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Abstract Estimates of global methane (CH4) emissions from lakes and the contributions of different
pathways are currently under debate. In situ methanogenesis linked to algae growth was recently
suggested to be the major source of CH4 fluxes from aquatic systems. However, based on our very large data
set on CH4 distributions within lakes, we demonstrate here that methane-enriched water from shallow water
zones is the most likely source of the basin-wide mean CH4 concentrations in the surface water of lakes.
Consistently, the mean surface CH4 concentrations are significantly correlated with the ratio between the
surface area of the shallow water zone and the entire lake, fA,s/t, but not with the total surface area. The
categorization of CH4 fluxes according to fA,s/tmay therefore improve global estimates of CH4 emissions from
lakes. Furthermore, CH4 concentrations increase substantially with water temperature, indicating that
seasonally resolved data are required to accurately estimate annual CH4 emissions.

1. Introduction

Lakes are considered to be major natural sources of methane (CH4), contributing a large fraction of the global
CH4 emissions to the atmosphere [Michmerhuizen and Striegl, 1996; Luyssaert et al., 2012; Bastviken et al.,
2011]. However, the quantification of the global CH4 emissions from lakes and the controls and contributions
of the different CH4 pathways from aquatic systems to the atmosphere are currently studied worldwide
[Bastviken et al., 2011; Hofmann, 2013; Grossart et al., 2011; Prairie and del Giorgio, 2013; Bogard et al., 2014;
Tang et al., 2014; Blees et al., 2015; Encinas Fernández et al., 2014].

Global emissions of CH4 are typically estimated by categorizing CH4 emissions per unit surface area according
to lake size andmultiplying these areal CH4 emissions by the global surface area of lakes within the respective
size category [Bastviken et al., 2011; Bastviken et al., 2004; Kirschke et al., 2013]. Therefore, global CH4 emissions
from lakes depend on the estimated global surface area of lakes in different size categories [Bastviken et al.,
2011; Cole et al., 2007; Conrad, 2009; Downing et al., 2006; McDonald et al., 2012]. Furthermore, the estimates
of areal CH4 emissions are complicated by the large spatial heterogeneity of CH4 emissions [Hofmann, 2013;
Blees et al., 2015;Murase et al., 2005] and the multiple pathways and sources that can contribute to CH4 emis-
sions [Grossart et al., 2011; Prairie and del Giorgio, 2013; Bogard et al., 2014; Bastviken et al., 2004; Karl and
Tilbrook, 1994; Walter et al., 2007; DelSontro et al., 2011; Carmichael et al., 2014; Carini et al., 2014].

CH4 in lakes mainly originates from anaerobic carbon mineralization in anoxic sediments [Segers, 1998]. Most
of the CH4 produced in anoxic sediments is oxidized by methanotrophic bacteria at anoxic-oxic interfaces
[Conrad, 2009; Bastviken et al., 2002; Utsumi et al., 1998a; Utsumi et al., 1998b]. Observations from several lakes
show that in the oxic epilimnion, CH4 concentrations are typically oversaturated and higher than in the oxic
hypolimnion [Luyssaert et al., 2012; Bogard et al., 2014; Blees et al., 2015; Schulz et al., 2001]. This phenomenon,
called the “methane paradox” [Reeburgh, 2007], has been taken as an indication of the in situ production of
CH4 in oxic waters [Bogard et al., 2014; Schulz et al., 2001]. Anoxic microzones were proposed as sites of in situ
CH4 production in generally oxic waters [Schulz et al., 2001]. Methanogenic Archaea attached to photoauto-
trophs were detected and identified as possible candidates responsible for causing elevated CH4 concentra-
tions in the oxic metalimnion [Grossart et al., 2011]. Recently, it has been suggested that methanogenesis in
oxic surface waters is closely linked to algal dynamics and driven by acetoclastic production [Bogard et al.,
2014]. A positive correlation between CH4 and Chl-a concentrations across diverse open-water aquatic eco-
systems was presented as support of this hypothesis [Bogard et al., 2014]. The possible metabolic pathways
for CH4 production in oxic waters and field evidence of oxic methane production have recently been
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reviewed by Tang et al. [2016]. These authors conclude that oxic methane production may be an important
source of CH4 in lakes but the fate of the produced methane and its relevance for the overall methane emis-
sions from lakes requires additional research. According to Bogard et al. [2014], “oxic water methanogenesis is
a significant component of the overall CH4 budget in a small, shallow lake” and “this pathway (oxic water
methanogenesis) may be the main CH4 source in large, deep lakes …”

However, elevated CH4 concentrations in oxic surface waters of the pelagic zone do not necessarily originate
from the in situ production of CH4 but could alternatively be explained by the lateral transport of CH4 from
littoral zones [Hofmann, 2013; Bastviken et al., 2004; Rudd and Hamilton, 1978; Murase et al., 2003]. CH4 con-
centrations in the littoral zone (here, the shallow water zone) can be expected to be particularly high because
the production rate of CH4 in anoxic pore waters of sediments increases with temperature [Murase et al.,
2005; Bastviken et al., 2008], and temperatures are higher in littoral than profundal sediments.
Furthermore, CH4-rich pore water in littoral sediments is regularly released into the water column during
resuspension events associated with surface waves [Hofmann et al., 2010]. In this study, we utilize one of
the world’s largest data sets on CH4 distributions within lakes to test whether CH4 from shallow water zones
(hypothesis A) or the in situ production of CH4 in oxic surface water, i.e., production within the anoxic micro-
zones and production due to methanogenic bacteria (hypothesis B), is the more likely explanation for the
methane paradox. If CH4 from the shallow water zone is the major source of the CH4 in the surface water
of the deepwater zone, (a) CH4 concentrations in the shallow water zone must be higher than in the deep-
water zone and (b) the ratio of CH4 from the shallow water zone to CH4 from the deepwater zone, fCH4,s/d,
should increase with increasing surface area of the deepwater zone because CH4 introduced from the shallow
water zone is more strongly diluted in a larger deepwater zone. In contrast, if the dominant source of CH4 in
the surface water is in situ production, one does not necessarily expect significant differences between CH4 in
shallow water and deepwater zones, and an increase in the ratio fCH4,s/d with increasing surface area of the
deepwater zone cannot be easily explained. If the in situ production of CH4 is linked to Chl-a [Bogard et al.,
2014], CH4 concentrations in individual lakes should vary with seasonal changes in Chl-a, whereas the trophic
state of a lake, i.e., the annual mean biomass, may influence both the oxic in situ production of CH4 and the
CH4 concentrations in the shallow littoral zone via production in the sediments.

2. Methods
2.1. Study Sites

Sampling was conducted in nine basins in seven lakes (Königseggsee, Rohrsee, Illmensee, Mindelsee, Lower
Lake Constance (LLC), Lake Ammer, and Upper Lake Constance (ULC)) located in southwest Germany
(Table 1). The total surface areas of the studied basins range from 0.16 to 64.69 km2, and shallow areas with
water depths of less than 6m represent between 9% and 100% to the total surface area of the different basins.

2.2. Field Measurements

BetweenApril 2011 and June 2014, the horizontal distributions of CH4 concentrations in the surfacewater (1m
waterdepth)weremeasured ineachof thebasins, in somecasesmultiple times.Detailsof the samplingstations
andwater sample analysis are provided in Table S1 and Figures S4–S12 in the supporting information. In three

Table 1. Morphometric Properties of the Investigated Lakes and Lake Basins

Lake
Total Area
At (km

2)
Shallow Area

As (km
2)

Deep Area
Ad (km

2)
Ratio of Areas

fA,s/t (%)
Maximum Depth

Dmax (m)

Königseggsee 0.16 0.06 0.10 36 9.6
Rohrsee 0.55 0.55 0 100 2
Illmensee 0.64 0.16 0.49 24 16.5
Mindelsee 1.05 0.29 0.76 28 13.5
Lower Lake Constance northern basin 13.44 6.18 7.26 46 21.34
Lower Lake Constance central basin 16.92 6.13 10.79 36 23.6
Lower Lake Constance southern basin 31.46 12.56 18.9 40 42.64
Lake Ammer 45.99 6.91 39.08 15 81
Upper Lake Constance 64.69 6.00 58.68 9 175

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003586

ENCINAS FERNÁNDEZ ET AL. SHALLOW WATER ZONES ARE THE MAJOR SOURCES OF CH4 IN THE OPEN SURFACE WATER OF LAKES 2718



lakes (Königseggsee: March 2013 to October 2014, Illmensee: March 2013 to October 2014, and Mindelsee:
May 2012 to October 2013), the vertical profiles of CH4 concentration were measured with a 1m vertical
resolution at least once a month at the deepest station of the lake (Table S2 and Figures S4, S6, and S7).

All water samples for CH4 analysis were collected with a 2 L sampler (Limnos, Rossinkatu 2 E17, Turku, Finland)
and then transferred into 122mL serum bottles [Hofmann et al., 2010]. The vertical profiles of Chl-aweremea-
sured with a multispectral Fluoroprobe (Moldenke FluoroProbe, MFP). Additionally, vertical profiles of depth
and temperature were measured with a multiparameter probe (CTD probe, RBR Ltd., Ottawa, Canada) at a
sampling frequency of 6Hz.

2.3. Laboratory Measurements

The CH4 concentrations of the water samples were analyzed using the headspace method [Hofmann et al.,
2010] and a gas chromatograph with a flame ionization detector (GC 6000, Carlo Erba Instruments). The
GC was calibrated every five water samples using gas standards of 10, 50, and 100 ppm (Air Liquide). On aver-
age, the concentration measurements of replicate samples varied by <5%.

2.4. Numerical Analysis and Statistics

In our analysis, we separated each basin into a shallow water zone (water depth<6m) and a deepwater zone
(water depth ≥6m). The ratio between the surface area of the shallow water zone (As) and the total surface
area of the lake, At, is the aspect ratio defined as fA,s/t=As/At. The surface water CH4 concentrations in the shal-
low water zone (CH4,s), deepwater zone (CH4,d), and entire lake (CH4,t) were determined for each individual
horizontal survey by averaging all of the measurements available for the respective zone. Furthermore, an
additional estimator of the basin-wide mean CH4 concentration (CH4,w) was determined using a surface-area
weighted average of CH4 from shallow water and deepwater zones: CH4,w= (As · CH4,s+ Ad CH4,d)/At, where Ad
is the surface area of the deepwater zone. The variance of all the CH4 concentrations measured during an
individual horizontal survey (VCH4) is taken as a measure of the horizontal heterogeneity of CH4.

Linear regression and t tests were used to investigate the relationship betweenmorphometric properties and
CH4,t as well as the ratio fCH4,s/d= CH4,s/CH4,d measured during different campaigns and in different basins.

Multiple linear models (MLMs) were applied to assess the relationships between the basin-wide mean surface
CH4 concentration (CH4,t) as a dependent variable and the total surface area of the lake (At), the aspect ratio
(fA,s/t), and the water temperature at a water depth of 1m (T) as independent variables. Additionally, MLMs
were used to investigate the relationship between the seasonal development of CH4 concentrations, tem-
perature, and Chl-a concentrations within the lakes using time series of averaged data from the first 6m of
the water column as measured at the deepest station in Königseggsee, Illmensee, andMindelsee. In the latter
analysis, we only considered data from the stratified period from May to October and thereby deliberately
excluded time periods of fall overturn. In all applications using MLM, the data on CH4 and Chl-a concentra-
tions were logarithmized prior to analysis.

The statistical analyses were performed using MATLAB.

3. Results
3.1. Properties of Methane Concentration Distributions as Measured in Different Basins

In all the basins, surface CH4 concentrations were horizontally heterogeneous and sensitive to the 1m deep
surface water temperature (Figure 1 and Table S1). Themedian values and the range of CH4 concentrations in
the horizontal distributions differ substantially between lake basins and for different surface water tempera-
tures (Figure 1). In the comparatively small lakes, Königseggsee, Illmensee, and Mindelsee, the CH4 concen-
trations ranged between ~0.06 and ~3.9μM (Figures 1a, 1b, and 1d). In the similarly sized but very shallow
Rohrsee, the CH4 concentrations exhibited the greatest variability (~0.4 and ~20μM; Figure 1c) and the high-
est maximum lake-wide median concentration (~8.7μM). In the three basins of LLC and in Lake Ammer,
which have larger surface areas than that of Rohrsee, the CH4 concentrations were lower than those in
Rohrsee and ranged between 0.5 and 16μM (Figures 1e–1h). The lowest CH4 concentrations (median
0.14μM) and the lowest horizontal heterogeneity in the CH4 concentrations (VCH4< 0.05μM2) of all basins
were measured in ULC (Figure 1i), the largest and deepest basin with the smallest fA,s/t. In the basins in which
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several surveys were conducted at different temperatures, the greatest variability and the highest median
CH4 concentrations were observed during the summer season, when temperatures were high (Figures 1a,
1c, 1e, and 1f). An exception is the horizontal heterogeneity in the CH4 concentrations in Illmensee, which
peaked in late fall (VCH4~0.48μM

2) during overturn (Figure 1b).

3.2. CH4 Concentrations in the Shallow Water and Deepwater Zones of the Different Basins

The CH4 distributions of the individual surveys in all the basins, as shown in Figure 1, were analyzed further by
distinguishing between measurements in shallow water and deepwater zones and averaging the respective
CH4 concentrations to obtain CH4,s, CH4,d, CH4,t, and CH4,w. The two different estimates of the mean basin-
wide methane concentrations, CH4,t and CH4,w, are highly correlated (p value <0.001, R2 = 99.96%) and have
essentially the same values (the coefficients of the regression line are a=�0.009μM and b= 0.999; Figure 2a
and Table 2a). Therefore, statistical analyses involvingmean basin-wide CH4 concentrations provide the same
results regardless of whether they use CH4,t or CH4,w. The excellent agreement between CH4,t and CH4,w indi-
cates that the sampling stations associated with the different surveys of the different basins provide repre-
sentative coverage, with the number of samples from shallow water and deepwater zones being
proportional to their respective surface areas.

Across diverse lake morphologies and seasons (as indicated by water temperature), the horizontal heteroge-
neity in the CH4 concentration increases with the lake-wide average CH4 concentration; i.e., log(VCH4) and log
(CH4,t) are positively correlated (p value<0.001, R2 = 80%). According to the regression model, VCH4 increases

Figure 1. Properties of the horizontal distributions of CH4 concentrations in different basins and seasons. Box plots of the
CH4 concentrations (μM) measured at 1m water depth in (a) Königseggsee, (b) Rohrsee, (c) Illmensee, (d) Mindelsee,
(e) Lower Lake Constance (northern basin), (f) Lower Lake Constance (central basin), (g) Lower Lake Constance (southern
basin), (h) Lake Ammer, and (i) Upper Lake Constance. Multiple surveys conducted in a single basin are sorted according to
the average surface water temperature (°C). The box plots indicate themedian value and the 5% and 95% percentiles of the
CH4 concentrations measured during the survey. The outliers are indicated by grey dots. For more detailed information on
the sampling dates and the sampling stations in each lake, see Table S1and Figures S4–S12.
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slightly more rapidly than quadratic with CH4,t

(Figure 2b and Table 2b). Thus, the standard deviation
of the CH4 concentrations measured during individual

surveys (
ffiffiffiffiffiffiffiffiffiffi

VCH4
p

) is approximately proportional to CH4,t,
which supports the suitability of using the logarithm
of CH4,t in correlation analyses and MLM.

In all the basins, the ratio fCH4,s/d is on average larger
than 1, suggesting that the mean CH4 concentration
in the shallow water zone is typically larger than the
mean CH4 concentration in the deepwater zone. The
values of fCH4,s/d in the different surveys in each basin
range from (in brackets are mean values) 0.72 to 1.14
(1.03), 0.78 to 2.08 (1.17), and 1.35 in Königseggsee,
Illmensee, and Mindelsee, respectively. Larger values
of fCH4,s/d were observed in the northern, central, and
southern basins of LLC and in Lake Ammer: 0.87–1.41
(1.16), 0.97–1.45 (1.23), 2.02–2.08 (2.05), and 1.38,
respectively. The deepest and largest basin, ULC, has
the largest value of fCH4,s/d=3.18 of all the lakes.
According to a t test, the mean fCH4,s/d for the different
basins is significantly larger than 1 (p value <0.05).
Furthermore, the mean fCH4,s/d value significantly
increased with the surface area of the deepwater zone
(p value<0.05, R2 = 68%). Rohrsee was not included in
this analysis because it does not have a deepwater
zone. If Ad becomes very small, i.e., Ad→ 0, fCH4,s/d is
expected to approach 1 because transport andmixing
will readily remove differences in CH4 concentrations
between thedeepwater zoneand theadjacent shallow
water zone.Considering themean fCH4,s/dvalue fromall
basinsexceptRohrseeand forcing the linear regression
through fCH4,s/d= 1 at Ad= 0 (Table 2c) reveals a signifi-
cant positive relationship between fCH4,s/d and Ad
(p value<0.005, R2 = 71%).

Figure 2. Relationship between the basin-wide mean CH4
concentration and two different variables. (a) Basin-wide
areal weighted average CH4 concentration (CH4,w) versus
basin-wide mean CH4 concentration (CH4,t). The line
represents the linear model considering the CH4,w as a
dependent variable and the CH4,t as an independent
variable (Table 2a). (b) Basin-wide variance of surface
concentrations (VCH4) versus the basin-wide mean CH4
concentration (CH4,t). The line represents the results from
the application of a linear model with VCH4 and CH4,t as
independent variables (Table 2b).

Table 2. Assessment of the Relationship Between CH4 Concentrations and Lake Morphology, Temperature, and Chl-a Concentrations

Linear Models

a (μM) b p Value R2 (%) NRMSE (%)

(a) CH4,w = a + b · CH4,t �0.009 0.999 <0.001 100 0.5
(b) VCH4 = a + b · CH4,t �1.80 2.22 <0.001 80.9 11.99
(c) fCH4,s/d = a + b · Ad 1 3.03 × 10�8

<0.01 71.0 19.21

MLM considering CH4,t, At, fA,s/t, and T
a b (m�2) c (°C�1) p value for At or fA,s/t p value for T R2 (%) NRMSE (%)

(d1) ln(CH4,t) = a + b · At 0.17 �7.47 × 10�9 0.57 0.01 26.26
(d2) ln(CH4,t) = a + b · At + c · T �0.94 �1.49 × 10�8 0.08 0.24 0.02 17.4 24.37
(e1) ln(CH4,t) = a + b · fA,s/t �0.99 2.27 <0.01 38.1 20.77
(e2) ln(CH4,t) = a + b · fA,s/t + c · T �2.61 2.66 0.1 <0.01 <0.01 63.7 16.16

MLM applied to seasonal data of CH4,0–6 m, Chl-a,0–6 m, and T0–6 m
(f) ln(CH4,0–6 m) = a + b · ln(Chl-a,0–6 m ) + c · T0–6 m

a b (�) c (°C�1) p value for Chl-a,0–6 m p value for T0–6 m R2 (%) NRMSE (%)
Königseggsee �1 �0.6 0.13 0.05 <0.01 76.1 18.15
Illmensee �3.14 0.7 0.09 0.04 <0.01 83.7 13.38
Mindelsee �2.9 �0.05 0.13 0.91 0.05 29.4 21.62

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003586

ENCINAS FERNÁNDEZ ET AL. SHALLOW WATER ZONES ARE THE MAJOR SOURCES OF CH4 IN THE OPEN SURFACE WATER OF LAKES 2721



3.3. Relationship Between CH4,
Morphometry, Chl-a, and
Water Temperature

The relationship between the surface
water CH4 concentrations and lake
morphometry was assessed using
MLM that consider the basin-wide
mean CH4 concentrations at a 1m
water depth (CH4,t), the morpho-
metric parameters At and fA,s/t, and
the basin-wide mean water tempera-
ture at 1m water depth (T). The
application of MLM reveals that ln
(CH4,t) is not correlated with the total
surface area At (p value >0.5) and
that At could only explain less than
1% of the variance in ln(CH4,t)
(Table 2d1 and Figure 3a). Including
T as an additional independent vari-
able in the model (Table 2d2 and
Figure 3b) increases the explained
variance to ~17%. However, this
increase in explained variance results
fromasignificant correlationbetween
ln(CH4,t) and T (p value <0.02),
whereas ln(CH4,t) andAt remainuncor-
related (p value >0.2; Table 2d2 and

Figure 3b). In contrast to the morphometric parameter At, the ratio fA,s/t is significantly correlated with ln
(CH4,t) (p value<0.01), explaining 38% of the variance in ln(CH4,t) (Table 2e1 and Figure 3c). The MLM consid-
ering fA,s/t and T as independent variables (Table 2e2 and Figure 3d) even explains 64% of the variance in ln
(CH4,t) and indicates a significant correlation between ln(CH4,t) and both of the independent variables fA,s/t
and T (p value <0.01 in both cases; Table 2e2 and Figure 3d). The coefficient c describing the dependence
of ln(CH4,t) on T is positive (c=0.1°C�1; Table 2e2), suggesting that the average basin-wide surface CH4 con-
centrations increase exponentially with the surface water temperature.

The relationship between CH4 and Chl-a concentrations was investigated with MLM separately considering
individual lakes, i.e., Königseggsee, Illmensee, and Mindelsee, and using seasonally resolved and vertically
averaged (mean of the top 6m) data on CH4 concentrations (CH4,0–6 m), Chl-a concentrations (Chl-a,0–6 m),
and water temperatures (T0–6 m).

According to the MLM applied to the data from Königseggsee, ln(CH4,0–6 m) is significantly correlated with ln
(Chl-a,0–6 m) and with T0–6 m (p value ~0.05 and p value <0.01, respectively; Table 2f and Figure 4a). The MLM
explains ~76% of the variance of ln(CH4,0–6 m) (Table 2f). Coefficient b describing the slope of the relationship
between ln(CH4,0–6 m) and ln(Chl-a,0–6 m) is negative (b=�0.60; Table 2f), suggesting that the CH4 concentra-
tions increase with T0–6 m but decrease with increasing Chl-a concentrations.

In the case of the data from Illmensee, the MLM also indicate that ln(CH4,0–6 m) is significantly correlated with
ln(Chl-a,0–6 m) and with T0–6 m (p value = 0.04 and p value <0.01, respectively; Table 2f and Figure 4b). The
MLM explains ~84% of the variance in ln(CH4,0–6 m; Table 2f). However, coefficient b is positive in Illmensee
(b= 0.69; Table 2f), suggesting that the CH4 concentrations increase with increasing Chl-a concentrations,
which is the opposite of the results for Königseggsee.

In Mindelsee, ln(CH4,0–6 m) is not significantly correlated with ln(Chl-a,0–6 m) (p value >0.9; Table 2f and
Figure 4c) but is with T (p value ~0.05; Table 2f). Temperature explains ~30% of the variance in the ln
(CH4,0–6 m) time series (Table 2f).

Figure 3. Comparison of measured basin-wide mean CH4 concentrations
with results from MLM using morphometric parameters and temperature
as independent variables. The different plots depict the results from MLM
considering the logarithm of CH4,t (μM) from the different basins as a
dependent variable and (a) At, (b) At and T, (c) fA,s/t, and (d) fA,s/t and T as
independent variables. The coefficients and the performance of the different
MLM are provided in Tables 2d and 2e.
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Hence, the MLMs provide three opposing results
with respect to the relationship between CH4

and Chl-a concentrations: a significant negative
correlation in Königseggsee, a significant posi-
tive correlation in Illmensee, and no correlation
in Mindelsee.

With respect to the relationship between ln
(CH4,0–6 m) and T0–6 m, the MLMs provide consis-
tent results for the three lakes: the coefficient
c describing the slope of the relationship
between ln(CH4,0–6 m) and T0–6 m is positive in
all the three lakes (c= 0.13°C�1, c= 0.09°C�1,
and c= 0.13°C�1, respectively), indicating that
the CH4 concentrations increase exponentially
with water temperature.

4. Discussion

The CH4 concentration distributions as mea-
sured in the surface water of all basins are spa-
tially heterogeneous (Figure 1), supporting the
findings of earlier studies [Hofmann, 2013; Blees
et al., 2015; Murase et al., 2005] that demon-
strated that individual measurements from lakes
may result in misleading estimates of mean
basin-wide CH4 concentrations and emissions
[Hofmann, 2013]. The heterogeneity of the CH4

concentrations in the horizontal distributions
increases with increasing CH4,t (Figure 2b).
Therefore, spatially resolved measurements are
required to reduce uncertainties in the estimate
of the mean basin-wide CH4 concentration,
especially in lakes with high CH4 concentrations.

The spatial distributions of CH4 confirm that in all
the basins, the average surface CH4 concentra-
tions are higher in the shallow water zone than
in the deepwater zone (Table S1). Thus, a funda-
mental requirement of hypothesis A, i.e., that
CH4 from shallow water zones is a major source
of the CH4 concentrations in the surface water
of the deepwater zone, is fulfilled. The compara-
tively high CH4 concentrations in the shallow
water zones can be explained by the frequent
release of CH4-rich pore water during resuspen-

sion events (Figure S2) associated with hydrodynamic forcing in shallow waters [Hofmann et al., 2010] and
by high anaerobic CH4 production in the sediments due to the comparatively high temperatures at shallow
water depths [Murase et al., 2005; Bastviken et al., 2008; Thebrath et al., 1993]. Moreover, since temperature
dependence of CH4 production is larger than the one from CH4 oxidation [Dunfield et al., 1993], the input
of CH4 from the shallow anoxic sediments and thus from the shallow water zone would be even more pro-
nounced with increasing temperature.

According to hypothesis A, CH4-rich water is transported from the shallow water zone to the deepwater
zone and diluted within the deepwater zone. Because vertical mixing across the thermocline is greatly

Figure 4. Illustration of the relationship between CH4,0–6 m and
Chl-a,0–6 m. Thisfigure comparesCH4 concentrationsnormalized
for temperature effects (CH4,0–6 m e�cT0–6 m) with Chl-a,0–6 m
concentrations measured in 2 years during the stratified period
(March to October) in (a) Königseggsee, (b) Illmensee, and (c)
Mindelsee. Normalized CH4 concentrations were calculated
frommeasured CH4,0–6 m concentrations (blue circles) and from
CH4 concentrations estimated (red circles) from the results of a
MLM considering the logarithm of measured CH4,0–6 m as a
dependent variable and the logarithm of Chl-a,0–6 m and T0–6 m
as independent variables (Table 2f). The temperature normali-
zation was based on the relationship between ln(CH4,0–6 m) and
T0–6 m obtained from this MLM (coefficient c; Table 2f).
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reduced under stratified conditions (Figures S1 and S2a), the lateral transport of CH4-rich water from shallow
water to deepwater zones should lead to elevated near-surface CH4 concentrations in the deepwater zone,
thus explaining the methane paradox. The dilution of CH4 in the deepwater zone increases with increasing
horizontal extent of the deepwater zone. Therefore, the ratio between the CH4 concentrations in the shallow
water and deepwater zones should increase with the surface area of the deepwater zone. This implication of
hypothesis A is supported by the significant positive correlation between fCH4,s/d and Ad (Table 2c).

According to hypothesis B, the dominant source of CH4 in surface waters of lakes is the in situ production of
CH4 within the oxic water column. In situ production in the deepwater zone could explain the methane para-
dox if the in situ production of CH4 is larger near the lake surface than in deeper layers. However, the obser-
vation of significant differences between CH4,s and CH4,d cannot be easily explained if hypothesis B is true
because near the water surface, the distribution of both, the anoxic microzones and the methanogenic
Archaea, is expected to be similar in the shallow water and deepwater zones. Even more difficult to explain
is why the ratio fCH4,s/d increases with Ad if the CH4 production in the water column is responsible for the CH4

concentrations in the surface water of the deepwater zone.

To support the link between oxic water columnmethanogenesis and algal dynamics, Bogard et al. [2014] pre-
sented a positive correlation between the logarithms of CH4 and Chl-a concentrations. However, the correla-
tion analysis was based on a data set combining measurements from open oceans, several freshwater lakes,
andmesocosm experiments. Considering only their data for freshwater lakes, the logarithms of CH4 and Chl-a
concentrations are not correlated (p value>0.01; R2 = 10% using all the data for freshwater lakes from Bogard
et al. [2014]). The data therefore do not provide evidence for the link between oxic in situ production of CH4

and algal dynamics in lakes. Furthermore, a correlation between CH4 and Chl-a concentrations is not conclu-
sive to support such a link because sediment-borne CH4 may also be correlated with Chl-a concentrations, as
organic material is the source of anaerobic CH4 production in the sediments. However, in contrast to CH4 pro-
duction in sediments, methanogenesis in oxic waters linked to algal dynamics should depend not only on the
annual mean concentrations of Chl-a but also on the seasonal changes in Chl-a, e.g., increases during spring
bloom development and decreases thereafter during the clear water phase. However, our seasonally
resolved data from three lakes do not show a consistent relationship between CH4 and Chl-a concentrations
(Figure 4 and Table 2f).

The above discussion indicates that our data are consistent with hypothesis A but are comparatively difficult
to explain with hypothesis B and do not provide evidence for in situ CH4 production in oxic waters linked to
algal dynamics in lakes. Hypothesis A assumes that the shallow water zone is a major source of CH4 in lakes
and consequently implies that basin-wide mean surface CH4 concentrations do not necessarily depend on
the surface area of the lake but rather on the relative contribution of the surface area of the shallow water
zone to the surface area of the entire lake. This implication of hypothesis A is confirmed by our results from
MLM. The MLMs indicate that the logarithm of CH4,t is not correlated with At but with the aspect ratio fA,s/t,
thus further indicating that the shallow water zones contribute a major fraction of the overall CH4 concentra-
tions in lakes.

The flux of CH4 to the atmosphere depends on the gas exchange velocity k, the atmospheric equilibrium con-
centration of CH4 at the surface water’s temperature and salinity (CH4,equ), and the surface water concentra-
tion of CH4. Distinguishing between shallowwater and deepwater zones suggests that the average CH4 flux is
given by FCH4= (ks As · (CH4,s� CH4,equ) + ks Ad · (CH4,d� CH4,equ))/At, where ks and kd are the gas exchange
velocities in the shallow water and deepwater zones, respectively. Assuming that ks and kd are approximately
the same and using CH4,w≈ CH4,t (Table 2a), FCH4= ks(CH4,t� CH4,equ). Thus, the conclusion that fA,s/t rather
than At is a better predictor of CH4,t also applies to the average basin-wide diffusive flux of CH4 into the atmo-
sphere. Note that not only CH4 concentrations but also ebullition fluxes are elevated in the shallow water
zone [Bastviken et al., 2004]. In shallow sediments, the oversaturation required for the development of gas
bubbles is less than in deep sediments because of the differences in hydrostatic pressure. Furthermore,
the high temperatures in shallow water zones support a higher production of CH4. Thus, ebullition may also
be related to fA,s/t, and the estimates of lake-wide CH4 fluxes due to diffusion and ebullition may benefit from
a categorization according to the aspect ratio fA,s/t rather than using At, as is commonly done in estimations of
global emissions from lakes [Bastviken et al., 2004; Bastviken et al., 2011].
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Our data indicate a significant correlation between CH4 concentrations and water temperature, consistent
with Marotta et al. [2014] and Yvon-Durocher et al. [2014]. Neglecting temperature compilations in CH4 data
sets and their statistical analysis [e.g., Bogard et al., 2014] may lead to unreliable conclusions. The application
of MLM to the surface data from several basins and to the seasonal data from individual lakes suggests that
CH4 concentrations increase exponentially with T at a rate of 0.09–0.13°C�1. This increase implies that an
increase of T from 4 to 20°C would change the CH4 concentrations by a factor of 4 to 8. Undersampling in
the cold winter season and averaging the available data on CH4 emissions may therefore lead to an overes-
timation of the annual mean CH4 emission.

5. Conclusion

In summary, the correlation analysis of CH4 and Chl-a does not provide evidence for methanogenesis in oxic
water columns linked to algal production in lakes, indicating that this process is not as important for lacus-
trine CH4 emissions as recently suggested [Bogard et al., 2014]. CH4 from shallow water zones in lakes is an
important source of CH4 concentrations in the surface water of deepwater zones [Hofmann, 2013;
Bastviken et al., 2004; Murase et al., 2005]. Consistent with this finding, the ratio of the surface area of shallow
water zones to the overall surface area is a better predictor of basin-wide CH4 concentrations than the total
surface area itself. CH4 concentrations increase exponentially with water temperature, which implies that
compilations of CH4 data in large data sets and their statistical analysis must consider water temperature
in order to provide meaningful results.

Our data indicate that global estimates of CH4 emissions from lakes require seasonally and spatially resolved
CH4 data and that methanogenesis in oxic water columns is not linked to algal growth. Furthermore, the CH4

generated in shallow water zones is a major source of basin-wide diffusive CH4 emissions from lakes.
Statistical analyses of our data consistently suggest that a categorization of CH4 fluxes according to the ratio
between the surface area of the shallow water zone and the total surface area may help to improve global
estimates of CH4 emissions from lakes.

References
Bastviken, D., J. Ejlertsson, and L. J. Tranvik (2002), Measurement of methane oxidation in lakes: A comparison of methods, Environ. Sci.

Technol., 36(15), 3354–3361, doi:10.1021/es010311p.
Bastviken, D., J. Cole, M. Pace, and L. Tranvik (2004), Methane emissions from lakes: Dependence of lake characteristics, two regional

assessments, and a global estimate, Global Biogeochem. Cycles, 18, GB4009, doi:10.1029/2004GB002238.
Bastviken, D., J. J. Cole, M. L. Pace, and M. C. van de Bogert (2008), Fates of methane from different lake habitats: Connecting whole-lake

budgets and CH4 emissions, J. Geophys. Res., 113, G02024, doi:10.1029/2007JG000608.
Bastviken, D., L. J. Tranvik, J. A. Downing, P. M. Crill, and A. Enrich-Prast (2011), Freshwater methane emissions offset the continental carbon

sink, Science, 331(6013), 50, doi:10.1126/science.1196808. [Available at www.sciencemag.org.]
Blees, J., H. Niemann, M. Erne, J. Zopfi, C. J. Schubert, and M. F. Lehmann (2015), Spatial variations in surface water methane super-saturation

and emission in Lake Lugano, southern Switzerland, Aquat. Sci., 77, 535–545, doi:10.1007/s00027-015-0401-z.
Bogard, M. J., P. A. del Giorgio, L. Boutet, M. C. Garcia Chaves, Y. T. Prairie, A. Merante, and A. M. Derry (2014), Oxic water column metha-

nogenesis as a major component of aquatic CH4 fluxes, Nat. Commun., 5, 5350, doi:10.1038/ncomms6350.
Carini, P., A. E. White, E. O. Campbell, and S. J. Giovannoni (2014), Methane production by phosphate-starved SAR11 chemoheterotrophic

marine bacteria, Nat. Commun., 5, 4346, doi:10.1038/ncomms5346.
Carmichael, M. J., E. S. Bernhardt, S. L. Braeuer, and W. K. Smith (2014), The role of vegetation in methane flux to the atmosphere: Should

vegetation be included as a distinct category in the global methane budget?, Biogeochemistry, 119(1-3), 1–24, doi:10.1007/s10533-014-
9974-1.

Cole, J. J., et al. (2007), Plumbing the global carbon cycle: Integrating inland waters into the terrestrial carbon budget, Ecosystems, 10(1),
171–184, doi:10.1007/s10021-006-9013-8.

Conrad, R. (2009), The global methane cycle: Recent advances in understanding the microbial processes involved, Environ. Microbiol. Rep.,
1(5), 285–292, doi:10.1111/j.1758-2229.2009.00038.x.

DelSontro, T., M. J. Kunz, T. Kempter, A. Wueest, B. Wehrli, and D. B. Senn (2011), Spatial heterogeneity of methane ebullition in a large
tropical reservoir, Environ. Sci. Technol., 45(23), 9866–9873, doi:10.1021/es2005545.

Downing, J. A., et al. (2006), The global abundance and size distribution of lakes, ponds, and impoundments, Limnol. Oceanogr., 51(5),
2388–2397, doi:10.4319/lo.2006.51.5.2388.

Dunfield, P., R. Knowles, R. Dumont, and T. R. Moore (1993), Methane production and consumption in temperate and subarctic peat soils:
Response to temperature and pH, Soil Biol. Biochem., 25(3), 321–326, doi:10.1016/0038-0717(93)90130-4.

Encinas Fernández, J., H. Hofmann, and F. Peeters (2014), Importance of the autumn overturn and anoxic conditions in the hypolimnion for
the annual methane enissions from a temperate lake, Environ. Sci. Technol., 48, 7297–7304, doi:10.1021/es4056164.

Grossart, H.-P., K. Frindte, C. Dziallas, W. Eckert, and K. W. Tang (2011), Microbial methane production in oxygenated water column of an
oligotrophic lake, Proc. Natl. Acad. Sci. U.S.A., 108(49), 19,657–19,661, doi:10.1073/pnas.1110716108.

Hofmann, H. (2013), Spatiotemporal distribution patterns of dissolved methane in lakes: How accurate are the current estimations of the
diffusive flux path?, Geophys. Res. Lett., 40, 2779–2784, doi:10.1002/grl.50453.

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003586

ENCINAS FERNÁNDEZ ET AL. SHALLOW WATER ZONES ARE THE MAJOR SOURCES OF CH4 IN THE OPEN SURFACE WATER OF LAKES 2725

Acknowledgments
We thank J. Halder, B. Rosenberg,
A. Sulger, B. Schink, and many student
assistants for their help and support in
the field and in the lab. The manuscript
was improved by the helpful comments
of the two reviewers. This work was
financially supported by the German
Research Foundation (DFG), HO
4536/1-1 and the Young Scholar Fund
at the University of Konstanz (YSF-DFG)
419-14. Detailed description of the
lake morphologies, the location of all
the sampling stations in all the lakes,
and information on the underlying
individual data sets that were used in
the statistical analyses can be found in
the supporting information.

http://dx.doi.org/10.1021/es010311p
http://dx.doi.org/10.1029/2004GB002238
http://dx.doi.org/10.1029/2007JG000608
http://dx.doi.org/10.1126/science.1196808
http://www.sciencemag.org
http://dx.doi.org/10.1007/s00027-015-0401-z
http://dx.doi.org/10.1038/ncomms6350
http://dx.doi.org/10.1038/ncomms5346
http://dx.doi.org/10.1007/s10533-014-9974-1
http://dx.doi.org/10.1007/s10533-014-9974-1
http://dx.doi.org/10.1007/s10021-006-9013-8
http://dx.doi.org/10.1111/j.1758-2229.2009.00038.x
http://dx.doi.org/10.1021/es2005545
http://dx.doi.org/10.4319/lo.2006.51.5.2388
http://dx.doi.org/10.1016/0038-0717(93)90130-4
http://dx.doi.org/10.1021/es4056164
http://dx.doi.org/10.1073/pnas.1110716108
http://dx.doi.org/10.1002/grl.50453


Hofmann, H., L. Federwisch, and F. Peeters (2010), Wave-induced release of methane: Littoral zones as a source of methane in lakes, Limnol.
Oceanogr., 55(5), 1990–2000, doi:10.4319/lo.2010.55.5.1990.

Karl, D. M., and B. D. Tilbrook (1994), Production and transport of methane in oceanic particulate organic matter, Nature, 368(6473), 732–734,
doi:10.1038/368732a0.

Kirschke, S., et al. (2013), Three decades of global methane sources and sinks, Nat. Geosci., 6(10), 813–823, doi:10.1038/ngeo1955.
Luyssaert, S., et al. (2012), The European land and inland water CO2, CO, CH4 and N2O balance between 2001 and 2005, Biogeosciences, 9(8),

3357–3380, doi:10.5194/bg-9-3357-2012.
Marotta, H., L. Pinho, C. Gudasz, D. Bastviken, L. J. Tranvik, and A. Enrich-Prast (2014), Greenhouse gas production in low-latitude lake sedi-

ments responds strongly to warming, Nat. Clim. Change, 4(6), 467–470, doi:10.1038/nclimate2222.
McDonald, C. P., J. A. Rover, E. G. Stets, and R. G. Striegl (2012), The regional abundance and size distribution of lakes and reservoirs in the

United States and implications for estimates of global lake extent, Limnol. Oceanogr., 57(2), 597–606, doi:10.4319/lo.2012.57.2.0597.
Michmerhuizen, C. M., and R. G. Striegl (1996), Potential methane emission from north-temperate lakes following ice melt, Limnol. Oceanogr.,

41(5), 985–991, doi:10.4319/lo.1996.41.5.0985.
Murase, J., Y. Sakai, A. Sugimoto, K. Okubo, and M. Sakamoto (2003), Sources of dissolved methane in Lake Biwa, Limnology, 4(2), 91–99,

doi:10.1007/s10201-003-0095-0.
Murase, J., Y. Sakai, A. Kametani, and A. Sugimoto (2005), Dynamics of methane in mesotrophic Lake Biwa, Japan, Ecol. Res., 20(3), 377–385,

doi:10.1007/s11284-005-0053-x.
Prairie, Y. T., and P. A. del Giorgio (2013), A new pathway of freshwater methane emissions and the putative importance of microbubbles,

Inland Waters, 3(3), 311–320, doi:10.5268/IW-3.3.542.
Reeburgh, W. S. (2007), Oceanic methane biogeochemistry, Chem. Rev., 107(2), 486–513, doi:10.1021/cr050362v.
Rudd, J. W. M., and R. D. Hamilton (1978), Methane cycling in a eutrophic shield lake and its effects on whole lake metabolism, Limnol.

Oceanogr., 23(2), 337–348, doi:10.4319/lo.1978.23.2.0337.
Schulz, M., E. Faber, A. Hollerbach, H. G. Schroeder, and H. Guede (2001), The methane cycle in the epilimnion of Lake Constance, Arch.

Hydrobiol., 151(1), 157–176, doi:10.1127/archiv-hydrobiol/151/2001/157.
Segers, R. (1998), Methane production and methane consumption, a review of processes underlying wetlands methane fluxes,

Biogeochemistry, 41(1), 23–51, doi:10.1023/A:1005929032764.
Tang, K. W., D. F. MacGinnis, K. Frindte, V. Brüchert, and H.-P. Grossart (2014), Paradox reconsidered: Methane oversaturation in well-

oxygenated lake waters, Limnol. Oceanogr., 59(1), 275–284, doi:10.4319/lo.2014.59.1.0275.
Tang, K. W., D. F. McGinnis, D. Ionescu, and H.-P. Grossart (2016), Methane production in oxic lake waters potentially increases aquatic

methane flux to air, Environ. Sci. Technol. Lett., 3, 227–233, doi:10.1021/acs.estlett6b00150.
Thebrath, B., F. Rothfuss, M. J. Whiticar, and R. Conrad (1993), Methane production in littoral sediment of Lake Constance, FEMS Microbiol.

Ecol., 102, 279–289, doi:10.1111/j.1574-6968.1993.tb05819.x.
Utsumi, M., Y. Nojiri, T. Nakamura, T. Nozawa, A. Otsuki, and H. Seki (1998a), Oxidation of dissolved methane in a eutrophic, shallow lake: Lake

Kasumigaura, Japan, Limnol. Oceanogr., 43(3), 471–480, doi:10.4319/lo.1998.43.3.0471.
Utsumi, M., Y. Nojiri, T. Nakamura, T. Nozawa, A. Otsuki, N. Takamura, M. Watanabe, and H. Seki (1998b), Dynamics of dissolved methane and

methane oxidation in dimictic Lake Nojiri during winter, Limnol. Oceanogr., 43(1), 10–17, doi:10.4319/lo.1998.43.1.0010.
Walter, K. M., L. C. Smith, and F. S. Chapin 3rd (2007), Methane bubbling from northern lakes: Present and future contributions to the global

methane budget, Philos. Trans. R. Soc., A, 365(1856), 1657–76, doi:10.1098/rsta.2007.2036.
Yvon-Durocher, G., A. P. Allen, D. Bastviken, R. Conrad, C. Gudasz, A. St-Pierre, N. Thanh-Duc, and P. A. del Giorgio (2014), Methane fluxes

show consistent temperature dependence across microbial to ecosystem scales, Nature, 507(7493), 488–491, doi:10.1038/nature13164.

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003586

ENCINAS FERNÁNDEZ ET AL. SHALLOW WATER ZONES ARE THE MAJOR SOURCES OF CH4 IN THE OPEN SURFACE WATER OF LAKES 2726

http://dx.doi.org/10.4319/lo.2010.55.5.1990
http://dx.doi.org/10.1038/368732a0
http://dx.doi.org/10.1038/ngeo1955
http://dx.doi.org/10.5194/bg-9-3357-2012
http://dx.doi.org/10.1038/nclimate2222
http://dx.doi.org/10.4319/lo.2012.57.2.0597
http://dx.doi.org/10.4319/lo.1996.41.5.0985
http://dx.doi.org/10.1007/s10201-003-0095-0
http://dx.doi.org/10.1007/s11284-005-0053-x
http://dx.doi.org/10.5268/IW-3.3.542
http://dx.doi.org/10.1021/cr050362v
http://dx.doi.org/10.4319/lo.1978.23.2.0337
http://dx.doi.org/10.1127/archiv-hydrobiol/151/2001/157
http://dx.doi.org/10.1023/A:1005929032764
http://dx.doi.org/10.4319/lo.2014.59.1.0275
http://dx.doi.org/10.1021/acs.estlett6b00150
http://dx.doi.org/10.1111/j.1574-6968.1993.tb05819.x
http://dx.doi.org/10.4319/lo.1998.43.3.0471
http://dx.doi.org/10.4319/lo.1998.43.1.0010
http://dx.doi.org/10.1098/rsta.2007.2036
http://dx.doi.org/10.1038/nature13164


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




