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Abstract

Small lakes are numerous in the landscape and closely connected to the terrestrial environment, which strongly
influences the system scale carbon cycling. However, despite their importance in large-scale carbon budgets, small
lakes remain understudied compared to large lakes. We investigated oxygen and carbon dynamics in four small Danish
forest lakes over a year. Continuous pH measurements were used to establish a high-frequency time series of CO»

partial pressure and 1169 direct measurements of air-water CO, flux were performed using floating chambers. Net
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ecosystem oxygen production (NEP) was derived from free-water oxygen measurements in order to quantify the
contribution of in-lake aerobic metabolism to the air-water CO, flux. We found that the forest lakes, on average, were
10-fold CO, supersaturated. The two most intensively studied lakes had mean CO effluxes of 36.3 mol m? year™. The
CO; effluxes exceeded NEP during all months implying that the CO, generated by aerobic respiration alone could not
account for the observed CO, efflux. The observed discrepancy is likely promoted by a hydrologic CO, input and/or
anaerobic sediment processes generating CO, without a concurrent consumption of O,. A broad-scale national analysis
showed that the CO, efflux increased as lake size decreased despite lower gas exchange velocity. Small lakes also
showed higher excess CO, efflux compared to O, influx. Overall, small lakes and forest lakes in particular have high
CO; effluxes and high CO, supersaturation. However, the contribution of hydrological inputs and anaerobic sediment

processes to the net CO» efflux remains elusive.

Introduction

Small inland water bodies have recently received increasing attention in global carbon budgets due to their widespread
occurrence, high combined surface area and high concentrations of dissolved greenhouse gases (carbon dioxide (CO)
and methane (CH,); Downing et al. (2006); Holgerson and Raymond (2016)). The tight connection to the terrestrial
environment and high input of allochthonous organic carbon promote heterotrophic activity in the small water bodies
with bacterial and eucaryote respiration exceeding primary production (Sand-Jensen and Staehr 2007; Staehr et al.
2012). Net heterotrophic dominance may be particularly pronounced in small forest lakes where external organic input
is high and primary production is reduced by light-absorbing humic substances and shading from surrounding trees

(Holgerson 2015; Weyhenmeyer et al. 2015).

Dissolved CO,and CH, derived from heterotrophic metabolism in the lakes and the terrestrial surroundings connected
via water input are usually supersaturated relative to the atmosphere (Kling et al. 1991; Cole et al. 1994). The CO,
transport across the air-water interface is determined by the concentration gradient times the gas exchange velocity
(Maclntyre et al. 1995). The gas exchange velocity is driven by the near-surface turbulence (Vachon et al. 2010), which
can be partitioned into turbulence generated by wind-shear or convection (Imberger 1985). Heating of surface waters by

incoming solar radiation stabilizes the water column and dampens turbulence, while wind-shear and convection (heat
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loss) deepen the mixed layer and generate turbulence (Read et al. 2012). Large diel variability in surface water
temperature has been observed in small lakes, which indicates that convective mixing may be important for surface
water turbulence (Woolway et al. 2016; Martinsen et al. 2019). However, previous studies in very small lakes (<1000

m?) find wind speed to be a significant predictor of gas exchange velocity (Holgerson et al. 2017; Kragh et al. 2017).

The gas transfer velocity can be quantified by measuring the concentration gradient and gas flux (Cole et al. 2010).
Several empirical relationships between gas exchange velocity and wind speed have been established for lakes (Cole
and Caraco 1998; Crusius and Wanninkhof 2003) along with complex surface-renewal models, which include the
contribution by convection (Read et al. 2012). Gas exchange velocity is expected to increase with lake surface area due
to stronger influence of winds and waves (Vachon and Prairie 2013). However, only few measurements are from small
lakes (<0.01 km?) and the relative influence of the drivers remains difficult to resolve (Holgerson et al. 2017). Other
factors such as extensive sheltering and emergent vegetation may further complicate attempts to model gas exchange
velocities in small lakes. In order to reduce the uncertainty associated with estimation of ecosystem metabolism and
considerations of gas flux from long-term concentration measurements, model improvements for small lakes are needed

(Dugan et al. 2016).

While a portion of the CO, emitted from lake surfaces is derived from internal metabolism, another, often unknown,
portion is derived from terrestrial watershed processes (Striegl and Michmerhuizen 1998; Maberly et al. 2013). In
streams and rivers, the influence of internal CO, formation increases relative to the external input as streams become
larger (Hotchkiss et al. 2015). The external input is in the form of dissolved and particulate organic matter along with
dissolved CO», which arises from soil respiration and chemical weathering in the watershed (Wilkinson et al. 2013;
Marcé et al. 2015). Thus, hydrology may be very influential on lake processes as carbon is received by ground- and

surface water flows, which can increase lake CO, partial pressure and atmospheric evasion (Marotta et al. 2011).

The contribution of internal and external sources to CO, emission from water bodies can be examined by carbon mass-
balance models (Finlay et al. 2010) or by the stoichiometric relationship between CO, and O, lake-atmosphere fluxes

(Torgersen and Branco 2008). A molar ratio between CO, efflux and O, influx close to 1.0 suggests that emissions are
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driven entirely by internal aerobic metabolism. The relationship between internal processes and external input becomes
more obvious when net ecosystem production (NEP) is used instead of O, flux. NEP is a direct measure of the current
daily metabolic balance independent of day-to-day differences in gas exchange velocity and carry-over of CO, from
previous days input and metabolic balance. NEP is the difference between gross primary production (GPP) and
respiration (R) and constrains the amount of CO, generated by internal aerobic metabolism, which later can be emitted
to the atmosphere. For example, McDonald et al. (2013) observed a significant proportion of net autotrophic lakes with
positive NEP, i.e. net O, efflux and CO; sink in ecosystem metabolism. Nonetheless, there was a net CO, efflux
suggesting a role of externally derived CO.. However, generation of CO, without consumption of O, may also take
place by anaerobic processes such as fermentation and denitrification (Torgersen and Branco 2007). These processes
remain difficult to quantify, but were found to have minor influence compared with the contribution of aerobic
metabolism in three small lakes (Wilkinson et al. 2016). Anaerobic organic matter degradation below the sediment
surface with sulfate, manganese or oxidized iron as electron acceptors usually results in a 1:1 relationship between CO,
formation and O, consumption because the reduced form of S, Mn and Fe formed are re-oxidized at the aerobic
sediment surface (Torgersen and Branco 2008). In contrast, N> and N,O formed along with CO, by denitrification are
not re-oxidized in the lake. The same is true when sulfate and iron oxides are received from outside, oxidize organic
matter to CO, and become buried in the sediments as iron sulfides (Serensen et al. 1979). Likewise, for methane
produced by fermentation, which may exit the system by ebullition or transport mediated through air lacunae of
floating-leaves or emergent plants; those pathways are likely important in small lakes and are not causing methane re-
oxidation (Bastviken et al. 2004).

Our overall objective was to quantify CO, emission to the atmosphere and whole-system metabolism in four small
forest lakes. We measured these processes directly and, when possible, over a full year to account for seasonal
variations.. In order to put measurements on small forest lakes into a broader perspective, we compared them with a
national analysis of the relationship between CO, and O, air-water gas exchange across multiple lake size classes.
Specifically, we hypothesized that: 1) small forest lakes would be CO, net sources to the atmosphere throughout the
year due to the high input of degradable organic matter and free CO, in the water received from the terrestrial
environment, 2) existing wind models of gas exchange velocity would perform poorly in small sheltered lakes because

of local conditions, 3) though gas exchange velocity is lower compared to larger lakes, high CO, emissions from small
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lakes may, nonetheless, be sustained by internal heterotrophy and external input of organic matter and CO,.

Methods

Study area

We measured a wide range of environmental variables in four small forest lakes during different seasons and
meteorological conditions from summer 2017 to summer 2018 (Table 1). The lakes are located in Grib Forest
(Gribskov), Zealand, Denmark, which consists of mixed deciduous and coniferous trees with scattered small lakes and
wetland areas (Fig. 1). Lakes are named A to D from north to south on the map. The lakes are typical small, shallow
forest lakes with a natural hydrological regime. Lake B receives water from Lake A during periods of high-water table.
Lakes B and C have intermittent surface outflows and are not connected. Lake D does not have any surface in- or
outflows. Sampling was initiated in the four lakes in August 2017 and finished in October 2017 in Lake A (12.272718
°N, 55.986350 °E) and Lake D (12.271635 °N, 55.960441 °E) and finished in June 2018 in Lake B (12.271820 °N,

55.985858 °E) and Lake C (12.269975 °N, 55.984428 °E) after almost a year.

A meteorological station (HOBO Onset Computers, Bourne, MA, USA), which measured air temperature (HOBO U23
Pro v2), wind speed (HOBO S-WSET-A), incident irradiance (PAR; HOBO S-LIA-MO003) and relative humidity
(HOBO U23 Pro v2) was placed 2.5 m above the ground in an open landscape close to Lake D. From spring 2018,
atmospheric pressure was also measured (HOBO U-20-001-04) and when unavailable, we used the daily atmospheric

pressure for the region (DMI 2017).

Lake variables

In the lakes, we measured water temperature and light intensity profiles (five sensors, HOBO UA-002-64, accuracy of +
0.53 °C), oxygen (two sensors, MiniDOT, PME, Vista, CA, USA) and pH (one sensor, pHTemp2000 MadgeTech data
logger with an Omega pH electrode). Sensors were mounted on steel pegs pushed into the sediment. The oxygen
sensors were calibrated at 0% (water aerated with N>) and 100% saturation, while pH sensors were calibrated at pH 4
and 7. Oxygen and pH sensors were calibrated before and after each deployment and corrected for drift (if any),

assumed to be linear over time. Periodically, wind speed (HOBO S-WSET-A) was measured 0.3-0.5 m above the water
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surface at the location of submerged sensors in all four lakes. Wind speed above the lake surface was compared to
simultaneous measurements at the permanent meteorological station in order to establish a relationship between local
wind speed for each lake and wind speed at the meteorological station as well as enable continuous wind speed
estimates for each lake (Fig. S1). Surface water samples were collected and analyzed the following day for alkalinity
(acid-neutralizing capacity) by acidimetric titration (Gran 1952), chlorophyll a of filtered particles extracted in ethanol
(Jespersen and Christoffersen 1987), and colored dissolved organic matter (CDOM) as spectrophotometric absorption at
440 nm of a 0.07 pm (GE/F) filtrate (Sand-Jensen and Staehr 2007). Frozen water samples were thawed and analyzed
for nutrients (total-P, total-N, ortho-phosphate, nitrate and ammonium) on an auto analyzer (AA3HRAutoAnalyzer,
SEAL, WI, USA) using standard protocols (University of Copenhagen 1992). Daily water column light attenuation (k,)
was calculated from the vertical light intensity measurements (Andersen et al. 2017). During high-water table in spring
2018, bathymetric maps were made by measuring depth at regular intervals (0.5-1.0 m) along three to four transects
across each lake with concurrent delineation of the lake by a handheld GPS followed by estimation of surface area. To
establish relationships between surface area as a function of water depth, we fitted smoothing splines to calculations of
the area represented by each depth interval. Integrating this function yields lake volume as a function of depth. Depth

was measured manually at every visit.

Carbon dioxide gas flux

We used manual floating chambers very similar to the one described by Bastviken et al. (2015) to measure both CO,
partial pressure and water-air CO, flux. We used floating chambers of two sizes: surface areas = 0.08/0.03 m* and air
volumes = 0.0075/0.0056 m>. The large and small sizes were used for flux measurements while only the large size was
used for partial pressure measurements. We also used a floating chamber of the large type modified to perform
automatic gas flux measurements by renewing the head space using an air pump and timer as described by Martinsen et
al. (2018). The chambers were equipped with CO, mini-loggers (CO, ELG module, Senseair, Sweden) and a battery
supply (9V) inside an inverted plastic dome equipped with a floating collar. The headspace CO, partial pressure was
logged at 2-5 minute intervals for flux measurements and 10-15 minute intervals for partial pressure equilibration.
Manual measurements of CO, flux lasted 20-60 minutes. The CO, mini-loggers were frequently calibrated in CO- free

air (N,) following the manufacturers’ guidelines. The automatic chambers were deployed on several occasions with
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sampling cycles of approximately 30 minutes or, on one occasion 60 minutes during winter, followed by 5-10 minutes’
evacuation of the chamber head space. The flux (F, reported as mmol m™ day™) was calculated from the linear change in

headspace CO, mixing ratio (ppm) as:

dco, P,V dco, P,V
F= F= (Eq. 1)

dt RTA dt RTA

amb

The first term is the increase of CO, partial pressure over time calculated by linear regression, V is the chamber volume
(m®), R is the universal gas constant (m* atm K™ mol™), P, is the ambient atmospheric pressure (atm), T is the ambient
temperature (K) and A is the chamber area in contact with the lake surface (m?). The CO, partial pressure in the
chambers usually followed a linear time course. When the r-square value of the linear regression was below 0.9, the

measurement was discarded (Guérin et al. 2007).

Carbon dioxide partial pressure and gas exchange velocity

Measured pH, water temperature and linearly interpolated alkalinity, enabled calculation of a high frequency time series
of CO; partial pressure in surface waters (Weyhenmeyer et al. 2012). Moreover, floating chambers were left to
equilibrate to obtain the surface water CO, partial pressure as described by Natchimuthu et al. (2017). Floating chamber
measurements allowed estimates of water CO, partial pressure to be constrained and to evaluate the validity of the pH-
alkalinity method to calculate CO.. However, as the measurement time scales differ, we do not expect to obtain closely

similar estimates from the two methods.

In Lake A, pH and alkalinity were generally lower and CDOM higher than in the other three lakes (Table 1). This
resulted in unrealistically high CO, values, which is in accordance with previous results from the same habitat type

(Abril et al. 2015). Only the manually measured CO, flux from Lake A was used in further analysis.

The gas flux (F) across the air-water interface can be expressed as the product of the gas exchange velocity (k, m day™)

and the difference between the actual and saturation gas concentration (Cyaer and Cer, mg L7):

F = k ( Cwater - Csat) (Eq' 2)
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Knowing both F and the difference in CO- partial pressure, the gas exchange velocity (k) can be calculated normalizing
to a Schmidt number of 600 (keo, Jahne et al. (1987)) according to the temperature specific Schmidt number of the
particular gas (Wanninkhof 1992). The atmospheric CO, partial pressure was measured using the same mini-loggers
placed 0.25-1 m above the lake surfaces on several occasions. We used the mean value of all these 5164 measurements
(516 patm, SD = 96.5 patm) in further calculations of CO, partial pressure gradient between water and atmosphere.
Because CO, partial pressure was extensively supersaturated in the lake water, the small supersaturation in the air above

lake surfaces was not essential for the calculations.

We established relationships between ke and the wind speed adjusted to each site. The adjustment of wind speed was
done by fitting a linear model between the wind speed measured just above the water surface at each site (response) and
wind speed at the meteorological station (predictor). When site measurements were available they were used, while
gaps were filled by predictions from the linear wind model. Wind speeds were standardized to 10 m height above
ground before comparison (Winslow et al. 2016). We compared our key values to four previously published models
using the site adjusted wind speed, water temperature and meteorological variables as input to dedicated functions in the
LakeMetabolizer package (Winslow et al. 2016). Two wind speed models (Cole and Caraco 1998; Crusius and
Wanninkhof 2003), a surface renewal model (Read et al. 2012) and a boundary layer model, which includes wind shear

and buoyancy flux (Heiskanen et al. 2014), were examined.

Ecosystem metabolism
Ecosystem metabolism was calculated from measurements of oxygen, water temperature and light intensity for each
day using an inverse modeling approach as described by Solomon et al. (2013). The diel oxygen cycle is assumed to be

the result of three processes: Gross primary production (GPP), respiration (R) and atmospheric gas exchange (F):

do,
dt

=GPP—R+F=axI—r,*1.073" 4+ —kxd*(C, 0.~ Coo.) 2, (Eq. 3)

water

Gross primary production (GPP) was parameterized using a linear relationship with light intensity (I, Hanson et al.
(2003)) and respiration (R) as temperature (T) dependent with a Qi of 2 (Jgrgensen and Bendoricchio 2001). The free

parameters o and 1, were estimated using maximum likelihood methods; Martinsen et al. (2017) offer a detailed
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description of the parameter estimation procedure. The thermocline depth (zm.x) was calculated according to
rLakeAnalyzer (Read et al. 2011). The parameter d is a dummy variable coded as 0 or 1 depending on whether z.« was
shallower or deeper, respectively, than the position of oxygen sensors in the water column. On days with ice cover, d
was set to 0. In Lake A, metabolism could not be estimated reliably, which was likely due to a larger influence of
physical processes relative to metabolic processes on the diel dissolved oxygen signal. The large observed spikes could
be the result of nighttime mixing as previously observed by Holgerson et al. (2016) in small forest lakes or horizontal
mixing, which is caused by differential heating/cooling of pelagic and littoral zones as described by Brothers et al.
(2017). In Lake D, metabolism was estimated using oxygen data from one sensor only. In Lakes B and C, oxygen data
from two sensors were used, performing the estimation procedure for each sensor and finally weighting the results by
the volume represented by each sensor. We separated the water strata represented by each sensor at half the vertical
distance between the sensors. We discarded days for which the correlation (Spearman’s rank) between the observed and
predicted oxygen concentration was low (rs < 0.5). Metabolism estimates are reported relative to lake surface areas as

mmol O, m? day™. Respiration values are shown as negative in figures in order to aid visual interpretation.

Carbon dioxide and oxygen fluxes in Danish lakes

In each forest lake, the daily O, and CO flux were calculated from the measured concentrations (O-) or estimated
partial pressure (CO;) and the site specific relationships between kg and wind. In order to enable a broader comparison
of gas fluxes in lakes of variable surface areas, we used lake environmental monitoring data from a broad range of
Danish lakes (NOVANA; Lauridsen et al. (2005)). In order to calculate CO, and O, fluxes, we used measurements of
surface water temperature, alkalinity and pH to calculate CO, partial pressure following Weyhenmeyer et al. (2012)
along with concurrent measurements of O, concentration and temperature (total of 4282 observations from 280 sites).
To minimize the potential bias associated with estimation of CO, partial pressure from alkalinity and pH, we excluded
observations from soft water lakes (alkalinity < 1 meq L") and estimated CO, partial pressures exceeding 20.000 patm
(Abril et al. 2015). For calculation of the CO, flux, we used an atmospheric partial pressure of 400 patm. With a grid
size (20x20 km) of daily wind speeds from 1989 to 2010 (Scharling 2010) and information on lake size, the lake size
and wind speed dependent kgoo relationship from Vachon and Prairie (2013) combined with eq. 2 were used to calculate

0O, and CO; fluxes across the air-water interface.
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Statistical methods

Because of forest sheltering, the wind speed measured at the meteorological station was adjusted to the individual lakes
by fitting a linear model with measurements of wind speed, which were collected just above the water surface, as the
response variable (n for each lake: A = 178, B = 10305, C= 3337, D = 15). Different linear models with and without an
intercept and quadratic term were compared using F-tests; the variance explained is reported by the adjusted R* and the

accuracy as the root mean squared error (RMSE).

To examine drivers of CO, flux and differences between seasons, we used measurements from the manual and
automatic floating chambers along with relevant environmental variables (i.e. season, wind speed, water temperature
and whether the water temperature was cooling or heating). We fitted mixed-effect models with “site” as a random
effect using the “Ime4” package and performed model selection using the Akaike Information Criterion (AIC; Burnham
and Anderson (2002); Barton (2018)). The variance explained is reported as the marginal and conditional R?, which is
the variance explained by fixed factors only as well as both fixed and random factors, respectively (Nakagawa and
Schielzeth 2013). The response variable (CO, flux) was log-transformed prior to analysis in order to ensure normality.

Pairwise differences were examined using the “emmeans” package (Lenth 2018).

We compared the CO, estimated from alkalinity, pH and water temperature (COzgu-a) to the headspace equilibrium
concentration measured with floating chambers (COx(chamben). Daily mean COz pu+ai and COxchambery CONCENtrations were
compared using standardized major axis regression (model II regression; Legendre (1998)) as both variables are

measured with error.

We examined drivers of ke using linear models in order to establish empirical relationships for estimation of
ecosystem metabolism and calculation of long-term CO- flux. Data from Lakes B and C, which contained many
measurements over the investigation period were employed. Only ke measurements from the automatic floating
chambers were used, as these were sampled throughout the daytime period, concurrently in the two lakes thus enabling
site comparisons. The influence of key variables likely to influence kgo was tested including site, season, wind speed
and whether the water column was heating or cooling. Because estimates of ke during summer were missing, the
spring level was used for model predictions instead. Moreover, for Lakes A and D, which were not included in the kg

modeling, the predicted values from Lake B were used instead.

10
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All statistical analysis was performed in the statistical programming language R (R Core Team 2018).

Results

Site characteristics

Water chemistry in the investigated lakes was characterized by high levels of colored dissolved organic matter, medium
to high chlorophyll a concentrations, high nutrient levels and high vertical light attenuation (Table 1). However, due to
the shallow water, growth of submerged macrophytes took place from spring to fall. In Lake C, the biomass of
Potamogeton obtusifolius was relatively high during fall with the canopy approaching the water surface before

senescence during the winter.

Surrounding trees offered substantial sheltering compared to the meteorological station located in an open landscape.
The dampening of wind speed just above the water surface relative to the meteorological station could be predicted
from a model, which included a linear and squared term for each lake and the y-intercept set to zero (R? = 0.87, RMSE
= 0.42 m s™"). By including the squared term, the model fit was improved (F-test, F = 540, p < 0.001). On average, wind
speed measured at the sites was reduced to 3% and 6% in the smallest Lakes A and D, respectively, and 28% and 35%

in the larger Lakes B and C, respectively, compared to that in the open area (Fig. S1).

The lakes regularly showed diel temperature stratification with the water column being stratified during daytime and
mixed at nighttime (Fig. 2). This phenomenon developed on most days from ice-off in April to late October. Outside

this period, the lakes were either permanently vertically mixed or ice covered with inverse vertical stratification.

CO:; partial pressure and CO: flux

High-frequency measurements of pH, water temperature and interpolated alkalinity time-series were used to construct a
time-series of the waterside CO, partial pressure in three of the lakes (Fig. 3). Averaged across all the sampling points,
the CO; partial pressure estimated from pH and alkalinity approached a 1:1 relationship, compared to measurements
from floating chambers left to equilibrate on the water surface (Fig. S2). While the two methods act on different time
scales due to a delayed response of the floating chamber to in-lake CO, partial pressure, the comparison supports the

notion that the partial pressure estimated from alkalinity and pH is of the correct magnitude. Mostly, the surface water
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was supersaturated in CO, relative to the atmosphere with an overall median pressure of 4627 patm. During summer,
early fall and spring, the CO, partial pressure showed pronounced diel variability likely driven by photosynthesis of
submerged macrophytes and phytoplankton (Fig. 3). Sudden spikes in surface water CO, were also observed in Lake D

in fall, a period with increasing water level (Fig. 3, 7).

All direct measurements of CO, flux (n=1169) made with both manual and automatic floating chambers showed CO,
emission to the atmosphere in agreement with the observed predominance of CO, supersaturation (Fig. 4). The best
model of the CO; flux (AIC = 1494, AIC of second best model = 1502, R%ya = 0.19, R%na = 0.45) included the fixed
effects (parameter estimates and 95% confidence intervals on log scale) of water temperature (0.02 [0.008,0.034]), wind
speed (linear term 0.59 [0.50,0.67], squared term -0.13 [-0.16,-0.10]), heating (in contrast to cooling; 0.14 [0.08,0.20])

and season. CO; evasion was significantly higher in summer than fall and spring (p < 0.01).

Gas exchange velocity

Gas exchange velocities calculated from measured CO, flux and CO, partial pressure gradients were generally low
(median kegp = 0.28, range: 0.07-2.06 m day™), but increased at higher wind speeds (Fig. 5, C). The models of ke
improved by including a square term of wind speed (F-test, F = 8.13, p < 0.001). The relationship between kg and wind
speed differed between lakes (Fig. 5, A and B; significant interaction between wind speed and site, p < 0.01). There was
also a significant effect of season (F-test, F = 186, p < 0.001) with ke being higher in spring than winter (p<0.001) and
fall (p<0.001). However, no significant effect of water column cooling or water column status (mixing, stably stratified
and thermocline shallowing or deepening) on key was found. key values measured in this study were generally
significantly different from those estimated by literature models (Fig. 5, C). In Lake B, all existing models differed from
the measured koo values (all p-values < 0.001). This was also the case in Lake C (all p-values < 0.01), except for the

model of Read et al. (2012) (p-value = 0.97).

Ecosystem metabolism
Ecosystem metabolism was successfully estimated on 456 days in Lakes B, C and D. GPP and R were predominantly

low and with distinct seasonal trends despite substantial day-to-day variations (Table 2). GPP and R were highest
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during spring, summer and early fall and decreased towards low winter values (Fig. S3). The higher rates of GPP and R
during spring and summer were likely caused by higher light intensity and higher biomass of submerged macrophytes
and phytoplankton. During ice cover, a diel oxygen signal was still present in Lakes B and C and low rates of GPP and
R could be estimated. Mean oxygen saturation during ice cover was 60% and 53% in Lakes B and C, respectively. The
relationship (slope) between GPP and R was systematically above 1.0 and R generally exceeded GPP (Table 2).
Likewise, the interpolated background respiration (intercept) at zero GPP was positive. This finding suggests that R is
supported by input of external organic matter. Consequently, NEP (= GPP - R) was generally negative throughout the
year (Table 2, Fig. S3). This is in agreement with the systematic O, under saturation (Table 2). The strong ecosystem

heterotrophy fuels the buildup of CO, and its subsequent release to the atmosphere.

Contribution of internal metabolism to CO; flux

Relating the CO, flux to NEP on a daily scale enables us to consider the contribution of aerobic in-lake metabolism to
net CO, efflux. In the two-dimensional setting of daily net CO, flux and daily NEP, the observations are predominantly
located in the space in which net CO, efflux exceeds the in-lake metabolic contribution to CO, formation (Fig. 6). The
highest fluxes occurred in the larger Lakes B and C. For all months, the CO, efflux exceeded NEP reflecting CO,
external input and, possibly, internal CO, generation by anaerobic sediment processes. During fall and winter, the CO,
efflux generally increased, while NEP decreased. This suggests external hydrological CO, input. Moreover, differences
between months followed changes in water level, particularly in Lake D, suggesting that the CO, efflux was maintained
by an external, hydrologically mediated contribution to CO, in addition to the internal net CO, generation by aerobic

ecosystem metabolism (Fig. 7).

Influence of lake size on the relationship between CO; and O flux

Point estimations of CO, and O, flux from hundreds of Danish lakes were used to examine their interrelationship across
lake size classes (Fig. 8). The density distribution showed that the CO, efflux relative to surface area increased with
decreasing lake size. Small lakes acted as CO- sources while larger lakes were mainly CO, sinks. For O,, the peaks of
the density distributions of different lake sizes are not separated as well. However, O, invasion was predominant across
all size classes, though O, evasion may occur periodically in both small and large lakes. From the imposed confidence

ellipses, it is apparent that the relationship between CO, and O, fluxes differed between lake size classes. The
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confidence ellipses gradually moved closer towards the space with CO, evasion and O, invasion as lake size decreased.

This space is shared by Lakes B, C and D, in which CO; evasion and O, invasion were highly pronounced.

Discussion

CO:; partial pressure and efflux

We observed CO, supersaturation of surface waters in all four studied forest lakes with a median approximately ten
times the atmospheric levels. High CO, levels have been found in other studies of small lakes. Sand-Jensen and Staehr
(2007) observed 20-30 times CO, supersaturation as well as higher CO- levels in small forest lakes than in small lakes
in open areas. Holgerson (2015) observed an average 20-fold CO, supersaturation in six ephemeral forest lakes. For a
large number of small lakes and streams located in agricultural moraine soils in North Zealand (Denmark), ranges of
median CO, supersaturation levels were 5-15 and 9-18-fold, respectively (Sand-Jensen and Staehr 2009; Sand-Jensen
and Staehr 2012). Soil microbial activity is lower in boreal areas, but nevertheless, three times supersaturation of
median CO, partial pressure was observed in boreal lakes and streams (Weyhenmeyer et al. 2012). The high CO,
supersaturation in small lakes and streams is often accompanied by high CH,4 production (Wallin et al. 2017; Grinham
et al. 2018), which corroborates the importance of these highly abundant habitats in global carbon budgets (Holgerson

and Raymond 2016).

While the low pH of Lake A prevented calculation of an unbiased CO, partial pressure from alkalinity, the CO> levels
are likely similar or higher than the partial pressure observed in the other three forest lakes. We only calculated CO,
levels close to (Lake C) or slightly below (Lake B) atmospheric saturation during periods of high macrophyte biomass
and photosynthesis. Moreover, all floating chamber measurements showed CO; effluxes from surface waters in
accordance with the predominant CO, supersaturation. The high number of direct flux measurements using floating
chambers (n = 1169) and the extensive coverage of seasonal to daily variations, support the conclusion that CO,
supersaturation and CO efflux are the predominant state throughout the year as expected for the forest lakes
(hypothesis 1). The calculations of CO, partial pressures may be biased at low alkalinity and low pH, which is why we
avoided CO; calculations in Lake A, whereas alkalinity and pH were intermediate in Lakes B, C and D. Indeed,

calculations of CO, partial pressure in surface waters from measured alkalinity and pH in these lakes yielded a 1:1
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relationship to partial pressure measured in floating chambers in the range of 2000-8000 patm with some scatter (Fig.
S2). The variability around the 1:1 line is likely influenced by the long response time of the floating chambers to attain
full air-water equilibrium due to the observed low gas exchange velocities (Bastviken et al. 2015). Overall, these
findings support the validity of estimating waterside CO, partial pressure from pH and alkalinity and the calculations of
gas exchange velocity from measured gas fluxes in our study lakes. The CO- flux measured directly using floating
chambers and that calculated using the modelled gas exchange velocity and estimated CO, partial pressure are strongly
correlated (Pearson-r = 0.55, p < 0.001, RMSE = 1.0 mmol m™ day™). Moreover, other studies have found good
correspondence between calculated (from pH and alkalinity) and direct measurements of CO> concentrations in surface
waters of intermediate to high alkalinity and pH, which resembles the chemical conditions in our forest lakes B, C and

D (Frankignoulle and Borges 2001; Abril et al. 2015).

The main growth season from late spring to fall had higher diel variability of CO, concentrations and lake chemistry
compared to the winter season. The growing macrophyte biomass may contribute to this higher diel variability through
its metabolism (Fig. S3, Martinsen et al. (2017)) and its physical dissipation of turbulence, which promotes daytime
stratification followed by nighttime surface cooling and convective mixing (Andersen et al. 2017). When
photosynthesis is restricted to surface waters due to vertical stratification, concentrations of dissolved inorganic carbon
(DIC), CO- and O, will undergo more extensive diel changes. In small lakes of low wind exposure, steep vertical light
attenuation caused by macrophytes, colored dissolved organic matter and phytoplankton commonly induce recurring
daytime stratification and nocturnal convective mixing (Dale and Gillespie 1977; Martinsen et al. 2019). Diel changes
of DIC and CO; are particularly profound when dense macrophyte stands combine photosynthetic use of CO, and
bicarbonate (HCO3') with formation of calcium carbonate on plant surfaces and sedimentation of calcite crystals from
surface to bottom waters, during daytime (Andersen et al. 2019). Calcite crystals can re-dissolve in CO»-rich bottom
waters and inorganic carbon be recirculated during nocturnal mixing. Calcification in surface waters and dissolution of
carbonate in bottom waters are probably insignificant in the investigated forest lakes, because of the low surface pH (<

8; Table 1) and the photosynthetic rates being too low to induce calcium carbonate precipitation.

Gas exchange velocity in small lakes

We calculated the gas exchange velocity (keoo) from measurements of gas flux and surface water CO, partial pressure.
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Our gas exchange velocities were low compared to those in medium and large lakes, but resembled values for other
small lakes <0.01 km? (Holgerson et al. 2017). The low gas exchange velocity for small lakes is expected due to
sheltering by landscape contours, surrounding trees or emergent vegetation as well as a short fetch across the lake
surface. The relationship between gas exchange velocity and wind speed differed between Lakes B and C — potentially
due to differences in lake sizes and shapes (Vachon and Prairie 2013) or associated attributes, such as atmospheric and
near-surface stability (MacIntyre et al. 2018). We also found differences in gas exchange velocity between seasons with
higher values during spring. One major seasonal difference was the lower macrophyte density in spring compared to
summer and fall. Submerged macrophytes are known to effectively dissipate wind induced turbulence (Herb and Stefan
2005). The inclusion of measurements of macrophyte height, biomass and type could improve future studies on
turbulence and gas exchange velocity in small lakes. Moreover, variable concentrations of phytoplankton and colored
dissolved organic matter may influence vertical light attenuation and water column stability and, thereby, the influence
of wind speed on gas exchange velocity, particularly at the low wind speeds experienced in small, sheltered lakes

(Laurion et al. 2010).

As a consequence of the reduced influence of wind-induced mixing in small forest lakes, we expected the relative
contribution of convective mixing to increase (Read et al. 2012) and result in poor performance of existing gas
exchange models using wind speed as the sole predictor (hypothesis 2). However, we did not find a significant effect of
surface cooling on gas exchange velocity, while the effect of wind speed was stronger (Fig. 5). Despite this, the wind-
based empirical models of Cole and Caraco (1998) and Crusius and Wanninkhof (2003) predicted either too high or too
low gas exchange velocities, while the model of Read et al. (2012), which includes convective mixing, predicted rates
within the same range as the measured values (Fig. 5). This is surprising as we did not observe a significant effect of
surface cooling as a proxy of convection. Using whole-lake tracer additions in four small forest lakes, Holgerson et al.
(2017) reported gas exchange velocities between 0.19 and 0.72 m day™, no effect of surface cooling and generally weak
relationships to other environmental variables. In contrast, Maclntyre et al. (2018), by applying acoustic Doppler
velocimetry in a small arctic lake, found an increase in near-surface turbulence during cooling, which should increase
gas exchange velocity as well. This inconsistency between different studies and models to quantify gas exchange

velocity and the importance of convection in small lakes is challenging, but may arise from differences in methodology
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or the influence of local field conditions. Regarding methodology, Podgrajsek et al. (2014) compared eddy-covariance
and floating chambers, and reported that floating chambers appeared to miss convection in contrast to eddy-covariance,
which showed a nighttime increase in CO, flux that they attributed to nocturnal surface cooling and convection.
However, in other studies, floating chambers have shown good agreement with measurements by other methods
(Galfalk et al. 2013) and logically, floating chambers should be able to pick up the influence of both wind and
convection on surface turbulence as well as subsequent gas exchange velocity. In order to unravel the inconsistencies,
simultaneous measurements of gas exchange velocity, surface turbulence and the driving forces (i.e. wind or surface
cooling) it is necessary to use a combination of methods. In our study lakes, the influence of convection was not
important and gas exchange velocity appeared to be primarily driven by wind. The role of convection in otherwise
similar appearing small lakes might differ due to factors such as sheltering or submerged vegetation which in turn

influence surface heat fluxes (Herb and Stefan 2005; Poindexter and Variano 2013).

Lake metabolism and CO: flux

We quantified the CO, flux and net ecosystem metabolism (NEP) in order to examine the contribution of internal
metabolism to the air-water CO, flux. We also calculated the O, flux to enable comparison with the CO flux, though
NEP is likely the most direct measure of daily aerobic metabolic balance between photosynthesis and respiration. The
three small forest lakes exhibited strong heterotrophy, which is expected in small forest lakes and brown-water lakes in
general (Sand-Jensen and Staehr 2007; Ask et al. 2012). The daily CO; efflux usually exceeded the net quantity of CO,
produced within the system by aerobic metabolism according to measured NEP (Fig. 6). In Lakes B and C, annual CO,
effluxes were 37.6 and 35 mol m™ and surpassed annual net CO, formation by ecosystem metabolism (12 and 13.9 mol
m™ using a respiratory quotient of 1) by 3.1 and 2.5 times, respectively (Table 2). The deficit is likely covered by a
combination of hydrological CO- input and internal anaerobic CO, formation of unknown magnitudes. Groundwater
input or surface runoff deliver water supersaturated with CO-, while anaerobic metabolism within the system generates
CO, without consuming O, (Torgersen and Branco 2007). Wilkinson et al. (2016) also found an excess CO, efflux (two
times higher) relative to what could be generated within the system, even when accounting for the potential contribution
by anaerobic metabolism. If the excess CO, flux was to be maintained by only hydrological input in the lakes

investigated in this study, it would require an unrealistically short residence time. Covering the deficit solely by
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methane fermentation by equal molar rates of methane and CO, formation require annual rates exceeding 21 mol CH,4
m™. Lake methane fluxes in this range are in the very high end of previous published values (DelSontro et al. 2016;

Grinham et al. 2018), which suggests a shared contribution of hydrological and anaerobic processes.

Other anaerobic processes than methane fermentation may contribute to the excess CO, flux. External input of nitrate,
sulfate and oxidized iron and manganese, followed by anaerobic respiration of organic matter, will produce surplus CO,
relative to O,. However, dissolved inorganic nitrogen input from the primarily water-saturated and anoxic forest soils
will mainly be as ammonium and not as nitrate. High ammonium and low nitrate concentrations in the forest lakes
support this assumption (Table 2). Nitrification of ammonium by oxygen followed by anaerobic denitrification of
nitrate within the lake does not produce a CO, surplus relative to O, consumption, but a deficit. Likewise, a small
sulfate input from water-saturated forest soils will only release CO, without O, consumption, if sulfide formed by
anaerobic degradation of organic matter becomes permanently buried in reduced form (e.g. iron sulfides) in the
sediments and is not re-oxidized to sulfate in the water. Groundwater input of oxidized iron and manganese is unlikely
because both forms are insoluble. Water received as intermittent surface flow across the forest floor may contain
oxidation capacity, but was not accounted for. Thus, the relative magnitude of hydrological CO, input and anaerobic

CO, formation requires further investigation.

Scaling of ecosystem size and function

Point estimations of CO» and O, fluxes from hundreds of Danish lakes showed that small lakes systematically acted as
CO; sources to the atmosphere, while larger lakes were mainly CO- sinks. The data were collected as part of the
national environmental program and samples were only collected during daytime. However, using a subset of the data
from late morning (8AM-12PM), where the concentrations approximates the diel mean (Sand-Jensen and Staehr 2007),
did not alter the resulting confidence ellipses or density distributions. The pronounced heterotrophy of small lakes, as
exemplified by the studied forest lakes, is driven by a large contact zone with the terrestrial surroundings and high input
of degradable organic material relative to lake surface area (hypothesis 3, Downing (2010)). In addition, lake primary
production is constrained by shading from terrestrial vegetation and colored dissolved organic matter (CDOM) in the
water. Higher CO, supersaturation, CO, efflux and CDOM concentrations and lower phytoplankton biomass and GPP

are also evident in the comparison of small forest lakes with small open land lakes (Sand-Jensen and Staehr 2007). In
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contrast to the forest lakes investigated here which had higher CO, efflux during summer, larger Danish lakes were
mainly CO; sinks, especially during summer. This is likely because they are mainly eutrophic, shallow and support high
phytoplankton production (Trolle et al. 2012). High phytoplankton production generates CO, undersaturation and high
pH, which facilitates chemically enhanced CO, uptake (Bade and Cole 2006). The number of samples was higher
during spring and summer, which may increase CO, uptake relative to CO, release in the annual balance, because CO-
uptake is promoted by plant growth during spring and summer, while CO, release is promoted by proportionally greater

organic degradation than photosynthesis during fall and winter.

For O, fluxes, the peaks in the density distributions of different lake sizes are not as well separated as CO, fluxes and
NEP. However, O, invasion dominated across all size classes, though O, evasion occurred periodically in both small
and large lakes during periods of intensive photosynthesis in spring and summer. This finding reflects that during
periods of net autotrophy (GPP > R) and O, efflux, CO, efflux may continue as a result of external CO, input, anaerobic
sediment respiration and CO, formation by calcium carbonate deposition (McConnaughey et al. (1994); Ca** + 2 HCO3
- CaCQO; + CO; + H,0). The imposed confidence ellipses for the Danish lakes gradually moved closer towards the
space with CO, evasion and O invasion as lake area decreased. This space was shared by the studied forest lakes in

which CO; evasion and O, invasion were very pronounced.

Conclusions

Four small forest lakes were markedly CO, supersaturated and emitted CO, to the atmosphere in all measurements.
High CO, emission was supported only in part by in-lake aerobic net ecosystem production, which suggests additional
CO; sources (e.g., hydrological CO, input and anaerobic respiration). This substantial deficit has been observed by
others and requires future focus. A national scale analysis showed that with decreasing lake surface area, CO, flux
increased and the relationship between CO, and O, flux moved towards excess CO; efflux. Despite the gas exchange
velocity generally increasing with lake surface area, higher CO, fluxes are sustained by marked CO- supersaturation in
small lakes. The national scale pattern revealed a shift from large eutrophic lakes with net O, release and net CO.
uptake to small lakes, forest lakes in particular, with net O, uptake and net CO, release, likely a consequence of

increasing input of dissolved CO; and organic matter from the tightly connected terrestrial environment to small lakes.
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Fig. 1 Map of study site and location (black) of the four small lakes in Grib Forest in North Zealand (Denmark with

Copenhagen shown in green). The study sites are shown in red and “M” is the meteorological station. Also shown are

streams and lakes in blue, wetlands in brown and elevation contour lines (2.5 m) in grey
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Fig. 2 High-frequency measurements of water temperature in four small forest lakes over the year. Lines are colored
according to their vertical position in the water column. In Lakes A and D, two five-day periods are provided as zoom

insets (red rectangles). Grey boxes show periods of ice cover

28



This is a post-peer-review, pre-copyedit version of an article published in Aquatic
Sciences. The final authenticated version is available online at:
https.//doi.org/10.1007/500027-019-0682-8

15000 - Lake B
10000 A
5000 | é &
8
0{ @00 Oo0@00®@O® 6 e e e T o o0 o0
~~ 15000 - Lake C
£
©
=1
—
£ 10000+
=]
n
%]
o
[o%
S 50001
E A’W\/\/ '\/Ar &
a ®
N
1
o 0 o 00 00000 MO O [ ] [ ] [ _J [} o0 oo
Lake D
30000 -
® Alkalinity
20000 O Floating chamber pCO,
10000 A
R R R S R R R
Aug Sep Oct Nov Dec Jan Feb Mar Apr May

Fig. 3 High-frequency measurements of CO, partial pressure (grey line) and daily mean (black line) in four small forest
lakes over the year. Days of water sampling for alkalinity measurements are marked (closed points) and measurements
of CO; partial pressure (open points) along with the mean atmospheric CO- partial pressure (dotted line). Gray boxes

show winter periods of ice cover
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Fig. 4 Floating chamber measurements of seasonal CO, emission from water to air in four small forest lakes. Box plots
show median (solid horizontal line), 25% and 75% quartile (upper and lower hinge), vertical lines extend 1.5 times the
inter-quartile range and observations outside this range are points. Number of observations is denoted below each box.

23 data points are outside (higher) than the shown y-axis range
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Fig. 5 Panel A. Relationship between kg (y-axis) and wind speed (x-axis) colored by site (Lake B as brown and C as

green). Points show measurements and lines show the fitted linear models by season.

Panel B. Predicted values from the fitted linear model plotted versus the observed values

Panel C. Box plots for each site comparing the observed ke values (this study) to ke values derived from four existing

models of differing complexity. Box plots show median (solid horizontal line), 25% and 75% quartile (upper and lower

hinge), vertical lines extend 1.5 times the inter-quartile range and observations outside this range are points
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mmol m? day™, colored by site. Points show observations superimposed by 95% confidence ellipses for each lake. The
dotted line is the 1:1 line for which the CO, efflux matches the O, influx or the generation of CO, by NEP (assuming a

respiratory quotient of 1)
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Fig. 8 CO: flux (y-axis, mmol m? day™) versus O, flux (x-axis, mmol m? day™) calculated from 4557 observations in

370 Danish lakes, which are colored according to three different surface area ranges (163 observations outside plotting

range). Number of observations/number of sites are in the parenthesis in the legend. Points show observations

superimposed by 95% confidence ellipses for each lake size range. Marginal plots show the density distributions for

CO:; flux (right) and O, flux (top). Mean values of the three lakes investigated in this study are also shown (B, C and D).

The dotted 1:1 line shows similar CO, efflux and O, influx
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Table 1 Size, chemical and optical characteristics of the investigated lakes over the year in Lake B and C and in September-October in Lake A and D. Values are
reported as: mean (standard deviation, number of determinations)

Maximum Light Ortho-
Variables Area depth Alkalinity pH attenuation CDOMuy Chla Total-P Total-N phosphate  Ammonium Nitrate
(unit)  (m?) (m) (meq L™) (m™) (m?) (ug L (gPLD  (ugNL™ (gPLD (pgNL™ (g NL™
Lake A 882 (#445,10)  1.1(0.1,10) 0.8(+0.1,9) 6(0.2,10947) 9.7 (45.5,77) 17 (1, 4) 23.9 (+37.6,4)  331(+30,3) 2271(+338,3) 151 (6,3) 255(+134,3) 20 (0, 3)
Lake B 6699 (+636,20) 1.4(£0.2,20) 1.4(+0.3,23) 7.2(£0.2,40570) 3.8(+1,307)  11.1(+2.1,9) 10.9(#8.1,10) 156 (+51,6) 2464 (+473,6) 58 (+43,6) 521 (+357,6) 224 (+197, 6)
Lake C 4965 (+48,21)  1.4(0.1,21) 1.1(x0.1,23) 7.2(+0.1,17883) 5.7 (+3.4,228) 7 (+1.4,8) 19.6 (+24.5,10) 140 (+47,6) 1369 (+286,6) 47 (+37,6) 152 (+119,6) 52 (£55, 6)
LakeD 369 (77, 9) 1(£0.1,9) 3.4(£0.5,6)  7.6(0.2,14206) 9.6(6.5,35) 9.3 (x1.1,4)  8(x12.2, 4) 128 (£23,3) 1808 (£306,3) 25 (£16,3) 207 (£115,3) 70 (£50, 3)
Table 2 Water temperature, oxygen saturation, daily mean air-water gas fluxes (using pCO- estimated from pH and alkalinity) and daily metabolism of the investigated
lakes over the year in Lake B and C and in September-October in Lake A and D. The intercept and the slope are estimated from the relationship R-GPP (model II
regression, normalized to 20 °C). Values are reported as: mean (standard deviation, number of determinations)
Water Dissolved
Variables Temperature oxygen CO:; flux O, flux GPP NEP R Intercept Slope
(unit) (({9) (%) (mmol m? day') (mmol m?day') (mmolm®day’) (mmolm?*day’) (mmolm?day’) (mmolm?day")
Lake A 15.1(+2.4, 14631) 15 (+14, 14631)
Lake B 11.4(+7.6,48424) 59 (28, 48424) 103 (+23,158)  -67 (+29, 233) 63 (£67, 209) -33 (34, 209) 96 (£77, 209) 1.8 (1.4-2.2) 1.1 (1-1.2)
Lake C  10.2 (7.1, 47424) 67 (26, 47424) 96 (+38, 105) -65 (+49, 226) 53 (44, 176) -38 (£36, 176) 91 (£51, 176) 2.4 (1.7-2.9) 1.2 (1.1-1.4)
LakeD  16.1(+2.7,13510) 42 (19, 13510) 146 (+88, 63) -76 (18, 92) 64 (£65, 71) -71 (46, 71) 135 (+88, 71) 4.2 (3-5.1) 1.4 (1.2-1.6)




