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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 X
10—4 to 3.8 X 102 km?) lakes in Wisconsin and Michigan, with a standard error < 1°C 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
> 2°C 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.

Small lakes (< 0.1 km?2) 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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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 acidifica-
tion (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 concentra-
tions observed in regions around the world, it is important
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Table 1. Lake properties for the eight lakes used in this analysis.

Surface area
Lake name Latitude Longitude (X10-2 km2)  Max depth (m) Buoy type DOY range Year
Crystal Bog 46.0076 —89.606 0.55 2.5 1 133-201 2009
Jekl Bog 45.9946 —89.678 0.25 3.1 1 132-173 2011
Mouser Bog 45.9977 —89.722 3.78 4 2 138-195 2011
North Sparkling Bog 46.0048 —89.705 0.46 4.3 1 107-338 2009
Peter 46.2529 —89.504 2.68 18 1 132-246 2011
Timber Bog 46.0034 —89.431 0.06 2 1 132-177 2011
Trout Bog 46.0411 —89.686 1.05 7.9 1 125-321 2009
Ward 46.2548 —89.517 2.01 8.3 2 142264 2011

DOY, day of year.

to determine the magnitude and direction of physical
responses to changes in water transparency and the
modulation of these responses due to climate variability.

We focus here on modeling several physical responses of
small temperate lakes to changing DOC concentrations
because these lakes are numerically dominant and globally
important (Downing et al. 2006; Downing 2010). Small
lakes play a disproportionately large role in the global
carbon budget (Cole et al. 2007; Tranvik et al. 2009), and
physical processes are often not well represented when
knowledge from larger lakes is scaled down (Read et al.
2012). We mechanistically model the processes that
regulate the vertical structure of water temperatures and
identify controls on epilimnetic depth and the interannual
variability of water temperatures in small lakes. We
hypothesize that because small lakes are often convectively
dominated (Read et al. 2012), mixed-layer deepening is
driven by heat loss, and the vertical structure of water
temperature is a function primarily of molecular diffusion of
heat and the attenuation of light. Using a one-dimensional
hydrodynamic model, we examine the influence of DOC
on the physical properties of small temperate lakes,
simulate two DOC concentration scenarios in the context
of broadly observed long-term changes in DOC, and test
the hypothesis that darker lakes will be less sensitive to
variation in climate.

Methods

Site description—We included eight instrumented humic
lakes in this analysis that were located in northern
Wisconsin or in the Upper Peninsula of Michigan in the
United States. Lakes ranged in size from 6 X 10~4to 3.8 X
10—2 km2, with maximum depths varying from 2 to 18 m
(Table 1). These lakes were surrounded with a mixture of
low-lying forest cover and catchments with minimal relief.
All lakes had low wind speeds, with the highest median
wind speed for any of the lakes < 1.3 m s—! (Mouser Bog).
While detailed hydrologic measurements exist only for a
few lakes in this analysis, none of the lakes have measure-
able surface inflows or outflows. The hydrologic budgets
for these lakes are dominated by precipitation, evapora-
tion, and net groundwater losses. Crystal Bog and Trout
Bog are long-term study lakes under the North Temperate
Lakes Long-Term Ecological Research Program (http:/
Iter.limnology.wisc.edu), Peter Lake and Ward Lake have

been extensively studied and are part of the University of
Notre Dame Environmental Research Center, and North
Sparkling Bog has been monitored since 2003 as part of the
University of Wisconsin—-Madison Microbial Observatory.
This effort, to the best of our knowledge, is the first
detailed study of Jekl, Timber, and Mouser Bogs.

Physical measurements—Lakes were fitted with instru-
mented buoys for parts of multiple open-water seasons, but
we focused on ice-free periods in 2009 and 2011 because
these years had supporting optical and chemical surveys.
Buoys were of two types. Type 1 buoys had meteorological
sensors for measuring wind speed, relative humidity, and
air temperature as well as thermistor strings in the water
column; type 2 buoys had observations of only wind speed
and water temperatures. Type 2 sites assumed that air
temperature and relative humidity were equal to measure-
ments made on nearby lakes of similar type (e.g., Peter
Lake data were used on Ward Lake, which is approx-
imately 1 km west of Peter). We used a single station (the
Noble F. Lee Airport, 45.93°N, —89.73°W) for measure-
ments of incoming solar and terrestrial radiation (Eppley
PSP pyranometer and Eppley PIR radiometer, respective-
ly). Estimates of the diffuse attenuation coefficient (K4) of
photosynthetically active radiation (PAR; 400-700 nm)
were made with observations of the depth-decay of PAR
using a profiling radiometer (Biospherical Instruments Inc.
These measurements were taken near the start of each
observation period and averaged with periodic profiles
from the following months to create a scasonal average
(with the exception of Ward and Peter Lakes, which were
measured only once). K4 was estimated according to the
relationship

E.—Ejexp(— Ky xz) (1)

where E. is PAR irradiance at a given depth (z) and Ej is
PAR irradiance at the surface. Diffuse attenuation
coefficient estimates were made using PAR measurements
taken between depths of 50-1% of E,, or the depth of
50% of E, to the maximum measurement depth (in cases
where the depth of 1% E, was greater than the depth of
the lake). Occasionally, this depth range incorporated
non-log linearity in attenuation (likely due to photo-
bleaching of DOC in the surface mixed layer), which
increased uncertainty in these estimates. Integrating over
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this depth range provided a more representative average
whole water column Ky as opposed to augmenting our
fitting range to include only the log-linear portion of
measurements.

During the summer of 2010, a self-contained automated
microstructure profiler (SCAMP; Precision Measurement
Engineering) was used to measure the fine-scale distribu-
tion of water temperatures in Trout Bog. We used the
SCAMP in upward profiling mode. The SCAMP sampled
at 100 Hz and ascended at 10 cm s—!, yielding approxi-
mately a 1 mm vertical resolution for temperature
measurements.

Lab methods—Samples for DOC concentration and
chlorophyll a (Chl @) were collected from eight lakes
(including three of the instrumented lakes) in northern
Wisconsin in October 2009 to understand what regulated
variability in PAR K4 among lakes in this region and to
characterize the DOC: Ky ratio of small temperate bog
lakes. These samples were taken near the same time as
supporting light profiles. DOC was measured with three
replicate samples collected from within the surface mixed
layer (1-3 m). We report the mean of the three replicates.
Samples were collected, immediately filtered through 0.7 ym
Whatman GF/F filters, and stored in the cold and dark
until analysis. DOC concentration was measured using a
Shimadzu total organic carbon analyzer (model Vcph).
DOC was measured in standard sensitivity mode, and
we subtracted Milli-Q deionized water blanks (~ 0.2 mg
C L) from standards and samples and calibrated to
dilutions of a certified DOC standard (Aqua Solutions;
50 mg L—! potassium biphthalate).

Chl a concentrations were collected with two replicate
samples from within the surface mixed layer (1-3 m). Water
was filtered through preashed 0.7 um Whatman GF/F
filters, and filters were folded, wrapped in foil, and frozen
until analysis immediately on returning from the field.
Chlorophyll was extracted using an acetone-methanol
mixture, and the extract was clarified by centrifugation
following the methods of Pechar (1987). Chl a concentra-
tions were determined fluorometrically after correcting for
the presence of phaeopigments.

Measurements of DOC from the North Temperate
Lakes Long-Term Ecological Research (NTL-LTER)
program were pooled over the depth range of 0-3 m
measured during the ice-free period of Trout Bog for each
year from 1989 to 2010. This depth range bounded the
range used to estimate PAR Kys in optical measurements in
Trout Bog. Measurements of DOC were typically made
monthly during the ice-free period, with varying depths and
numbers of replicates for each depth. We used the total
measurements for each ice-free season (that were in the
specified depth range) to calculate the median annual DOC
concentration.

We modeled the physical response of lakes to several
DOC scenarios, including baseline (the measured DOC
concentration) and a 50% increase and a 50% decrease in
DOC concentration in Trout Bog. We assumed that these
changes in DOC altered water column transparency relative
to our derived DOC specific attenuation coefficients.

Water temperature model—We used a one-dimensional
physical water temperature model to simulate water
temperatures and mixing dynamics in small sheltered lakes,
where convective mixing is typically greater in magnitude
than wind-driven mixing (Read et al. 2012). The model,
referred to as the convective lake model (CLM), uses a
vertical distribution of mixed layers and iteratively
calculates the changes in energy (and corresponding
changes in temperature) of the layers for each time step.
Surface energy fluxes, the attenuation of shortwave energy
in the water column, as well as surface mixing dynamics,
such as wind shear and convection, are included in the
model, but surface-water flows, groundwater fluxes, and
changes in lake levels are not. An earlier version of the
model is described elsewhere (Read et al. 2011) and differs
from many common water temperature models (Imberger
and Patterson 1981) in that CLM was designed and
calibrated for small temperate lakes. In brief, the model
calculates the net surface energy flux (Qy) as

QO:Rnet_E_H (2)

where R, is the sum of surface radiation, E is the latent
heat flux, and H is the sensible heat flux. R, includes the
net of incoming long-wave radiation, outgoing long-wave
radiation (parameterized according to the Stefan—Boltz-
man relationship for the water surface temperature
radiating at 97.2% emissivity), and the portion of
shortwave radiation that is directly absorbed in the near-
surface layer (assumed to be 55% of nonreflected
radiation, where the remaining energy fraction of the
shortwave spectrum penetrates into the water column and
is attenuated below the near-surface layer). For long-wave
and shortwave radiation, we assumed albedos of 3% and
7%, respectively. E and H were calculated according to the
additive air-side renewal processes of both buoyancy flux
and wind (Rasmussen et al. 1995). We used the Rasmussen
et al. (1995) model because these small lakes lack
developed atmospheric boundary layers, violating the
assumptions required to parameterize £ and H based on
common bulk aerodynamic transfer coefficients.

These surface energy fluxes are then summed and
applied to the temperature of the near-surface layer. The
remaining radiation is attenuated according to the simula-
tion value of K4, where the depth loss of radiation in Eq. 1
(applying incremental steps to z for each vertical layer
of the model) is converted to thermal energy (i.e., a
temperature increase) for each vertical layer. We parame-
terized Ky with a single bulk coefficient, approximated by
PAR Kj,, because previous studies have shown that the
wavelengths shorter than PAR (400-700 nm) contribute
only a few percent to the thermal energy gain below the
near-surface layer (Kirk 1994), and our radiometer
measurements showed that in all modeled lakes, over
99% of ultraviolet radiation was attenuated within the
upper 80 cm (data not shown). Water molecules strongly
absorb wavelengths longer than 700 nm, rapidly attenuat-
ing these wavelengths in the near-surface layer (Kirk 1994).
Next, the surface mixed layer (znix) 1S propagated
downward relative to the strength of wind shear and
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convective heat loss vs. the ambient stratification (Imberger
1985). This process mixes the available thermal energy
between all layers above z.,;. Next, the model applies an
eddy diffusion flux (K,) of thermal energy at the division
between all layers, incrementing or decrementing layer
temperatures relative to the thermal gradient between
neighbors. These processes are applied iteratively at each
time step (in this order) for the duration of each simulation.

We used CLM to examine the roles of both K, and Ky in
the vertical structuring of water temperatures in the study
lakes using two methods. First, we used two SCAMP
temperature profiles from Trout Bog that were separated
by 40 d in the summer of 2010 to partition heat gains (or
losses) attributed to K, compared to the temperature
increases from the vertical attenuation of penetrating
radiation (the role of Ky). We used an hourly time step of
CLM and iterated through values for K, and Ky to
minimize the sum of squared errors between modeled and
observed heat gains in 10 cm intervals. Only measurements
below the maximum nocturnal mixed-layer depth were
used for this optimization (a maximum of 1.6 m during the
40 d). Second, we used the entire buoy observation period
for each of the eight lakes and iterated through realistic
potential ranges of K, and Ky to minimize the sum of
squared errors between thermistor measurements and
CLM hourly modeled temperatures at the same depths
(excluding surface thermistors). For both of these methods,
the CLM starting water temperatures were initialized with
the first observed water column profile (SCAMP or buoy
thermistor string), and linear interpolation was used when
necessary for the initialization (when temperature observa-
tions were coarser than model layers).

Modeling scenarios—Trout Bog has a long-term record
of physical, chemical, and biological observations that
began in 1981. Meteorological measurements at the Noble
F. Lee Airport were added to the NTL-LTER program in
1989, providing a period of more than 20 yr where routine
measurements can be coupled with a physical model of
Trout Bog. For all years from 1989 to 2010, we used NTL-
LTER observations ice-on and ice-off dates, DOC concen-
trations, and meteorological driver data to simulate open-
water temperatures for Trout Bog. After simulating and
adjusting the model for size-specific parameters, such as
the wind sheltering coefficient (Markfort et al. 2010),
we randomized yearly DOC concentrations (holding the
derived relationship between DOC and Ky constant), and
randomly iterated through simulation years. This process
was repeated for 1000 simulations, and we calculated the
volumetric average water temperature for each simulation.
We also used two DOC change scenarios: a 50% increase
and a 50% decrease in yearly DOC concentrations. These
scenarios were applied to the randomized DOC choice of
the “baseline” case, resulting in 3000 total simulations and
corresponding estimates of average water temperatures.

To test the hypothesis that clearer lakes are more
sensitive to climate variability, we modeled water temper-
atures for 15 hypothetical lakes that varied in DOC
concentrations (from 2 to 30 mg L—!) but were otherwise
identical to Trout Bog. Using the climate driver data and

modeling effort described above, we modeled water
temperatures for each open-water period, calculating the
volumetrically averaged temperature for all 22 seasons and
15 model lakes. Using the resulting water temperatures, we
calculated the temperature range for each model lake as the
difference between the warmest and coldest temperatures.
This temperature range provided a metric for comparing
the physical variability in each model lake that would result
from the inherent climate variations of the 22 unique
simulation years.

Statistical methods—K4 was estimated by fitting depth-
dependent measurements of PAR to an exponential decay
curve (see Eq. 1). We used raw data for Ky fitting (instead
of log-transforming irradiance observations and using a
linear regression) because we wanted an accurate represen-
tation of uncertainty in Ky. For these exponential fits, we
applied an algorithm that minimized nonlinear least
squares for irradiance and depth data (MATLAB’s fit.m
function, http://mathworks.com). Both K4 and E, were
treated as unknowns for this optimization routine. We also
calculated 95% confidence intervals for the fit of Kj.

A stepwise multiple linear regression analysis was used
to test if DOC concentration and Chl a concentration were
significant predictors of PAR K in the eight lakes where
these measurements were made. Based on the results from
this analysis, we estimated DOC-specific PAR attenuation
coefficients by dividing PAR Kgs by DOC concentrations
in the three bog lakes (Trout Bog, Crystal Bog, and North
Sparkling Bog). DOC-specific PAR attenuation coefficients
assume that DOC is the only significant regulator of PAR
Ky in these systems. This assumption allowed us to estimate
the total PAR attenuation contribution of DOC indepen-
dent of wavelength-specific absorption coefficients or other
potential attenuating substances.

Estimates for modeled K, and Ky for each of the
simulated lakes were obtained using a minimization routine
to determine the ‘“best fit” between simulations and
observations. For simulations, CLM was initialized using
the first observation of water temperatures, and simula-
tions included the total duration between the first and last
thermistor measurements for the calendar year. For some
lakes, intermittent instrument errors caused a short-term
loss of observations. To avoid artificially changing the
error structure, we did not interpolate these missing
periods. Instead, we compared actual buoy observations
to our model output only when both existed. CLM
simulated water temperatures at a finer resolution than
thermistors, so we extracted the model depths that matched
the depths of in situ observations and calculated the total
sum of squared errors for all matched depths (except the
near-surface thermistor). Our minimization routine mini-
mized this total error quantity across values for K, and Kj.
We calculated standard errors for each of these simulations
following the same procedures as Rasmussen et al. (1995).

Results

Across the eight lakes sampled, variation in PAR K4 was
a first-order function of variation of DOC concentrations
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Fig. 1. Relationship between the diffuse attenuation coeffi-

cient (Kg) and DOC for seven NTL-LTER lakes and North
Sparkling Bog from a 2009 survey. Solid line represents the linear
function with slope = 0.22.

(Fig. 1; p < 0.01, R2 = 0.95). Holding the y-intercept at
zero, the slope of the linear model predicting PAR Ky from
DOC concentrations was 0.217 (= 0.04). Adding variation
in Chl a concentration to this model did not significantly
improve model fit. Among the three bog lakes that were
sampled, the average DOC-specific PAR Ky was
0.232 m~! mg—! L (£ 0.04). We used the relationship
between attenuation and DOC concentration proposed by

0

Morris et al. (1995) (0.22 m—! mg—! L, which is also the
approximate mean of these two estimates) to estimate Ky
per unit (mg L) of DOC for scenario (+50% and —50%)
and baseline concentrations of DOC.

We found heat transfer below the mixed layer to occur at
a molecular or near-molecular rate (Fig. 2). Changes in
hypolimnetic temperatures during the 40 day period
between profiles on Trout Bog were explained by summing
the effects of vertical diffusion of heat (best fit for K, was
1.5 X 107 m2 s—1) and the attenuation of penetrating
radiation (best fit for K4 was 2.2 m—1). CLM was fit to the
buoy-based observation data by simulating water temper-
atures across a range of Ky and K, values, and the best
model performance for all eight lakes was achieved by
limiting K, to the molecular level of 1.4 X 10=7 m2 s~!
(Fig. 2; Table 2). Minimizing the difference between
modeled and observed data resulted in best-fit estimates
of K4 that were within 10% of field estimates for five of the
eight lakes (Table 2). Two notable exceptions were Crystal
Bog and Ward Lake, where differences between modeled
and observed Ky were approximately 50%. The other
exception was North Sparkling Bog. Excluding Crystal Bog
and Ward Lake, all modeled estimates of Ky were slight
underestimates of field Kj.

CLM performed well in the simulations of water
temperature for the eight lakes. Seven of the eight lakes
had a standard error (SE) between simulations and
observations of less than 1°C, and the worst fit was
obtained on the largest, windiest lake (SE: 1.28°C; Mouser
Bog). Trout Bog had the lowest model error (0.37°C) and
the best agreement between field and model estimates of Ky
(Fig. 3; Table 2).

Because attenuation was strongly regulated by DOC in
these systems (Fig. 1), modeled increases and decreases in

Depth (m)

0 5 10 15 20 25

Temperature (°C)
Fig. 2.

-2 0 2 4 6
Temperature difference (°C)

(a) Temperature profiles on Trout Bog separated by 40 d. (b) Temperature gains are

shown as averages for 10 cm intervals (red line). Modeled temperature gains for depths below the
remnant mixed-layer depth are shown as 10 cm bins, which combine the additive effects of
temperature gains and losses from the vertical diffusion of heat (dashed black line) and the
attenuation of penetrating radiation (thick black line).
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Table 2.  Simulation results for eight sheltered lakes. Model Ky is the best fit to the observed data if Ky is treated as an unknown,
observed Ky is a single-point estimate of PAR Ky taken during the observation year, 95% confidence intervals (CIs) are from nonlinear
least-squares fits to the exponential decay of light, and SE is the standard error between all observed and modeled water temperatures
with the exception of surface thermistors.

Lake name Model K4 (m~—1) Observed K4 (m~1) K43 95% CI (m—1) SE (°C)
Crystal Bog 3.62 2.55 2.51-2.58 0.73
Jekl Bog 1.85 1.93 1.91-1.94 0.75
Mouser Bog 2.46 2.54 2.48-2.60 1.28
North Sparkling Bog 1.6 1.91 1.88-1.94 0.84
Peter 0.84 0.93 0.89-0.97 0.70
Timber Bog 1.72 1.83 1.8-1.86 0.96
Trout Bog 3.5 3.51 3.41-3.62 0.37
Ward 2.58 1.66 1.59-1.75 0.66

DOC concentrations had a substantial effect on the vertical
distribution of water temperatures. Increased transparency
(decrease in Ky) occurred in our scenario where DOC
concentrations were reduced (as we assumed Ky to be a
function of DOC), which resulted in a warmer hypolimnion
compared to baseline and DOC increase scenarios.
Volume-weighted seasonally averaged water temperatures
for lower DOC scenarios were in excess of 2°C warmer
compared to the increased DOC scenarios (Fig. 4),
although near-surface temperatures generally increased
with higher DOC concentrations for much of the season
(data not shown).

We used CLM to compare the effects of transparency as
a control on the interseasonal variability in water
temperatures. The range between the warmest and the
coldest temperatures resulting from 22 unique simulation
years was greater in lakes with lower DOC concentrations
(Fig. 5a). Clearer simulations (i.e., 2 mg L—1!) had nearly a
3°C temperature range between the warmest and coldest
simulation years. For greater concentrations of DOC, this
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Fig. 3. (a) Observed and (b) modeled temperatures for Trout
Bog during 2009. Contour intervals represent 1°C.

temperature range was reduced by almost 50%. Thus, CLM
provides model support to our hypothesis that darker lakes
are less sensitive to climate variability. To provide a
reference to these changes, we compared the thermal effects
of climate variability to variations in yearly DOC concen-
trations in Trout Bog. Again, we found that high DOC led to
less thermal variability, where higher DOC (i.e., the 15—
25 mg L~ range, which would characterize Trout Bog)
simulations during 1989-2010 led to similar variability in
temperatures when compared to the range of DOC
concentrations observed during the same time period
(Fig. 5b). For example, fixing the DOC concentration at
20 mg L.—! and calculating the average temperatures for the
22 simulation seasons resulted in a range of 1.57°C. By
holding the simulation year constant and varying DOC

—
\S}

[y
[y

) °

Volumetric average temperature (°C)

baseline 50% increase

DOC scenario

50% reduction

Fig. 4. Volumetric average water temperatures for 22 simu-
lation years and three DOC scenarios for Trout Bog. 1000
iterations were used where DOC concentrations were randomly
chosen (with replacement) from the 22 yr on record, and the
simulation years were also chosen the same manner (see Table 3).
Medians are represented by open circles, and error bars represent
the interquartile range for all iterations.
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Fig. 5. (a) A model lake with the morphometry of Trout Bog was simulated for a range of

DOC concentrations (2-30 mg L—1!) to assess the sensitivity of water temperature to natural
climate variability (1989-2010). Temperature range was calculated as the difference between
maximum and maximum volumetric average temperatures for all 22 seasons (open circles). (b)
We calculated the DOC-induced temperature variability for Trout Bog, where we simulated water
temperatures for a given year over the full range of DOC 1989-2010 concentrations measured in
Trout Bog (Table 3). Each of 22 simulation years had a range between the maximum and
minimum average temperatures; the median of this range is plotted as a black diamond, and error
bars represent the minimum and maximum range of all years (which were 2009 and

2003, respectively).

based on observations (Table 3), we calculated temperature
ranges for each season based solely on the range of DOC
concentrations. The median of these ranges was 1.37°C, with
a maximum and minimum of 1.65 and 1.21, respectively
(simulation years 2003 and 2009).

Discussion

We found that the vertical exchange of heat below the
mixed layer occurred at (or near) the rate of molecular
diffusion in these lakes (Fig. 1; Table 2) and that DOC
concentrations (as the primary driver of Kj) strongly
influenced water temperatures, outward heat fluxes, and
mixed-layer depths. Because diffusive heat transfer at the
molecular rate is slow, water temperatures were highly
sensitive to variability in attenuation. Many authors have
found relationships between water color and the physical
properties in lakes (such as stratification and thermocline
depth) that weakened with increasing lake size (Mazumder
and Taylor 1994; Fee et al. 1996). We hypothesize that this
finding is due to increased K, on larger lakes, which could
effectively mute the influence of variations in Ky. In
contrast with large lakes, vertical water temperature
profiles in the small lakes studied here resembled the
exponential curves of decaying light (Fig. 1), a pattern that
was also observed by Fee et al. (1996) in many small
Canadian Shield lakes. This finding highlights the impor-
tance of color in driving the thermal structure of small,
sheltered lakes and suggests that the shape of the
temperature—depth relationship characterizes the relative
importance of Ky vs. K, as regulators of thermal structure.

Actual and modeled K differed by less than 10% in most
lakes, which highlights the success of this relatively simple
hydrodynamic model. Variation between modeled K4 and
actual Ky was expected because our mechanistic model did
not include all components that have influence on the
thermal structure of lakes (e.g., groundwater fluxes).
Modeled Kgs in Crystal Bog were greater than expected,
perhaps because heat flux from the shallow water column
into sediments (a minor heat loss term that can be
important for shallow lakes but was not considered in this
model) required an artificial amplification of K,; to improve
the fit between modeled temperature and observations.
This was not an issue in the other shallow bog (Timber
Bog), likely due to a shorter simulation period that was
biased toward the beginning of the season, when water and
sediment temperatures would be similar (Table 1). The
large difference between modeled and measured Ky in
Ward Lake may be due to large seasonality in Ky that was
not measured in situ. Ward Lake increased in DOC from 7
to 15 mg L—1in 2010 during a period similar to the length
of our deployment (R. Batt pers. comm.), and our only in
situ measurement of Ky was taken several days before the
buoy was deployed. Performing simulations on shorter
periods for Ward Lake supported this hypothesis, as the
modeled Ky for only the first 30 d of the observation was
much closer to our measurement (1.82 and 1.66, respec-
tively) than the Ky estimated with the entire record
(Table 2). This subsampling effort highlighted a trend of
increasing Ky over time in Ward Lake (data not shown).

We modeled Ky purely as a function of DOC and
used a DOC-specific K4 of 0.22 m~1. The colored, or
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4 O] - e chromophoric, portion of DOC is responsible for regulat-
o 8 Slgge© ing attenuation in most systems (Morris et al. 1995; Rose et
= T e al. 2009b). Our use of 0.22 m~! to characterize the unit-
= £ 2 <+ & specific DOC contribution to attenuation is similar to other
gg 5] g § =" estimates, but DOC-specific attenuation may be region
83 - _ specific (Williamson et al. 1996). For example, Morris et al.
g § Slzax~ (1995) identified a DOC-specific contribution to PAR Ky of
£ 8 NS 0.22 m~—1, while other investigators used a coefficient of
& § Sleo2? 0.24 m~! (Perez-Fuentetaja et al. 1999). In the systems we
T~ SEEER-n studied here, we assumed that chlorophyll did not
% IE - o o contribute to attenuation because our stepwise r.egr.ession
é\; Sloog™ analysis showed that chlorophyll was not a significant
o X N = predictor of PAR K4. However, researchers have found
=39 0 w2 that chlorophyll has an influence on PAR attenuation, and
ER Slegge Morris et al. (1995) found a Chl a—specific contribution of
s g - 0.07 m—!. Reductions in DOC may stimulate greater
& 2 ‘é RS primary production and chlorophyll, while increasing
25 alzmgaa DOC may reduce chlorophyll through shading (Carpenter
g o . - et al. 1998). If we had included a contribution from Chl a
o=y § =S for PAR Kg, our modeled changes in DOC would
§§ - contribute slightly less to changes in K.
=3 g s 29 Darker lakes were generally colder (whf:n corr_lpared to
- ISl B=b=Ra the clearer simulations) even though the simulations were
b = _ e driven by the same meteorological observations. Volumet-
=g Slm =R rically colder lakes have less internal energy storage
£ s =S compared to a morphometrically equal warmer lake
% 3 =] © X (thermal energy is proportional to temperature). We used
= SHEES R identical incoming radiative inputs for both increased and
£ g o Q decreased DOC scenarios. As a result, the colder (darker)
S o Do~ simulations had larger outward fluxes of energy in order to
8%F -8 satisfy the conservation of energy between scenarios. Our
g g | 2% simulations revealed that the largest energy flux variant
= E Qo across the range of DOC concentrations was the outward
o8 o flux of radiation from the water surface (data not shown).
8 E § oo 2 & Colder, darker simulations, in general, had warmer surface
S = |z temperatures compared to more transparent simulations.
=5 © - This higher surface temperature in high-DOC scenarios
é 5 gz~ increased the rate of outward radiation from the water
2F = -l surface, and these fluxes were more important to balancing
5 & 2R oo the previously mentioned water temperature energy deficit
= 2 g 2|= S ¥ than variations in the sum of sensible and latent heat fluxes
§ - 2 ” o (data not shown). .
S,E (R |ege It has been hypothesized that transparent lakes (e.g.,
§D§ = — o alpine lakes) may be more sensitive indicators of climate
) g % R = than stained lakes because even small changes in energy,
g - 2 °:° § 2 water chemistry, or precipitation may result in large
22e o “- o changes in transparency, physical structure, and ecosystem
s g"g Qlges linkages (Snucins and Gunn 2000; Rose et al. 20094). We
=g =" | I it mechanistically tested this hypothesis by comparing the
= 8 &) ~ o temperature variability of 22 open-water seasons for model
=R 8 218887 lakes that were morphometrically identical to Trout Bog.
g g2 - o0 Our result.s'support' the hypqthqs;s that clearer lakes are
E>L IRl <+ more sensitive to climate variability and suggest that the
8 .§ s|T =@ relationship between lake color and climate sensitivity is
Ag?> 2 PN nonlinear (Fig. 5a). These results also suggest that DOC
ge [[2|eza acts as a buffer of water temperature against a warming
‘g 2 % - climate. Thus, widespread increases in DOC observed in
2= = o many regions (Monteith et al. 2007) may buffer or negate
=78 g 38 5 changes in water temperature resulting from anthropogi-
S E 22 AX cally induced changes in climate. While these results are
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Fig. 6. Effects of transparency on mixed-layer depth. Trout
Bog simulated water temperature for 01 July 2008 13:00 h using
normal DOC concentrations (18.7 mg L—1; black line) and a 50%
DOC reduction scenario (dashed black line). Heat loss during
the subsequent 15 h in each simulation eliminated near-surface
microstratification, resulting in isothermal nocturnal mixed-layer
depths of 1.01 and 1.45 m (black line and dashed black line,
respectively). Meteorological drivers and starting conditions for
the two simulations were identical.

specific to a certain lake type and geographic setting, the
general pattern should hold for small lakes globally,
although the absolute magnitude of these thermal ranges
will vary as a function of lake depth and latitude (among
other things). We expect that the effect of transparency as a
regulator of climate will be amplified in regions with wider
seasonal variations but muted in lakes of increasing
volume. Darker lakes partition incoming solar radiation
closer to the water surface, leading to larger outward
energy fluxes and colder waters compared to clearer lakes.
Conversely, clearer lakes integrate more of the climate
signal into deeper waters both through less resistance to
vertical mixing and through deeper penetration of incom-
ing solar radiation. These lakes are therefore likely to be
more sensitive to variations in climate.

The depth of the mixed layer is important in structuring
aquatic ecosystems, and lake transparency (and DOC
concentration) has been linked to mixed-layer depths for
a variety of lakes (Kling 1988; Fee et al. 1996; Perez-
Fuentetaja et al. 1999). Many investigators have proposed
a simple mechanism for this finding, assuming that
increased attenuation in darker waters creates a stronger
density gradient that reduces wind-driven mixed-layer
deepening (Kling 1988). However, wind is not as important
as convection in regulating mixed-layer dynamics of very
small lakes (Read et al. 2012). This distinction is important
for small lakes, as scenarios of decreasing diel variability in
air temperatures (which would likely result in less nocturnal
heat loss) may lead to reduced mixed-layer depths even

during periods of increasing wind speeds. Instead, the
vertical partitioning of heat, not the differential resistance
to wind-driven mixing, is more likely to be responsible for
the observed relationship between mixed-layer depth and
transparency. The effect of the vertical partitioning of heat
on mixed-layer depth can be observed in Trout Bog
simulations. In the normal (18.7 mg L-1!; Table 1) DOC
scenario for 2008, heat loss created a (nighttime) convec-
tively mixed layer that was 1.01 m deep on 01 July. In
contrast, the 50% DOC reduction scenario mixed down to
1.45 m during the same period while losing 7% less heat
compared to the normal case (Fig. 6). Thus, despite losing
7% less energy from the lake, the mixing depth of the 50%
DOC reduction simulation was 44% deeper compared to
the normal case. This difference is evident throughout the
stratified period, as the temporally averaged 15 June-15
August 2008 mixed-layer depths (calculated at sunrise for
comparison) were 0.85 and 1.4 m for the normal DOC and
50% reduction scenarios, respectively. This mechanism is
likely responsible for the empirical relationship between
transparency and epilimnetic depths for small, sheltered
lakes (Fee et al. 1996).

While the magnitude of DOC change modeled here was
large (a 50% increase and a 50% decrease), it is within the
range observed in many regions. For example, Striegl et al.
(2005) observed a 40% reduction in DOC export in the
Yukon between growing seasons 1978-1980 and 2001-—
2003, and Schindler et al. (1992) observed over a 50%
reduction in catchment DOC export during periods of
drought compared with predrought conditions. Elsewhere,
increases in DOC concentration have been reported. For
example, Eimers et al. (2008) reported a 52—-72% increase in
DOC concentrations in small Canadian streams, and Evans
et al. (2006) documented a 91% average increase in DOC
concentrations across the United Kingdom. Thus, the
change in transparency, mixed-layer depths, and volumet-
ric temperatures modeled here are within the range that
may be currently occurring in many regions.

Changes in DOC due to, for example, climatically
induced reductions in catchment export of DOC may
precipitate positive biological and photochemical feedbacks
regulating DOC mineralization rates to rapidly alter DOC
concentrations in small lakes. DOC mineralization rates
increase with increasing temperatures, mixed-layer depths,
and residence times (Hanson et al. 2011). Thus, as DOC
concentrations are increased, lakes decrease in volumetri-
cally averaged temperature and stratify more shallowly,
and this can depress biological mineralization rates to
further increase DOC concentrations. The opposite
feedback could be occurring in regions experiencing
decreased DOC loading, where longer water residence
times and more transparent water facilitate greater
biological and photochemical mineralization, further
reducing DOC concentrations.

Small lakes play a disproportionately large role in the
global carbon budget (Cole et al. 2007; Tranvik et al. 2009),
and these lakes may be more sensitive to changes in
hydrologic fluxes compared to larger lakes. For small
temperate lakes, we have shown that water temperatures
and mixed-layer depths are controlled by transparency, and
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dark lakes are less thermally sensitive to climate variability.
Because of the potential for increases in DOC to buffer the
thermal response of lakes to increases in air temperatures,
investigators should consider linkages between climate and
DOC loading when predicting the future role of small lakes
in the global carbon budget.
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