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Abstract

The first extensive set of measurements of methane concentrations and fluxes for the Negro River and its
major tributaries combined with complementary data for the Solimoes and Madeira rivers and several tributa-
ries are presented and their temporal and spatial variations examined. Fluxes were measured using floating
chambers, and dissolved CH4 concentrations were measured by the headspace technique. In the Solimoes
basin, tributaries had higher fluxes when water levels were low; no statistical difference among periods for
lakes and the main stem river was observed. In the Negro basin, rivers had higher fluxes with greater varia-
tions among rivers during high water than during low water based on fluxes calculated from the concentra-
tion gradient and modelled gas transfer coefficients. We estimate a regional methane emission of 0.31 Tg C
yr~ ! for large river channels in the lowland Amazon basin.

Aquatic environments are an important component of the include seasonally inundated forests, open water environ-

global carbon cycle and can be sources of both carbon dioxide
(CO,) and methane (CH,) to the atmosphere. Methane is one of
the final products of the degradation of organic matter (Bridg-
ham et al. 2013) and is an important greenhouse gas (Forster
et al. 2007). As concerns about climate change have increased in
light of current warming rates, evaluating the sources of gases
that can lead to warming is important. In particular, while wet-
lands and other inland waters are known to be the major natural
source of methane (Melton et al. 2013), there is considerable
uncertainty about the estimated amounts (Kirschke et al. 2013).
Streams and rivers often contain methane and emit globally sig-
nificant amounts (Stanley et al. 2015).

The lowland Amazon basin contains one of the world’s
largest complex of rivers, floodplains and wetlands. Covering
a total floodable area of c. 800,000 km? these wetlands
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ments (lakes and river channels) and floating herbaceous
plants (Junk et al. 2011; Hess et al. 2015). Amazon aquatic
habitats are an important source of CH, (Melack et al. 2004),
and because of the size and heterogeneity of the region,
there is considerable spatial and temporal variability in CH,
fluxes (Bartlett et al. 1988; Crill et al. 1988; Devol et al.
1990; Engle and Melack 2000; Belger et al. 2011). Amazon
floodplains are known to be sources of organic carbon and
carbon dioxide to the river channels (Melack and Forsberg
2001; Melack and Engle 2009; Abril et al. 2014). Since meth-
ane is produced in anoxic environments, which are common
in organic rich and thermally stratified lakes and wetlands
and rare in river channels, floodplains could also act as a
source of methane to rivers, as suggested by Borges et al.
(2015a) for the Amazon and Congo rivers.

Because of the large spatial scale, variety of habitats and
seasonal variability, measuring methane emissions in the
Amazon basin is a challenge, and our understanding of the
processes controlling emissions in this region is incomplete.
The present study provides new information on seasonal dif-
ferences in CH,4 concentrations and diffusive emissions to
the atmosphere in a range of aquatic environments from
three major tributaries of the Amazon River: the Negro,
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Fig. 1. The central portion of the Amazonian Basin, with the 46 sampling stations in the Negro (white circles) and Solimoes/Madeira (white triangles)
river basins. The background image is the Japanese Earth Resources Satellite-1 (JERS-1) mosaic displayed as a gray scale of radar backscatter (modified
by B. Forsberg, unpubl.). The black shaded areas represent open water and the light grey represents floodable areas.

Solimoes, and Madeira rivers as well as other rivers that feed
these tributaries, and lakes bordering the Solimoes River.
These results are the first extensive data for the Negro basin,
collected along a 700 km transect at 25 fluvial sites, includ-
ing 4 stations in the mainstem of the Negro River, and in 21
of its tributaries. Additional measurements of limnological
conditions provide ecological context.

Methods

Study area and sampling

The Amazon basin is the largest fluvial system in the
world draining an area of approximately 6 million km?
(Archer 2005) and is composed of a variety of aquatic habi-
tats (Junk et al. 2011; Hess et al. 2015). High annual rainfall
unevenly distributed through the year leads to large oscilla-
tions in river stage and discharge (Paiva et al. 2013). The
study was performed in the central Amazon basin, along the
Solimoes, Madeira, and Negro rivers (Fig. 1). In the Negro
basin, sampling and measurements were made at 4 stations
along the Negro main stem, and in 21 of its major tributa-
ries. In the Solimoes/Madeira basin, 17 sites, including 10
floodplain lakes (open water) and 7 river channels, were
sampled. Samples were collected during low water (LW)
(November 2011), high water (HW) (May 2012), early falling
water (EFW) (July 2012) and late falling water (LFW) (Sep-
tember 2012) in the Solimoes/Madeira basin, and during low
(December 2012) and high water (July 2011) in the Negro

basin. All sampling and measurements were performed
between 08:00 and 17:00 h, near the center of river channels
and lakes. The Solimoes/Madeira campaigns sampled envi-
ronments along a 1100 km reach of the main stem, between
Fonte Boa and the mouth of the Madeira River, including
mainly rivers wider than 400 m and floodplain lakes (Fig. 1).
The floodplain lakes include well-studied Calado (Melack
and Forsberg 2001), oxbow lakes (Paupixuna), and large ria
lakes (Tefé and Coari). In the Negro basin, sampling was
done along a 700 km reach of the main stem, between Santa
Isabel do Rio Negro and Manaus, and included mainly rivers
wider than 100 m. The Solimoes and Madeira rivers and
most of their tributaries drain the Andes Mountains and
their waters, rich in nutrients and sediments, are called
“white waters.” The Negro River and its tributaries drain the
Precambrian Guiana shield and lowland forests, including
extensive areas of hydromorphic podzols. Their waters, char-
acteristically low in suspended sediments and high in dis-
solved organic carbon, are called “black waters.”

Limnological measurements

Water temperatures and dissolved oxygen concentrations
were measured using a polarographic oxygen sensor (YSI 95,
accuracy approximately 0.2 mg L™ ') and thermistor (YSI 95,
accuracy 0.1°C). Water pH was measured with an electrode
(Orion Star, Thermo Scientific; precision 0.1), and calibrated
with 4.0 and 7.0 standards. Conductivity was measured using a
portable meter (Orion Star, Thermo Scientific; accuracy 1 uS

§222



Barbosa et al.

cm ™). Measurements were made at a depth of about 0.2 m in
the rivers. During high and falling water periods, temperature
and dissolved oxygen profiles were made every 0.5 m to within
0.5 m of the bottom in the lakes. Water for determination of
chlorophyll a (Chl a), dissolved organic carbon (DOC), total sus-
pended solids (TSS), total dissolved nitrogen (TDN) and total dis-
solved phosphorous (TDP) was also collected at all stations, and
stored in insulated boxes until analysis. Water for Chl a was fil-
tered through 0.7 um glass fiber filters (Whatman GF/F) after a
time period which never exceeded 8 h after the first sampling
and the concentration of Chl a was determined spectrophoto-
metrically using hot ethanol for pigment extraction and reading
at 665 nm and 750 nm (Lorenzen 1967). Filtration was done in
an improvised lab on a riverboat in dim light. Filters were frozen
until analysis. DOC samples were filtered through pre-
combusted (450-500°C for 1 h) glass fiber filters (Whatman GF/
F). The filtered water was collected in borosilicate bottles, which
were previously cleaned with HCI (10%), rinsed with deionized
water and autoclaved, and stored at 4°C until analyzed using a
total organic carbon analyzer (TOC-V Shimadzu, combustion
catalytic oxidation at 680°C, non-dispersive infrared sensor). TSS
was measured through differential weighing of GF/F glass fiber
filters. TDN was measured through chemoluminescence with
catalytic oxidation at 720° (TNM-1 Shimadzu), and TDP was
determined according to Golterman et al. (1978) using sodium
persulfate as an oxidant.

Wind speed was measured using a handheld anemometer
(Kestel 3000) at 2 m above the water surface and facing into
the wind for 5 min; the average speed given by the anemom-
eter was recorded. Wind speed was normalized to a height of
10 m above the surface using the equation

u,= (u'/x) In (z/zp), (1)

where i, is the mean wind speed (m s~ ') at height z, u* is the
friction velocity (m d™1), k is the von Karman’s constant (0.4),
and z, is the roughness length (10~° m, an intermediate value
for water surfaces) (Oke 1988). Friction velocity was first calcu-
lated by rearranging Eq. 1 for u* and using the speed measured
at 2 m as u,. An acoustic doppler current profiler (ADCP, RD
Instruments, broadband, 600 kHz, 0.5 m bins) was used to mea-
sure current velocities and water depths and to calculate river
discharges. ADCP transects were made laterally across each river
channel through the sampling point.

Water from 0.2 m (all sites) below the surface and 0.5 m
above the bottom (lakes only) was collected to determine
dissolved CH4 concentrations. One sample per depth, per
site, was obtained. Samples from the sub-surface were col-
lected directly with 60 mL polyethylene syringes, and a Van
Dorn bottle was used for sampling at depth. The dissolved
gas concentrations were determined using the headspace
technique by equilibrating equal volumes (30 mL) of water
and air in the sampling syringe (Hamilton et al. 1995). The
equilibrated air was then transferred to a 20 mL glass serum
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vial, previously cleaned with HCl (10%) and rinsed with
deionized water and stored at room temperature in dark
until analyzed. A partition coefficient (B,y) of 27 : 1 was
used for calculation of dissolved CH,; concentrations
(Hansch and Leo 1979). For the temperatures at which we
extracted the gases the range in partition coefficients would
result in a variation of gas concentrations of less than 2%
compared to the use of the single value we used. As atmos-
pheric air was used for equilibration, the CH4 atmospheric
concentration was included in the water concentration cal-
culation. According to mass conservation, the amount of gas
existing in the syringe before equilibration is the same as
after equilibration, so the water concentration was calculated
through the following equation,

Cwt Car= Cy neadt Cair head 2
where C,, is the CH4 water concentration (ppmv), Cy;, is the
CH, atmospheric concentration (ppmv), Cai; head iS the CHy
headspace air concentration after equilibration (ppmv), and
Cw heada is the CH4 water concentration after equilibration
(PpmV) Cw head = Cair head/Baw-

Gas samples were analyzed using a gas chromatograph
(Trace Ultra, Thermo Sci.) equipped with a flame ionization
detector. The detector, injector and column temperatures
were 200°C, 120°C, and 85°C, respectively. Calibration was
done using standard gases of 10 ppmv and 50 ppmv, and
the chromatograph was recalibrated after 25-30 samples,
with the exception of the May samples when atmospheric
air concentration was used for calibration. The detection
limit was approximately 0.1 ppmv.

Diffusive emission measurements

Diffusive methane fluxes were measured using floating
chambers except during HW in the Negro basin (see next
section). The polyethylene chambers were covered with styr-
ofoam for flotation, which also helped maintain stability.
The chambers had an internal volume of 15 L and an inter-
nal area of 0.11 m?. A 2 mm diameter polyethylene tube was
inserted into the top of the chamber to permit gas sampling;
a similar tube (3 m long) was inserted to equilibrate the
inside and outside pressures. The edge of the chamber was
about 0.06 m below the water surface, and the boat and
chamber drifted while the measurements were being made
in river channels, and were stationary when measuring in
lakes. Measurements were done in the center of the sampled
environments. During each measurement, four gas samples
were collected from the chambers at 5 min intervals (0 min,
5 min, 10 min, and 15 min) using 60 mL polyethylene
syringes and stored in 20 mL glass serum vials, previously
cleaned with HCI (10%) and rinsed with deionized water,
with high density butyl rubber stoppers until analyses (Devol
et al. 1990).

Diffusive flux from chambers was estimated from a regres-
sion between deployment time and CH,; concentration
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inside the chamber; the slope of the regression is the
amount of CHy emitted per unit of time. To determine the
amount of gas emitted per unit of time and area, the slope
was multiplied by the chamber volume, and divided by the
chamber area. Only regressions with a regression coefficient
above 0.75 were used in the flux calculations. Rarely, when
jumps in methane concentrations occurred, likely caused by
bubbles, the measurements were excluded. Measurements
were usually made in duplicate using two chambers,
although logistics sometimes resulted in use of one chamber.

Modelled diffusive emissions
In the Negro basin, diffusive fluxes were also calculated
according to the following equation,

F =k (Cwater—Ceq)7 3)

where F is the CH, diffusive flux (mmol m~2 d™ '), k is the
gas transfer coefficient (m d™1), Cwater is the observed dis-
solved CH4 concentration (uM) and Cq is the CH4 concen-
tration in equilibrium with the atmosphere. Although gas
transfer velocities are influenced by several factors (Macln-
tyre et al. 1995), most parameterizations developed for flow-
ing waters apply to streams and small rivers (Raymond et al.
2012). Alin et al. (2011) provide equations developed on
large rivers in the Amazon and Mekong basins. They used
floating chambers and measured fluxes of carbon dioxide;
they noted that water velocity, depth and discharge data
were not collected sufficiently close to the flux measure-
ments to allow inclusion in their regressions. Beaulieu et al.
(2012), working in the Ohio River (U.S.A.), found no statisti-
cally significant relation between k for methane and water
velocity; their relation with wind speed was similar to that
reported by Alin et al. (2011). We also used our calculations
of k from chambers and our measurements of currents and
winds for the Negro River and its tributaries to attempt to
find relationships. We found a similar relation between wind
speeds and k values as Alin et al. (2011), and no statistically
significant relation between current speed and k values. The
current speeds during the high water period were similar.
One important characteristic of the lower reaches of the riv-
ers sampled in the Negro basin is that the slope of the chan-
nels is very low and, at high water, the mainstem Negro
River tends to retard flows of the tributaries creating back-
water effects. Hence, we calculated gas transfer coefficients
according to Alin et al. (2011), using the equation,

keoo= 4.46 + 7.11 x Uy, (4)

where kgoo is the k value normalized to a temperature of
20°C and Uy is the wind speed at 10 m height, calculated
from wind speed measured at 2 m, as described above.
Equation 3 was also used to calculate k values based on
measurements of F with floating chambers and associated
gas concentrations. Kcyy4 values were obtained with Eqg. 5:
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kena= k(617/Scr) ™%, (5)

where Scr is the Schimdt number for water temperature
T (°C), calculated following (Wanninkhof 2014):

Scr=1909.4 — 120.78 T + 4.1555T2>- 0.080578 T3

6
+0.00065777 T* ©)

Statistical analyses

We used generalized linear models to evaluate the factors
influencing CH,4 concentrations and emissions to the atmos-
phere. All analyses were performed using the package nlme
(Pinheiro et al. 2015; R Statistical Software version 3.2.2, <www.
r-project.org>). Using CH,4 concentrations, we evaluated the
main and interactive effects of river basin (Negro, Solimoes/
Madeira), sampled period (LW and HW), environment type
(tributaries, main stem) and environmental variables (e.g.,
DOC concentration, dissolved oxygen concentration, pH) on
CH,4 water concentrations. To meet normality and homoce-
dasticity assumptions, CH4 concentrations were cubic root-
transformed. We built models containing all variables and
interactions between variables and used an averaging proce-
dure to identify the best fitting model (functions “aictab” and
“evidence” in the Aiccmodavg package; Mazerolle 2015). Best fit-
ting models were those that had the smallest AICc scores
(Burnham and Anderson 2004). We also ran generalized linear
models using the Solimoes/Madeira data with four sampled
periods (HW, LW, EFW, LFW) and three environment types
(lakes, tributaries, and main stem). We performed contrast
analyses between categories within factors using the package
Ismeans (Lenth and Herva 2015).

Generalized linear models were used for each basin using
emissions from chambers for the Solimoes/Madeira basin
and emissions obtained from Eq. 3 for the Negro basin. For
each basin, we evaluated the main and interactive factors of
sampled periods, environmental type (tributaries and main-
stem), and environmental variables on CH,; emissions. To
meet normality and homocedasticity assumptions, CH,
emission data from Solimoes/Madeira basin were log-
transformed, and CH4 emission data from Negro basin were
cubic root-transformed.

Results

Limnological characteristics

Physical and chemical conditions varied both between
and within basins (Supporting Information Tables 1-4). In
the Negro basin (Supporting Information Table 1), pH was
acidic, varying between 4.5 (Aiuana, Darad, Preto, and Tea
rivers) and 7 (Branco River) during high water, and between
4.2 and 6.2 during low water (Apuna and Branco rivers, res-
pectively). DOC concentrations varied between 1.2 mg L™*
(Branco R., low water) and 34.6 mg L' (Darad River, low
water), and averaged 16.6 mg L™' at low water and 11.1 mg

$224


http://www.r-project.org
http://www.r-project.org

Barbosa et al.

L~! at high water. Conductivity was slightly higher during
the high water period (averages of 16 uS cm™ ' and 14 uS
cm ™! for high and low water, respectively). Water tempera-
tures were above 25°C, and were similar between low and
high water periods, varying from 25.2°C (Darad River during
high water) to 31.5°C (Arrirard River during low water). Riv-
ers were more oxygenated during the low water period,
when dissolved oxygen concentrations varied from 4.1 mg
L™ ! to 7.4 mg L' (Uneiuxi and Jufari rivers, respectively).
During the high water period, values ranged from 1.2 mg
L™! to 5.3 mg L' (Cuiuni and Darad rivers, respectively).
Total suspended sediment concentrations were low, ranging
between 2 mg L' and 34 mg L™, and Chl a concentrations
varied from 0.1 ug L™' to 12.1 ug L™'. Total dissolved nitro-
gen ranged from 0.1 mg L~ ! (Branco R., low water) to
4.7 mg L™! (Darad R., high water), and averaged 0.6 mg L "
and 0.4 mg L' for high and low water, respectively. Total
dissolved phosphorus varied between 0.01 uM (Caurés R.,
low water) to 5.1 uM (Negro R., station 1, high water), and
averaged 0.63 puM and 0.34 uM for high and low water,
respectively. Discharge varied from 40 m® s™! to 12,830 m?
s ! in the low water period (Darad and Negro 4, respectively)
and from 30 m*® s™! to 57,170 m® s™' during high water
(Paoari and Negro 4, respectively). Current velocity varied
little between low and high water periods (averages of
0.35m s ! and 0.4 m s~ !, for low and high waters, respec-
tively), with the highest value recorded in the Negro River
main stem (station 2) during the high water period (1.2 m
s~ 1), and the lowest value (0.02 m s~ ') in the Apuau River,
also during high water.

In the Solimoes and Madeira basins, pH ranged from 4.6
(Curupira L.) to 8.2 (Mamid L), both during the low water
period. Conductivity ranged from 6 uS cm ™' (Coari L., high
water) to 121 xS cm™ ! (Jurua R., late falling water). DOC
concentrations varied between 2.1 mg L™ (Madeira R., low
water) to 10.2 mg L™! (Jurua R, high water), and were simi-
lar between rivers and lakes of the basin (average of 4.4 mg
L' and 5.3 mg L™ ! for rivers and lakes, respectively). Water
temperatures were above 26.8°C. Surface water temperatures
were higher in the lakes (Supporting Information Table 2)
than the rivers (Supporting Information Table 3), with the
highest value (32.9°C) recorded in late falling water period
(Coari L.). Dissolved oxygen concentrations were also higher
in lakes than rivers, and values ranged between 1.9 mg L™!
(Cabaliana L., high water) to 8.3 mg L™ ! (Mamia L., low
water). In rivers, concentrations ranged from 0.6 mg L'
(Jutai R., high water) to 7.2 mg L™! (Madeira R., low water).
Chlorophyll concentrations in lakes ranged from 0.9 ug L™*
(Paupixuna L. early falling water) to 79.9 ug L' (Ananaés L.,
low water), while in rivers values ranged from 0.01 ug L™!
(Jutai R., high water) to 16 ug L~' (Jutai R., late falling
water). TSS in rivers ranged from 7 mg L~' (Jutai R., high
water) to 188 mg L™' (Jurua R., low water). The concentra-
tions of total dissolved nitrogen were similar between rivers
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and lakes (averages of 0.38 mg L' and 0.32 mg L™ ! for riv-
ers and lakes, respectively), varying from 0.14 mg L~ ! (Tefé
L., low water), to 0.69 mg L™' (Cabaliana L., low water). The
same trend was observed for total dissolved phosphorus,
with similar values for rivers and lakes (averages of 0.55 uM
and 0.51 uM for rivers and lakes, respectively). The values
ranged between 0.04 uM (Jutai R., low water), to 1.85 uM (at
Ananas R., high water). The majority of sampled lakes were
thermally and chemically stratified during high and falling
water periods. Rivers discharge ranged from 5.120 m® s™! to
169,000 m® s~! during high water (Jurud and Amazonas riv-
ers, respectively) (Supporting Information Tables 3, 4), and
from 1.580 m® s™! to 41,580 m?® s~ ! at low water (Jutai and
Amazonas rivers, respectively). Rivers from this basin had
higher current velocities than Negro basin rivers, with an
average value of 1.3 m s~ '. Values ranged from 0.36 m s~ !
(Jutai R., LFW), to 2.6 m s ! (Solimoes R., station 2). The
high water period had the highest values (average of 1.56 m
s~1), while the late falling water period had the lowest values
(average of 0.88 m s ).

Dissolved methane concentrations

Subsurface methane concentrations were variable in time
and space, and supersaturated with respect to atmospheric
equilibrium (Tables 1-5). Overall, dissolved CH,4 concentra-
tion ranged from 0.003 yM in the Jurud and Solimoes (sta-
tion 4) rivers to 10.3 uM in the Jutai River during high
water. In the Negro R. basin, CH4 concentrations in the
main stem varied between 0.03 M and 0.41 uM (both in
HW period), with a median value of 0.14 uM (Table 4), while
tributary concentrations ranged from 0.06 uM (Apuau R,
LW period), to 9.0 uM (Jad R., HW period), with a median
value of 0.41 uM (Table 5).

For the lowland Amazon basin (Negro and Solimoes/
Madeira basins), the variables that best explained CH4 water
concentration were the river basin sampled (t=-3.1;
p=0.003), the environment type (tributary or main stem,
t=3.0; p=0.004), water temperature (p=0.004), and the
interaction between river basin and sampled period
(t=-2.0; p=0.0004). The best model explained approxi-
mately 55% of the variation on CH4 concentration. This
model included dissolved oxygen (t= —0.6; p=0.55) and dis-
solved organic carbon (f=—0.05; p=0.96) concentrations,
although these variables were not individually significant.
The sampled rivers in the Negro basin had higher CH4 water
concentrations than rivers in the Solimoes/Madeira basins
(t=—-3.1; p=0.003) (Fig. 2).

For the Solimoes/Madeira basins, which also included the
floodplain lakes, the variables that best fitted the model were
the sampled period (t=2.6; p=0.01), the environment type
(t=-3.5; p=0.0009), water temperature (t=—4.2;
p=0.0001), dissolved oxygen (t=—0.5; p=0.62) and dis-
solved organic carbon (t=-1.2; p=0.26) concentrations,
and pH (t=-0.02; p=0.98), although these three last

$225



Barbosa et al. Diffusive methane fluxes from rivers and fringing lakes

Table 1. Coordinates of each sampling site, dissolved CH, concentrations in surface water and CH,4 fluxes measured using floating
chambers, for stations in the Solimoes/Amazon mainstem, during the periods of low (LW), high (HW), early falling (EFW), and late
falling water (LFW). The highest value of each column is marked with a plus, and the lowest value is marked with an asterisk.

Coordinates [CH4] kM Chamber Flux mmol m=2 d~"’
Environment Lat. Long. LW HW EFW LFW LW HW EFW LFW
Solimoes 1 —2.69254 —66.90504 0.14 BD 0.10 0.10" NS 0.50 0.79 0.75
Solimoes 2 —2.500855 —65.841664 NS 0.19" 0.08 0.10 7.20" 0.05* 0.18 0.92"
Solimoes 3 —3.45615 —64.46024 0.04* BD 0.33" 0.06 NS 0.43 1.057 0.17*
Solimoes 4 —4.02417 —62.99251 0.05 0.003* 0.02 0.04 NS 0.90" 0.06 0.28
Solimoes 5 —3.81479 —61.6366 NS 0.01 0.05 0.06 NS 0.21 0.16 BD
Solimoes 6 —3.32125 —60.55513 0.04 0.01 0.01* BD NS NS 0.01* 0.57
Amazonas —3.24495 —58.97293 0.93" 0.01 0.02 0.02* 3.25% NS 0.67 0.23
Average 0.24 0.04 0.09 0.06 5.23 0.42 0.42 0.49
Median 0.05 0.01 0.05 0.06 5.23 0.43 0.18 0.43

Table 2. Coordinates of each sampling sites, dissolved CH4 concentration on surface water and CH,4 flux measured using floating
chamber, for the tributaries of the Solimoes River basin, during the periods of low (LW), high (HW), early falling (EFW), and late fall-
ing water (LFW). The highest value of each column is marked with a +, while the lowest value is marked with a *. BD: bellow detec-
tion limit for the method. The maximum, minimum, average, and median values for each column are presented in the bottom.

Coordinates [CH4] uM Chamber Flux mmol m=2d™!
Environment Lat. Long. LW HW EFW LFW LW HW EFW LFW
Jutai —2.83828 —66.92907 0.72* 10.34" 0.07 0.55" 52.11% 23.29* 0.22 242.32"
Jurua —2.696 —65.79713 0.19 0.003* 0.05 0.14 0.36 0.45 0.09* 0.25
Japura —2.04071 —65.21194 0.28 0.02 0.08" 0.25 21.98 0.40* 0.35 1.17
Purus —3.84996 —61.39021 0.14* 0.04 0.04* 0.08* 0.89 BD 0.12 0.19*
Madeira —3.54031 —58.91169 0.70 0.02 BD 0.09 0.34* 0.41 0.42% 0.31
Average 0.41 2.08 0.06 0.22 15.14 6.14 0.24 48.85
Median 0.28 0.02 0.06 0.14 0.89 0.43 0.22 0.31

variables were not individually significant. The interaction
between the sampled period and the environment type was
marginally significant (t=1.9; p=0.06). This model
explained approximately 44% of the CH, concentrations.
Methane concentrations tended to be higher when the water
level was low, with a significant difference between low and
high water (z=—-2.7; p=0.007; median values of 0.17 M
and 0.02 puM for LW and HW, respectively), and between
LFW and HW (z=-1.2; p=0.03), with the LFW median
value 5 times higher (0.10 uM) (Fig. 3) (Tables 1-3). No statis-
tical difference was detected between lakes and tributaries or
between tributaries and the main stem river. For the lakes in
the Solimoes basin and the Solimoes main stem, no sta-
tistical difference was found between sampled periods. For
tributaries a significant difference for CH, dissolved concen-
tration was found between the LW and HW periods
(z=—-2.4; p=0.01), with the median value for LW 14 times

higher than the HW one (0.28 M and 0.02 uM for LW and
HW, respectively) (Table 2).

Methane concentrations measured near the bottom of
lakes (Table 3) were often more than one order of magnitude
higher than subsurface waters. Values ranged from 0.02 M
in Paupixuna (early falling water) and Cabaliana lakes (high
water) to 218 uM in L. Calado. The lakes had more dissolved
CH4 in the bottom waters during the high water period
(median, 10.6 uM). The late falling water period had median
CH, near-bottom water concentration (0.58 uM) almost 2
times higher than during early falling water (0.3 yM), and
had the highest near-bottom water value (218 uM) in L. Cal-
ado. Cabaliana L. had the lowest subsurface value (0.02 uM),
during the high water period.

On average, there was a 60% difference between subsur-
face and near-bottom CH, concentrations. In half of the
cases this percentage was above 95%. Mamia L. had the
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Table 3. Coordinates of each sampling site, dissolved CH4 concentrations in surface water, dissolved CH4 concentrations in bottom
water, and CH, fluxes measured using floating chambers for the lakes of the Solimoes basin, during the periods of low (LW), high
(HW), early falling (EFW), and late falling water (LFW). The highest value of each column is marked with a plus, and the lowest value
is marked with an asterisk. NS: not sampled due to logistical issues; BD: below detection.

Chamber Flux mmol m~2

Coordinates [CH,4] Surface uM [CH,4] Bottom uM d!
Environment Lat. Long. (AN HW EFW LFW LW HW EFW LFW LW HW EFW LFW
Ananas —3.92034 —-61.70023 2357 0.73" NS 0.95 NS 0.64 NS 0.76 571" 1.03* NS 11.53
Cabaliana —3.30481 -60.72203 0.01* 0.01* 0.004* 0.02 NS 0.02* 0.09 0.58 0.06* BD 0.09 2.86
Calado —3.30868 —60.57206 0.26 0.01* 0.08 0.39 NS 19.49 74.06 218.63" 1.14 0.54 3.48 18.60"
Coari —4.04877 —63.18697 0.07 BD 0.02 0.03 NS NS 0.05 0.06 0.26 BD 23.817" BD
Curupira —2.0332 —65.19695 NS 0.33 0.12 0.41 NS 104.08" 52.96 2.00 NS 0.69 0.48 0.58
Mamia —4.0883 —62.98385 0.11 0.01 0.08 2.88% NS 97.78 78.51% 179.36 0.30 0.83 BD 13.17
Paupixuna —2.75412 —65.76936 0.37 0.04 6.79" NS NS 0.07 0.02* NS 0.56 0.03* 0.36 NS
Tefé —3.32423 -—-64.73872 0.06 BD 0.01 0.07 NS 10.62 0.06 0.09 0.25 BD 0.06* 0.08*
Tia Dora —3.22866 —59.07502 0.40 0.22 0.25 0.11 NS 0.21 0.30 0.06* 2.79 BD 2.07 10.74
Average 0.45 0.19 0.92 0.61 - 29.11 25.75 50.19 1.38 0.62 4.34 8.22
Median 0.19 0.04 0.08 0.25 - 5.63 0.19 0.67 0.43 0.69 0.48 10.74

Table 4. Coordinates of sampling sites, dissolved CH, concentrations in surface water, CH, fluxes measured using floating cham-
bers, and CH, fluxes estimated using Eq. 3, for the Negro River (except HW for chamber measurements; n=1). The highest value of
each column is marked with a plus, and the lowest value is marked with an asterisk.

Chamber flux Equation 3 mmol

Coordinates [CH,4] uM mmol m~2d™" m2d!
Environment Lat. Long. LW HW Lw Lw HW
Negro 1 —0.40808 —65.20611 0.13* 0.03* 0.86 0.95* 0.20*
Negro 2 —0.48713 —64.81695 0.217" 0.417 4.28" 1.57% 0.55
Negro 3 —1.40184 —61.87655 0.14 0.08 1.59 1.32 0.22
Negro 4 —3.06241 —60.27483 0.14 0.37 0.83* 1.14 2.00"
Average 0.15 0.23 1.89 1.24 0.74
Median 0.14 0.23 1.23 1.23 0.39

largest differences, with subsurface waters containing only
0.001% of the bottom concentration at high water, 0.1% at
early falling water and less than 2% in late falling water. In
contrast, Paupixuna L. had subsurface CH, concentration
more than 300 times higher than bottom water concentra-
tion during the early falling water season (6.8 uM and 0.02
uM for subsurface and bottom water concentrations, respec-
tively). These higher concentrations in surface water were
unusual and were observed on only four other occasions.

Diffusive flux of methane

A total of 196 flux chamber measurements were made, of
which 142 (72%) were above the minimum R? value adopted
for the regression (R*>0.75). Due to analytical problems
during the high water campaign in the Negro basin, meas-
urements from chambers were not available. The chamber

fluxes were variable among environments and sampled peri-
ods (Tables 1-5).

Riverine chamber fluxes in the Solimoes basin ranged
from 0.01 mmol m % d~' during early falling water (Sol-
imoes R.) to 242 mmol m ? d~' during late falling water
(Jutai R.) (Tables 1, 2). In the main stem Solimoes/Amazonas,
diffusive fluxes ranged from 0.01 mmol m % d~! (EFW
period) to 7.2 mmol m % d~! (EFW period) (Table 1). Lacus-
trine fluxes ranged from 0.03 mmol m~? d~! to 23.8 mmol
m 2 d!, in Cabaliana and Coari lakes, respectively (Table 3;
Fig. 5). In general, the chamber measurements were skewed
toward the smaller fluxes, as can be seen in the relative fre-
quency distribution of the Log,;o CH4 flux (Fig. 4). Cabaliana
L. had fluxes below the median during all sampled periods,
and registered the lowest value within lakes during the low
water period (0.006 mmol m~2 d1). The fluxes in Solimoes
main stem were significantly lower than the lacustrine
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Table 5. Coordinates of each sampling site, dissolved CH, concentrations in surface water, CH,4 fluxes measured using floating
chambers (except for HW, n=1), and CH, fluxes estimated using Eq. 3, for the tributaries of the Negro River, during the periods of
low water and high water. The highest value of each column is marked with a plus, and the lowest value is marked with an asterisk.

Chamber flux Equation 3 mmol

Coordinates [CH,] uM mmol m~2d™" m2d™!
Environment Lat. Long. Lw HW LW Lw HW
Aiuana —0.59274 —64.92058 0.44 0.25 0.79 1.49 0.43
Apuau —2.50751 —60.79432 0.06 0.54 0.36 0.57 2.32
Araca —0.39649 —62.93258 0.21 1.35 0.23 0.75 6.61
Arirarra —0.49608 —63.58785 0.32 0.81 0.30 1.37 2.00
Branco —1.30996 —61.86639 0.26 0.47 1.01 2.66 1.37
Caurés —1.32896 —62.32114 0.17 0.79 0.75 1.67 3.32
Cuieiras —2.82715 —60.49924 0.33 0.69 0.37 0.72 2.88
Cuiuni —0.76862 —63.15117 0.41 1.88 2.24 1.23 12.39
Daraa —0.43753 —64.7604 0.31 1.47 0.50 1.01 5.37
Demini —0.3965 —62.88757 0.23 0.20 0.71 0.85 1.36
Jau —1.89486 —61.53462 0.26 9.00 0.50 1.43 33.25
Jauaperi —1.33552 —61.5891 0.27 0.53 0.77 1.45 0.80
Jufari —1.09921 —62.06573 0.21 0.38 0.42 1.08 2.96
Marauia —0.38587 —65.20145 1.06 0.60 3.85 3.71 1.62
Paoari —0.14469 —64.094 0.42 0.77 1.07 1.98 1.21
Preto —0.10303 —64.1158 0.26 0.27 0.21 1.01 0.94
Puduari —2.14386 —61.2832 0.35 3.72 1.95 2.71 27.84
Tea —0.53572 —65.17575 0.42 5.04 0.76 1.39 16.07
Tupé —3.04407 —60.25476 0.25 0.21 1.36 0.65 0.27
Uneiuxi —0.60765 —65.13699 0.47 0.99 0.72 212 2.96
Unini —1.64856 —61.63081 0.17 1.75 0.40 0.59 10.51
Urubaxi —0.52657 —64.82219 0.30 1.56 0.54 1.82 2.66
Average 0.33 1.51 0.90 1.47 6.33
Median 0.29 0.78 0.72 1.38 2.77

diffusive fluxes (z=2.2; p=0.03), and marginally lower than
the tributary diffusive fluxes (z= —1.9; p=0.06) (Fig. 5). The
coefficient of variation (CV) for paired chambers in the main
stem ranged from 8% (Solimoes 4, LFW) to 45% (Solimoes 2,
EFW), in the tributaries ranged from 6% (Jutai R., HW) to
84% (Purus R. EFW), and in lakes varied from 0% (Coari and
Mamid) to 94% at Paupixuna L. (HW) (see Supporting Infor-
mation Table 5). The high values are uncommon, and the
average CV for all chamber fluxes measured in the Solimoes
basin was 27%. The model that best explains the variation
in diffusive flux for the Solimoes/Madeira basin included
CH4 concentration (t=2.5; p=0.02), environment type
(t=2.3; p=0.03), water temperature (t=3.9; p=0.0003), dis-
solved organic carbon concentration (t=0.98; p=0.33),
although individually not significant, and the sampled
period, which was marginally significant (t= —1.9; p =0.06).
The model explains about 38% of the variation in CH, diffu-
sive flux.

Main stem Negro River LW chamber fluxes varied
between 0.83 and 4.28 mmol m 2 d~! (LW period) (Table 1);
the one HW lower mainstem chamber flux was 0.38 mmol
m ? d ' In the Negro River basin, tributary LW chamber
fluxes ranged from 0.21 (Preto R.) to 3.85 mmol m % d~!
(Marauia R.) (Table 2): the one HW tributary chamber flux
was 0.36 mmol m 2 d~ ! in L.Tupe, a small ria lake draining
into the lower Negro R. Mainstem LW chamber fluxes had
CVs ranging between 3% and 20% (average of 13%), and
tributary LW CVs ranged between 5% (Branco R.) and 63%
(Jauperi R.) with an average of 24% (see Supporting Informa-
tion Table 6).

Wind speeds in Negro basin were low during both
sampled periods (averages of 1.6 m s ' and 1 m s~ ! for low
and high water, respectively). The highest value was regis-
tered on the Branco River during low water (3.5 m s,
while the lowest value was near zero, registered on the Preto
River, also during low water.
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Fig. 2. Dissolved CH, concentrations (uM) in the Negro and Solimoes/Madeira river basins, during low water (LW) and high water (HW) periods.
The boxplot central lines correspond to the median of the distribution, and the vertical lines corresponds to the first and third quartiles (the 25th and
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Fig. 3. Dissolved CH, concentrations (uM) in the floodplain lakes, tributaries and main stem of the Solimoes/Madeira river basins, during the low
water (LW), early falling water (EFW), late falling water (LFW), and high water (HW) periods. The boxplot central lines correspond to the median of
the distribution, and the vertical lines correspond to the first and third quartiles (the 25th and 75th percentiles). Values above 1.0 uM (n=4), were

excluded from the figure.

Diffusive fluxes were calculated using winds speeds, meth-
ane concentrations and Egs. 3 and 4 for HW and LW periods
for rivers in the Negro basin (Tables 4, 5). For the LW period
fluxes measured with chambers were also available and allow
comparison. For the main stem Negro River, median fluxes
determined by the two techniques were the same (1.23
mmol m~? d~ 1), reflecting, in part, the similar average k val-
ues (38 cm h™ ! as ke from chambers and 35 cm h™! as
keoo from Eq. 4 from Alin et al. 2011). For tributaries, median
modelled fluxes (1.38 mmol m~? d~!) were slightly higher

than the fluxes from chambers (0.72 mmol m 2 d 1), reflect-
ing, in part, higher average modelled k values (21 cm h™ ' as
kes00) Vs. those from chambers (14 cm h™ ! as kcpa).

Modelled methane fluxes in the mainstem Negro River
ranged from 0.2 mmol m 2 d”! to 2 mmol m % d™! (both
values during the HW period) (Table 4) and in tributaries
ranged from 0.57 mmol m 2 d~! to 3.71 mmol m 2 d~! at
LW period (median of 1.38 mmol m 2 d™Y), and from 0.27
mmol m~2 d™! to 33.25 mmol m 2 d~! at HW (median of
2.77 mmol m 2 d~ 1) (Table 5).
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Fig. 5. Diffusive methane chamber fluxes (mmol m~2 d™") in the floodplain lakes, tributaries and mainstem of the Solimoes/Madeira river basins,
during the low water (LW), early falling water (EFW), late falling water (LFW), and high water (HW) periods. The boxplots central lines correspond to
the median of the distribution, and the vertical lines correspond to the first and third quartiles (the 25th and 75th percentiles). Single value above 55

mmol m~2 d™' was excluded from the figure.

Discussion

Temporal and spatial differences

Temporal and spatial variability in both dissolved CHy,
concentrations and fluxes to the atmosphere are evident in
our results and those of others (Melack et al 2004). As found
by Crill et al. (1988) and Devol et al. (1990) working in
floodplain lakes, lacustrine and river channel diffusive fluxes
were influenced by a few high values. Hence, median values
better represent the dataset than means.

The riverine chamber fluxes measured in our study
(median of 0.41 mmol m~ 2 d~!) were similar to those calcu-

lated by Sawakuchi et al. (2014) working on lower Solimoes
and Amazonas rivers (medians of 0.26 mmol m 2 d! and
0.37 mmol m 2 d~! for the Solimdes and Amazonas main
stems, respectively). The average surface concentrations of
CH,4 along the 30 km reach below Tucurui, Samuel and
Curua-Una dams were 1.3 uM, 1.5 M, and 1.1 uM and the
average emissions were 8.5 mmol m % d”!, 1.7 mmol m™?
d™!, and 1.1 mmol m % d !, respectively (Kemenes et al.
2016). Downstream of Balbina dam, on the Uatuma R., the
average concentration of methane was 36 uM and the aver-
age emission was 140 mmol m~2 d~' (Kemenes et al. 2007),
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Table 6. Channel areas, CH, flux per unit area and total flux for different lowland basins of the Amazon basin.

Channel area Flux Total flux
Lowland Basin km? mmol m~2d~"! Gg Cyr!
Amazon (basin-wide) 52380 306
Xingu (Sawakuchi et al. 2014) 3850 1.8 30.4
Tapajos (Sawakuchi et al. 2014) 5180 0.6 13.6
Madeira (present study) 4390 0.4 7.6
Purus (present study) 980 0.4 1.7
Jurué (present study) 470 0.3 0.6
Japura (present study) 2050 0.6 5.4
Solimoes/Amazon (present study) 17060 1.6 119.6
Negro basin (present study) 6730 2.0 59.0
Summed above (not including Amazon basin-wide) 40710 238

values far above other rivers without hydroelectric reservoirs,
with the exception of our measurement in the Jutai R,
which is statistically an outlier in our dataset.

Borges et al. (2015b) reported methane evasion from large
African rivers based on measurements of gas concentrations
and estimates of k values as done by Raymond et al. (2013):
Congo R. (18.5 mmol m~2 d'); Zambezi (13.6 mmol m?
d ') and Niger (0.6 mmol m 2 d'). Emissions in their
moderate-sized African rivers ranged from 0.6 mmol m™?
d™! to 28.5 mmol m 2 d~'. Teodoru et al. (2015) reported
emissions from the Zambezi system and noted how Victoria
Falls, in a manner analogous to releases through turbines in
hydroelectric reservoirs (Abril et al. 2005; Kemenes et al.
2007, 2016), is a hotspot for methane evasion, releasing as
much as the Zambezi R. would emit over a 33 km reach
600 m wide.

Among sampled periods in lakes, no significant differen-
ces in chamber fluxes and concentrations were found. Devol
et al. (1990) reported a similar result for lakes near Manaus
in the central Amazon basin. Our lacustrine fluxes ranged
from 0.06 mmol m % d™! to 23.8 mmol m % d~!. Melack
et al. (2004) used a flux from lakes of 3.2+ 0.5 mmol m 2
d™! for the regional extrapolation. Chamber diffusive fluxes
in lakes measured in the Orinoco basin had a median of
0.48 mmol m 2 d~ ! (Smith et al. 2000) and in the Pantanal
an average of 0.74 mmol m~% d~' (Bastviken et al. 2010).

During mixing events, methane from the hypolimnion of
lakes can reach the surface, and be emitted. Such an event
was reported by Engle and Melack (2000), working at L. Cal-
ado, during a rare passage of a frontal cool air mass. This
natural cooling event, recently discussed by Caraballo et al.
(2014), could be the reason for the high dissolved CH, con-
centration (6.8 uM) measured in the surface of Paupixuna L.
during the measurements in EFW. During this period we
also measured low surface oxygen concentrations (2.5 mg
L™, indicative of a mixing event.
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In rivers of the Solimoes/Madeira basin, higher dissolved
CH4 concentrations and fluxes occurred during the low
water period, with fluxes and concentrations diminishing as
water levels rose. This trend was also observed when separat-
ing main stem and tributary sites. Similar results were found
by Sawakuchi et al. (2014), working on large rivers in the
lower Amazon basin.

Richey et al. (1988) combined measurements of dissolved
methane concentrations in the mainstem Solimoes/Amazo-
nas River with estimates of air-water gas-exchange rates
(Devol et al. 1987) to determine a diffusive evasion rate of
0.2 mmol m~2 d™ !, which is similar to 0.17 mmol m 2 d!
determined by Bartlett et al. (1990) during rising water using
floating chambers. Median CHy4 fluxes found in the present
study for the Solimoes mainstem were 0.43 mmol m 2 d '
during HW and LFW and 0.18 mmol m ™2 d~! during EFW.

Sawakuchi et al. (2014) reported measurements of meth-
ane concentrations and fluxes in the lower main stem Sol-
imoes/Amazonas rivers and five tributaries (lower Negro,
Madeira, Tapajos, Xingu, and Para) based on floating cham-
bers. Sixteen of the 34 sites were sampled during low and
high water. Dissolved, near-surface methane concentrations
ranged from 0.02 uM to 0.5 uM, which are in the range of
the values measured in the present study. Diffusive fluxes
ranged from 0.01 mmol m ? d™' to 18.6 mmol m * d!
with the higher fluxes in the Tapajos, Xingu, and Amazonas
rivers. Their data for the Negro and Solimoes rivers were
based on sites near Manaus and represent only the lowest
reaches of these rivers. In the present study, we sampled six
stations in the Solimoes main stem, and four stations along
the Negro main stem. The Negro R. had higher dissolved
CH, concentrations, especially during the HW period, in
comparison to the Solimoes R.

Several authors working at tropical floodplains, such as
the Orinoco (Smith et al. 2000), the Pantanal (Bastviken
et al. 2010), and the Amazon (Devol et al. 1988, 1990),
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found a strong relation between gas water concentration and
its flux to the atmosphere. In the Solimoes basin CH4 con-
centration and water temperature were positively related to
CH, diffusive flux (p = 0.0003). As discussed by Stanley et al.
(2015), the relation between water temperature and CHy
emission is often ambiguous. For example, Smith et al.
(2000), working in the Orinoco floodplain found no relation
between these two variables. Environment type was also
related to CH4 diffusive emissions in the Solimoes basin. The
Solimoes main stem had lower CH, diffusive fluxes and con-
centrations than the lakes and tributaries. Sawakuchi et al.
(2014) found higher fluxes in the tributaries, when com-
pared to the mainstem Amazonas River.

Mechanisms of methane production are the same in rivers
and lakes, although factors that regulate CH4 production
and its emission to the atmosphere appear to differ. The rela-
tion between the river channels and the adjacent floodplain
has been shown to be important for several elements and
processes. Mayorga et al. (2005) suggested that materials
from the floodplain could be responsible for sustaining the
high respiration rates found in Amazonian rivers. Moreira-
Turcq et al. (2013) estimated a mass balance for the particu-
late organic carbon that supported the importance of inter-
action between rivers and lakes. Furthermore, Abril et al.
(2014), working on the Amazon River floodplain, suggested
that much of the CO, in the main stem river is derived from
the adjacent floodplain indirectly, by improving the avail-
ability of carbon, or directly through the respiration in roots.
They estimated that Amazonian wetlands export half their
primary production to adjacent waters, part of which can
support a large percentage of inland water CO, evasion. The
interaction between rivers channels and the surrounding
floodplain for the CH,; dynamics is not well understood.
Richey et al. (1988), Bartlett et al. (1990) and Devol et al.
(1994) reported a gradient of increasing methane toward the
margins of the Solimoes R., indicating the floodplain could
act as a source of CH, to the river. Sawakuchi et al. (2014),
in contrast, inferred little interaction between the river and
the adjacent floodplain based on their data. Borges et al.
(2015a) suggest that the dynamics of CH, in the Amazon
and Congo rivers is related to the hydrological connectivity
between the fringing wetlands and the river channels. Fur-
ther work that incorporates measurements and models of
river-floodplain exchanges, such as reported by Rudorff et al.
(2014a,b), is warranted.

In comparison to the floodplains along the Solimoes/Ama-
zonas River, there is a lack of information on CH,4 emissions
from the Negro basin. We estimated a median emission of dif-
fusive fluxes for the Negro basin tributaries, based on calcula-
tions with Eq. 4 at high and low water, as 2.8 mmol m 2 d ™!
and 1.4 mmol m~? d !, and for the main stem Negro R. as 0.4
mmol m ?d ! and 1.2 mmol m % d "', respectively. Based on
measurements with floating chambers in the Jau basin Rose-
nqvist et al. (2002), calculated a mean annual emission of

Diffusive methane fluxes from rivers and fringing lakes

methane from flooded forest of 1.9 mmol m 2 d~'. Upper
Negro interfluvial wetlands are a mosaic of emergent grasses,
sedges, shrubs and palms with shallow permanent water or
seasonal flooding. Belger et al. (2011), working in interfluvial
wetlands of the Negro basin, measured methane uptake on
unflooded lands, evasion from flooded areas as diffusive and
ebullitive fluxes with chambers and funnels, and as transport
through rooted plants. Based on annual emission from two
interfluvial wetlands, Belger et al. (2011) estimated average
CH, emission from wetland areas of 1.8 mmol m 2 d™! for
CH,. Jati (2013) made monthly measurements of methane
flux with floating chambers in 80 wetlands near Boa Vista
(Roraima); the mean emission value from his results was about
0.8 mmol m 2d ! for CH,.

Gas transfer velocities and occurrence of ebullition

In the open waters included in our study, exchange of
methane between surficial water and overlying atmosphere
can occur by diffusive processes and by ebullition. Diffusive
exchange depends on the concentration gradient between
air and water and on physical processes at the interface, usu-
ally parameterized as a gas transfer velocity (k). In the lakes
along the Solimoes R. that we sampled, kcp4 values, derived
from our chamber measurements, averaged 13.3 cm h™'; a
few anomalous values were excluded. Rudorff et al. (2011)
used three different models of k, and Polsenaere et al. (2013)
applied an eddy covariance technique to calculate fluxes and
k values. Rudorff et al. (2011) reported gas transfer coeffi-
cients that take into account wind as well as heating and
cooling, which were on the order of 10 cm h™!. Polsenaere
et al. (2013) reported k values averaging 12.2+6.7 cm h™'.
Based on floating chambers deployed in Balbina Reservoir,
Kemenes et al. (2011) calculated k values with an average of
about 12 cm h™*,

At low wind speeds, which occurred during most of our
measurements, empirically derived relationships between
wind speeds and k have large uncertainty and considerable
scatter (Cole and Caraco 1998; Crusius and Wanninkhof
2003; Alin et al. 2011). Recent work by Maclntyre et al.
(2010) has shown that during low winds, nocturnal buoy-
ancy flux can be a major source of turbulence, a process not
well represented by most empirical methods. In our study,
for both the Negro and the Solimoes basins, wind velocities
were low, with the majority below 3 m s~'. The few events
of higher speed winds (above 2.5 m s~ ') coincide with fluxes
above the median when using Eq. 3.

In flowing waters, values of k for Amazon waters have been
derived using ?*’Rn and from methane fluxes measured in
floating chambers, (Devol et al. 1987; Alin et al. 2011; Kemenes
et al. 2011; Rasera et al. 2013). Devol et al. (1987) combined
their Rn based values with a dissolved oxygen balance and
other empirical analyses to estimate a likely k value for the
main stem Amazon River of about 19 cm h™'. The range of k
values reported by Alin et al. (2011) and Rasera et al. (2013) for
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rivers in the Amazon (1.2-31.6 cm h™'), are quite similar. For
the Uatuma River below Balbina Reservoir, Kemenes et al.
(2011) reported average k values of 10.5 cm h™'.

Our estimated k values (expressed as kcpys) derived from
our chamber measurements, differed among the rivers
sampled. Negro basin rivers ranged from 2.8 cm h™' to
37 cm h™! with mainstem stations higher (average 26 cm
h™!, excluding one anomalous value) than tributaries (aver-
age, 14 cm h™'). The combination of the mainstem Sol-
imoes/Madeira sites and Solimoes tributaries sampled
averaged 18.6 cm h™! (excluding a few anomalous values).

Measurements of gas fluxes with floating chambers and
calculations based on concentration gradients and k values
each have methodological issues. Several authors have com-
pared such methodologies and discussed differences between
them (e.g., Duchemin 1999; Vachon et al. 2010; Schubert
et al. 2012). Floating chambers, even when drifting, can alter
near-surface turbulence (Lorke et al. 2015), and short deploy-
ment times will not represent the full range of environmen-
tal conditions. Chambers shelter the surface from rain or
wind-induced waves and cannot be deployed under condi-
tions with high winds and waves. While measurements of
near-surface gas concentrations are straightforward and can
be automated, calculations of k values usually depend on
empirical relations with wind speed or currents. As noted by
Zappa et al. (2007), k values based on formulations using
measurements or calculations of the rate of turbulent energy
dissipation are theoretically sound and promising. Turbu-
lence within near-surface waters, generated by processes
such as convective cooling or internal waves, can be impor-
tant (MacIntyre et al. 2010; Tedford et al. 2014). Further
studies of gas exchange in large rivers using innovative
methods and hydrodynamic theory are needed.

Ebullition can increase rates of methane evasion and add
variance to the rates. Although floating chambers can cap-
ture bubbles and abrupt increases in concentration in cham-
bers with continuous records of methane concentration can
be attributed to bubbles (Crill et al. 1988; Bartlett et al.
1990), short deployments and small areas of chambers are
likely to lead to under-estimation of ebullition. Another
approach is to calculate diffusive fluxes based on surficial
concentrations and an appropriate k value, and to subtract
these values from the total flux captured in the floating
chambers. If the k selected is too low, the apparent ebullition
will be too high, and flux estimates from the 1980s and
1990s generally used low k values. To increase spatial and
temporal coverage of ebullitve fluxes, submerged funnels are
often used (e.g., Kemenes et al. 2007); it was not feasible to
deploy funnels in the rivers we sampled, and we spent insuf-
ficient time in the lakes to obtain results. Recent applications
of hydroacoustic measurements have allowed significant
improvements in the estimation of ebullition (Del Sontro
et al. 2011), although results from this method have yet to
be reported for the Amazon basin.

Diffusive methane fluxes from rivers and fringing lakes

Sawakuchi et al. (2014) attempted to divide methane
fluxes between diffusive and ebullition by assuming the min-
imum fluxes captured in floating chambers represented diffu-
sive fluxes and that larger fluxes were owed to ebullition in
the rivers. However, most of the k values derivable for their
median values for flux and concentration are within the
range discussed above without the need for ebullition. Fur-
thermore, conditions in large Amazonian rivers frequently
include episodes of wind-driven waves enhanced by many
kilometer fetches, numerous eddy structures on spatial scales
from meters to ten of meters, frontal features with converg-
ing currents and current generated shear: all conducive to
elevated k values. Spatial heterogeneity in surficial methane
concentrations will lead to further variability in fluxes (Hof-
mann 2013). Hence, while ebullition may occur in rivers, no
direct evidence is available and indirect approaches are likely
to be compromised by the wide ranges of k expected in tur-
bulent rivers.

Regional extrapolation

To extrapolate our diffusive emission values for rivers to
river channels throughout the lowland Amazon basin we
used the classified open water areas derived from SRTM data
(Farr et al. 2007). Based on an examination of these data in
comparison to river channels delimited by the open water
classification of Hess et al. (2003, 2015) using 100 m resolu-
tion synthetic radar data and of Hansen et al. (2013) using
Landsat data, the SRTM product represents well large river
channels with widths greater than 200 m and less well chan-
nels with widths of about 100 m. The SRTM data were
acquired during rising water in February which approximates
average annual channel areas. We used these data to esti-
mate river channel areas for the major rivers sampled and
for the whole lowland basin (Table 6). Melack (still in press)
provides a summary and evaluation of other estimates of
river channel areas for the Amazon basin.

We combined our areal estimates with our new diffusive
fluxes and those of others to estimate basin-specific and total
lowland methane emission from channels of large Amazo-
nian rivers (Table 6). Although fluxes were calculated for sev-
eral major rivers, the sampling was done only in the lower
reaches of the rivers, except for the Negro and Solimoes/
Amazonas rivers. The LW flux determined for the Japura R,
was much larger than other measurements and was excluded
from the calculation to not unduly influence the extrapola-
tion to the whole river. For the Negro basin, the median val-
ues of the modelled LW and HW fluxes were used. The total
CH, diffusive emission for the mainstem rivers and tributa-
ries, including the Solimoes and the lower Amazon, with a
channel area of 40,710 km?, is 0.24 Tg C yr '. Assuming
these values are representative of the river channels in the
whole lowland basin with a combined channel area of
52,380 km?, total lowland diffusive emission is estimated as
0.31 Tg C yr '. This methane fluxes represent 1.4% of the

§233



Barbosa et al.

lowland basin-wide methane emission from lakes, flood-
plains, wetlands, and river of 22 Tg C yr ! calculated by Mel-
ack et al. (2004). Stanley et al. (2015) estimated an annual
global emission of 26.8 Tg CH, from streams and rivers.

These estimates include uncertainties caused by sampling
and analytical variability as well as systematic problems asso-
ciated with under-sampling the full extent of diel, episodic,
seasonal and inter-annual variations, the small area captured
by the floating chambers, issues with the calculation of k val-
ues, and local to regional differences in the hydrological and
ecological conditions. We can quantify only a subset of these
uncertainties. The coefficient of variation (CV) for paired
chambers in the mainstem Solimoes R. ranged from 8% to
45%, and in the tributaries ranged from 6% to 84%. The
high values were uncommon, and the average CV for all
chamber fluxes measured in the Solimoes basin was 30%.
For the Negro basin, tributary CVs for chamber fluxes ranged
between 5% and 63% with an average of 21%. Mainstem LW
chamber fluxes had a CV ranging between 3% and 20%
(average of 13%). Melack et al. (2004) applied a Monte Carlo
propagation of error analysis that combined error estimates
of emissions and inundated areas; for the mainstem Sol-
imoes and Amazonas they calculated the standard deviation
as a percentage of the annual flux as 13%. The combination
of the quantified uncertainties lead to an estimated variation
of 20-30% for our 0.24 Tg C yr~', although unquantified
spatial and temporal variations would increase the uncer-
tainty. Our lowland basin-wide estimate of 0.31 Tg C yr !
would include even greater uncertainty as it extends into
unsampled environments.

Further advances in our estimates of methane emission
from the Amazon basin and from other tropical floodplain sys-
tems and understanding of the processes involved will require
several lines of research. High frequency and time series meas-
urements of emission with chambers and in situ concentra-
tions are now possible with instruments such as cavity
ringdown spectrometers (Crawford et al. 2015). Such measure-
ments should be done in under-sampled habitats including
flooded forests and within herbaceous vegetation and over
24 h periods for all seasons. Hydroacoustic surveys of bubbling
will also provide extensive data on this spatially and tempo-
rally variable process. Experimental assays of methane oxida-
tion and production using realistic environmental conditions
and appropriate substrates will contribute to improved mod-
els. Recent developments of surface renewal models of gas
exchange will allow incorporation of physical processes criti-
cal to calculations of fluxes (e.g., Tedford et al. 2014).
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