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Abstract
We used a mechanistic physical model to examine the effect of variability in dissolved organic carbon (DOC)
concentrations on the physical properties of small temperate lakes. The model was validated on eight small (6 3
1024 to 3.8 3 1022 km2) lakes in Wisconsin and Michigan, with a standard error , 1uC for seven of eight lakes.
Attenuation of photosynthetically active radiation (400–700 nm) in these lakes was regulated by DOC
concentrations and was important in the vertical structuring of water temperatures. Heat exchange below the
surface mixed layer was near the molecular rate, increasing the importance of water clarity as a control on the
heat content of deeper waters. To understand the thermal effects of changing DOC concentrations, we applied
scenarios of a 50% increase and 50% decrease in DOC concentrations for one lake (Trout Bog) and found water
temperatures to vary in response, with the seasonally averaged temperatures in the increased DOC scenario being
. 2uC colder than the reduced scenario. We found a nonlinear relationship between DOC and temperature, with
clearer (lower DOC) simulations being more sensitive to climate variability, suggesting that DOC may act as a
buffer against a warming climate. Our model showed that DOC also influenced epilimnetic depths, as nocturnal
mixing (related to the vertical partitioning of heat) was more important than wind-driven mixing. Small lakes are
globally important regulators of biogeochemical cycles and are structurally different from larger lakes. Important
feedbacks to physical processes must be accounted for when understanding the effects of changing DOC and
climate on small lakes.

climate when observed alongside clear water lakes (Snucins
and Gunn 2000).
DOC concentration is a primary regulator of many
physical, chemical, and biological characteristics of lakes
(Kirk 1994; Morris et al. 1995; Fee et al. 1996). High DOC
concentrations reduce transparency, which can alter the
vertical structure of water temperature and lead to
shallower surface mixed layers (Kling 1988; Fee et al.
1996; Persson and Jones 2008). In turn, water temperature
and the depth of the mixed layer can significantly influence
ecosystem-scale characteristics, such as the processing rates
of carbon (Hanson et al. 2011). Many investigators have
highlighted long-term changes in lacustrine DOC loading
and catchment export (Schindler et al. 1996; Striegl et al.
2005; Zhang et al. 2010). Widespread increases in DOC
have been attributed primarily to recovery from acidification (Monteith et al. 2007). Increased precipitation may
also increase terrestrial DOC loading to lakes, and
anthropogenically induced changes in the volume, timing,
and magnitude of extreme precipitation events may also
drive regional changes in DOC (Jennings et al. 2010).
Despite a wealth of studies that highlight the relationship
between water transparency and the physical properties of
lakes (such as epilimnetic depth and water temperature), a
large majority of these studies are based solely on empirical
observations, and few mechanistic studies have been
performed (Persson and Jones 2008). Understanding the
mechanisms behind physical change is critical to assessing
and quantifying the effects of climate feedbacks and effects
on lake ecosystems. With both increasing (Monteith et al.
2007) and decreasing (Striegl et al. 2005) DOC concentrations observed in regions around the world, it is important

Small lakes (, 0.1 km2) are globally numerically
dominant, especially in temperate latitudes (Downing
et al. 2006). These lakes often possess physical and
biogeochemical characteristics that differ from larger, more
well studied lakes (Downing 2010; Read et al. 2012). Small
lakes have large perimeters (relative to their volumetric
processing capacity) and consequently are often more
heavily subsidized with allochthonous inputs (Cole et al.
2011). Although these lakes make up a small fraction of
surface waters (both in area and volume), they are hot spots
for biogeochemical cycling (Cole et al. 2007; Downing
2010) and likely play a disproportionately large role in the
global carbon cycle.
Physical and biogeochemical characteristics of lakes are
changing in response to shifts in regional air temperatures,
hydrologic fluxes, and anthropomorphically induced
change at the watershed scale (Destasio et al. 1996;
Schindler et al. 1996). Lakes can respond to these multiple
forcings in complex ways. Lake size can influence physical
responses to various drivers; for example, changes in air
temperatures and wind speeds may be important for larger
lakes, while small lakes might be more responsive to
variations in the hydrologic cycle (due to a smaller
volumetric buffering capacity). Water transparency may
regulate the response of lakes to changes in these drivers, as
lakes darkened by high dissolved organic carbon (DOC)
concentrations appear to be less sensitive to variations in
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