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Abstract It is well established that lakes are typically sources of CO2 to the atmosphere. However, it
remains unclear what portion of CO2 efﬂux is from endogenously processed organic carbon or from
exogenously produced CO2 transported into lakes. We estimated high-frequency CO2 and O2 efﬂux from
three north temperate lakes in summer to determine the proportion of the total CO2 efﬂux that was
exogenously produced. Two of the lakes were amended with nutrients to experimentally enhance
endogenous CO2 uptake. In the unfertilized lake, 50% of CO2 efﬂux was from exogenous sources and
hydrology had a large inﬂuence on efﬂux. In the fertilized lakes, endogenous CO2 efﬂux was negative (into
the lake) yet exogenous CO2 made the lakes net sources of CO2 to the atmosphere. Shifts in hydrologic
regimes and nutrient loading have the potential to change whether small lakes act primarily as reactors or
vents in the watershed.
1. Introduction
The majority of lakes are supersaturated in carbon dioxide (CO2) [Cole et al., 1994; Sobek et al., 2005] and are a
source of greenhouse gases to the atmosphere. The CO2 emitted from lakes comes from two potential
sources. The ﬁrst is within-lake (endogenous) mineralization of aquatic and terrestrial organic matter.
Terrestrial material dominates the organic matter pools in many north temperate lakes [Wilkinson et al.,
2013], the mineralization of which can lead to respiration being higher than gross primary production and
CO2 supersaturation [del Giorgio et al., 1999; Jonsson et al., 2003; Duarte and Prairie, 2005]. The other major
source of carbon emitted from lakes is advective (exogenous) input of CO2 from soil respiration and mineral
weathering within the catchment [Striegl and Michmerhuizen, 1998; Finlay et al., 2010; McDonald et al., 2013].
Exogenous CO2 dominates the carbon efﬂux from streams and rivers [Hotchkiss et al., 2015] and hydrologic
modeling in larger lakes (>4 ha) has revealed that exogenous inputs of pCO2 also drive CO2 efﬂux from larger
lakes [McDonald et al., 2013]. However, there is very little information about the proportional contribution of
endogenous and exogenous carbon to CO2 efﬂux from small lakes which are numerically dominant [Downing
et al., 2006]. Partitioning the sources of CO2 efﬂux is not only necessary for lake and watershed carbon budgets, but it also aides in understanding how CO2 efﬂux may change with future climate conditions.
Partitioning the exogenous and endogenous contributions to total lake CO2 efﬂux can be accomplished
through measurements of inﬂows and outﬂows used in mass balance modeling [Stets et al., 2009; Knoll
et al., 2013; Perkins et al., 2015], hydrologic modeling of groundwater and surface water movement
[McDonald et al., 2013], or inference from point measurements of stoichiometric ratios of O2 and CO2 concentrations [Torgersen and Branco, 2008; Holgerson, 2015]. With the advent of affordable environmental sensor
technology, researchers are able to collect high-frequency (on the order of minutes) dissolved oxygen
(DO) data in lakes and rivers to assess endogenous carbon processing. Many environmental sensors also
measure pH and temperature at a high frequency. In soft water lakes, pH, dissolved inorganic carbon (DIC)
concentration, and temperature can be used to calculate high-frequency pCO2 and subsequently, highfrequency CO2 efﬂux. The high-frequency time series of O2 and CO2 efﬂux can then be stoichiometrically
compared to assess endogenous and exogenous contributions to CO2 efﬂux from lakes.
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Using high-frequency time series of CO2 and O2 concentrations, we evaluated the contribution of endogenous
and exogenous sources to total CO2 efﬂux during the summer in three north temperate lakes. In order to understand the role that eutrophication plays in endogenous CO2 contributions to total efﬂux, two of the lakes were
amended with nutrients in order to predictably manipulate the endogenous CO2 signal without changing the
EXOGENOUS CO2 DOUBLES EFFLUX FROM LAKES

1

