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Abstract

Freshwater ecosystems are dominated by small, shallow lakes, and these systems
have among the highest rates of carbon burial in the world. Understanding the
mechanisms that influence the way shallow lakes process amthaete carbon is
important given the rising effort taitigate anthropogenic carbon emissions. In aquatic
ecosystems, the amount of carbon available for permanent burial is affected by the
balance between primary production and respiration (i.e. netsteasyroduction), the
amount of carbon exported from the system as a gas or through groundwater fluxes, and
the quality of the organic matter deposited in the sediments and the environment in which
it is deposited. The Prairie Pothole Region (PPR) offiNarherica is a noteworthy
region to evaluate carbon cycling in small freshwater ecosystems because it contains
approximately 207,000 khof prairie lakesLakes in this regioalsotypically exist in
two alternative regimes: a clear water regime dominlyeslibmerged macrophytes
and/or macroalgae, and a turbid water regime dominated by phytoplankton. Based on the
physiological and ecological differences of the dominating primary producers of these
regimes, it is likely thabneregimemayaccumulate carboat a fasteratethan the other

In order to understand the mechanisms that influence carbon burial, | sampled
nine shallow lakes located within the PPR over the course of three years to determine
whether lake regime influenced net ecosystem produdites and exchange of carbon
dioxide between the lakes and the atmosphere. | also determined the decomposition rate
of macrophyte and algal material under aerobic and anaerobic conddi@rsthe

course of three growing seasons, the lake regime (cléarid) did not predict whether



the lakes had a positive or negative net ecosystem production rate (autotrophic or
heterotrophic, respectively), or whether the lakes were a carbon sink or source to the
atmosphere. Because the variability in metabolism@@gexchange with the

atmosphere was not strongly influenced by the biological differences between the
regimes, the metabolism and £€éxchange was more likely influenced by complex
interactions driven by climate (i.e. temperature, wind turbulence, watemsput) that |

was unable to distinguish. Annual production rates of these lakes were as high as 1345 g
C m?yr?, and over the course of three years, net ecosystem production was essentially
neutral, as ss primary productio(GPP)rates were@pproxmatelyequal to ecosystem
respiration(R). This balancémplies that more carbon was retained in these shallow lakes
in comparison tanany othetake ecosystemshere R exceeds GPP via the

mineralization of terrestrial carboAlthough these lakes were raeblically neutral, the
balance between gross primary production and respiration did not strongly influence the
exchange of Cowith the atmosphere, because of the haatier nature of these

particular lakes. On average these lakes were a net carbon, sittieg approximately

114 mg C it d, and changes in pH strongly influenced the exchange eb&@een

the lake and the atmosphere. Due to greater carbonate precipitation in the clear regimes,
the lakes in the turbid regime had a larger bufferin@gciy and therefore a diminished
metabolic influence on pH and therefore £f&changeFinally, themost carbometained
during the onegyear decomposition experiment were the primary producers of the clear
water regime Charophyte Potamogeton pectinatuslyriophyllum sibiricun) under

anaerobic conditions (26% carbon retentidrije phytoplankton of the turbid regime



only retained 1% of its original carbon content under aerobic conditions. When these
decay rates were applied to GPP estimates of each ragwas, estimated that almost
five timesas much carbon should remain in the clear water lakes in comparison to the
lakesof the turbid regimeConsequently, the cleavater, macrophyfenacroalgae
dominated lakeshould accumulate carbon at a faster riad@ the lakes in the turbid
water regimeAccordingly, shallow lakes may be managed for the clear water state not

only to improve habitat, but also to sequester carbon.
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Preface

Historically, scientists assumed that mdawaters had a negligible effect on
global carbon cycling due to their relatively small surface area on a global scale.
However, recent studies have shown that freshwater ecosystems play an active part in
global carbon cyclingCole et al. 2007; Tranviki@l. 2009) Most inland aquatic
ecosystems are small, and are among the most productive ecosystems in the world
(Schlesinged 997, Dean and Gorham 1998, Downing et al. 2006). Small, shallow lakes
are located in many regions throughout the world, andtdray/to exist in two
alternative regimes: a clearater, macrophyte or macroalga dominated regime, or a
turbid-water, phytoplankton dominated regime (Scheffer et al. 1993). Although some
work on deciphering the details of carbon cycling in shallow lakedban done (del
Giorgio and Peters 1994, Finlay et al. 2009), few studies have taken a comprehensive
approach in evaluating the major mechanisms influencing carbon cycling in shallow
lakes in light of the alternative regimes. | evaluated the major mesthanihat affect
carbon cycling and accumulation in nine shallow lakes of both the clear and turbid water
regimes, located in the Prairie Pothole Region (PPR) of North America. The PPR is a
notable location to evaluate these relationships, as it contginsxipately 207,000 ki
of shallow lakes that exist in the clear and turbid water regimes.

Because lakes often receive and process allochthonous carbon, most lakes
worldwide are net heterotrophic, meaning they respire more carbon than is fixed within
thelake via photosynthesis (Cole et al. 2000, Duarte and Prairie 2005, Sobek et al. 2005).

Measurements of planktonic characteristics such as chlorophyll (i.e. planktonic primary



producers) and dissolved organic carbon (substrate for microbial mineraliZegicn)
been used to predict whether a lake is net heterotrophic or autotrophic;anbdm
source or sink. However, these planktonic predictors may not be apprdpriateh
types of shallow lake regimegiven the potential influence of the benthic coomity on
whole-lake ecosystem metabolism (Andersson and Brunberg 2@06ter et al. 2006,
Vadeboncouer et al. 2006).

Akin to the fact that most lakes are heterotrophic, the majority of lakes are also
supersaturated in GQ@elative to the atmosphere,catherefore function as a carbon
source (Prairie et al. 2002, Hanson et al. 2004, Sobek et al. 2005, Finlay et al. 2009).
Whether it was a direct measurement or an assumption, scientists have reported that the
balance between gross primary production armbgstem respiration automatically
indicates whether a lake is a carbon source or(8nkarte and Agusti 1998, Cole et al.
2000, Duarte and Prairie 2005, Pace and Prairie 200@jher words, if respiration
exceeded gross primary production, &Bouldhave fluxed out of the lake into the
atmosphere. While this connection may be true for many lake ecosystems, the actual flux
of CO is not only dependent upon the metabolism of the lake, but it also depends on the
chemical (i.e. carbonate buffering, hardgsleand physical (i.e. wind turbulence,
temperature) properties of the lake (Finlay et al. 2009). Similar to lake metabolism,
predictors such as dissolved organic carbon have been commonly used to predict the
concentration and therefore flux of @(®ansoret al. 2004, Sobek et al. 2005, Roehm et
al. 2009); however, shallow lakes with a strong benthic influence may not function in a

similar way to lakes with a much larger pelagic region (van de Bogert et al. 2007). In the



perspective of shallow lakes in tbiear and turbid water regimes, no data has been
reported on the driving influences on the flux of carbon dioxide between the lake and the
atmosphere in the haxgater, shallow lakes of the PPR.

Finally, the clear and turbid water regimes likely accuneutatrbon at dissimilar
rates based on the distinctive physiological and ecological characteristics of the
dominating primary producers. In terms of carbon accumulation of organic matter, the
amount of carbon stored is a function of the quality of the diejolbgrganic matter, and
the environment in which it is deposité@ejmankova and Houdkova 200&tudies that
have contrasted the decomposition rate of macrophyte and algal species have shown that
macrophyte species tend to retain more carbon than pagtdph due to a greater
structural complexity; however, these studies consisted of marine and not freshwater
species (Enriquez et al. 1993, Duarte and Cebrian 1996). Furthermore, the clear and
turbid regimes likely have differing seasonal changes in oxggetent, which may
impact the rate at which their organic matter decomposes. In the fall after the senescence
of the macrophytes, cleavater lakes can experience a sharp decline in oxygen which is
fueled by the microbial mineralization of the newly defamsorganic mattefGoldshalk
and Wetzel 1978, Golterman 1995)o studies to date have investigated the
decomposition of the dominating primary producers of the clear and turbid regimes under

differing oxygen conditions that reflect the environment cheagime.



Chapter 1: Net Ecosystem Production in Prairie Pothole Shallow Lakes under

Alternative Trophic Regimes

Shallow lakes play an important role in global carbon cycling, as they store
carbon at a high rate due to their productive naandihe organic matter they receive
from terrestrial ecosystems. The degree of carbon burial greatly depends on the amount
of carbon available for storage within the ecosystem, which equals the balance between
gross primary production and respiration (net production). The Prairie Pothole Region
(PPR) of North America contains approximately 207,000 &hshallow lakearea of
which the metabolism and carbon burial sateelargely unknown. Lakes in this region
typically exist in two regimeer statesa clear, macrophytdominated regime and a
turbid, phytoplanktordominated regime. These two regimes have the potential to
influence the metabolic rates and carbon burial rates in different ways because of their
dissimilarities in primary producer comptisn and decompositior.investigated the
metabolism of nine shallow lakes located in the PPR over the course of three years to
estimate the metabolic balance of these shallow lakes, and to establish whether
previously determined thresholdsadflorophylta (Chl) anddissolved organic carbon
(DOC) were useful in predicting the metabolic rate of PPR shallow lakes in both the clear
and turbid regime. Gross primary production and respiration of these shallow lakes were
influenced by benthic production and peationirrespective of staieand therefore the
planktonic Chl threshold was not useful in predictingghenwater seasoplanktonic or

whole ecosystem metabolism of all nine lakes. Similarly, DOC was not a useful predictor



of the planktonic or ecosysnh metabolic rate, perhaps because the-$éort microbial
respiration rates mostly depended upon autochthonous DOC rather than the total pool
size In contrast to many freshwater ecosystems where respiration exceeds gross primary
productiongross primay production was approximately equal to respirafarall nine

lakes during the study period. Surprisingly, tiaance between primary production and
respiration (net aquatic productiodiyl not correlatavith lake regime because the

balance wasimilar between the two regimekiring each of the three years. Because net
ecosystem production was similar between the regimes, other mechanisms such as
climate may have influenced lake metabolism more strongly. Although the two
alternative regimes had fixed@pximately the same amount of carbtirat the fate of
carbonduringthe winter monthss poorly unknown. If respiration would exceed
production in the winter, a smaller amount of carbon would be available for storage.
Further investigation is needed tetermine metabolic rates on an annual basis in order to
tell whether lakes in the clear or turbid regime bury the same or a differing amount of

carbon annually.

Introduction

Net ecosystem production (NEP) of aquatic ecosystems refers to the metabolic
balance between gross primary production and respiration, arsiiginef NEP
determines whether a lake is identified as net heterotrophic (negative NEP) or net
autotrophic (positive NEP) (Odum 1956, Woodwell & Whittaker 1968, Chapin et al.

2006, Lovett et al2006). In net autotrophic lakes, gross primary production (GPP)



exceeds respiration (R) which indicates an increased potential for organic carbon
accumulation over time. High benthic production, high nutrient availatalitgt,a
planktivore (minnow) domiated food welall increase the probability of a lake existing
in a net autotrophic state (Cole et al. 2000, Andersson & Brunberg 2006, Lauster et al.
2006). In contrast to autotrophic lakes, R exceeds GPP in net heterotrophic lakes, which
is possible wheallochthonous nutrient sources such as terrestrial surface runoff,
groundwater flow, leaf deposition or even waterfowl defecation provide additional
organic carbon substrates that facilitate respiration (Chapin et al. 2006, Lovett et al. 2006,
Voros et al2008. Contrary to the historical perspective on metabolism in freshwater
lakes, the current literatuseiggests that a large proportion of lakes worldwide are
actually net heterotrophic because of their metabolic dependence on organic matter
originatingfrom outside the lake ecosystem (del Giorgio and Peters 1993, Cole et al.
2000, Cole and Caraco 2001, Prairie et al. 2002, Hanson et al. 2003, Duarte and Prairie
2005).

Predicting metabolism of small, freshwater ecosystems such as shallow lakes is
importart because most freshwater ecosystems are smaleaplkay a
disproportionately large role in global carbon cycling (Downing et al. 200, & @l.
2007, Tranvik et al2009). In many lakes, metabolism can be predicted by the biomass of
primary produces and the concentration of dissolved organic carbon (DOC) in the water
column. In their review of published planktonic production and respiration rates in 118
stratified freshwater lakes, del Giorgio and Peters (1993) observed that lakes were net

heterotophic (GPP < R) when they had Chl levels less thaf(ljfg L*, and were net



autotrophic (GPP > R) when Chl was greater tha@ I7 €' helt results suggested

that when the level of planktonic primary production increased, the support of lake
metabolsm by exogenous organic matter decreased relative to the support by
autochthonous nutrients. Therefore, aquatic systems with high planktonic primary
productivity and/or high Chl were more likely to be net autotrophic than those with lower
levels (Odum anérentki 1978, del Giorgio and Peters 1993). Similarly, a threshold of 4
10 mg of DOC [* has also been identified as a threshold determining net heterotrophy or
autotrophy in north temperate lakes (> and¥04ng DOC [}, respectively) (Prairie et

al. 20@, Hanson et al. 2003). Because DOC functions as a substrate for microbial
mineralization, it often positively correlates with high bacterial production and R. In
contrast, colored DOC can have a negative effect on primary production via shading
(Webster eal. 2008), which also can cause R to exceed low rates of GPP (del Giorgio
and Peters 1994). At highater columrDOC, R often exceeds planktonic primary
production (Hessen et al. 2004, del Giorgio et al. 1997).

Although the Chl and DOC thresholds haesb used to accurately predict the
metabolic status of hundreds of lakes around the world, they were specifically developed
for predicting planktonic metabolism (del Giorgio and Peters 1993, Prairie et al. 2002).
Consequently, they may not accurately pretlie metabolism of ecosystems where the
benthic and littoral contribution to the whole ecosystem is important (Andersson and
Brunberg 2006, Vadeboncouer et al. 2006), such as shallow lakes. In thit tetstey
whether the Chl and DOC thresholds caubed to accurately predict the ecosystem

metabolism of shallow prairie lakes.



The Prairie Pothole Region (PPR) of North America serves as an ideal location to
study shallow lake metabolism because it contains approximately 207,3@8 kighly
productiveshallow lakes (Euliss et al. 200&enning 201D Because these lakes are
shallow, a large portion of their volume is associated with the surrounding landscape
which increases the potential for allochthonous DOC to be transported from the land to
the lake where it may become respired via microbial mineralization. Furthermore, the
lakes in this region differ in the type of dommgrimary producer, which could also
directly influence ecosystem metabolism. Lakes in the PPR typically exist in two
alternatie regimes: a cleawater, macrophyteand/or macroalgadominated regime, or
a turbidwater, phytoplanktonand/or microalga€lominated regime (Scheffer et al. 1993,
Zimmer et al. 2001)Either regime can have greater primary production and respiration
rates, depending on differences in growing season length, response to nutrient pulses,
access to nutrients in the sediment and {Gdulder 1969, Rarslett et al. 1988itchell
1989 del Giorgio et al. 19971.6pezArchilla et al. 2004)To date, five lakesf the PPR
have been shown to be generally autotrophic, (Kenning 2010).

| evaluated the metabolism of nine shallow lakes within the PPR over three years
to determine: 1) their annual metabolic rate and whether they were net heterotrophic or
autotrophic, 2if the Chl and DOC thresholds can accurately predict the whole ecosystem
and planktonic metabolic balance, and 3) whether the lake regime (clear or turbid)

influences the metabolic balance of these shallow lakes.



Methods
General Description
This study wa conducted in the southeastern portion of the North American
Prairie Pothole Region. Nine shallow lakes in wasttral Minnesota were monitored
during the open water season from May 2006 through November 2008. All lakes were
located within Waterfowl Pragttion Areas, averaged 0.15 k(exceptone lake: Lake
Christina 20 krf), and had a mean maximum depth of 2.1 m. Lakes with a togachl
concentration | ess t hwereclasfiedirthegleaeand terbid t h a n
regime, respectivelyZimmer et al. 2009). Over the course of the study, five lakes

remained in the clear regime and four lakes were in the turbid regime (Table 1).

Lake Sampling

Water samples from each lake were taken evedy@eks from May through
August, and once duringdibber and November. The water samples from each lake were
collected from 10 cm below the lake surface, and placed on ice until filtration, which was
completed a few hours after collection. The water samples were analyzed for Chl and
DOC, and were also udén laboratory incubations to estimate planktonic metabolism
(see description below). Measurements of Chl were obtained by filtering water samples
through a Whatman GF/ F glass fiber filter
Chl was extracted incatone for 24 h and was quantified using a Turner Desigrg0lD
fluorometer (Welschmeyer 1994). To estimate DOC, water samples were filtered through

an ashed (450°C for 4 h) GF/F filter, and the filtrate was immediately preserved with HCI



to lower the pHoelow 2. A Shimadzu TO®CSH was used to estimate the

concentration of DOC in the water samples. In order to determiradaheticityof

DOC by estimating the specific ultraviolet absorbance (SUVAivided the

concentration of DOC (mg1) by the absdrance value at the 254 nm wavelength
measured with a Cary 50 spectrophotometer, and multiplied the quotient by 100 (to
reported rt) (Clesceri et al. 1995, Weishaar et al. 2003). SUVA values were calculated
for each lake from the June and July samplingipB8. Additionally, the likely origin of

DOC (allochthonous or autochthonous) was estimated using a fluorescence index (FI). Fl
was determined by dividing the fluorescence intensity at a 470 nm emission wavelength
obtained from a fluorometer by the intégsat 540 nm (wavelengths adjusted from

McKnight et al. 2001).

Ecosystem Metabolism

Continuous changes in dissolved oxygeftectthe metabolism (NEP), or the
balance between GPP and R in the ecosystem (Odum 1956, Cole et al. 2000, Hanson et
al. 2003,van de Bogert et al. 2007, Coloso et al. 2008). In order to determinéoN i@
aguatic portion of the wetland ecosystémsed a multprobe sonde (Hydrolab DS5X or
a Hydrolab Minisonde 4a) deploye@dthe mixing layer in the center of the lake to mekco
temperature and dissolved oxygen every 15 minutes. The number of lakes monitored
varied each year. Over the sampling period from 2006 to 2008, one turbid and one clear
lake (Mavis East and Mavis West) were continuously monitored using a Hydrolab DS5X.

These lakes served as the best contrast between a clear and turbid regime as both have

10



similar morphometryandaverage depth, and they are located less than 100 meters away
from each other, which minimizes any differences in localized weather. These &80 lak

wi || be referred to as the Aintensively mo
manuscriptDuring 2007 all nine lakes were monitored; besides the intensively

monitored lakes, three additional sondes (two Hydrolab DS5X and one Hydrolab
Minisonde 4a) were rotated between the other 7 lakes, and deployedeakantervals.

In 2008 a total of four lakes were monitored; besides the intensively monitored lakes, one
additional sonde (Hydrolab Minisonde 4a) was alternately deployedvieek intervis
between two other lakes (one clear: Pisa and one turbid: Bore). Data were collected from
all sondes every-3 weeks, and during the collection times the sondes were recalibrated

in the field following Hydrolab recommendations, using oxygaturated watr and the
altitude-corrected barometric pressure at each site.

Wind turbulence influences the boundary layer depth over the lake, and
consequently the oxygen flux between the lake and the atmosphere, which has
implications for the dissolved oxygen conaatibn within the lake and the calculated
NEP (Stigebrandt 1991). Therefore, wind speed was measured at each lake at the same
time increments as the sonde measurements. At the two intensively monitored lakes,
used an Onset HOBO Wind Speed and Directiensgr with a HOBO Micro Station
Data Logger to measure wind speed 1.5 m above lake level on the shborsdied a
Brunton ADC Summit (which was bound to a wind vane, and secured on top of an
aluminum extension pole) to monitor wind speed at the othendakes approximately

1 m directly above the center of the lake. All anemometers were calibrated against each

11



other to minimize differences. When the wind data were unavailable at a specific lake

due to equipment malfunctions, wind speed measurementsHeoRergus Falls

Municipal airport (40 km away, on averagegre usedn the analyses to calculate NEP.

In order to account for any differences between the two types of wind speed readings

(lake-specific or Fergus Falls airport), the wind speed measutsrfrem the airport

were compared to those taken at the exact time at an intensively monitored lake. After

comparing 457 simultaneous readings, it was determined that the airport readings were

1.7 £ 1.5 (SD) times higher than the wind speed readings frerake, and were

therefore corrected for this overestimdteompared metabolic rates determined using

wind speed data from the Fergus Falls airport data and thspaloeic wind data

(Morrison Lake, 10 d between 2 Jun 07 and 1 JulThg.metabolic gtimates using the

local airport wind data underestimated GPP and NEP rates by a mean of 0.8% and 3.6%,

respectively, and overestimated R by 7.0%pplied these adjustments to the days where

the local airport wind data were used for all lakes, and ftheidt did not change the

overall direction of the metabolism (net heterotrophic or autotrophic) for any lake.
NEPwas calculatedbllowing the equations for sitgpecific metabolism

described in van de Bogert et al. (2007) and Coloso et al. (2008)ypBitief diel changes

in dissolved oxygen reflect the balance between GPP and R, and these changes in oxygen

recorded from the sondes were used in correspondence with wind speed and lake mixing

depth to predict daily GPP and R. Mixing depth was determioeal the lake depth that

had the maximum temperature change throughout the water column (Hutchinson 1957).

Temperature profiles were only taken in 2008, so the mixing depths for each lake were

12



assumed to be similar 2006 and 2007. On most dates in mostHakesing depth was
the entire water column of the lake. Because the oxygen concentration in the lake is a
function of not only biological, but physical influences, the exchange of oxygen between
the lake and the atmosphere was also calculated baseddspeed and water
temperaturel assumed the same exponent for the wind profile power relationship of
0.143 used in van de Bogert et al. (2007). The gas transfer coefficient was predicted using
the gas piston velocitysko, Which is essentially the watdepth that is in equilibrium
with the atmosphere for a gas over a given time period at a given temperature (Cole and
Caraco 1998). The Schmidt number was also used in calculating the gas transfer
coefficient, and was dependent upon water temperature (Wkinah 1992). Nighttime R
was calculated as the oxygen consumption one hour after sunset and one hour before
sunrise, and nighttime R wassumed to bequivalent to daytime R (this assumption
does not affect overall NEP estimates, Cole et al. 2000). SiR€erepresents oxygen
production and R represents oxygen consumption, GPP anel fieporteds positive
and negative values, respectively. After accounting for the physical exchange of oxygen
between the lake and the atmosphere, the change in oxygentdarthe lake from
sunrise to sunset was qualified as NEP, or the sum of GPP and R. GPP was estimated
indirectly by subtracting the negative R from NEP (NEP = GPP + R, or GPP ¥ REP

It was assumed that dissolved oxygen input from groundwater \gagibke, and
therefore was not included in the calculations. Assuming a high groundwater input
estimate of 57 pM @s* (Rosenberry et al. 2000), a similar concentration of oxygen in

the groundwater compared to the lake (0.2 mM, Kohfahl et al. 200%kas 0.25 to

13



0.32 mM Q), and an average lake volume of 225,000 the input from the groundwater

on a daily basis would only comprise of 1.7% of the total oxygen content of the lake.

Planktonic Metabolism

Because the Chl and DOC thresholds were deeéldqr planktonic
communities, light and dark bottle incubatiomsre completetb estimate planktonic
GPP, R, and net production in order to test the predictability of the thresholds on both the
planktonic community and the whole ecosystem metabolisnea®in sampling date,
water samples from the center of each lake were collected and stored in 0.5 L amber
Nalgene HDPE bottles at lake temperature void of headsBacause the samples were
analyzed for planktonic production in a laboratory setting, it sgmgroximately two days
to get the samples back to the lab and prepared for the incubation. In the labtivatory,
water samples were used to fill 15 ashed 7 mL clear glass scintillation vials for the bottle
incubations. Three of the 15 vial®e used to derminethe initial concentration of
oxygen, and were immediately fixed with 60 pl of 1% mercuric chloride to halt any
biological activity and preserve the initi@ncentration of dissolved oxygen. Next,
triplicate vials were incubated at low, medium, aigh light levels (approximately 10,
100, and 220 pE ihs?, respectively) to estimate planktonic production, and a set of
triplicate vials were incubated in the dark to measure planktonic respiration. All vials
(initial, light, and dark) were incubatéor approximately 1 d at the temperature of the
lake at the time the water samples were taken, and following the end of the incubations

the oxygen content of each vial was estimated using a membrane inlet mass spectrometer
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(MIMS) (Cory et al. 2009). Thisrpcedure allowed for highly accurate measurements of
dissolved oxygen in water (Kana et al. 1994). For each light level, hourly production and
respiration rates were calculated by dividing the difference between the initial and final
concentration of oxygecontent by the incubation period. The planktonic GPP was
estimated by subtracting the negative respiration rates from the net production rates.

In order to estimate the planktonic GPP within the lake, the production estimates
from the vial incubations/ere extrapolated to the entire lake using the light profiles and
productionirradiance (PI) curves. First the production rates from the vial incubations
were plotted against their specific incubated light levels to yield a logarithmic equation
specific b a given lake on a given day. PAR (photosynthetically active radiation) was
measured at 0.5 m increments in each lake on the same date on which the water samples
were collected for the bottle incubations. Using the light extinction coefficient and
logarithmic production curves, primary production was calculated at each 0.5 m
increment. Primary production was estimated (mmain® hr?) as the average between
the top and bottom of each 0.5 m layer, and was then multiplied by the layer depth to
yield the rae of mmol @ m? hr'. All production rates for each 0.5 m layer were
summed together for the entire lake, and then multiplied by daylength (hr) to convert to a
daily rate (mmol @m?d™). | assumed respiration was the same at all depths, and the
changs in oxygen in the dark bottle incubations were multiplied by the mixing depth and

24 hrs to yield a daily respiration consumption rate (mmah®d™?).
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Statistical Analysis
When estimating the metabolic rates in all lakes using the sonde data,
occasimally there were days when considerable noise in the oxygen and temperature diel
patterns resulted in negative GPP and positive R. Because this noise was observed from
the sondes in two separate lakes (the two intensively monitored lakes) during the same
times at the same depth (Figurelldoncluded that the noise was driven by something
other than erratichanges in metabolism within the lake. The noise was most likely due
to shortterm microstratification patterns later in the summer that triggereut slganges
in the mixing depth, which at times caused the sonde to record readings below the mixing
depth. The moddlused to estimate ecosystem metabolism assumes the sonde readings
were taken wit hi n;therefere, thadays @ith canlsrablé noige d e pt h
and no detectable diel oxygen and temperature patterns were assumed to violate the
model 6s assumptions and were excluded from
A two-way nested ANOVAwas usedo detect any significant differences in GPP,
R, and NEP betweeale regimes, and to test if there was any influence of year and time
of year on the metabolic rates. Lakes were nested within lake regime (clear or turbid),
and were treated as random variables. Because metabolic rates changed throughout the
growing seasardaily metabolic rates were blocked into to tweek intervals in order to
test the difference in metabolism between the clear and turbid regimes, and to test the
influence of time of year on GPP, R, and NEP. Anya |l ue equal to or bel

of 0.05 considereds significant.
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| used regression analyses to assess the relationship between annual averages Chl,
GPP and NEP, and DOC, R and NEP, using whotesystem and planktonic metabolic
estimates. For the following discussion, gross primary proaluyatespiration, and net
ecosystem productidior the entire lakéas estimated using the data collected from the
sondeshpre referred tas GPR, Re, and NER, respectively. Similarly, GRPRp, and
NEP: signify gross primary production, respiration, ared production of the plankton
community (estimated from bottle incubatiorisaddress the relationship between
plankton andvholelake metabolism versus Chl and DOC by splitting the analysis using

all lakes, and the clear and turbid lakes separately.

Results

For all lakes, the opewater seasonal means (May to November) for &BRged
from 143 to 800 mmol ©m? d*, with a grand mean of 323 mmo} @2 d* (Table 1).
The openwater seasonal mean: Rates ranged frorl39 to-736, with an average ef
324 mmol @ m? d*. The openvater seasonahean of the NEPrates ranged frorL80
to 76, with an average e mmol @ m? d* (Table 1). The metabolic rate for some lakes
depended on the season, and therefore thewptar seasonal means are somewhat
biased depending on when the lakes were monitored (some monitored May through
November, others only during one or two months during the summer). Thetellze,
report the minimum, maximum, and median values of all daily metabolic estimates for all
the lakes. GPPranged from 4 to 1315 mmol@? d*, and had a median value of 246

mmol G m? d . The minimum and maximum values for Rere-1 and-1186 mmol Q@
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m?d*?, respectively, with a median value-@60 mmol @ m? d™. Finally, NER ranged
from -487 to 483 mmol @m? d*, with a median value 6.6 mmol Q m?d™.

The lakes varied in planktonic Chl content from 2 to 207 Jigviith a mean of
11 + 7.9 (SD) pg of Chl tfor clear lakes and 109 + 72.7 g of Chifor turbid lakes
(Table 1). Tle annual average of Chl did not correlate significantly with annuapGPP
GPR, or NER when all lakes were considered together, or when the clear and turbid
regimes were considered separatelydall0.05) (Figure 2a&). In contrast, NEPhad a
significant negative correlation with Ckthen all lakes were considerqu= 0.011), and
the correlation was strongest in the turbid lakes 0.032) (Figure 2d). The threshold of
17-20 pg Chl ! (del Giorgio and Peters 1993) did not accurately predict whesker |
metabolism was autotrophic or heterotrophic for either the planktonic community or the
whole ecosystem (Figure 2b,d).

The mean opewater annual values (May through November) of DOC for each
lake ranged from 8.4 to 26.4 mg- Lwith clear and turbid kes having a mean of 14.0 +
2.5 (SD) and 18.1 * 4.5 (SD) mg DOC lrespectively (Table 1). There was no
significant correlation between DOC ang, Rg, or NER when all lakes were considered
together, or when the clear and turbid regimes were consigsepadately (alp > 0.05)
(Figure 3ac). Although DOC did not significantly correlate with NERhen the clear or
turbid regimes were considered separatply 0.514 and 0.125, respectively), DOC did
have a significant negative relationship with NE#enall lakes were considered €
0.032) (Figure 3d). Although only one lake had mean DOC concentration withirlthe 4

mg DOC L* threshold (Prairie et al. 2002, Hanson et al. 2003) and no lakes had a mean
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DOC concentration below the threshold, some laka®wet autotrophic above the
threshold, and consequently the DOC threshold b 4ng DOC [* was not useful in
predicting the direction of metabolism for either the planktonic community or whole
ecosystem (Figure 3b,d).

GPPwassignificantly, negativelgorrelated with R in both the clear and the
turbid lakes (alp < 0.05) (note that R is presented as a negativegatie absolute
values of these processes were positively relddigire 4). As GPP increased from 6 to
730 mmol @ m? d* (clear lakespand 4 to 1315 mmol Om? d* (turbid lakes), R
decreased fronb to-730 mmol @ m? d* (clear lakes) anell to-1186 mmol @ m? d*
(turbid lakes).

NEPk: did not significantly differ between clear and turbid lakes, while il
Re were significantlydifferent. When considering all lakes within each year, EiPds
significantly greater in the turbid lakes in 2006 and 2@08 0.0328 angb < 0.0001),
and R: was significantly higher in the turbid lak#ganin the clear lakes during all three
years (206:p = 0.0011; 2007p = 0.006; 2008p < 0.0001) (Figure 5a,b). NERvas not
significantly different between regimes during any year when considering either all of the
lakes together, or just the two intensively monitored lakep l0.05) (Figure 5d).

GPP and R varied over time in the clear and turbid lakes, and some of this
variation correlated with time of year. To show thigresent the change in the metabolic
rates during 2007 for the intensively monitored lakes (Figure 6). When including the
daily metabolic rates of all nine lakégpund that GPPand R: significantly correlated

with seasong = 0.0027 angb = 0.0047, respectively), however NEEd not { > 0.05).
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In the turbid lakes, GRRand R: had a significant correlation with the timoéyear p =
0.001 andp = 0.005, respectively). GRRnd R: were low at the beginning of the
summer (June), and increased towards the onset of fall (September), but were the lowest
during October and November (however there was no correlation betwen dai
temperature, GPP, and R). In contrast, R, and NER did not correlate with time
of year in the clear lakes (all p > 0.05), as these rates were fairly constant within a year
compared to the metabolism in the turbid lakes.

Metabolism of the cleaand turbid lakes fluctuated between years as well. When
all lakes were considered in the analysis, R, and NER significantly correlated
with year < 0.0001p = 0.0047, angb = 0.0003, respectively) (Figure £
Individually, GPR and R: correlded with year in the clear lakeg € 0.0001 angb =
0.0005, respectively), while NEP did not correlate with ypar 0.05). Both GPPand
Re were the highest in 2006, and were the lowest in 2008. In contrast to the clear lakes,
GPR: and R were not comlated with year in the turbid lakes (pl> 0.05), but NEP
significantly correlated with yeapE 0.0018) (Figure 5&). In the intensively monitored
lakes, NER significantly correlated with yeapE 0.0143), as the values decreased from

2006 to 200gFigure 5d).

Discussion
Planktonic Chl and DOC were poor predictors of ecosystem metabolism because
benthic processes dominate these fluxes in such shallow ecosystems. The metabolic

balance in these highly productive lakes was very close to neutralitylid not vary in
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any significant way with lake regime. Finalte interannual variability in the metabolic

rates of the shallow lakes was likely due to differences in climate in different years.

The use of oxygen to estimate ecosystem metabolism

Using changes in dissolved oxygen to infer lake metabolism, i.e., carbon fixation
and respiration, is a commonly used method (Cole et al. 2000, Hanson et al. 2003, van de
Bogert et al. 2007, Coloso et al. 2008), but can potentially underestimate production in
anaerobic environments where anoxygenic inorganic carbon fixation can occur. In these
lakes, it was highly likely that anoxygenic production seldom occurred during our
sampling periodsecause all of the lakes were hypoxic (< 2 md.®) only 2.7% of the
time (on average), usually during the night. Because these lakes were rarely hypoxic
while receiving sunlight, and assuming that anoxygenic photolithotrophs and
chemolithotrophs together contributed only 0.5 to 1% of the total inorganic carbon fixed
by aepbic primary producers (global estimate, Raven 200&)gue that using diel
changes in oxygen to indicate carbon fixation and respiration was appropriate in these

prairie lakes.

Planktonic measurements in benthic dominated systems

Estimating planktor metabolism via bottle incubations undoubtedly imposes a
bias as the opewater community is unnaturally constrained within a bottle (Fogg and
CalvarioMartinez 1989). Still, this method continues to be widely used to estimate

pelagic production in lakecesystems (Goulder 1969, del Giorgio and Peters 1994,
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Carignan et al. 2000, Anderson and Brunberg 2006, Blindow et al. 2006, Lauster et al.
2006). In 2006, | completed similar incubations in 60 ml bottles (versus the 7 ml bottles
presented here) to estimgielagic metabolism. The metabolic rates obtained from the 60
ml bottles were similar to rates obtained from the incubations in the 7 ml vials, all of
which were only run for approximately 24 hours. Therefore, the 7 ml bottles | used to
estimate pelagic atabolism should have the same bias included in many other studies
(Goulder 1969, del Giorgio and Peters 1994, Carignan et al. 2000, Anderson and
Brunberg 2006, Blindow et al. 2006, Lauster et al. 2006).

| did not observe a significant correlation betw&dh and GPPor GPR: when
all lakes were considered, or when the clear and turbid lakes were analyzed separately.
This result was not surprising for the lakes in the clear regime because Chl only
represents the planktonic primary producers in the lakake sdibmersed macrophytes
and macroalgae instead dominate the clear lakes (Scheffer et al. 1993). In contrast to our
expectations, however, there was no significant correlation between Chl apdrGPP
GPR: for the turbid lakes either. The lack of corredatbetween the planktonic primary
producer biomass and production rates in the phytoplafddonnated lakes suggests the
phytoplankton may have been competing for some requirement (such as light), and/or
there may be more benthic primary production th@reeted even in these lakes. The
concentrations of Chl observed in the turbid lakes matched those observed in similar
lakes where a high concentration of Chl in the water column (indicating high
concentration of phytoplankton) caused-stlading which reaiced overall planktonic

photosynthetic rates within the mixing layer (Blindow et al. 2006). On average, 48% and
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13% of the lake depth was excluded from the euphotic zone in the turbid and clear lakes,
respectively. In comparison to the lakes in the cleginme, a smaller volume of water in
the turbid lakes had sufficient light to support primary production. Although:GiPid
Re did not correlate with Chip(= 0.781 and 0.816, respectively), the smaller lake volume
for GPP and larger lake volume for R Iretturbid lakes may have been enough to affect
the balance between GPP and R, thus leading to a more negativatNigher levels of
Chl (Figure 2d). In summary,did not observe a significant correlation between Chl and
GPR and GPR due to the omissioof benthic primary producers in the clear,
macrophytedominated lakes and sedhading in the turbid, phytoplanktalominated
lakes. These reasons justify why the threshold e2@ g Chl ! (del Giorgio and
Peters 1993) was not useful in predictingetiter the plankton or ecosystem metabolic
rate was either net autotrophic or heterotrophic.

DOC also was not a useful predictor of metabolism and did not vary with R or
NEP, most likely because the DOC measured from the surface waters was not utilized at
the same time scale in which metabolism was measured. There was no significant
correlation between DOC ang Br R= when all lakes were included in the analysis, or
when the clear and turbid lakes were considered separatelyadkisf relationship is
common in shallow lakes where greater concentrations of colored DOC inhibited primary
production through shading more than it enhanced R (via microbial mineralization) (del
Giorgio and Peters 1994). Still, this was not the case in these prairie lakeseotheau
DOC was only slightlyaromatic(average SUVA = 1.9, Weishaar et al. 2003), and DOC

and GPRwere not correlated in any way € 0.685). Furthermorgthe metabolism of
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these lakes should be ledksminated byerrestrial organic matter because GPkhase
lakes was much higher than those observed for other shallow lakes where DOC positively
correlated with R (this study GPP mean of 326 mmain®d™ versus 72 mmol ©m?d
! of Hanson et al. 2003) (del Giorgio & Peters 1993). Given the close assoaiith
GPP and R, and the fact that heterotrophic bagbeeiferentially utilizeautochthonous
DOC over allochthonous DOC (Kritzberg et al. 2004), it is likely that R was fueled more
by autochthonous DOC, allowing the terrestrial DOC to remain tgedaportion of
total DOC in the surface waters. The mean fluorescence index value of these lakes (1.40)
supports this, as the DOC was characterized as mostly of terrestrial origin (Donahue et al.
1998, Waiser & Robarts 2000, McKnight et al. 2001).

| found no significant correlation between DOC and NEF? all lakes or
specifically the clear and turbid lakes, or between DOC and:IftERhe clear and turbid
lakes separately. Althoudhdetected a significantly negative correlation between DOC
and NER when all lakes were considered, its significance was driven by only one data
point, and therefore it is doubtful that this negative relationship has much biological
meaning. Overall DOC did not corredatith R or NEP, and was not useful in predicting
the planktonic or ecosystem metabolism of these prairie lakes. The lackrefation
between DOC and metaboligsmmost likely explained by the shddrm dependence of
microbial respiration on autochthonous DOC, and not the D&d& pool, which contains

a siquificant portion of allochthonous DOC.
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The metabolic balance of prairie shallow lakes

When comparing the metabolic rates between the plankton and ecosystem
communities, it became clear that the benthic environment was an important player in the
overallmetabolism of these shallow lakes. On average,r®REK accounted for
approximately 22% of GRFn the clear lakes, which supports the notion that most of the
primary production was dominated by the benthic zone in the clear water lakes (Lauster
et al. 206). For all lakes, eighty percent of R occurred near or within the benthic zone
(see Rvs Re), which explains why these ecosystems were net heterotrophic at high
levels of Chl, while the plankton community was net autotrophic at the same Chl levels.
Decamposition via microbes (and consequently respiration) can be constrained by surface
availability, and therefore decomposition rates (and respiration) tend to be lower in open
water regions where the plankton reside (Wetzel 1992).

GPP and R were significant negatively correlated (Figure 4). This close
association between GPP and R has been observed for planktonic metabolism of
numerous other freshwater ecosystems (Carignan et al. 2000, Duarte and Augusti 1998,
Duarte and Prairie 2005). Although there \masegative relationship, ecosystem
respiration did not decrease proportionately with gross primary production in all lakes, as
some lakes were slightly heterotrophic at low rates of primary production and autotrophic
at high rates of production. This trewas similar to metabolic rates observed in many
lakes around the world (del Giorgio and Peters 1993, del Giorgio et al. 1997, Duarte and
Augusti 1998, Duarte and Prairie 2005). The negative intercept of these figures

represented the base metabolism suepldny allochthonous C sources (del Giorgio and
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Peters 1994).found that some lakes did not have a negative intercept (8Mile, Morrison,
Mur k), and naturally had the strongest <c
suggests the metabolism of thémlees relied solely on autochthonous production at the
time when these lakes were monitored.

On average, lakes in the clear and turbid regime had a ratio of GPP:R of 1.36 and
1.20, respectively, and these ratios did not significantly differ from each(ptheD.455)
(ratios are the inverse of the slopes in Figure 4). Generally GPP exceatatl R
therefore lakes in both the clear and turbid regimes had the potential for carbon export
and/or accumulatiofi.e. burial)(Cotner & Biddanda 2002), and thistpntial for C
burial did not differ between regimes. It is interesting to note that the cap&mil@y
burial is high when only considering the balance between production and respiration,
despite the potential for additional exogenous C input that mayenmodified by
metabolism but rather transferred directly to the sediments to accumulate over time.
Although the C fixation rates were similar between the regiimdid,not measure
production and respiration on an annual bddiave some preliminaryw&lence that
oxygen is depleted after ie@ver on a much faster basis in the clear regimes compared
to the turbid regimes; therefore the environment of these regimes likely differs on an
annual basis and should directly affect the accumulation of thear®in fixed in these
lakes.

In comparison to other ecosystems, the shallow lakes of the Prairie Pothole
Region have the potential to metabolize tremendous amounts of carbon. GPP estimates

from these lakes exceeded similar measurements from shallownakesnorthern
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Wisconsin the Upper Peninsula of Michigan, and the Evergladeond@ by three to
tenfold (Hanson et al. 2003, van de Bogert et al. 2007, Coloso et al. 2008, Hagerthey et
al. 2010) The magnitude of these differences in GPP was madyldue to

discrepancies in primary producer biomass and/or type, and contribution of the littoral
habitat to ecosystem metabolism (Lauster et al. 2006). The annual mean GPP rates
ranged from 143 to 800 mmob@? d™. If these rateare convertetb cabonbased

rates by assuming 1 mol ot @roduced equals 0.8 mol C fixed (given the close
association between GPP and R in these prairie lakes), and conservatively multiplying the
rate by the length of our sampling season (11 May to 2 Nov, or 175 tessate that
approximately 24@.345 g C nf yr* was fixed by the primary producers in these lakes.
Among the lakes studiedye highest annual mean of carbon fixation was comparable to
other production estimates for wetlands (1300 g &y, Schlesinge1997), and even
exceeds production estimates of tropical forests (800 ¢ @th Schlesinger 1997). If

the highest carbon fixation ratescaledup to the total area of shallow lakes occupy in

the Prairie Pothole Region (207,000%uliss et al. 206), lakes in this region are
capable of fixing 5280 Tg C on an annual basis, which is comparable to the production
rate of the entire Great Lakes Basin (GLB) (268 Tg € @1B covers 774,174 kiand

the lakes occupy ~258,000 kniKarim et al. 2008)\f | assume that 28% of the carbon
fixed was deposited to the sediment and not respired (using the mean of the reported
GPP:R ratios for the clear and turbid regimes), and that 48% of that carbon was
permanently buried over time (Sobek et al. 2008)tmate that the lakes in the PPR

accumulated -B8 Tg C yi* based on primary production rates alone.
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Comparing metabolism of the clear and turbid water regimes

GPP was high in comparison to other ecosystamdthe rates generally differed
between the cleand turbid regimes. GPP was significantly higher in the turbid lakes
than in the clear lakes in 2006 and 2008 (Figure 5a), but not in 2007. The higher GPP
rates in the turbid lakes in part were due to the longer growing season of phytoplankton in
compari®n to the macrophytes (Goulder 1969, Mitchell 1989), which begin to senesce
towards the beginning of September. GPP in the turbid lakes was quite high at the onset
of summer and remained high through the end of September, whereas the GPP in the
clear lakesvas the highest only from July through early September (Figure 6), which
matches the growing season for most submerged macrophytes (Wetzel 2001). Previous
studies suggest that phytoplankton have higher production rates than macrophytes
because they can @in nutrients more easily from the water column, and they have a
faster rate of nutrient cycling (Mitchell 1989). Although the turbid lakes had more than
four times as much total phosphorus in the water column than the cleaolalyelh %
and 3% (annuahean) of the total phosphorus was soluble reactive phosphorus in the
clear and turbid lakes, respectively. The low concentration of bioavailable phosphorus in
the turbid lakes suggests the phytoplankton were utilizing the nutrients within the water
columnto a greater degree than the macrophytes.

Similarto GPP, R was significantly higher in the turbid lakes during all three
years (Figure 5b). The lifespan of an algal cell in comparison to a submerged aquatic
plant is much shorter, and in order to suspawduction rates that exceed the rates in the

clearwater lakes, the phytoplankton populations must be turning over rapidly and
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therefore producing a large quantity of organic matter. Furthermore, phytoplankton cells
are also easier to mineralize relativeaquatic plants, because they do not contain
complex compounds such as lignin and cellulose that are difficult to breakdown and
mineralize (Enriquez et al. 1993). This large, continuous supply of decaying algae
throughout the open water season wasyikelpporting the high rates of respiration.
Surprisingly, the domina primary producer of the lakes did not influence the
overall metabolism of the lakes (Figure 5c,d). Both the clear and turbid lakes were net
autotrophic in 2006, and both regimes wese lreterotrophic in 2007 and 2008 (Figure
5c¢); the same pattern occurred in the intensively monitored lakes (Figure 5d). Since these
lakes are so shallow, their physical and chemical environment can change rapidly
depending on climatic and weather condiioln order to see if any differences in
weather patterns might help explain differences in NERalyzed local air temperature,
solar radiation, wind speed, rainfall and snowfall during the winter months prior to the
open water season and the summentimin 2006, 2007, and 2008. The only significant
difference among years for these variables was the daily air temperature during the open
water season (April to November). Specifically, temperatures were significantly warmer
in 2006 and 2007 comparedtte temperatures in 2008 £ 0.007 and 0.08,
respectively) (2006: 15.0+9.5°C, 2007: 15.6+10.4°C, 2008: 13.7+10.7°C). Additionally,
the daily temperatures during the winpetor to the open water season of 2006 and 2007
were also significantly warmer th&908 ¢ = 0.001 and < 0.0001, respectively) (2006:

4.6+10.0°C, 2007:2.3+9.8°C, 2008:9.4+9.3°C). Over the course of this studgopler
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temperatures may have been enough to slow production and tip the balance between GPP
and R to yield a more negatiEP (R>GPP).

Because the metabolic rates of prairie lakes varied day by day and even between
years, it is important to make continuous, whalee measurements throughout the
season to properly characterize metabolism, instead of observing metabolwveatas
few days within one year (Hanson et al. 2003, Hagerthey et al. 2010). Furthermore,
metabolism should be monitored yeaund. For example, if respiration is lower in the
macrophytedominated lakes during the winter, perhaps more carbon would aletamu
within the lake over time. The biotic, chemical, and physical environment of these
shallow lakes can fluctuate greatly in response to changes in weather. Our limited
measurements were not enough to detect a correlation between metabolism and weather.
Therefore, more investigation is needed to determine how weather or even climate
influences carbon cycling and ultimately carbon burial in shallow prairie lakes.

| did not observe hydrological variables that might be affected by weather or
climate such agroundwater exchange, which in turn may have influenced lake
metabolism. Still] conclude that there was a local and/or regional mechanism that
influenced metabolism because 1) the metabolism of the two intensively sampled lakes
closely resembled the ratestimated for all nine lakes in 2007 and 2008, and 2) similar
cycling and noise in oxygen and temperature patterns in two completely separate lakes of
differing regimes were apparent throughout the sampling period. Together these

observations suggest tHake regime did not play a strong role in predicting whether
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prairie lakes were net heterotrophic or autotrophic during the open water season; rather,

an overlying regional influence on local metabolism must exist.
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Figure 1. Microstratification patterns observed simultaneously in two separate lakes.
Temperature and dissolved oxygen in the intensively sampled lakes during two time periods
inJuly and August 2007. The white circles represent the clear (C), macrophyte-dominated
lake, and the black circles represent the turbid (T) phytoplankton-dominated lake. These
readings were taken simultaneously in two separate lakes at the same depth, and experienced
similar “noise” patterns in the oxygen and temperature signals (marked in the shaded grey
areas).
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Figure 2. Relationship between Chl and GPPp (A) and NEP; (B) for the annual planktonic
metabolic measurements, and GPPg (C) and NEPg (D) for the annual whole ecosystem
metabolism. White circles represent the lakes in the clear regime, and the black circles represent
lakes 1n the turbid regime. The numbers within the box represent p — values for all lakes (All),
clear lakes (C), and turbid lakes (T), with an asterisk (*) representing a significant relationship.
Forthe NEP rates, positive values indicate net autotrophy (GPP=R), and negative values
represent net heterotrophy (R=GPP). The dotted line represents a perfect balance of GPP and R.
The shaded grey line on the x-axis indicates the threshold of 17-20 pg L-! ChL net autotrophic
and heterotrophic lakes are predicted to be below and above the threshold, respectively.
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Figure 3. Relationship between DOC and R (A) and NEP (B) for the planktonic metabolic
measurements, and GPPg (C) and NEPg (D) for the whole ecosystem metabolism. White
circles represent the lakes in the clear regime, and the black circles represent lakes in the turbid
regime. The numbers within the box represent p — values for all lakes (All), clear lakes (C),
and turbid lakes (T), with an asterisk (*) representing a significant relationship. For the NEP
rates, positive values indicate net autotrophy (GPP=R), and negative values represent net
heterotrophy (R>GPP). The dotted line represents a perfect balance of GPP and R. The shaded
grey area on the x-axis indicates the threshold of 4-10 mg L-! DOC; net autotrophic and
heterotrophic lakes are predicted to be below and above the threshold, respectively.
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Figure 4. Relationship between GPP and R for all nine lakes studied during all three vears.
White circles represent clear lakes, and black circles represent turbid lakes. Data points
represent daily metabolic estimates in a given lake. The solid line represents the trendline, and
the dashed line represents the ratio of GPP:R at unity (or 1:1). Many lakes seem to be
heterotrophic (below the 1:1 ratio or R = GPP) at low gross primary production, and autotrophic
(above the 1:1 ratio or GPP = R) at high gross primary production. Please note that not all axes
are the same.
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Figure 5. Gross primary production (GPP), respiration, (R), and net ecosystem production
(NEP) for all lakes (A-C), and the intensively monitored lakes (D). White bars represent the
clear lakes, and the grey bars represent the turbid lakes. Two intensively sampled lakes were
monitored in 2006, and 9 lakes (five clear, four turbid) were monitored in 2007, and four lakes
(two clear and two turbid) were monitored in 2008. Error bars represent standard error. ()
Represents a significant (p < 0.05) difference between regimes.
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Chapter 2: Factors Influencing Carbon Dioxide Flux in Prairie Pothole Shallow

Lakes under Alternative Trophic Regimes

Small, shallow freshwater ecosystems such as wetlands and wetland lakes
potentially funcion as a large source of carbon dioxide to the atmosphere because they
are very productive, and can respire a high proportion of organic matter they receive from
their terrestrial surroundings. To improve global carbon cycling models, it is important to
edimate the carbon dioxide flux from multiple regions globally. The Prairie Pothole
Region of North America contains 207,000%of shallow, hardwvater wetlands, and
therefore serves as an important region to study carbon dioxide exchange. Wetland lakes
in this region usually exist in either a clear, macropiugiminated regime, or a turbid,
phytoplanktordominated regime. Furthermore, these regimes have differing physical and
chemical properties that could influence the carbon cyateestigated carboniakide
exchange between the atmosphere and nine shallow lakes in the southeastern part of the
Prairie Pothole Region over three years, and measured whole ecosystem gross primary
production (GPP), respiration (R), pH, and dissolved organic carbon (DO€&detonihe
the best predictor of carbon dioxide exchange rates and direction. For all nine lakes, the
annual carbon dioxide exchange varied from 53 mmol“@iinflux to the lakes to 97
mmol C m? d* efflux out of the lakes to the atmosphere, with arravenean flux of 9.5
mmol C m? d* from the lakes to the atmosphere. The magnitude and direction of annual
net exchange varied interannually, but not with regime. Unlike previous studies, there

was no positive correlation betwep@O, and DOC; however,hh wassignificantly
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positivelycorrelated witppCO, and its exchange with the atmosphere in both the clear
and turbid regimes. Although pH was strongly influenced by metabolismfl@GQdid

not significantly correlate with metabolism due to the high uffecapacity of these
hardwater shallow lakes. Current paradigms predict that autotrophic lakes should be a
CO; sink and that heterotrophic lakes should be a §&&0rce; however, that is not wHat
observed. Herkpresent evidence that hangiter, shathw lakes can be net heterotrophic
yet function as a carbon sink, and alternatively emit ©®he atmosphere while they are
net autotrophic. It is likely that climate and hydrologicaliwen geochemical factors

play an as yet unappreciated role inf&gchange in these biologicaldynamic

wetlands through space and time.

Introduction

Freshwater ecosystems play an important role in global carbon cycling due to
intensive carbon burial and exchange of carbon dioxide)(@{th the atmosphere (Dean
and Goham 1998, Cole et al. 2007; Tranvik et al. 2009). The surface waters of most
lakes and rivers worldwide are supersaturated with, @ therefore typically function
as carbon sources to the atmosphere (Cole et al. 1994, Cole and Caraco 1998, Duarte and
Agusti 1998, Hanson et al. 2004, Rantakari and Kortelainen 2005, Sobek et al. 2005,
Kortelainen et al. 2006). Supersaturation of,@&Jpartially due to the mineralization of
allochthonous carbon, which can be transported to lakes via groundwater inptéce su
runoff during precipitation events comparison to largeéake ecosystemsyetland

lakestypically have ahigh concentration and evasion of g&elly et al. 2001, Roehm
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et al. 2009)Because high percentage of their volume is associated witpé¢hieneter
of the lake, organiand inorganic carboimputsfrom the terrestrial surroundings or the
lake sedimerstarereadily transported into surface waters where they can be mineralized,
precipitated and/or dispersed into the atmosphere a€@®ge)uantitatively, most of the
lakes of the world are very small (Downing et al. 2006)weknow very little about the
biogeochemical controls of G@xchange in these small lakes globally.

Predicting the partial pressure of £PCO;) within lake waters anthe flux
between the lake and the atmosphere is often difficult, as both are influenced by
biological, chemical, and physical processes which can fluctuate on very short time
scales. The flux of C&between the lake and the atmosphere depends on 1jfdrertie
betweerthe CQ concentratiorof each fluid, and 2) the physical controls affecting
exchange rates (i.e. temperature and wind speed; Sobek et al. 2005, Cole and Caraco
1998).pC0O; in the lake is influenced by the metabolic activity of the lakéh(lbptake of
inorganic and mineralization of organic carbon), the direct transport of both organic and
inorganic carbon via groundwater input and surface runoff (Kling et al. 1991), and
chemical reactions related to alkalinity (i.e. carbonate dissolutidmpeecipitation,
Finlay et al. 2009). Rainfall and snowfall events promote the movement of water through
the landscape, which consequently transfers carbon subsidies (such as dissolved organic
and inorganic carbon, DOC and DIC, respectively) from therglag¢el to the lake, where
theycould potentially be released into the atmosphere (del Giorgio et al. 1999, Pace and

Prairie 2007).
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Often in freshwaters DOC concentrations positively correlate p@t®,, and
since DOC serves as a substrate for microbialnagg, numerous comprehensive
studies have found that DOC is the most consistent predicg@@fin lakes worldwide
(Kelly et al. 2001, Hanson et al. 2004, Sobek et al. 2003, Sobek et al. 2005, Roehm et al.
2009). Small lakes with short residence tirtezsd to be high in DOC due to the high
input from terrestrial ecosystems, and the low volume:perimeter ratio also favors
allochthonous input (Roehm et al. 2009). Furthermore, some lakes experience a peak in
CO, immediately following precipitation eventetause the rainfall transports £anhd
organic carbon from the catchment to the lake, which can boost microbial respiration
(Rantakari and Kortelainen 2005, Roehm et al. 2009, Stets et al. 2009). Similar to DOC,
pCO; often correlates with the metabolismaofake because the balance between gross
primary production (GPP) and respiration (R) directly influences @@duction (via R)
and consumption (via GPP) (Yavitt 1997, Duarte and Prairie 2005). Lastlywaded
lakes with high alkalinity have among thghest CQ evasion estimates reported
because chemical reactions involving carbon dioxide, bicarbonate, carbonate, water and
calcium can cause a strong increaspG®, due to carbonate precipitation under
saturating conditions (pH > 8.5) (McConnaughegle1994, Finlay et al. 2009, Stets et
al. 2009).

The Prairie Pothole Region (PPR) of North America contains 207,080fkm
small, hardwater wetlands (Euliss et al. 2006), and serves as an ideal location to
investigate C@exchange because the lakeshis region could support a substantially

large flux of CQ to the atmosphere due to their size, total area, and biological
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characteristics. The PPR landscape and its wetlands are rich in calcium and magnesium
carbonates, which influence the level of alkigy in these lakes. These cations can
precipitatewith carbonatesand cause the release of £ @epending on the pH
(McConnaughey et al. 1994, Finlay et al. 2009). Furthermore, many wetlands within the
landscape of the PPR receive groundwater dischatgeh in turndepends on the
frequency and intensity of precipitation events (Winter and Rosenberry 1995). These
lakes also have high concentrations of DOC which typically favors high rates,of CO
production (Kelly et al. 2001, Prairie et al. 2002, Soéekl. 2003, Hanson et al. 2004,
Sobek et al. 2005, Roehm et al. 2009). Lastly, the lakes in the PPR are productive (up to
1680 g C nf yr, Chapter 1), and tend to exist in two relatively stable regimes: one
regime that is in the cleavater state and dainated by submerged macropts/snd
macroalgae (hereafter clear regime) and the other in the twetet state dominated by
phytoplanktorandmicroalgae (hereafter turbid regime) (Scheffer et al. 1993, Zimmer et
al. 2001). These two regimes could potalhtiinfluencepCO, and its exchange because
CQO; evasion often negatively correlates with primary production rates (Yavitt 1997,
Huttunen et al. 2003, Kortelainen et al. 2006), which also can differ between
macrophytes and phytoplankton (Goulder 1969, Rirst al. 1986, Mitchell 1989,

Blindow et al. 2006). Most studies that have evaluated the relationship between the
metabolic activity of the lake amCO, have not examined lakes with a large range of
productivity (Huttunen et al. 2003, Finlay et al. 2D0or have included the influence on
metabolism from the benthic community (Kelly et al. 2001, Finlay et al. 2009). The

contribution of the benthic community to the whole ecosystem metabolism in PPR
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wetlands is high (approximately 82% of respiration, @h% gross primary production,
Chapter 1) because they are so shallow. Furthermore, their production rates are
substantial in comparison to larger freshwater ecosystems (Lake Superior ~200 to 350 mg
C m?d™ [Sterner 2010], versus up to 9600 mg G dt in PPR lakes, Chapter 1).
Although there has been extensive research onpe&€hange and its predictors in
wetlands in the boreal regions of North America and across South America (del Giorgio
and Peters 1994, Finlay et al. 2009, Kosten et al. 2010), cbensiee estimates of GO
exchange and its predictors in the North American prairie regions, and particularly in the
shallow wetland lakes that are most common in these systems, are lacking.

In order to investigate the impact of small, harater prairie weands on the
regional carbon cyclé,estimated the exchange of €ketween the lake and the
atmosphere in nine lakes in the PPRetermined whethgCO, and its exchange
between the lake and the atmosphere wadeted tceither biological (i.e. metaliem) or
physicatchemical factors (pH; hydrological processes delivering carbon to the lake). If
controlled by biological factor$,would expecpCO, and its exchange to differ between
the clear and turbid regimes, given a difference in the balancedre®RP and R
between the reginsg(Chapter 1)For example, C@evasion may be lower in clear lakes
if primary production exceeds respiration ratepdf, and its exchange are not
influenced by lake regimé would expect physicathemical factors such @i, climate
and/or hydrology to be the most important factors in determininge€hange in these

PPR shallow lakes.
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Methods
General Description
This study was conducted in the southeastern portion of the Prairie Pothole
Region. Nine shallow lakes inestcentral Minnesota were monitored and sampled from
May 2006 through August 2008. All lakes were located within Waterfowl Production
Areas, averaged 0.15 Krim surface area (excluding one lake: Lake Christina 28),km
and had a mean maximum depth of.é t er s . Lakes with a mean
L* were classified in the clear and turbid regime, respectively (Zimmer et al. 2009). Over
the course of the study, five lakes were in the clear regime, four lakes were in the turbid

regime (Table 1).

Variables for the Estimation of pG@nd Related Factors

pCO, can be measured directly using the headspace technique (Cole and Caraco
1998), or indirectly using measurements of water temperature, pH, and dissolved
inorganic carbon (DIC). | used the latter hmd to estimat@CO, within the lakes over
time. | recorded lake temperature and pH every 15 minutes usingprabg sondes
(Hydrolab DS5X or Hydrolab Minisonde 4a) deployed in the mixing layer in the center
of each lake. Over the sampling period frond&@o 2008, one turbid and one clear lake
were continuously monitored using a Hydrolab DS5X, and the other seven lakes were
monitored less frequently (described below). The two lakes that were monitored
continuously (Mavis East and Mavis West) served ad#st contrast between a clear

and turbid regime as both have similar morphometry, average depth, and they are located
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less than 100 meters away from each other. These two lakes will be referred to as the
Ai ntensively monit or enderofthia mansscripDormgp200y,h o u t
three additional sondes (two Hydrolab DS5X and one Hydrolab Minisonde 4a) were
rotated between the other seven lakes; the sondes were deployed in each of these lakes
for two-week intervals during three separate peridaigddition to the intensively

monitored lakes, one additional sonde (Hydrolab Minisonde 4a) was alternately deployed
for two week intervals between another clear and turbid lake in 2008. Over all years, the
data were collected from the sondes eveBmEeks during the ickee season and
recalibrated in the field following Hydrolab recommendations.

Wind turbulence influences the exchange of, G&ween the wetland and the
atmosphere (Cole and Caraco 1998). Therefore, wind speed was measured at the same
time increments as the sonde measuremam®nset HOBO Wind Speed and Direction
Sensor with a HOBO Micro Station Data Logges usedo measure wind speed at the
two intensively monitored lakes 1.5 meters above lake level on the shofdioea
Brunton ADC Summit (which was bound to a wind vane, and secured on top of an
aluminum extension pol&yas usedo monitor wind speed at the other seven lakes
approximately 1 m directly above the center of the lake. All anemometers were calibrated
against eacbther to account for any differences. When the wind data were unavailable at
a specific lake due to equipment malfunctions, wind speed measurements from the
Fergus Falls Municipal Airport in MN (on average 40 km from the lakese usedo
calculate NEPThe wind speed measurements from the airport were compared to those

taken at the exact time at an intensively monitored lake in order to account for any
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differencesComparing 457 simultaneous readingsealedhat the airport readings were
1.7 £ 1.5 (SD}imes higher than the wind speed readings from the lake, on average, and
were corrected appropriately. Daily precipitation estimates were also obtained from the
Fergus Falls Municipal Airport.

Water samples were taken everg fveeks from May through Awgt. The water
samples from each lake were collected from 0.2 m below the lake surface, and placed on
ice until filtration within a few hours after collection. The water samples were analyzed
for DIC and DOC concentrations, cation concentrations, andratkalSamples for
DOC, DIC, and cation concentrationgere filteredthrough an ashed (450°C for 4 h)
Whatman GF/F filtes. For DIC, an ashed 7 mL scintillation vial was ofiled with 0.7
um filtrate void of headspace, sealed with Parafilm, and rumm&4 hours on a
Shimadzu TO&/csh.During one sampling date whole water was analyzed for DIC, and
it was determined that approximately 1% of the DIC was lost due to degassing.of CO
For DOC, the filtrate was immediately preserved with hydrochlorictadiolwer the pH
below 2. A Shimadzu TO®csh was used to estimate the concentration of DOC in the
water samples. The concentrations of cations within the water were estimated from
samples collected during April, July, and October of 2007 for the intepnsaaipled
lakes, and during July for the other seven lakes. The cation concentrations were
determined using inductively coupled plasma (ICP) atomic emission spectrometry, and
were used to calculate water hardness, which is described below. The alkakaitho
lake was measured on each sampling date. Briefly, the water was collected in an amber

HPVC bottle void of air, and was kept at lake temperature prior to analysis (analysis
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typically occurred 23 days after collection).used the Gran titration metti, and titrated
50-mL of the water sample beyond the equivalence point using 0.0:58Hwvhile
constantly measuring the pH (Gran 1952). Al@ach sampling date, the aias
sampledapproximately 1 m above the lalisinga nylon syringeTo determinghe CQ
concentration of the air, the sample was analyms#lg a Shimadzu GT4A gas
chromatographvith thermal conductivity detection, a Poropak N column, and 645, 1025,
and 10,000 ppm standards. Thex of CO, based on global measurements of

atmospheac carbon dioxide levels from 8Mna Loa
(http://www.esrl.noaa.gov/gmd/ccgg/trendsgs estimated-inally, ecosystem

metabolic rates of gross primary production, respiration, and net ecosystem production
were made using continuous measurements of oxygeperature, and wind speed

(Cole et al. 2000, Hanson et al. 2003, van de Bogert et al. 2007, Coloso et al. 2008).
Refer to Chapter 1 (ANet Ecosystem Product

Al ternative Trophic Regimeso) for detail s.

Calculatingthe Concentration and Exchange of pCO
The flux of CQ between the atmosphere and the surface waters of the lake was
calculated using the equation:
F1 uxk(Pgakid [gaska) 1)
where U is the chemi ggabexehanhdarepeentathadas f act or
transfer velocity, Rsis the partial pressure of G@ the surface water,ld s Henr y 6 s

constant for C@at a given temperature and salinity (Weiss 1974), andsfg&gresents
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the concentration of CQhe surface water would have in dduium with the overlying
atmosphere (Cole and Caraco 1998).
The chemical enhancement factor (U)
environments with low wind speed (i.e-43n s' on average) (Wanninkhof and Knox
1996, Finlay et al. 2009). In lakes with a high pH, the flux of @@ the lake is
enharced due to free C{eacting directly with hydroxide to quickly form bicarbonate,
rather than hydrating to form carbonic acid and subsequently bicarbonate. Given the
chemical reactions:
CO,+H,0 2z "#HCOyz H+COZ (2)
high pH favors conversion t¢iie CQ into carbonate, which may precipitate out
depending on pH, ionic strength, and temperature. Therefore, at low wind speeds and
high alkalinity, CQ invasion rate into the lake increases. The enhancement factor is
estimated using the Hoover and Bériks model (1969) described in Wanninkof and
Knox (1996):
U = T1)# tanh (Q2)/(Qz)] 3)
where Q = (rT/DY>, r =1 + 1 (Ky /&), T = 1+(a)*(K1K5 + Kqaw) ™, and z = D&, In
these calculations; is the first order rate constant for the reaction, €®1,0 = HL,COs
(0.025 &, Stumm and Morgan 1981), ands the zero order rate constant for the
reaction C@+ OH = HCO; (7.6 x 10 L mol™ s, Johnson 1982). Kis the apparent
dissociation constant for water (19, a, is the activity coefficient for C©(0.91*10°",

Stumm and Morgan 1981), D is the lexular diffusion coefficient for CO

49



(J0.61563+0.05316*TC]*0.00001), and Kand K are the first and second apparent
dissociation constants for carbonic acid which is based on temperature.

The gas transfer velocity of G@k) depends on wind speed, watemperature,
and the salinity of the surface water (Liss and Merlivat 1986, Macintyre et al. 1995, Cole
and Caraco 1998), and is normalized to a Schmidt number of 600 (Wanninkof and Knox
1996). Thek for CO, was calculated using the equation from Caold E&araco (1998):

Keoo = (2.07 + 0.215*5"")*(Sc/600) (4)

whereksgois the standard gas transfer velocity in ¢h i represents the wind velocity
(m s%) at 10 m above the lake surface, Sc denotes the Schmidt number, which is the
kinematic viscosy divided by the diffusion coefficient of GJahne et al. 1987,
Macintyre et al. 1995) and is based on the surface water temperature and salinity
(Macintyre et al. 1995). Finally represents the power relationship for the equation, and
equals0.67 when po O 3 . “Bor-@n5 vehen o> 3.6 m & (Liss and Merlivat 1986).
After a series of observations, the wind speed at 10 m above the lake surface has been
found to be approximately 1.29 rif faster than the wind speed 1 m above the lake;
therefore the wid speed at 10 m (g above the lake was estimated by multiplying the
recorded wind speed measurements by a factor of 1.29 (Liss and Merlivat 1986).

| estimated aqueous G@om continuous pH readings and DIC measurements
made every two weeks. Correctiomere made for temperature, altitude and ionic
strength (Kling et al. 1992, Cole and Caraco 1998).

[CO,OM] = DI G (OM) * U (5)
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U = (1 + Ky/[H'] + K1Ko/[H']?) ™ and the dissociation constants for carbonic acidafi¢
K2) were calculated from pK values. The pK values were corrected for ionic str&ngth (
and equal ed plk®d.=FOE/ ¥ k+ammp)aed pgdK =i 2K
J1)I(A + 1.4J1). lonic strengthl) was calculated by 4*Hardness (MAlkalinity
(equivalents [})/2 (Stumm and Morgan 1981). Hardness (M) was calculated as 2*Ca +
2*Mg + Na (each in M units) (Stumm and Morgan 1981).

The gas thiashould be saturated in the water based on the concentration, af CO
the overlying atmosphere was measured using an air sample and multiplying it by

Henryods constant and corrected for el evatd.i

Statistical Analysis

| used regressn analysis to determine significant correlations between 1) DOC
and R, R an@CO,, DOC andoCO,, 2) precipitation and DOC, R, ap€O,, 3) pH and
pCO,, the chemical enhancement factor and, &, and 4)pCO, and GPP, R, and
NEP. All relationships with a-value of <0.05 were considered significant correlatibns.

report the findings for all lakes from May to August within a given year.

Results

Due to sampling constraints, DIC and the content &f &@ad Md" (to estimate
hardness) could not be measuasdrequently as temperature, pH, and wind speed.
Therefore one value of DIC was assigned between the sampling intervals, and one

concentration of CGd and Md" were used for all CQestimatesl used Morrison Lake as
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an example to evaluate the sensitivifithe flux model to changes in DIC, €and
Mg?*. DIC rarely changed more than 4% over the course®@2eks in all of the lakes,
andl observed that a 4% change in DIC resditinly in a 1% change in GQlux.
Additionally, a 50% decrease and increas hardness (to equal the minimum and
maximum observed hardness, respectively) only resulted in a 1% decrease and increase
in CO, flux, respectively. Therefore, assuming that DIC of ‘@ad Md" did not change
between sampling intervals likely had aywéw impact on overall C&lux in these
lakes.

Due to the high pH environment of these lakes (average 8.7), only approximately
3% of the total DIC was actually in the free £@rm for all lakes during the study
period. The lakes were considered hamter lakes as they contained-76 mg L* of
C&" and 40120 mg L Mg?®*. The total DIC ranged from approximately-230 mg L*
(Table 2.

pH and the flux of C@between the lake and the atmosphere changed throughout
the season, and differed between yeatsoth the aar and turbid regimes (Figurg 7
The CQ flux was highly variable between years, and thotigeemed to differ in 2006
from other years, the direction of the £€fix was not influenced by the lake regime
when considering all three ysaFHgure 7a,b). Over the three years, the wetlands were a
net carbon source to the atmosphere, contributing an average of 9.5 mymF@®
from May through August. The flux of the intensively sampled lakes closely resembled

the average of all lakes ROO07 and 2008 (Figure)7
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DOC did not correlate with R€0.646, B=0.017, Figure3a), and greater R did
not coincide with highepCO, (p =0.618, B=0.001, Figure3b). Furthermore, unlike
other studies of north temperate lak#S(Q, did not correlate with DC concentrations
(p=0.672, B=0.004) (Figure3c). There was no correlation between precipitation and
DOC and R§ =0.387 and 0.658, respectively’#®.028 and 0.005, respectively, Figure
9a,b), but there was a significant, positive relationship betweeosgheric precipitation
andpCO, (p =0.005, B=0.170, Figure).

pH was strongly negatively correlated wg@O, both in the clear and turbid
regimes (botlp < 0.0001) (FigurdL0a). In each of the regimes, the chemical
enhancement factor correlated pivgity with pH, as determined by the @@ux
calculations (botip < 0.0001) (FigurdlOb). Finally, the exchange of G®etween the
lake and the atmosphere was strongly predicted by pH in both regimegp ¢6tB001)
(Figurel0c). The wetlands in the cleeegime experienced a larger daily range in pH
than the wetlands in the turbid regime. pH fluctuated on a daily basigag similar to
oxygen (Figurell).

| assessed the relationship between ecosystem metaboligg@@ntbr the clear
and turbid regime separately. For the wetlands in the turbid regimes, there was a
significant, negative correlation betwes®0, and GPP[<0.0001, B=0.163), and
surprisingly, a significant negative correlation betwp€®, and R as wellg<0.0001,
R?=0.137) (Figurel2ab). However, there was no significant relationship betvp&d,
and NEP in the turbid regimeg=0.272) (Figurel2c). Alternatively, the lakes in the

clear regime demonstrated opposing patterns to the lakes of the turbid regime. There was
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a significantly psitive relationship betwegsCO, and GPP§=0.015, B=0.041), and
pCO, and R p=0.001, B=0.082) (Figurel2d,e). There was no significant correlation
betweerpCO, and NEP =0.285) (Figurel2f). Overall, alkalinity was significantly
higher in the turbidegimes compared to the clear regimes (6.7 versus 3.9 feq L
respectivelyp=0.060)(Figurel13), and on average, alkalinity droppey1.05 and 0.04
meq L in lakes of the clear and turbid regime, respectively. The standard deviation
around the mean pHa daily basis decreased with increasing alkalinity (Figdye

| evaluated the net exchange of {/th the atmosphere relativetoh e  Ined k e s 0
metabolic behavior (net heterotrophic or net autotrophic), in order to determine if
heterotrophic lakes wertypically carbon sources to the atmosphere, and if net
autotrophic lakes were carbon sinks. Most past research suggested that lakes and
wetlands are inorganic carbon sinks when they are net autotrophic and sources when they
are heterotrophic. Howevdrfound that both clear and turbid lakes can be autotrophic
andcarbon sources or heterotrophied carbon sinks as well (Figude). In fact, there
was about an equal number of days when the lakes were in these previously undescribed
patterns (net heterofpbic and carbon sinks and net autotrophic and carbon sources)

(Figurelb).

Discussion
| evaluated carbon dioxide exchange between the lake and the atmosphere in nine
shallow lakes in the southeastern portion of the Prairie Pothole Region, and tested

wheter lake regime (macrophyter phytoplanktordominated) correlated with GO
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exchange. In contrast to many lakes around the wiodid, not detect a positive

correlation between the concentration of DOC and the evasion HfsG@pesting that

DOC was notain important control of net G@xchange. However, in these havdter
ecosystems, pH strongly influenced the concentration and therefore the flux of B©
surface waters. Although metabolism clearly influenced pH, it rarely drove pH low
enough to stnglyinfluenceCO; fluxes. GPP and R of phytoplanktolominated

regimes were significantly higher than the rates of the macrojploytenated lakes;
however, the balance between GPP and R (i.e. NEP) in both regimes did not significantly
differ so consequely lake regime had no strong direct correlation va@0..

Nevertheless, lake regime did have an indirect effect on the flux pb€guse the
alkalinity was significantly higher in the turbid lakes, most likely thare permanent
precipitation of calcim carbonate in the clear regimesw turbulent environments

reduce the chances of precipitates to be resuspended in the water column, and the
macrophytes provided a surface at which to the calcite could adhere to (Kufel and Kufel
2002). The higher buffeng capacity of the turbid lakes diminished the influence of
metabolism on pH, and therefore on the flux of,CBecause of the hasdater nature of
these lakes, the influence of metabolism on the flux of €@eak, and therefore the
metabolism (heteratphy or autotrophy) did not always indicate whether the lake

functioned as a carbon source or sink to the atmosphere.

55



Variation in CQ Flux

Over the course of the study, all lakes were a net carbon source to the atmosphere,
emitting on average 8 and iimol CQ m™? din the clear and turbid regimes,
respectively, which was similar to other studiésarbon dioxide emissions from
freshwater ecosystems (5.9 to 11.4 mmob@&G d*in Mirror Lake, Cole and Caraco
1998; 21 mmol C@m?dtin Arctic lakes, Kling et al. 1992; 9 mmol G@n? d*in 37
large Finnish lakes, Rantakari and Kortelainen 2005; 15.1 mmghC@in 0.1 to 1.0
km? Finnish lakes, Kortelainen et al. 2006).

Instead of directly measuring the concentration of ®©Q@he air abovehe lake,
the global atmospheric concentration of 81as been used to determine flux as well.
Because the atmospheric £€&ncentration above the lakleseasured was typically
higher than the global estimate of atmospheri¢,@Qr estimates were approxately 4
mmol CQ m? d* lower than estimates of flux using the global atmospherig CO
concentration. Regardless of the use of global or local atmosphericoGCentration,
these lakes would stitle carbon dioxide sources overall.

There was considerabiemporal variation in the flux of CQhroughout each
year and between years (Figje From 2006 to 2008, the mean flux for the lakes in the
clear regime was 15, 21, ar2ll. mmol CQ m? d*, while the turbid regime mean fluxes
were-40, 28, and 3 mmaLO, m? d* in 2006, 2007, and 2008, respectively (Figtyre
Given that the Cflux was mediated by complex interactions between hydrology,
chemistry, and biology, the variability in the €flux between years was somewhat

expected, and is common in doal lake ecosystems (Finlay et al. 2009). The intensively
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sampled lakes closely resembled the flux of the other seven lakes that were monitored in
2007 and 2008 (Figur®, which indicated that mechanisms other than biology, i.e.

climate and/or hydrologymay be influencing the exchange of 2@a significant extent.
Furthermore, the magnitude and direction of these fluxes did not coincide with wetland
regime (Figurey). | further evaluated the relationships concerning,@®C, pH, and
metabolism in ordeto identify 1) the factors that best predicted the concentration and

flux of CO,, and 2) whether any differences existed between the two regimes and how

those differences related to predicting the flux oL CO

DOC, Precipitation, and pCO

In contrast tanany studies (Kelly et al. 2001, Hanson et al. 2004, Sobek et al.
2003, Sobek et al. 2005, Roehm et al. 20D&)nd no significant correlation between
pCO, and DOC for these wetlands (Fig@®. This lack of correlation between these
variables is notare, and tends to occur in lakes whose metabolism is dominated by
autochthonous production (Rantakari and Kortelainen 2005, Kortelainen et al. 2006), or
in systems wherpCO; is controlled more by pH and not controlled by net metabolism
(Finlay et al. 200). Given the high rate of GPP observed in these lakes, the close
association between GPP and R (see Chapter 1), and the fact that the DOC in the surface
waters of these lakes was primarily of terrestrial origin (fluorescence index of 1.40, see
Chapter 1)it is likely that heterotrophic respiration depended on the consumption of a
portion of the total DOC that was more labile, and likely autochthonous DOC (del

Giorgio and Peters 1994). This would also explain why the D@€asured in the
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surface waters &R were not correlated (Figuga). Still, even if total DOC did boost
heterotrophic respiration, the effect would likely not be observed because there was no
correlation between respiration ap@dO, (Figure8b), which suggests other factors not
related o biology (such as chemistry or hydrology) may be more important factors in
regulatingpCO..

Although there was no correlation between DOC @@, | did find a
significant positive correlation between precipitation p@@®, (Figure9c). Given that
precigtation had no positive association with DOC or respiration (Fi§aye), and the
fact that the values @CO, greatly exceed atmospheric pressure of G380 patm),
this association betweg@€O, and more intense storm events is most likely due to direct
transport of C@from the surrounding soils that contain high £&iDe to the
mineralization of organic matter. Overdlfound no robust evidence that DOC or

precipitation was strongly correlated with respiration.

pCQ, and pH

| evaluated the relatiohg between pH andCQO,, the chemical enhancement
factor, and the flux of Cgbetween the lake and the atmosphere. Similar to the hard
water shallow lakes in the boreal region of North Amep€0, was strongly associated
with pH in wetlands in both theitbid and clear regime (Finlay et al. 2009) (Fighoa).
pCO, exponentially declined with increasing pH because as pH increases, the portion of
DIC as free C@declines, and is converted to HE@nd CQ'". Given the nature of the

calculation used to estate the chemical enhancement factor, it was confirmed that pH
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significantly influenced the chemical enhancement factor in both the turbid and clear
regimes, as it exponentially increased with increasing pH (Fitioe WhenpCO, was
high in the surface wars (and pH was relatively low), the rate at which,@achanged
between the lake and the atmosphere was not enhanced. HowevepGhevas low

and pH exceeded approximately 8 units, the chemical enhancement factor increased,
boosting the rate of atmdsgric CQ invasion into the lake. Similar to previous studies,
our results show that high pH lowg&€0; in the surface waters and causes the wetland

to become a carbon sink in regard to the atmosphere (Finlay et al. 2009) (Eigure

pCQO,, Metabolismand Trophic Regime

The Prairie Pothole Region was a suitable system to test the connection between
lake metabolism and CGecause the range of production and respiration rates in the
lakes of this region were higher than taage ofmetabolic rates repted in other studies
that assessed the same relationship (in this study GPP and R maxima were 1315 and 1186
mmol G m?d* or 1052 and 949 mmol CAd?, respectively, versu§PP and R
maxima of 540 and 720 mmob® ™ d ™ respetively reported in Colet al. [2000], and
~400 mmol C nf d for GPP and Reported in Hanson et al. [2004Furthermore, this
is one of the first studies to evaluate the relationship betwegm@Dwvhole ecosystem
metabolism (not just planktonic metabolism), which is imgrarbecause the benthic
influence in shallow systems can be significant (Hanson et al. 2003, Pace and Prairie
2007, Lauster et al. 2006, Chapter 1). Although the metabolic rates of macr@ptuyte

phytoplanktordominated systems can differ (Goulder 1968rdRett et al. 1986, Mitchell
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1989, Blindow et al. 2006), the wetlands in the clear and turbid regime in this region had
similar NEP rates during all three years, suggesting that any biological differences
observed ippCO, between these two regimes was lilaly due to differences in NEP.

Even though the NEP rates were similar, GPP was significantly higher in the turbid lakes
in 2006 and 2008, and R was significantly higher in the turbid lakes during all three years
(see Chapter 1). Given their high metiaboates and the strong relationship between pH
and CQ, | sought to further evaluate the relationship between metabolism, pH, and CO
in these shallow lakes.

In all of the lakes, pH fluctuated throughout the day (Fid)eand mimicked the
change in oxgen, which represents diel changes in metabolism (i.e. the balance between
photosynthesis and ecosystem respiration). Based on these observations, it is clear that
along with oxygen, the change in pH throughout the day was driven by metabolism.
When | diretly evaluated the relationship between metabolismp&@, | found a
significant correlation between GPP, R, g@D, for both the clear and turbid regimes
(Figurel2a,b, d, e), but no correlation between NEP @@, for either regime occurred
(Figurel2c,f). Although the correlations between GPP, R, pD@, were statistically
significant, the variation ipCO, explained (R) by GPP and R only ranged from 4 to
16%. | argue that the direct relationship between metabolisp@dgiwas diluted due
to the lard-water nature of these lakes.

These lakes have amongst the highest DIC concentrations reported for freshwater
ecosystems (this study up to 129 mg DI¢ total inorganic carbon mean of 2.3 mg L

for 177 Finnish lakes, Kortelainen et al. 2006; Aréiices mean of 15.8 mg DIC
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Kling et al. 1992; up to 60.4 mg DICiin hardwater lakes of Saskatchewan, Finlay et

al. 2009). Still, only 3% (on average) of the total DIC content in these lakes resided in the
free CQ form, so it would be difficult fothe balanced relationship between GPP and R

(or any other factor influencing Gto strongly mediate changes in £@Ilthough the

diel fluctuation of pH was due to changes in the balance between GPP and R, the pH
rarely dropped below 8 because of thehhgiffering capacity of these lakes, which

meant that little free CQOwvas generated. What was likely driving these significant
relationships between GPP, R, @0, were the occurrences in which the balance
between GPP and R happened to push pH belovit® wurich therefore supported a
correlation withpCQO,.

Although the buffering capacity of the water column, or alkalinity, was relatively
high in both regimes compared to other lake ecosystems (Stets et al. 2009), alkalinity
significantly differed betweethe two regimes. Collectively, the turbid lakes were more
alkaline than the clear lakes (year 2007: turbid = 7.1+2.6 rifegléar = 4.2+1.4 meq'L
! p=0.060). Whilet was possible that the lakes in the turbid regime naturally existed in
a more alkahe watershed producireynaturally higher buffering capacity than the lakes
in the clear regime, this did not seem the case wke&aluated the seasonal loss of
alkalinity. On average, the macrophyteminated lakes lost approximately 1.05 méyq L
of alkalinity from May through August, while the lakes in the turbid regime only lost
about 0.04 meqt (Figure13). This difference in loss of alkalinity suggests the biology
of the regimes was important, because the macrophytes actively changed the water

column alkalinity to a greater degree than the phytoplankton.
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Higher levels of alkalinity in phytoplanktesiominated shallow lakes versus clear
lakes (specificallyfCharadominated) can be attributed to a greater efficiency of
bicarbonate uptake (hence lossaatter column alkalinity) by charophytes versus the
phytoplankton (N&ges et al. 2003). Macrophytes stmiamogetorspecies and
Charophytesare known to enzymatically induce calcification (which precipitates
carbonates) in order to gag@hectrons needdar bicarbonate uptake (i.e. loss of
alkalinity) to support photosynthesis (McConnaughey 1998). This divergence in
alkalinity between regimes also explains why the clear regimes show a wider range of pH
(Figurel0), and why the turbid lakes have diminishedfluctuations in pH (Figure
11). | estimated the variation around the mean pH for each day in each lake, and found
that on average, the fluctuations in pH dampened with greater buffering capacity (i.e.
alkalinity) (Figurel4). Because the lakes in thiear regime were less alkaling O,
should be more readily influenced by changes in metabolism due to less buffering of
changes in pH. Furthermore, the lakes in the clear regimes should be more susceptible to
atmospheric changes in GQvhere elevated mospheric CQlevels may cause the clear
lakes to be a greater C sink, as @0uld flux into the lakes at a faster rate. Although the
lake regimes did not influen@ O, based on their overall NEP, these regimes indirectly

influencedpCO;, throughtheir differences in ability to moderate changes in pH.

Ecosystem Metabolism and €Blux
Many studies on lakes around the world have shown or assumed that metabolism

closely reflects CQflux, as heterotrophic and autotrophic lakes function as carbon
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sources |ad sinks to the atmosphere, respectively (Duarte and Agusti 1998, Cole et al.
2000, Duarte and Prairie 2005, Pace and Prairie 2007). Our results were similar to these
observations (Figurg5); however, because of the hawater nature of these shallow
lakes, the metabolic influence on pH and consequently on the flux eix@®weakened.
As a result, metabolism alone (i.e. net heterotrophy or autotrophy) did not consistently
predict whether the lake was actually functioning as a carbon sink or source to the
atmospherd. have included a conceptual model that depicts the differences in hard and
soft water lakes in predicting whether a lake is a carbon source or sink based on their
metabolism (Figure 16}t is likely that the variation in C&flux in these hat-water
ecosystems may be more strongly influenced by hydradogygeologyhan any other
factor due to its influence on the DIC concentration of these lakes. In comparison to
larger freshwater ecosystems, these shallow lakes have a relatively sma# aoldm
therefore a short residence time, which naturally leads to a greater influence of
groundwater input. The lakes in this study are situated in a highly calcareous region
(Gorham et al. 1983), and the high DIC concentration of these lakes suggetstsythat
receive substantial groundwater input from carbonatesediments (Stets et al. 2009).
Therefore, it is not surprising that metabolism or DOC only weakly influepC€d. In
addition to metabolism, hydrologic inputs from the watershed,&v@lutionfrom

calcite formation, and bicarbonate uptake for photosynthesis likely inflyg20g(Stets

et al. 2009). More work is required to measure the hydrologic inputs of DIC anthCO
these shallow lakes to estimate their influence on the flux of B@e b the harewater

nature of these lakes where pH is often above 8 units, the weakened effect of metabolism
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on pH, and the potentially large hydrological input of,CtBese shallow, hardater
lakes can function as net carbon sources to the atmosphenelesmithey are net
autotrophic, and carbon sinks when they are net heterotrophic (Figure 15).

Finally, it is interesting to note that the average, @x from these lakes
resemblethe fluxfrom other lake ecosystems around the world (Cole and Cara®& 199
Kling et al. 1992, Rantakari and Kortelainen 2005, Kortelainen et al. 2006), yet the
production rates greatly exceed many other lake ecosystems (Cole et al. 2000, Hanson et
al. 2004).1 found that the average seasonal GPP and R for all the lakes was
appoximately 543 and543 g C it yr?, respectively (measured over most of the open
water season, or 175 d).llassume the mean efflux rate of 10 mmd dt applied to
the same time period, approximately 20 g ©yr' was emitted to the atmosphere. If
these lakes permanently accumulatel80 g C nf yr in the sediment (Cotner et al.
unpublished dafg more than 7420 g C ni? yr* should come from the land to offset
these C losses from the ecosysté&igire 17. Furthermore, it is likely that thetemated
C emission rate was underestimated because it did not account for early spring or late fall
emissions. Therefore, the input from the land to account for these additional losses would
have to be even greater thanZZD C n¥ yr. Other similar lak ecosystems have shown
hydrological inputs to equal C efflux to the atmosphere (Stets et al. 2009), but our
estimates are exceptionally large in comparison, as approximately 3.5 to 6 times as great
as the carbon emission from the lake to the atmosphetes @omparable to the C burial
rates in the sediment. These results highlight the importance of the connection between

the land and the lake in terms of carbon cycling.
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Table 2. Summary of water chemistry and metabolism for all nine lakes studied from
2006 to 2008. The intensively monitored lakes are marked with an astenisk (*). The
state “C” means clear lakes, and “T” signifies turbid lakes. Areaisin km? z,.. 1s the
maximum depth in meters recorded for each lake. Chlis reportedin pg L' and DOC
and DICisin mg L1 all are seasonal means. GPP, R and NEP are seasonal average

values for each lake and are presented in mmol Oy m d” £ standard deviation.

Lake State Area Year zmx Chl DOC DIC  GPP R NEP
SMile C 026 2007 15 17 126 252 385164 -384%187 184
Lake Chrisina € 20 2007 11 10 84 432 307£120 -230£115 76%119
Lee C 02 2007 45 34 129 623 285140 -294£127 9x74
MavisEast* € 022 2006 33 12 143 728 344£158 -299:152 45£107
MavisEast* € 022 2007 33 14 140 552 205£119 -221%101 -16£97
MavisEast*  C 022 2008 33 13 127 445 143£76  -189%68 47485
Pisa C 007 2007 L1 17 195 480 395£191 -385%154 102128
Pisa C 007 2008 11 2 182 392 246£101 -235£123 11478
Bore T 007 2007 15 166 233 468 377£189 404188 -279]
Bore T 007 2008 15 207 264 402 214242 -304£258 -180%170
MavisWest* T 014 2006 3.6 68 148 689 800+243 -736+173  65+202
MavisWest* T 014 2007 36 77 144 612 310£135 -361£117 -51£92
MavisWest* T 014 2008 36 76 143 476 449£286 -426£279 34+ 17
Morrison T 015 2007 22 68 162 742 271111 -201%141 7089
Murk T 015 2007 22 48 195 1292 168114 -139+128 29£88
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Figure 7. Atmospheric exchange of CO, between the lake and the atmosphere for A)
the intensively sampled lakes, and B) all lakes (one clear and one turbid during 2006,
five clear and four turbid during 2007, and two clear and two turbid during 2008).
Positive values indicate evasion from the lake, and negative values indicate invasion
into the lake. White bars represent clear regimes, grey bars represent turbid regimes.
No standard deviation bars are used in B due to the propagation of error.
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