankton-rich lakes (32.40 ± 4.15). 

 
Production  Average bacterial production in phytoplankton-rich lakes was not 

significantly different than in the macrophyte-rich lakes (Table 1).  Seasonally, bacterial 

production slightly increased throughout the summer in all lakes, but with a lot of from to 

lake variability (Appendix D Figure 7).   

 
Respiration   During 2002, phytoplankton-rich lakes had the highest bacterial respiration 

every month and on average for the year (Appendix D Figure 8, Table 1).  Outside of a 

decline in respiration rates in July, respiration rates increased all summer until peaking in 

August 2002.  Trends were different in 2003 when the macrophyte-rich lakes had the 

highest respiration rates May through August, but were not significantly higher than the 

phytoplankton-rich lakes on average for the year.  Respiration rates did not have a clear 

trajectory over the course of the summer of 2003 like they had in 2002. 

 Respiration rates of unfiltered lake water were measured starting June 2003 and 

compared to the respiration of the bacterial fraction alone (<1.0 µm filtered water) 

(Appendix D Figure 8).  Bacterial respiration as a percentage of total respiration was the 

lowest in August and highest in September 2003 in all lakes (Table 2).  In phytoplankton-

rich lakes bacterial respiration accounted for as little as 6.88% of total respiration to as 

much as 51.55% of total respiration.  Macrophyte-rich lakes were completely different in 

that bacterial respiration accounted for over 100% of the total respiration of the unfiltered 

lake water in all months but August 2003 when it only accounted for 18.07%. In 
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September 2003 there was 2.89× more respiration occurring in the filtered water than in 

the unfiltered water in the macrophyte-rich lakes.  This suggests that in the macrophyte-

rich lakes some portion of the seston, such as zooplankton or phytoplankton, suppressed 

bacterial respiration rates in those lakes.  

 
Bacterial Growth Efficiency  The average BGE was 14.05 ± 4.38% in the       

macrophyte-rich lakes and 23.42 ± 4.68% in the phytoplankton-rich lakes.  These results 

were not statistically significant (t-test, p-value 0.0816) because of a brief period in July 

and September 2002 when the macrophyte-rich lakes had higher BGEs (Appendix D 

Figure 9).  However, on all other dates phytoplankton-rich lakes had on average 2.7 times 

higher BGEs than the macrophyte-rich lakes and in 2003 the average BGE of the  

phytoplankton-rich lakes was significantly higher for the year (Table 1).   

 
Discussion.  Comparisons of shallow lakes in different states helped establish the theory 

behind biomanipulation, trophic cascades, and how they lead to the different stable states 

(Scheffer et al. 1993).  Although many different organisms in shallow lakes have been 

studied when comparing different stable states, bacterioplankton are often excluded 

despite their role in various biogeochemical processes.  Results from the Prairie Pothole 

Region of Minnesota illustrated that the bacterioplankton in macrophyte-rich shallow 

lakes face nutrient competition with the macrophytes leading to higher C:N and C:P 

ratios, and lower BGEs than those bacteria in phytoplankton-rich lakes in 2003.  

Furthermore, the bacterioplankton in the macrophyte-rich lakes appeared to be strongly 

controlled by bacterivory because when bacterivores were filtered out, respiration rates 

more than doubled, something that did not happen in the phytoplankton-rich lakes.  
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Therefore, both top-down and bottom-up factors seem to cause the bacterioplankton to be 

more abundant in the phytoplankton-rich than in the macrophyte-rich lakes. 

 
Stoichiometry of Microbial Community Both stable states had higher 

bacterioplankton C:N and C:P ratios than the Redfield ratio (Redfield 1958). This means 

that bacterioplankton are capable of adjusting their elemental composition perhaps during 

periods of stress or rapid growth.   

Phytoplankton-dominated lakes had lower average C:P and C:N ratios than 

macrophyte-rich lakes (Stets and Cotner 2008b).   Seasonally, C:P and C:N ratios of 

bacterioplankton in the phytoplankton-rich lakes steadily declined while those in the 

macrophyte-rich lakes remained relatively unchanged as the summer progressed.  This 

may indicate that bacterioplankton in macrophyte-rich lakes may have been more nutrient 

limited than the bacterioplankton in phytoplankton-rich lakes.  Otherwise, the 

phytoplankton-rich lakes may have been more carbon-limited, which may lead to more 

tightly coupled carbon cycling in these lakes.  

These observations in the phytoplankton-rich lakes in 2002 were driven by a 

doubling in P, a slight increase and then decline in N, and a near halving of C 

concentrations in the bacterial community (Appendix D Figures 3d, 10).  N:P 

concentrations fell in the water of the lakes later in the summer, which in some cases 

occurred concurrently with the appearance of cyanobacterial blooms (Herwig et al. 

2004), indicating that the lakes may have begun to face N limitation.  This possibly 

explains why bacterial N levels fell later in the summer, but a N limitation does not 

explain the increase in P relative to C concentrations in the bacterioplankton of the 

phytoplankton-rich lakes. 
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Bacterial growth rates may underlie changes in bacterial C:P ratios in 

phytoplankton-rich lakes (Chrzanowski and Grover 2001).  The water in the 

phytoplankton-rich lakes had higher P concentrations than the macrophyte-rich ones 

(Herwig et al. 2004).  Higher P concentrations in the phytoplankton-rich lakes may be 

due to the constant resuspension of sediments and the lack of a large P sink in the form of 

Chara that covered most of the benthos of the macrophyte-rich lakes (Kufel and Kufel 

2002; Thomas and Schallenberg 2008).  Furthermore, phytoplankton-rich lakes had 

higher DOC concentrations than the macrophyte-rich ones (Kenning Chapter 3).  Both of 

these would encourage bacterial growth.  Also, all of the lakes in this area in general have 

been observed to reach daytime temperatures of 29°C by July (Kenning, personal 

observation).  Therefore, phytoplankton-rich lakes may have presented ideal conditions 

for rapid bacterial growth rates. 

How are rapid growth rates related to C:P stoichiometry?  It should be noted that 

total P concentrations in the phytoplankton-rich lakes changed little over the course of the 

summer, actually declining somewhat in September, but P concentrations of individual 

bacterial cells doubled (Herwig et al. 2004).  Therefore, the metabolism of the bacterial 

cells may have led to a shift in their stoichiometry.  C:P ratios of cells can change 

because rapidly growing bacteria can be less prone to store carbon and build biomass 

since doubling the genetic material of the chromosome and translational machinery of 

ribosomes is more crucial for reproduction than using lots of carbon for biomass (Elser et 

al. 2000).  Phosphorus is a crucial element required for synthesis of the DNA in 

chromosomes and the RNA in ribosomes (Makino and Cotner 2004).  With P being 

important for growth, its concentration can increase in rapidly growing cells while carbon 
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levels decline as the cells are unable to build biomass before another round of cell 

division (Elser et al. 2000).  Therefore, C:P can decline in rapidly dividing bacteria, 

possibly explaining our observed decline in C:P ratios in the phytoplankton-rich lakes.  

However, seemingly contrary to this explanation was that bacterial P 

concentrations actually declined in August and September while bacterial growth rose 

slightly.  Changes in bacterial abundance cannot explain this because bacterial densities 

were the highest of the year.  Temperature fluctuations can change C:P ratios by altering 

the efficiency of ribosomes and thus cellular concentrations of these P-rich enzymes 

(Cotner et al. 2006), but bacterial P concentrations fell as August water temperatures rose 

to 29°C and P continued to drop as temperatures dropped to 17°C in September when the 

samples were taken (Kenning Chapter 1).  Because bacterial P concentrations fell during 

the warmest month and again during the coolest, temperature effects were likely not 

behind what was observed.  Total P in the lakes declined in September, which may have 

led to P limitations in the bacterioplankton (Chrzanowski and Grover 2001; Herwig et al. 

2004).  C:P and N:P ratios were both much higher than the Redfield ratio in all lakes 

regardless of stable state, indicating that P was the most limiting nutrient (Redfield 1958).  

Further work is needed to separate the effects of growth and nutrient limitation on the 

bacterial C:P ratios in phytoplankton-rich lakes as they enter the fall season. 

Macrophyte-rich lakes differed from the phytoplankton-rich lakes in that C:P 

ratios were higher in the macrophyte-rich lakes and cellular P concentrations 

continuously declined almost in sync with C all summer long.  This led to a much smaller 

seasonal decline in stoichiometric ratios of these lakes compared to the       

phytoplankton-rich and biomanipulated lakes.  High P competition could have occurred 
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in the lakes because the dominant macrophyte in these lakes, Chara spp., has been known 

to have high P demands and may be a successful competitor for P (Kufel and Kufel 

2002).  Chara biomass reaches 310.59 ± 36.12 g C m-2 in these lakes (Kenning Chapter 

2), which was much greater than the maximum average bacterioplankton biomass of 

0.940 g C m-2.  This much Chara would represent a P sink of 776 – 900 mg P m-2 (Kufel 

and Kufel 2002).  In comparison, the phytoplankton in the phytoplankton-rich lakes 

achieved a chlorophyll a concentration of up to 275 ppb, which represented a 3× smaller 

P sink of 125.88 – 295.82 mg P m-2, depending on the chlorophyll a to biomass ratio and 

utilizing a 106:1 C:P ratio (Herwig et al 2004; Redfield 1958; Vörös and Padisák 1991; 

Wetzel 2001). If bacterioplankton faced strong P competition with Chara, this may have 

also placed constraints the bacterioplankton, including bacterial production, which was 

lower in the macrophyte-rich lakes than the phytoplankton-rich ones.  Therefore, heavy P 

competition and any associated limitation might have kept bacterioplankton from 

growing as rapidly in the macrophyte-rich lakes versus the phytoplankton-rich ones and 

limited some of the growth related stoichiometric changes that were seen in the 

phytoplankton-rich lakes (Stets and Cotner 2008b).  

 
Bacterial Growth Efficiencies   Growth efficiencies further indicated that conditions 

in the phytoplankton-rich lakes were more conducive to bacterial growth.   Macrophyte-

rich lakes had the lowest BGEs in 2002 outside of a spike in efficiency in July and 

September.  The differences between stable states became even larger in 2003 when on 

average the BGE of the macrophyte-rich lakes was only a quarter of that of the 

phytoplankton-rich lakes.  Clearly the bacteria were growing much more efficiently in the 

phytoplankton-rich lakes, devoting more carbon to production and less to respiration. 
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Many things can drive down BGE, including devoting more carbon towards 

energy production during rapid reproduction rather than devoting carbon to building 

larger cells (del Giorgio and Cole 1998).  DOC concentrations in these macrophyte-rich 

lakes averaged 15.5 mg C L-1 compared to 23.8 mg C L-1 in these phytoplankton-rich 

lakes (Kenning unpublished).  In general macrophytes do leak a steady supply of fairly 

labile DOC, but much of that carbon is quickly consumed by epiphytic bacteria on the 

macrophytes, leaving what remains for the bacterioplankton more refractory in nature 

(Godshalk and Wetzel 1978a, b; Thiel-Nielsen and Söndergaard 1999).  If the 

bacterioplankton’s DOC supply were more refractory in nature in the macrophyte-rich 

lakes, it would have driven down BGEs.  However, I did not determine the refractory 

nature of the carbon in our shallow lakes so cannot say how much of a role carbon plays 

in BGEs. 

A more obvious explanation for the lower BGEs in the macrophyte-rich lakes is 

that heavy competition for nutrients by macrophytes and their epiphytes in the 

macrophyte-rich lakes drove down growth efficiencies, (del Giorgio and Cole 1998).  

This is also a likely explanation since the stoichiometric evidence also indicated that 

bacterioplankton likely faced heavy nutrient competition in the macrophyte-rich lakes. 

 
Possible top-down control on microbial growth Top-down factors cannot be ruled 

out as influencing bacterial size and abundance.  Large differences in the zooplankton 

population size existed between the lakes such that many more large cladocerans and 

other zooplankton were found in the macrophyte-rich lakes versus the phytoplankton-rich 

lakes (Herwig et al. 2004).  Daphnia consume small rotifers, heterotrophic 

nanoflagellates, and even bacteria, thus posing a complicated range of impacts on 
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bacteria because they not only can consume some bacteria, but their predators as well 

(Pace et al. 1998; Zöllner et al. 2003).  In this study, bacterioplankton were lower in the 

macrophyte-rich lakes where Daphnia and various copepod species were much more 

abundant than in the phytoplankton-rich lakes (Herwig et al. 2004).   

 However, numerous observations argue that if any bacterivory was occurring, it 

was not from Daphnia or other zooplankton directly.  For starters, in the spring when 

Daphnia were the most abundant in the macrophyte-rich lakes (Herwig et al. 2004), 

bacterioplankton densities were not significantly lower than in the phytoplankton-rich 

lakes (Appendix D Figure 1c).  If Daphnia were consuming bacteria directly, bacterial 

densities should have been much lower in the macrophyte-rich lakes in the spring than in 

the   phytoplankton-rich lakes.  Another important observation arguing against direct 

grazing of bacterioplankton by zooplankton was that the average biomass per bacterium 

declined late in the summer (Appendix D Figure 2c), not early in the summer when 

Daphnia were more abundant (Herwig et al. 2004).  Even more interesting is that the 

decline in cellular biomass happened in all lakes, including the phytoplankton-rich ones 

where zooplankton were not nearly as abundant as in the macrophyte-rich or 

biomanipulated lakes.  If Daphnia were grazing bacteria, there should have been a 

noticeable decline in bacterial biomass in the spring in the macrophyte-rich lakes as the 

Daphnia selectively grazed out larger bacterial cells.  All of these lines of evidence hint, 

but by no means prove, that Daphnia or other zooplankton were not having a large direct 

impact on the bacterioplankton in the study lakes through direct grazing. 

 Nonetheless, respiration measurements indicated that there was some level of 

control of bacterial populations in the macrophyte-rich lakes, even if it was not directly 
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from the zooplankton. When comparing respiration of the 1.0 µm-filtered water 

containing just bacteria and viruses with the respiration rates of unfiltered water in the      

macrophyte-rich lakes, the filtered water containing just bacteria respired over twice as 

fast as the unfiltered water that would have contained any bacterivores along with the 

bacteria.  Chara could not have affected these observations because the bottles used to 

measure respiration of both the filtered and unfiltered water excluded macrophytes and 

would have contained equal concentrations of allelopathic compounds from the 

macrophytes.  Also, nutrients and temperature were not altered between treatments 

meaning some organism within the unfiltered water must have kept bacterial activity 

depressed in the unfiltered lake water because these bacteria were able to greatly increase 

their respiration after larger organisms were filtered out. What may have been filtered out 

of the water that could have controlled bacteria if it were not the zooplankton? 

 Phytoplankton would have been in the unfiltered water and have competed with 

bacteria for nutrients.  Chlorophyll a reached 50 ppb in a few of the macrophyte-rich 

lakes at times indicating that although the water was clear, it still had phytoplankton 

(Herwig et al. 2004).  Therefore, even if bacterioplankton in the unfiltered water had 

escaped competition for nutrients with Chara in the respiration experiments, it still faced 

competition with phytoplankton.  However, the presence of phytoplankton respiring in 

the unfiltered water of the macrophyte-rich lakes means respiration should not have 

increased so dramatically in the filtered water when those respiring phytoplankton were 

removed.  Therefore, phytoplankton competition in the macrophyte-rich lakes was 

probably not as important as some sort of bacterial grazing effect. 
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  Heterotrophic nanoflagellates are bacterivores that would have been removed by 

filtration.  They were found in random samples from nine of the ten lakes, including the 

both macrophyte- and phytoplankton-rich ones (Kenning, unpublished).  Trophic 

cascades that change zooplankton abundances can affect heterotrophic nanoflagellates 

and other bacterivores because Daphnia and copepods can graze these large eukaryotic 

cells (Pace et al. 1998; Zöllner et al. 2003).  However, zooplankton do not completely 

remove bacterivores from the water, but instead cause a community shift where a species 

more susceptible to predation is replaced by a less susceptible one (Muylaert et al. 2006).  

Given the large reservoir of bacterivores grazing on the immense epiphytic bacterial 

community on macrophytes, there may have been a large bacterivore population in the 

macrophyte-rich lakes that kept respiration and even production depressed in these lakes 

(Stets and Cotner 2008a; Sala and Gude 1999; Thiel-Nielsen and Söndergaard 1999).  

The phytoplankton-rich lakes also had heterotrophic nanoflagellates present that may 

have similarly depressed bacterial respiration, but the effect was not observed because the 

extremely high respiration of the phytoplankton in the unfiltered water made the filtered 

water always have less respiration.  Future studies of microbial activity in shallow lakes 

need to account for bacterial predators because any methods that filter them out would 

not provide a completely accurate picture of bacterioplankton growth in the lakes where 

the microbial loop plays an important role in cycling of carbon and nutrients, especially 

in  macrophyte-rich lakes where the bacterioplankton dominated pelagic respiration. 

 
Conclusion  The conditions in the phytoplankton-rich lakes that are conducive to heavy 

phytoplankton growth also appeared to be conducive to bacterial growth.  

Bacterioplankton in the macrophyte-rich lakes appeared to have faced strong nutrient 
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competition with the macrophytes and even some top down control that limited their 

growth and abundance.  Therefore, macrophytes not only represent an indicator of a type 

of stable state in shallow lakes, they also may strongly control many ecosystem properties 

through their control of bacterioplankton. 

All of these observations on the differences between bacterioplankton in alternate 

stable states stress the importance of not treating all shallow lakes and wetlands as if they 

have the same properties.  Lumping them together misses important aspects of shallow 

lakes, such as lower BGEs in August in macrophyte-rich lakes.  August happens to be the 

time when macrophyte-rich lakes transition from net CO2 sink to source (Kenning 

Chapter 1).  A lower BGE at this time would result in less carbon being recycled into 

biomass and more being respired off as CO2, increasing the possibility of CO2 saturation 

in the waters and making them CO2 sources instead of sinks.  Furthermore, lumping all 

lakes together would not reveal the declining carbon content and increasing phosphorus 

content of the bacteria in the phytoplankton-rich lakes over the summer and the possible 

important connection between these nutrient-rich microbes and higher trophic levels.  

After all, this connection in macrophyte-rich shallow lakes may be a major transfer of 

primary production from macrophytes to higher organisms because higher organisms do 

not often consume the macrophytes themselves, but are thought to merely graze on their 

associated bacterial and algal community (Hart and Lovvorn 2003; Underwood et al. 

1992).  Further research needs to be done to help fill in some missing details on the actual 

source and fate of organic matter and nutrients as they pass through the microbial loop to 

help pin down exactly why BGEs and stoichiometry varied between alternative stable 

states.  As more people try to revert wetlands and shallow lakes back to clear-water 
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conditions, it is important to understand that the biogeochemistry of many shallow lake 

systems may be dominated by macrophytes, but could be strongly driven by bacteria. 
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Conclusion 

 
 One of the main goals of this study was to see if macrophyte-rich and 

phytoplankton-rich shallow lakes could be net autotrophic.  Conceivably both could 

because both phytoplankton and macrophytes have high rates of primary production in 

wetlands and has lead some researchers to start to think that wetlands on a whole are net 

autotrophic, but this has not been fully tested in shallow lakes, especially in regards to the 

different autotrophs in the different stable states (Cole et al. 2007).  Having a different 

autotroph can be potentially important because macrophytes are known to have lower 

rates of decomposition than phytoplankton, meaning they may lead to net autotrophic 

conditions and greater rates of carbon burial (Enríques et al. 1993).  Most of the chapters 

in this dissertation were devoted to addressing this hypothesis, but the results were not as 

clear as I had hoped. 

 The results that seem to complicate the picture the most were the measurements 

of net primary production (NPP) versus the measurements on CO2 concentrations in the 

lakes.  Based on the NPP data, all lakes regardless of stable state had on average greater 

respiration than primary production, but at the same time the lakes were on average 

undersaturated with CO2.  In other words, the NPP data said the lakes were net 

heterotrophic, but the CO2 data implied the lakes were atmospheric CO2 sinks and thus 

net autotrophic.  How can I resolve this discrepancy? 

 The solution may lie in how the NPP data and CO2 data were measured.  The CO2 

concentrations were measured just below the surface of the lakes, but the NPP were 

measured deeper in the water and should have represented the entire water column.  

When the whole water column NPP measurements were split into pelagic and benthic 
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components, the surface waters had a positive NPP, or were within one standard error of 

having a positive NPP, so net autotrophic.  Therefore, based on activity of the surface 

waters alone, both the NPP and CO2 measurements agreed the lakes were sequestering 

atmospheric CO2. 

 The problem arose when the benthic NPP measurements were taken into account.  

In all of the shallow lakes, over 2/3 of the respiration came from the benthos, which in 

essence made most of the water column net heterotrophic, despite the net autotrophy 

occurring in the surface waters.  Therefore, the lakes could have withdrawn CO2 from the 

atmosphere because of the net autotrophy at the surface where the lakes were interacting 

with the atmosphere, but at the same time the oxygen dataloggers used for the whole 

water column NPP calculations found net heterotrophic conditions because they were 

placed deeper in the lakes where there was greater influence of sediment respiration.   

Most of the carbon that wetlands fix comes from the atmosphere (Cole et al. 

2007).  However, the surface waters undersaturated in CO2 were likely influenced by the 

deeper waters because a 61% decline in CO2 sequestration at the surface between the two 

years was similar to the 57% decline in whole lake NPP over that time.  Still, even 

though there was a lot of CO2 being produced by respiration occurring in the benthos of 

these lakes, they still maintained extensive CO2 undersaturation at the surface, which 

would have caused CO2 to be sequestered by the surface waters of the lakes.  At the same 

time there was likely exchange of CO2 from the CO2-enriched deeper waters with the 

surface, although clearly not fast enough to prevent CO2 undersaturation at the surface.  

Diffusion of CO2 in water is slower than in the atmosphere, but mixing of the water 

column can increase its movement (Wetzel 2001).  Various measurements, such as the 
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large CO2 concentration gradient with depth, indicated that all of the shallow lakes 

studied here were not mixing very rapidly even though shallow lakes by definition show 

no longterm stratification.  That is not to mean that shallow lakes in general do not 

exhibit temporary stratification, which can easily happen in macrophyte-rich lakes, but it 

typically breaks down quickly (Megard 1961; Scheffer 1998).  Studies have tried to work 

on the internal mixing of shallow lakes, but they find that the mixing is quite complicated 

given the presence of macrophyte and the fact that waves and turbulent mixing can shift 

sediments (Herb and Stefan 2005, Thomas and Schallenberg 2008).  Therefore, it is by no 

means straightforward to simply calculate the internal exchange of CO2 between waters 

of various depths of the lake, even though it would be of importance to measure in future 

studies because the CO2 undersaturated surface waters were no doubt receiving CO2 from 

the benthos as well as the atmosphere. 

 When comparing the stable states, macrophyte-rich lakes had both the strongest 

potential for a CO2 sink and highest average NPP.  The key word here is ‘potential’ 

because the length of the macrophyte growing season varied between years and as a 

result, the length of time that the lakes were CO2 undersaturated and sink conditions 

varied between years.  Macrophyte-rich lakes were also net autotrophic during the early 

part of the macrophyte growing season.  Later in the macrophyte growing season, 

respiration caught up with primary production rendering the lakes net heterotrophic at 

least a month before macrophytes actually senesced and CO2 concentrations rose.  NPP 

and CO2 sequestration rates were a little steadier in the phytoplankton-rich lakes than the 

macrophyte-rich lakes because there was no defined growing season for phytoplankton.  
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Each year the phytoplankton-rich lakes had roughly the same amount of NPP and same 

degree of CO2 undersaturation. 

 Also, phytoplankton-rich lakes did not suffer from extensive periphyton growth 

like the macrophyte-rich lakes had.  Periphyton only added a little more seasonality to the 

CO2 sink/source conditions in the macrophyte-rich lakes as periphyton presence waxed 

and waned.  As a result, any efforts to use remote sensing or ground based measurements 

to calculate CO2 sinks in shallow lakes would likely be relatively easy when it comes to 

phytoplankton-rich lakes because of their consistent annual behavior, but much more 

difficult when it comes to the stronger sink in macrophyte-rich lakes unless the growth 

and decline of macrophytes and periphyton could be adequately detected. 

 Comparing the 74.29 ± 18.84 mmol m-2 day-1 CO2 sink in the macrophyte-rich 

lakes and 58.48 ± 9.34  mmol m-2 day-1 in the phytoplankton-rich lakes to the literature, 

our lakes were definitely at the high end for carbon sinks.  Hypereutrophic deeper lakes 

can produce a sink of up to 40 mmol C m-2 day-1 so shallow lakes appear to exceed those 

numbers (Casper et al. 2000; Schindler et al. 1997; Cole et al. 1994).  Wetlands have 

been known to accumulate up to 52 mmol C m-2 day-1, but these numbers are based 

mostly on bogs with little coverage of other types of wetlands (Bridgham et al. 2006).  In 

terrestrial ecosystems, CO2 sequestration rates typically range from 0 - 68 mmol C m-2 

day-1, but can push 270 mmol C m-2 day-1 in the fast growing plants being studied for 

energy crops (Sartori et al. 2006).  The shallow lakes studied here could not match the 

extreme values for those fast growing terrestrial plants, but they were definitely at the 

higher end for carbon sequestration rates among natural ecosystems. 
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 Looking at another greenhouse gas, methane concentrations were highly elevated 

at most times in the shallow lakes, but more so on average in the macrophyte-rich lakes.  

Most wetlands are large sources of methane, especially those with macrophytes because 

their roots can add labile carbon to the sediment and promote methanogens, while the 

dark, stagnant water under their canopy can become anoxic and limit the oxidation of 

methane as it diffuses up the water column (Michmerhuizen et al. 1996; Strack et al. 

2006).  The higher overall methane concentrations in the macrophyte-rich lakes studied 

here was thus expected, but on many dates the phytoplankton-rich lakes were much larger 

sources of methane, possibly from the frequently disturbed benthos in those lakes.   

Another interesting result was that there were two seasonal peaks in methane 

concentrations, one in the middle of winter and another in the middle of the summer.  The 

wintertime peak was likely due to the buildup of methane under the ice and the 

summertime one was likely due to the warming of the lakes, since benthic respiration 

rates went up as much 200 mg C m-2 hr-1 in the lakes at mid-summer.  Even without these 

two annual peaks, though, the shallow lakes proved to be large methane sources most of 

the year, especially in the macrophyte-rich lakes. 

 The shallow lakes studied here were only small emitters of methane compared to 

other systems where methane emissions can be over 4× higher, and that does not include 

that fact that up to 96% of methane emissions may through ebullition (Casper et al. 

2000).  There were other reasons why methane emissions, and even CO2 emissions in the 

lakes studied here could have been higher than calculated.  Neither the CO2 or methane 

calculations accounted for the release from the lakes during ice out, which can account 

for up to 46% of annual emissions (Striegl and Michmerhuizen 1998).  This release of 
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CO2 and methane may not have been trivial in these lakes because concentrations fell in 

the lakes just before ice-out, along with measurements of dissolved inorganic carbon, 

possibly meaning there was a lot of CO2 and methane released at this time. 

 This build up of inorganic carbon all winter and then its release in the spring was 

a very interesting result, but the months when the lakes were frozen and immediately 

after when they thawed produced a variety of other fascinating results.  One of them was 

the observation that dissolved organic carbon (DOC) also accumulated under the ice and 

then declined when the lakes thawed.  What was interesting about this phenomenon was 

that DOC should not have necessarily accumulated all winter with the snow blocking the 

light needed for photosynthesis, and DOC should not have necessarily fallen just before 

ice-out when organic matter was being flushed by organic matter snowmelt from the 

watershed into the lakes. 

 The rise and fall of DOC can be explained by a variety of things.  For starters, 

there was likely some photosynthesis occurring when wind cleared the snow off the ice.  

The appearance of periphyton in macrophyte-rich lakes under the ice indicated 

photosynthesis was occurring, and also hinted at how the lakes can undergo wintertime 

succession that has repercussions the following summer because when periphyton 

appeared under the ice, its population was unusually high the following summer.  

However, the stable isotope record did not support heavy photosynthesis, but rather 

indicated that the lakes were strongly driven by respiration under the ice because the 

DOC became more and more enriched in 13C.  Another reason could have been the 

release of DOC bound to dissolved inorganic carbon (DIC) as the pH fell from 9.1 to 6.1 

in the winter.  The subsequent decline in DOC just before ice-out may have been due to 
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the degradation of the accumulated DOC by light penetrating the thinning ice, or also due 

to an increase in pH causing DOC precipitate with DIC.   As a result, there may have 

been both organic and inorganic reasons for the changes in DOC and DIC concentration 

under the ice. 

 After ice-out the lakes did what was expected and that was receiving a large 

influx of DOC and DIC.  Stable isotopes indicate that much of the carbon in the lakes 

was likely from the watershed, although given the watershed’s small size and the fact that 

it was heavily pitted with ephemeral ponds, most of that carbon probably entered through 

shallow groundwater rather than surface runoff (Reed 2006).  In actuality, because of the 

rugged relief of the watersheds, the defrosting of the soil was likely a very important 

event because most of those ephemeral ponds quickly drain over a matter of days, likely 

the moment the soil defrosted.  This may be a reason why there was not a huge pulse of 

DOC and DIC during the last few days there was ice on the lakes.  The frozen ground 

held back a lot of the melt water.  

 DOC and DIC concentrations were higher in the phytoplankton-rich lakes.  The 

stable isotopes indicated that the most probable reason for the higher concentrations in 

the phytoplankton-rich lakes was an extensive influx of DOC and DIC from the loose 

sediment.  Macrophyte-rich lakes also had a lot of their carbon from the sediment, but the 

sediment was much more stable in the macrophyte beds meaning there was possible less 

DOC and DIC being released into the water column, which may have been why DOC and 

DIC were lower in the macrophyte-rich lakes.  Also, in the macrophyte-rich lakes, a lot of 

the DOC released by macrophytes probably never made it to the water column because it 

was degraded by the epiphytic algae on the macrophyte, and the DIC concentrations were 
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kept low because DIC had an extensive sink in the form of Chara with its heavy 

inorganic carbon demands (Kufel and Kufel 200).  Therefore, it was reasonable that the 

macrophyte-rich lakes would have lower DOC and DIC concentrations. 

 Interestingly, for both shallow lakes, the dominant autotroph did not seem to 

completely dominate the carbon pool.  For both states, a lot of the inorganic carbon 

appeared to be from carbonates, which would explain the hardwater conditions found in 

the lakes (Herwig et al. 2004).  In terms of DOC, the phytoplankton-rich lakes likely had 

a large sediment component, but a mass balance seemed to indicate that up to 29% of the 

DOC came from macrophytes.  Many researchers, including those that work in deeper 

lakes are beginning to appreciate how much of the carbon pool in a lake actually comes 

from macrophytes, which can lift bacterioplankton respiration rates one order of 

magnitude higher than if all of the carbon came from macrophytes alone (Huss and Wehr 

2004; Reitner et al. 1999; Vadeboncoeur et al. 2003; Waicham 1996).  Likewise, in the 

macrophyte-rich lakes, the presence of epiphyton appears to strongly impact the DOC 

because the δ13C signature of the DOC was much closer to the algae on the macrophytes 

than the macrophytes themselves.  However, in both stable states, the δ
13C signature of 

DOC was nearly identical to the sediment, making it appear to be the major source of 

DOC in the lakes. 

 DOC and DIC had more fluctuations throughout the year, but not nearly as 

dramatic as was observed earlier in the year.  In general, DOC and DIC had a slight 

midsummer decline, but otherwise did not change by much.  This was unexpected 

because lab studies have shown a big increase in DOC and DIC concentrations when 

macrophytes senesce, which in turn can promote microbial activity (Godshalk and Wetzel 
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1978a, c).  CO2 concentrations increased dramatically in the lakes studied here at the time 

of macrophyte senescence, but this can be attributed to a sudden loss of photosynthesis 

when macrophytes declined rather than a DOC-induced spike in respiration because 

respiration was always quite high in the lakes.  So where was the spike in DOC and DIC?  

Maybe there was, but it was missed because the initial DOC released was highly labile 

and rapidly consumed (Godshalk and Wetzel 1978a, c).  Also, macrophytes did not die 

all at once across the entire lake so there may not have been one massive pulse of DOC. 

 Without the missing spike in DOC and DIC with macrophyte senescence, DOC 

and DIC did not change by much over the course of the summer, indicating that some 

sort of equilibrium between DOC/DIC production and consumption had been reached.  

However, there were subtle changes and these changes in concentrations over time were 

the same for both DIC and DOC over the summer months, meaning that when one fell, 

they both fell in all lakes indicating an external influence affecting all lakes, such as 

weather patterns and watershed hydrology.  Things like CO2 and DIC in lakes are often 

not affected by temperature, but the concurrent changes in all lakes seemed to imply that 

outside influences like weather must have had a role, possibly through different rates of 

precipitation and groundwater flow, which would affect influxes of allochthonous DOC 

and DIC (Sobek et al. 2005).  

 Another thing interesting about DOC was that bacterioplankton respiration rates 

often more than doubled from May to mid-summer while the DOC concentrations had 

only subtle changes.  Bacterioplankton convert DOC into CO2 and should have played a 

major role in the carbon source/sink behavior of these lakes.  Perhaps the reason why the 

bacterioplankton did not seem to be affected by DOC was simply that the bacteria were 
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not carbon limited.  DOC concentrations in the lakes studied here were high for lentic 

ecosystems, averaging 16.44 ± 0.70 mg C L-1 in the macrophyte-rich lakes and 22.56 ± 

1.54 mg C L-1 in the phytoplankton-rich lakes in the summer (Wetzel 2001).  Instead of a 

carbon limitation, the bacterioplankton appeared to be limited by nutrients and possibly 

even predation pressure. 

 Lower growth efficiencies and higher C:N and C:P ratios indicated that the 

bacterioplankton in the macrophyte-rich lakes were facing a much greater level of 

nutrient limitation than in the phytoplankton-rich lakes. The most probable cause was 

heavy competition for nutrients by the massive macrophyte biomass present in those 

lakes.  The dominant macrophyte in our lakes was Chara, which has very heavy nutrient 

demands and gets most of its nutrients directly from the water column (Kufel and Kufel 

2002).  Given its biomass production, up to 310.59 ± 36.12 g C m-2 yr-1 in the 

macrophyte-rich lakes studied here, the macrophytes were likely a heavy competitor for 

nutrients utilized by the bacterioplankton, even if at the same time the bacteria were 

receiving a lot of carbon from these macrophytes and their epiphytes. 

 In terms of predation pressure, there was no direct measurement of its impact on 

bacterioplankton communities, but in the macrophyte-rich lakes studied here, lake water 

with everything filtered out but the bacteria and viruses had many times higher 

respiration rates than unfiltered lake water.  Something was keeping the bacterioplankton 

down in the lake water, and it was likely not competition with phytoplankton because 

phytoplankton themselves would have respired and kept respiration rates elevated in the 

unfiltered lake water.  The most probable explanation was grazing pressure through 

heterotrophic nanoflagellates and other smaller grazers whose communities shift in 
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response to zooplankton (Muylaert et al. 2006).  Larger zooplankton were in much higher 

abundance in the macrophyte-rich lakes, but rarely can they directly feed on 

bacterioplankton (Pace et al. 1998; Zöllner et al. 2003).  Increases in Daphnia and other 

zooplankton populations in these lakes in the spring did not affect the bacterioplankton 

measurements, further evidence that it was more likely smaller grazers affecting the 

bacterioplankton (Herwig et al. 2004).  Because macrophytes harbor such a large 

epiphytic bacterial community, they likely supported a large reservoir for these smaller 

bacterial grazers that subsequently depressed bacterioplankton in the water column (Sala 

and Gude 1999; Thiel-Nielsen and Söndergaard 1999).  As a result, smaller bacterial 

grazers were no doubt affecting bacterioplankton in these shallow lakes.  Together with 

the affects of heavy nutrient competition, this predation pressure made for tougher 

growth conditions for the bacterioplankton in the macrophyte-rich lakes than the 

phytoplankton-rich lakes. 

 Moving on from ideas of carbon, bacteria, and ultimately the carbon source/sink 

nature of these lakes, it is important to extend the results onto longer time scales and try 

to see how long these lakes persist in their stable state and what this ultimately means to 

carbon burial rates.  Utilizing sediment cores extracted from the lakes, it appeared that the 

macrophyte-rich lake Hagstrom had the highest sediment carbon concentrations 

(Appendix E).  None of the cores were dated so actual carbon burial rates were not 

directly measured, but comparing these cores to dated cores from the same locations on 

three of the lakes resulted in sediment accumulation rates of 0.16-0.40 cm yr-1 over the 

past 120 years, close to the 0.23-0.63 cm yr-1 averages for wetlands reported in the 

literature (Bridgham et al. 2006).  Bulk densities were also not measured, but the 
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literature places the average bulk density for these types of shallow lakes and wetlands 

around 1.00 g cm-3 (Bridgham et al. 2006).  Using those values, the average carbon burial 

rates over the past 100 years in phytoplankton-rich Rolland was 44.69 ± 1.30 mmol C m-2 

day-1, a little below the short term modern CO2 sequestration rate of 58.48 ± 9.34 mmol C 

m-2 day-1 based on the CO2 flux in phytoplankton-rich lakes, but very close to the 45.66 

mmol C m-2 day-1 burial rate found in similar Prairie Pothole wetlands (Cotner et al. In 

prep).  This was just another indicator of the inter-annual consistency of NPP and carbon 

sequestration rates in the phytoplankton-rich lakes.   

Calculations of long term carbon burial rates for macrophyte-rich conditions 

based on currently macrophyte-rich Hagstrom’s core is difficult because no dated cores 

were available to go with the sediment core from this lake, but the nearby wetlands of 

Morrison and Rolland have a cultural horizon at 20 cm.  Utilizing that 20 cm layer to 

represent the year 1880 A.D. in a macrophyte-rich lake is likely somewhat inaccurate 

given the large biomass of macrophytes settling to the sediment each year, but for the 

sake of argument, using that date would yield a conservative carbon burial rate of 47.96 ± 

1.03 mmol C m-2 day-1, much lower than the modern short term CO2 sequestration rate of 

74.29 ± 18.84 mmol C m-2 day-1 based on the CO2 measurements.  Actual dating of the 

cultural horizon would yield a different date and burial rate.  Therefore, the only thing we 

can say with certain about carbon burial in these Prairie Pothole wetlands is that the 

macrophyte-rich lakes did clearly have a much more organic-rich sediment than the 

phytoplankton-rich lakes and are thus storing more carbon (Appendix E). 

 Of course, all of these burial rate calculations assume that the shallow lakes were 

in one state or the other for the last 120 years, but is that true?   Of the four lakes with 
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sediment core data, only Hagstrom has proven immune to a switch to phytoplankton-rich 

conditions during historic times (MN DNR personal communication).  The other three 

are phytoplankton-rich today and have been for at least half a century (MN DNR personal 

communication).  Recent attempts to switch them to macrophyte-rich conditions have 

failed.  Stable C and N isotopic signatures in the cores fluctuated repeatedly in these three 

lakes before cultivation, possibly meaning that the dominant autotroph has switched 

before European settlement, perhaps between macrophyte- and phytoplankton-rich 

conditions, so maybe these lakes are naturally prone to periodic shifts in stable states 

(Appendix F, G).   

 One clear difference between these three lakes that periodically shifted between 

alternative stable states and the one that has remained macrophyte-rich today was that the 

entire sediment record of the three lakes that periodically switched averaged 1.4-2.3× 

greater P throughout their cores than the consistently macrophyte-rich one (Appendix H).  

Possibly these three lakes were susceptible to natural eutrophication, which allowed for 

periodic shifts to between macrophyte- and phytoplankton-rich conditions.  The Prairie 

Pothole Region is extremely fertile so it is of no surprise that 3 of the 4 lakes studied 

using the sediment cores suffered problems associated with that fertility.  

 In the long run, this means that our continuous efforts to restore and maintain 

what little shallow lake coverage remains in the Prairie Pothole Region may be more 

complicated than previously thought.  The fertile soils make it so that most of these 

remaining wetlands do face natural eutrophication.  This is unfortunate because the 

evidence outlined here shows that macrophyte-rich shallow lakes are indeed stronger 

carbon sinks than phytoplankton-rich ones.  Also, macrophytes even in small quantities 
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apparently have great influence on the dissolve carbon pool of a lake and the microbial 

loop that in some shallow lakes dominates the respiration of the system.  Therefore, 

wetland rehabilitation efforts that have historically failed need to be given more forceful 

management techniques over longer time periods in order to battle the naturally     

nutrient-rich conditions in the lakes and to better handle the rather slow recovery of 

macrophytes following manipulations because macrophytes not only prove important for 

their lake, but can play a major role in an entire region’s carbon budget. 
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Appendix A 

 
 

Table 1. CO2 Correlation Coefficients (*p < 0.05, **p < 0.001) 

 pH Dissolved O2 Temperature Conductance 
Rolland -0.2357 -0.0292 -0.2582 0.4492* 
Bellevue -0.7971** -0.0992 -0.6888** 0.5286* 
Hagstrom -0.8148** -0.2982 -0.0271 0.6795** 
Blakesly -0.8056** -0.5257** -0.4481** 0.9809** 

Morrison -0.7633** -0.5950** -0.5299** 0.4129* 
*p < 0.05, **p < 0.001    

 
 

Table 2. Datalogger Model Parameters 

 Intercept pH Conductance R2 
Bellevue 2413.04** -303.28*  .6584** 
Hagstrom 2497.24** -329.82**  .6640** 
Blakesly -3141.87**  6.870** .9623** 

Morrison 309.85 -299.29** 2.909** .7834** 
*p < 0.05, **p < 0.001    

 

 

Table 3.  Annual Methane Flux (mmol/m2/yr)  

 Hagstrom Blakesly Rolland Bellevue Morrison 
2004 5.083 ± 5.869 63.68 ± 14.86 -0.7726 ± 2.336 55.11 ± 9.994 4.450 ± 5.097 
2005 31.76 ± 3.673 9.245 ± 2.624 19.70 ± 11.69 15.35 ± 2 .349 15.26 ± 3.650 
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Figure 1.  Average lake and atmospheric pCO2 concentrations (± SE) for each lake and 
overall for each stable state. 
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Figure 2.  Average lake and atmospheric pCH4 concentrations (± SE) for each lake and 
overall for each stable state. 
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Figure 3.  (a) Net pCO2 differences between the shores of the lakes and (b) the middle of 
the lakes versus their shores.  Positive values indicate higher upwind CO2 concentrations 
or shoreline concentrations.   
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Figure 4.  (a) Net pCH4 differences between the shores of the lakes and (b) the middle of 
the lakes versus their shores.  Positive values indicate higher upwind CH4 concentrations 
or shoreline concentrations.   
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Figure 5.  Diel lake pCO2 Changes.  Grey area represents standard error of CO2 
concentrations.  Average daily CO2 flux over the dates is shown in each graph. 
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Figure 6.  Calculated hourly CO2 flux over the ice-free season.   
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Appendix B 

 
Table 1.  Mean macrophyte biomass and growing season NPP in various macrophyte 
communities present in each stable state.  (a: near shore bulrush and cattail border, b: 
near shore Myriophyllum and Potamogeton spp. border, c: offshore Chara spp., d: 
Myriophyllum and Potamogeton beds dispersed along the shores and averaged for the 
entire lake) 
 
 Macrophyte-Rich Phytoplankton-Rich 

 
Peak Biomass 
(g C m-2) 

NPP 
(mg C m-2 day-1) 

Peak Biomass 
(g C m-2) 

NPP 
(mg C m-2 day-1) 

2004 
 
 

223.85 ± 23.13a 
190.82 ± 16.11b 
310.59 ± 36.12c 

2696.88 ± 280.08a 
2298.96 ± 194.16b 

3742.08 ± 435.12c 

 
1.67 ± 0.67d 

 

 
20.16 ± 8.16d 

 
2005 
 
 

109.90± 28.22a 
40.55b 

186.00c 

623.28 ± 160.08a 

494.40b 

2268.24c 
0.32 ± 0.09d 

 
3.84 ± 0.00d 

 

     
     

 
Table 2.  Average August photo-oxidation rates of DOC 
 
 Macrophyte-Rich Lakes Phytoplankton-Rich Lakes 
 11.48 ± 9.59 mg C L-1 day-1 31.28 ± 6.71 mg C L-1 day-1 
     
     

 
 
Table 3.  Integrated NPP rates (g C m-2 yr-1) for the entire ice-free season based on the 
Hydrolab MiniSonde 4a oxygen dataloggers 
 
 Macrophyte-Rich Phytoplankton-Rich 

 
Growing 
Season Daily Mean 

Growing 
Season Daily Mean 

2004 -415.14 -1.72 -554.83 -2.30 
2005 -763.87 -4.02 -443.62 -2.33 
     

 
Table 4.  Integrated NPP rates (g C m-2 yr-1) for the entire ice-free season based on the 
sum of benthic and pelagic NPP measurements 
 
 Macrophyte-Rich Phytoplankton-Rich 

 
Growing 
Season Daily Mean 

Growing 
Season Daily Mean 

2004 -207.58 -0.86 -447.44 -1.86 
2005 -310.22 -1.63 -223.27 -1.18 
     

a) 
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Figure 1.  Mean 24 hour pelagic GPP, NPP, and respiration (± SE) from light/dark bottle 
experiment. 
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Figure 2.  Daily pelagic respiration versus temperature. 
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Figure 3.  Mean 24 hour benthic GPP, NPP, and respiration (± SE) from light/dark 
benthic chambers. 
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Figure 4.  Mean 24 hour GPP, NEP, and respiration (± SE) of the whole lake based on 
oxygen dataloggers 
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Figure 5.  Daily community respiration versus temperature 
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Figure 6.  Comparison of community GPP, NPP and respiration rates for 2004 and 2005. 
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Figure 7.  Net difference between the total of the individual measurements of mean 
benthic and pelagic NEP and the whole lake NEP based on dissolved oxygen dataloggers.  
Negative values mean the sum of the parts is more than the measurement of the whole. 
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Figure 8.  Net difference between the total of the individual measurements of mean 
benthic and pelagic GPP and respiration, and the whole lake GPP and Respiration based 
on oxygen dataloggers.  Negative values mean the sum of the individual measurements 
was more than the measurement of the whole. 
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Appendix C 

 
 
Table 1 Average concentration for DOC (mg C L-1, ± Standard Error).  The separate 
periods were Winter (under the ice, January-early March), Before Ice-out (under the ice, 
late March/early April), After Ice-out (April), Before Senescence (macrophyte-growing 
season, May- late July), and After Senescence (the rest of the ice free season, August –
November). 
 
  Macrophyte-Rich Phytoplankton-Rich 
Winter 2004 89.5 ± 14.7 42.7 ± 3.8 
 2005 86.0 ± 1.6  127.2 ± 5.6 

Before    
Ice-out 

2004 24.2 ± 0.5 19.7 ± 0.1 
2005 28.7 ± 0.6 45.2 ± 5.5 

After       
Ice-out 

2004 68.3 ± 3.8 86.0 ± 0.8 
2005 54.4 ± 1.3 94.0 ± 5.0 

Before 
Senescence 

2004 15.5 ± 0.7 23.8 ± 1.9 
2005 17.8 ± 0.6 23.4 ± 0.7 

 After 
Senescence 

2004 16.7 ± 0.5  22.3 ± 1.1 
2005 20.0 ± 1.3 23.5 ± 0.8 

 
 
 
Table 2 Average concentration for DIC (mg C L-1, ± Standard Error). The separate 
periods were Winter (under the ice, January-early March), Before Ice-out (under the ice, 
late March/early April), After Ice-out (April), Before Senescence (macrophyte-growing 
season, May- late July), and After Senescence (the rest of the ice free season, August –
November). 
 
 
  Macrophyte-Rich Phytoplankton-Rich 
Winter 2004 186.7 ± 22.5 164.4 ± 6.5 
 2005 162.5 ± 22.3 196.2 ± 18.1 

Before    
Ice-out 

2004 116.9 ± 0.7 103.0 ± 0.3 
2005 24.0 ± 2.1 44.6 ± 7.5 

After       
Ice-out 

2004 66.4 ± 7.2 113.2 ± 8.4 
2005 58.0 ± 1.4 102.3 ± 7.4 

Before 
Senescence 

2004 47.7 ± 2.8 104.5 ± 3.0 
2005 53.4 ± 2.9 102.2 ± 5.7 

 After 
Senescence 

2004 48.8 ± 1.2 106.4 ± 1.4 
2005 57.0 ± 3.0 83.2 ± 2.7 
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Figure 1  DOC concentrations (mg C L-1, ± SE) of the lakes (a, b) and means of each 
stable state (c). 
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Figure 2 DIC concentrations (mg C L-1, ± SE) of the lakes (a, b) and means of each 
stable state (c). 
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Figure 3.  δ13C signatures of the DIC pool of each lake (a,b) and means (± SE) of each 
stable state (c). Some possible sources are phytoplankton (-20-30 ‰), epiphytic algae     
(-20 to -24‰), macrophytes (-7 to -16 ‰), runoff (-21‰), and shoreline vegetation (-24 
to -28 ‰) (Kenning and Zimmer, personal communication). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 174

 
 
 
 
a) 

Macrophyte-Rich

Date

1/1/2004  5/1/2004  9/1/2004  1/1/2005  5/1/2005  9/1/2005  1/1/2006  

D
O

C
 (

δ
13

C
 ‰

)

-29

-28

-27

-26

-25

-24

-23

Hagstrom
Blakesly

  
b) 

Phytoplankton-Rich

Date

1/1/2004  5/1/2004  9/1/2004  1/1/2005  5/1/2005  9/1/2005  1/1/2006  

D
O

C
 (

δ
13

C
 ‰

)

-29

-28

-27

-26

-25

-24

-23

Rolland
Bellevue

 
 
 
 
 



 175

 
 
 
 
c) 

Means

Date

1/1/2004  5/1/2004  9/1/2004  1/1/2005  5/1/2005  9/1/2005  1/1/2006  

D
O

C
 (

δ
13

C
 ‰

)

-29

-28

-27

-26

-25

-24

-23

Macrophyte-Rich 
Phytoplankton-Rich

 
Figure 4.  δ13C signatures of the DOC pool of each lake (a,b) and means (± SE) of each 
stable state (c). Some sources are phytoplankton (-20 to -30 ‰), epiphytic algae (-20 to -
24‰), macrophytes (-7 to -16 ‰), runoff (-21 ‰), and shoreline vegetation (-24 to -28 
‰)  (Zimmer, personal communication) 
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Figure 5.  DOC plotted against DIC concentrations on the same date. 
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Figure 6.  Average differences in DOC and DIC concentration from the preceding date. 
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Figure 7. Average difference in DOC and DIC isotopic signatures from the preceding 
date. 
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Appendix D 
 
Table 1  Annual Averages for each stable state (* denotes significant differences between 
stable state at p-value < 0.05) 
 
  Macrophyte-Rich Phytoplankton-Rich 
Abundance 2002* 1.36 ± 0.12 × 107 2.25 ± 0.16 × 107 
(bacteria mL-1) 2003 3.95 ± 0.98 × 107 13.65 ± 5.62 × 107 

Biomass 2002* 468.02 ± 38.15 857.20 ± 67.90 
(ng mL-1) 2003* 343.98 ± 25.26 541.73 ± 34.18 
Cellular Biomass 2002 41.92 ± 6.98 50.38 ± 7.47 
(fg C Cell-1) 2003 433.53 ± 314.74 2929.27 ± 2342.35 
C:N 2002 8.68 ± 0.36 9.17 ± 0.27 
 2003* 9.29 ± 0.32 7.81 ± 0.24 
C:P 2002 268.25 ± 38.35  387.96 ± 96.40  
 2003 254.92 ± 19.67 210.44 ± 21.24 
N:P 2002 32.95 ± 3.62  37.27 ± 6.97  
 2003 27.29 ± 1.61 26.18 ± 1.94 
Production 2002 0.918 ± 0.106  0.994 ± 0.136 
(µg C L-1 hr-1) 2003 0.348 ± 0.039 0.544± 0.131 
Respiration 2002 2.87 ± 0.64 3.80 ± 0.85 
(µg C L-1 hr-1) 2003 6.60 ± 1.22 5.28 ± 1.22 
BGE 2002 21.16 ± 6.28  25.62 ± 7.48 
(%) 2003* 5.17 ± 1.48 20.68 ± 5.79 

 
 
Table 2  Bacterial respiration in filtered water as a percentage of unfiltered lake water 
respiration in 2003 
 
 Macrophyte-Rich  Phytoplankton-Rich 
June 154.32%  13.27% 
July 146.25%  20.84% 
August 18.07%  6.88% 
September 289.19%  51.55% 
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Figure 1.  (a, b) Bacterial abundance of individual lakes and (c) mean (± SE) for each 
state. 
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Figure 2.  (a,b) Bacterial cellular biomass of individual lakes and (c) mean (± SE) for 
each state. 
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Figure 3.  (a,b) Total bacterial biomass of individual lakes and (c) mean (± SE) for each 
state. 
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Figure 4  (a, b) Bacterial C:N (molar) of individual lakes and (c) mean (± SE) for each 
state. 
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Figure 5  (a, b) Bacterial C:P (molar) of individual lakes and (c) mean (± SE) for each 
state. 
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Figure 6  (a,b) Bacterial N:P (molar) of individual lakes and (c) mean (± SE) for each 
state. 
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Figure 7  Mean bacterial Production (± SE). 
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Figure 8  (a) Mean bacterial respiration of a subset of lakes.  (b) Respiration rates of 
unfiltered lake water in the same lakes during the second year. 
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Figure 9  Bacterial Growth Efficiency of a subset of lakes. 
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Figure 10  (a) Mean (± SE) total bacterial phosphorus and (b) nitrogen concentrations in 
each set of lakes. 
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Appendix E 
Loss on ignition every centimeter with 5 cm moving average trendline. 

 
 Sediment cores were gathered using a piston corer in March 2004.  The cultural 
horizon (1880 AD) is dated based on Ambrosia pollen of identical cores from the same 
locations in the same lake (Sugita unpublished).  The rest of the dates are based on 14C 
(Sugita unpublished).   Macrophyte-rich Hagstrom has the highest sediment carbon 
concentrations.   The dated lakes experienced a brief increase in sediment carbon 
following cultivation and then sedimentation rates increased dramatically over previous 
sedimentation.   
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Morrison Lake
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Appendix F 
δ

13C with 5 cm moving average trendline. 
 
 Dating is described in appendix 1.  The isotopic signature indicates shifts in 
dominant autotroph within and around the lakes.   Major isotopic shifts happened prior to 
European settlement.  Macrophyte-rich Hagstrom has had little change. 
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Appendix G 
δ

15N with 5 cm moving average trendline. 
 
 Dating is described in appendix 1.  All lakes showed more pronounced variation 
in δ15N than δ13C, including some shifts after European settlement.  This may indicate 
shifts in dominant autotroph within and around the lakes.   Recent shifts may indicate 
changes in fertilizer application around the lakes and/or the metabolism of inorganic 
nitrogen by bacteria near the surface sediments. 
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Appendix H 
Nitrogen and Phosphorus concentrations with 5 cm moving average trendline. 

 
 Dating is described in appendix 1.  The three modern phytoplankton-rich lakes 
(Rolland, Morrison, Christina) had higher P concentrations than the modern macrophyte-
rich lake (Hagstrom) throughout most of their cores.  P concentrations did not increase 
after European Settlement.  Also, P concentrations had regular cyclical oscillations with 
depth, but this did not correspond to regular oscillations in P with time because of 
differences in burial rates with depth.  N levels were approximately the same in all lakes 
and lacked regular oscillations with depth. 
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