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Topsoil DOC (mg L-1) 

Few data 

« Humic-centric » of view of C cycling in lakes 

Langeveld et al. (2020) 

doi: 10.1007/s42452-020-03290-0 
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Why tropical lakes ? 

Warm (obviously) and productive 
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Melack (1979) 

doi: 10.1007/BF00346388 

Pessarrodona et al. (2022) 

doi: 10.1126/sciadv.abn2465 

Primary production less variable seasonally 
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Why Africa ? 

 Biggest concentration of large lakes after Laurentian Great Lakes 

 66% of the total surface area of tropical lakes (>0.1 km2) 
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Flooded forest 

Rain forest 

Savannah 

Land cover 

 

Surface area 

 Victoria 67,000 km2 

Lac Vert 0.2 km2 

Max depth 

 Tanganyika 1,470 m 

Nyamunuka 0.1 m 

Borges et al. (2022) https://doi.org/10.1126/sciadv.abi8716 
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Cole & Caraco (98) Gas 

transfer velocity in 

individual lakes 

HydroLAKES 

WorldClim 

wind 

CH4 concentration 

in individual lakes 

CH4 concentration 

depth 

Diffusive CH4 emissions 

in individual lakes (m-2) 

Total diffusive CH4 

emissions (TgCH4 yr-1) 

HydroLAKES 
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This study Ebullitive 1.4 TgCH4/yr 25.0 gCH4/m
2
/yr

Diffusive 0.4 TgCH4/yr 2.1 gCH4/m
2
/yr

Total 1.8 TgCH4/yr

Total lake surface area 209,394 km2

Littoral zone (<10m) 56,063 km
2

Bastviken et al (2011) Ebullitive 14.5 TgCH4/yr 38.9 gCH4/m
2
/yr

Diffusive 2.0 TgCH4/yr 5.5 gCH4/m
2
/yr

Total 16.6 TgCH4/yr

Total lake surface area * 373,254 km2

* rescaled as African lakes =  66% of tropical lakes
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Lakes Rivers
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Wetland cover (GIESM) 
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This study Diffusive Flux 3.3 TgC/yr 15.9 gC/m2/yr

Average pCO2 530 ppm

Total lake surface area 209,394 km
2

Raymond et al (2013) Diffusive Flux 35.6 TgC/yr 160.3 gC/m2/yr

Average pCO2 934 ppm

Total lake surface area 222,062 km
2
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CO2 emissions from African lakes 

African lakes 
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Lakes Rivers
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African lakes 



Napo River 

 

Elevation  

~ 4000m  

~ 170m 
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Chiriboga & Borges et al. (2023) doi: 10.1038/s43247-023-00745-1 
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CH4 emissions from Amazonian lakes/rivers 
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CO2 emissions from Amazonian lakes/rivers 
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Skogaryd Research Catchment (SRC) ~ 7 km2 

 

River CH4 emissions < Lake CH4 emissions (2 x) 

River CO2 emissions ≥ Lake CO2 emissions (1.2 x) 

Q&A 
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Northern cryosphere 

 

River CH4 emissions < Lake CH4 emissions (2.1 x) 

River CO2 emissions > Lake CO2 emissions (2.6 x) 

Q&A 



Symposium on inland water GHG emissions 

21 May 2025 Q&A 

B
ore

al
 (
n=61

)

K
at

in
da 

(n
=5)

K
ya

sh
an

duka
 (n

=1)

M
ra

m
bi (

n=1)

K
ita

gat
a 

(n
=1)

N
ya

m
unuka

 (n
=1)

N
ku

gute
 (n

=3)
0

20

40

60

80

100

C
O

2
 (

µ
m

o
l 
L

-1
)

0.1-1 km2

B
ore

al
 (
n=61

)

K
ya

m
w
in

ga 
(n

=1)

N
ya

m
usi

nger
e 

(n
=9)

1-10 km2

B
ore

al
 (
n=10

)

K
am

ohonjo
 (n

=9)

A
la

otr
a 

(n
=15

)

G
eo

rg
e 

(n
=7)

Tum
ba 

(n
=1)

M
ai

 N
dom

be 
(n

=1)

E
dw

ar
d (n

=46
)

K
iv

u (n
=65

)

A
lb

er
t (

n=12
)

Tan
gan

yi
ka

 (n
=52

)

V
ic

to
ria

 (
n=79

)

>10 km2

101

102

103

104

105

106

C
H

4
 (

n
m

o
l 
L

-1
)

0.1-1 km2 1-10 km2 >10 km2

Borges et al. (2022) doi: 10.1126/sciadv.abi8716 



Symposium on inland water GHG emissions 

21 May 2025 

0 20 40 60 80 100
0

100

200

300

400

500

Bottom depth

C
H

4
 (

n
m

o
l 

L
-1

)

750 1400

0 20 40 60 80 100
0

500

1000

1500

2000

2500

1400

Tanganyika (n=7,334)

Edward (n=504)

Albert (n=1,364)

Victoria (n=19,934)

Kivu (n=65)

Q&A 

Borges et al. (2022) doi: 10.1126/sciadv.abi8716 



Hydrological inputs 

of dissolved CH4 from rivers, 

ground-water, soil-water, 

wetlands

Inputs of 

allochthonous organic carbon

sustaining benthic

methanogenesis

Inputs of 

autochthonous organic carbon

sustaining benthic

methanogenesis

Processes

increasing CH4

in surface waters

Processes

decreasing CH4

in surface waters

Resulting

lake surface

CH4 content

Equilibrium

Lake surface area

Lake mean depth

Humic and non-humic

lakes

Deepening of the mixed

layer depth

Decoupling

of epilimnion from hypolimnion

(stratification

increase) 

Increase in k

Proximity of surface 

waters with the sediment

Horizontal transport

from the littoral zone

Small lake

Shallow lake

Littoral zone

Large lake

Deep lake

Pelagic zone

I

II

III

IV

V

VI

VII

VIII

+

+

+

+

+

Symposium on inland water GHG emissions 

21 May 2025 Q&A 

Borges et al. (2022) doi: 10.1126/sciadv.abi8716 



Symposium on inland water GHG emissions 

21 May 2025 Q&A 

Borges et al. (2022) doi: 10.1126/sciadv.abi8716 

Hydrological inputs 

of dissolved CO2 from rivers, 

ground-water, soil-water, 

wetlands

Inputs of 

allochthonous organic carbon

sustaining pelagic and

benthic R

P (low CDOM)

P (high CDOM)

Resulting

lake surface

CO2 content

Small lake

Shallow lake

Littoral zone

Large lake

Deep lake

Pelagic zone

Processes

increasing CO2

in surface waters

Processes

decreasing CO2

in surface waters

Equilibrium

Lake surface area

Lake mean depth

Humic lakes

Non-humic lakes

Processes favoring

CO2 equilibrium

with the atmosphere

? ?

Decoupling of epilimnion

from hypolimnion

Increase of k

+

+

+

+

+

I

II

III

IV

V

VI



Symposium on inland water GHG emissions 

21 May 2025 Q&A 

0.1 1 10 100 1,000 10,000
0

100

200

300

400

Surface area (km2)

%
N

2
O

 (
%

)

air

humic

0.1 1 10 100 1,000

Average depth (m)

humic

0.1 1 10 100 1,000 10,000
100

101

102

103

104

105

106

Lake surface area (km2)

S
u

rf
a

c
e

 d
is

s
o

lv
e

d
 C

H
4
 (

n
m

o
l 

L
-1

)

air

Nkugute (n=3)

Kamohonjo (n=9)

Malawi

0.1 1 10 100 1,000

Lake average depth (m)

Victoria (n=79)

Tanganyika (n=52)

Albert (n=12)

Kivu (n=65)

Edward (n=46)

Mai Ndombe (n=1)

Alaotra (n=15)

Tumba (n=1)

George (n=7)

Nyamusingere (n=9)

Kyamwinga (n=1)

Mbita (n=2)

Lukulu (n=2)

Mbalukira (n=2)

Ndalaga (n=2)

Nyamunuka  (n=1)

Kitagata (n=1)

Mrambi (n=1)

Kyashanduka (n=1)

Katinda (n=5)

Lac Vert (n=2)

<
1

1
-1

0
1

0
-1

0
3

1
0

3
-1

0
4

>
1

0
4

km2

Yandja (n=1)

Borges et al. (2022) doi: 10.1126/sciadv.abi8716 



Symposium on inland water GHG emissions 

21 May 2025 Q&A 

0.1 1 10 100 1,000 10,000
100

101

102

103

104

105

106

Lake surface area (km2)

S
u

rf
a

c
e

 d
is

s
o

lv
e

d
 C

H
4
 (

n
m

o
l 

L
-1

)

air

Nkugute (n=3)

Kamohonjo (n=9)

Malawi

0.1 1 10 100 1,000

Lake average depth (m)

Victoria (n=79)

Tanganyika (n=52)

Albert (n=12)

Kivu (n=65)

Edward (n=46)

Mai Ndombe (n=1)

Alaotra (n=15)

Tumba (n=1)

George (n=7)

Nyamusingere (n=9)

Kyamwinga (n=1)

Mbita (n=2)

Lukulu (n=2)

Mbalukira (n=2)

Ndalaga (n=2)

Nyamunuka  (n=1)

Kitagata (n=1)

Mrambi (n=1)

Kyashanduka (n=1)

Katinda (n=5)

Lac Vert (n=2)

<
1

1
-1

0
1

0
-1

0
3

1
0

3
-1

0
4

>
1

0
4

km2

Yandja (n=1)

0.1 1 10 100 1,000 10,000
0

100

200

300

400

Chl-a (µg L-1)

%
N

2
O

 (
%

)

Borges et al. (2022) doi: 10.1126/sciadv.abi8716 



Symposium on inland water GHG emissions 

21 May 2025 Q&A 

This study Diffusive Flux -0.1±0.1 GgN2O/yr -0.5 mgN2O/m
2
/yr

Total lake surface area 209,394 km
2

Lauerwald et al (2019) Diffusive Flux 3.7 GgN2O/yr 16.1 mgN2O/m
2
/yr

Total lake surface area 229,000 km
2

Borges et al. (2022) doi: 10.1126/sciadv.abi8716 
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Borges et al. (2022) doi: 10.1126/sciadv.abi8716 

B
ore

al
 (n

=61
)

K
at

in
da 

(n
=5)

K
ya

sh
an

duka
 (n

=1)

M
ra

m
bi (

n=1)

K
ita

gat
a 

(n
=1)

N
ya

m
unuka

 (n
=1)

N
ku

gute
 (n

=3)
0

100

200

300

400
400

800

1,200

N
2
O

 (
%

)

0.1-1 km2

air

B
ore

al
 (
n=33

)

K
ya

m
w
in

ga 
(n

=1)

N
ya

m
usi

nger
e 

(n
=9)

1-10 km2

B
ore

al
 (n

=10
)

K
am

ohonjo
 (n

=9)

A
la

otr
a 

(n
=15

)

G
eo

rg
e 

(n
=7)

Tum
ba 

(n
=1)

M
ai

 N
dom

be 
(n

=1)

E
dw

ar
d (n

=46
)

K
iv

u (n
=65

)

A
lb

er
t (

n=12
)

Tan
gan

yi
ka

 (n
=52

)

V
ic

to
ria

 (
n=79

)

>10 km2

humic



Symposium on inland water GHG emissions 

21 May 2025 

CDOM SR was negatively related with wetland presence on the catchment 

extracted from GIEMS-D15  

 

CDOM SR = 1.85 - 0.0765 x %wetland (r2 = 0.57, p=0.0003, n=18) 

 

 Threshold value of wetland coverage of 8.1%  

 

to classify humic (CDOM SR <1) and non-humic (CDOM SR >1) lakes. 

Q&A 

Borges et al. (2022) doi: 10.1126/sciadv.abi8716 



0.1 1 10 100 1000
0

200

400

600

800

1000

1200

Lake mean depth (m)

p
C

O
2
 (

p
p

m
)

Africa (non-humic)

Brazil (Carioca)

Bali (Batur)

Symposium on inland water GHG emissions 

21 May 2025 

0 1,000 2,000 3,000
0

2,000

4,000

6,000

8,000

Lake surface area (km2)

p
C

O
2
 (

p
p

m
)

0 10 20 30 40

DOC (mg L-1)

Africa (humic)
Amazon

Borges et al. (2022) doi: 10.1126/sciadv.abi8716 

Q&A 



Symposium on inland water GHG emissions 

21 May 2025 

0.
01 0.

1 1 10 10
0

1,
00

0

10
,0

00

10
0,

00
0

1

10

100

1,000

10,000

100,000

1,000,000

Lake surface area (km2)

C
H

4
 (

n
m

o
l 

L
-1

)

0.
1 1 10 10

0

1,
00

0

Lake average depth (m)

Africa
Amazon

India
Philippines

Pantanal

Borges et al. (2022) doi: 10.1126/sciadv.abi8716 

Q&A 



Symposium on inland water GHG emissions 

21 May 2025 Q&A 

Chiriboga & Borges et al. (2023) doi: 10.1038/s43247-023-00745-1 
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Borges et al. (2022) doi: 10.1126/sciadv.abi8716 
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Morana et al. (2020) doi:10.5194/bg-17-5209-2020 

Methane aerobic production (MAP) based on tracer incubations 

Diff. = 5 x MAP  = 36 x MAP  = 13 x MAP 

MOX = 205 x MAP  = 1150 x MAP  = 78 x MAP  
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Cole and Caraco (1998) 
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pCO2 calculated from pH and total alkalinity versus pCO2 measured direct 

Over-estimation up to 75 x  

https://doi.org/10.5194/bg-12-67-2015 

Q&A 



Symposium on inland water GHG emissions 

21 May 2025 Q&A 

CO2, CH4, N2O 

data 

Statistical 

models 

Simple stats 

(1-2 predictors) 
Conceptual 

understanding 

of drivers 

Ancillary data 

Regional/Global 

Up-scaling 

n<50 

Machine 

learning 

Mechanistic 

models 


