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[1] The role of saline lakes in CO2 exchange with the atmosphere was evaluated on the
basis of calculated partial pressure (pCO2) and CO2 exchange rates with the atmosphere
derived from a compilation of published data for 196 saline lakes around the world.
The average surface water pCO2 exceeded atmospheric pCO2 by a factor of 5–8 times,
indicative of a tendency for saline lakes to emit CO2 to the atmosphere. Chemically
enhanced emission, calculated from solute chemistry, pH, and wind speed, increased
gas exchange an average of 2.3 times over that of freshwater lakes having equivalent
pCO2. The globally distributed lakes emitted CO2 at rates in excess of 80 mmol m�2 d�1.
TheCaspian Seawas calculated to support alone a total CO2 emission of 0.02 to 0.04GtC a�1,
with the total CO2 emissions to the atmosphere from saline lakes calculated to be 0.11–
0.15 Gt C a�1. Consideration of CO2 emissions from saline lakes raises the total CO2

emissions to the atmosphere from all lakes to 0.28–0.32 Gt CO2. These results point to
a significant role of saline lakes in global C cycling.
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1. Introduction

[2] Saline lakes compose about a fifth of the total Earth0s
lake surface and include the largest inland lake (the Caspian
Sea) as well as many other large lakes (Aral Sea, Lake Chad,
Lake Eyre; [Meybeck, 1995]). About 75% of saline lakes are
located in endorheic watersheds, where they compose about
2% of total watershed surface area [Meybeck, 1995]. Because
saline lakes are hydrologically terminal, materials (nutrients,
organic matter, salts) received and produced by saline lakes
largely remain within the basin and are not exported down-
stream [Jones and Deocampo, 2003]. As a result, saline lakes
typically have high dissolved inorganic and organic C con-
centrations [Anderson and Stedmon, 2007] and commonly
support highly active biological communities [Hammer,
1981; Melack, 1981; Williams, 1981].
[3] While freshwater lakes are known major conduits for

CO2 evasion to the atmosphere as a result of high aqueous
CO2 partial pressure (pCO2) generally generated by the res-

piration of organic carbon or the degassing of inorganic
carbon received from the watershed [Kling et al., 1991; Cole
et al., 1994; Duarte and Prairie, 2005], current estimates of
global lake emissions [Cole et al., 2007] do not consider
saline lakes separately. However, the biogeochemistry in
carbon of saline lakes can be different from that of fresh-
waters [cf. Jones and Deocampo, 2003]. Chemical processes
such as carbonate precipitation/dissolution reactions and the
chemical enhancement of CO2 exchange rates at the air/water
interface, because of the hydration of atmospheric CO2

directly to bicarbonates [Wanninkhof and Knox, 1996], are
much more prevalent in saline environments. For these
reasons, their role as carbon sinks or sources to the atmo-
sphere may be different from that of freshwater systems and
require specific attention in current efforts to estimate carbon
gas emissions from inland aquatic ecosystems. In particular,
saline lakes have the potential to support high CO2 exchange
rates with the atmosphere given the unusually large carbon
pools present in the systems and by chemical enhancement
processes not usually operative in dilute freshwaters. Despite
the possibility that saline lakes are major sites for CO2 ex-
change between aquatic ecosystems and the atmosphere,
their global role has not been assessed.
[4] Here we synthesize the role of saline lakes in CO2

exchange with the atmosphere on the basis of calculated
pCO2 and lake-atmosphere CO2 exchange rates using pub-
lished data from around the world.

2. Methods

[5] Data on pCO2, water temperature, pH, alkalinity, spe-
cific conductance, total dissolved solids and, where available,
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3Departamento de Ecologı́a, Universidad Autónoma de Madrid,
Madrid, Spain.

4Institute of Ecosystem Studies, Millbrook, New York, USA.
5United States Geological Survey, Denver, Colorado, USA.
6Donald Bren School of Environmental Science and Management,

University of California, Santa Barbara, Santa Barbara, California, USA.
7Ecology, Evolution, and Organismal Biology Department, Iowa State

University, Ames, Iowa, USA.

Copyright 2008 by the American Geophysical Union.
0148-0227/08/2007JG000637

G04041 1 of 7



chlorophyll a concentrations of the surface waters of
saline lakes were assembled from the published literature
and from an inventory of water bodies in Spain (see
Auxiliary Material [Initec, 1990]).1 A specific conductance
of 1000 mS cm�1 (�0.68 g kg�1 salinity) was used to separate
freshwater from saline lakes; data therefore span a wide range
from oligosaline to hypersaline conditions. We tested the
choice of this threshold versus higher salinity thresholds (e.g.,

1 g kg�1) and found no effects, as very few lakes in our data
set (N = 6) had salinity values between 0.6 and 1 g kg�1

(Supporting Online Material). The mean (±SE) salinity was
33.1 ± 3.2 g kg�1; 90% of the lakes in the data set had salinity
> 2.2 g kg�1 and only 10%of the lakes had salinity > 65 g kg�1.
CO2 partial pressure was only reported from direct measure-
ments for one lake (Dead Sea [Barkan et al., 2001]). For all the
other lakes, pCO2 was calculated from water temperature, pH,
alkalinity, and specific conductance (or salinity). Inorganic
carbon speciation among CO2, HCO3

� and CO3
2� depends on

the ion chemistry of the water, temperature and pCO2 of the

Figure 1. Cumulative frequency distribution of pH and alkalinity in saline lakes around the world.

1Auxiliary materials are available in the HTML. doi:10.1029/
2007JG000637.
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overlying atmosphere. Because the exact chemical composi-
tion was not reported for most of our data sources, our ap-
proachwas to calculate the temperature and salinity effects on
inorganic carbon speciation using two sets of equations that
bracketed true conditions. In the first set, we used the equa-
tions ofMillero [2007], and assumed that the ionic chemistry
of saline lakes is that of oceanwater of equivalent salinity. For
the other extreme, we used the temperature and ionic strength
corrections of Stumm and Morgan [1985] for freshwater.
These calculations based on the different ionic compositions
are reported as the M (Marine) and F (Freshwater) scenarios,
respectively. For very large systems, such as the Caspian Sea,
which can individually alter the resulting global estimate, we
compared pCO2 estimates from multiple sources. For the
Caspian Sea, we compared our calculated pCO2 estimates
with those of Alekseev et al. [1989] from 7 different locations
for which salinity, temperature, alkalinity and pH values were
given. In all cases, the published values fell within the in-
terval calculated from the F andMmodel scenarios. Although
this analysis is restricted to a single, albeit most important
system, we suggest that it provides a realistic range of the
likely pCO2 values.
[6] Air-water fluxes were computed from pCO2 assuming

a conservative wind-driven gas exchange coefficient of
0.8 m d�1. Values were normalized to a Schmidt number
of 600 (k600), average wind velocity of 3 m s�1 [Cole and
Caraco, 1998], and corrected for chemical enhancement
[Hoover and Berkshire, 1969]. Chemical enhancement was
calculated from pH, temperature and salinity using the for-
mula given byWanninkhof and Knox [1996], and assuming a
mean atmospheric pCO2 of 370 matm, except when atmo-
spheric pCO2 was given. Whenever water temperature was
missing, a value similar to that of other lakes in the regionwas
assumed. This may involve errors of 1–2�C, which affect

pCO2 values by �0.3 to 0.4 percent per degree C over the
range of 0 to 25�C. When not reported, salinity was calcu-
lated from specific conductance as S (ppt) = specific con-
ductance (mS cm�1) � (6.8 � 10�4) a simple empirical
approximation suitable for waters of differing ionic compo-
sitions [Australian and New Zealand Environment Conser-
vation Council and Agriculture and Resource Management
Council of Australia and New Zealand, 2000]. When multi-
ple values were reported for a lake within an individual study,
these were averaged to derive a single estimate for each lake.
However, results from different studies or assessments of the
same lake at different times were accepted because saline
lakes have high interannual variability. No lake was repre-
sented more than three times in the data set.

3. Results

[7] The assembled data set included 237 data entries re-
ported in 54 separate studies of 196 lakes, for which all
information required to calculate pCO2 were available
(Supporting Online Material). These were distributed over
20 countries and on 5 continents and included saline lakes
in warm regions (Dead Sea), polar regions (Lake Bonney,
Antarctica), tropical regions (lakes in central Africa), and
dry high-altitude regions (Bolivian lakes); therefore repre-
senting the broad diversity of saline lakes present in the
biosphere [Williams, 1993; Jones and Deocampo, 2003].
The lakes tended to have relatively high pH and alkalinity
(Table 1 and Figure 1) and high DIC concentrations (Table 1).
The calculated pCO2 in the surface waters of the saline lakes
ranged over 5 orders of magnitude (Table 1), with the
greatest pCO2 observed in Russian saline lakes (Supporting
Online Material). Depending on the ionic composition
scenarios, between 36 (F) and 55 (M) % of the lakes were

Figure 2. Cumulative frequency distribution of pCO2 in saline lakes around the world. Dashed lines
represent atmospheric equilibrium. Values were calculated for all lakes assuming both the ionic
composition in saline lakes waters to be similar to seawater (M, closed symbols) and to freshwaters (F,
open symbols).
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undersaturated with respect to atmospheric pCO2 (Figure 2).
Only about 10% of the observations were within 20% of
atmospheric equilibrium. Irrespective of the calculation
method, the pCO2 distribution was highly skewed with a
few lakes having very high pCO2 values (Figure 2). Av-
erage pCO2 ranged from 1900 (M) to 3040 (F) matm,
considerably higher than the medians at 290 and 645 matm,
atm, respectively. The relationship between pCO2 and DIC
and pH was highly variable (Figure 3). pCO2 had a weak,
albeit statistically significant decline with increasing chlo-
rophyll a concentration. This accounted for only 9% of the
variance in pCO2 for the subset of lakes for which chloro-
phyll a concentration was available (r2 = 0.09; p = 0.0036),
suggesting lake trophic status effects on pCO2 to be modest
compared to the variability attributable to the differences in
chemistry across saline waters. The absolute deviation from
atmospheric equilibrium was high, on average, with
(pCO2(aq)/pCO2 (atm)) averaging 5 (M) to 8 (F) (Table 1).
[8] In saline lakes, the flux of CO2 to the atmosphere is

governed by the surface water pCO2, physical conditions at
the air-water interface and by chemical enhancement of the

rate of gas exchange (k). If both pCO2 and chemical en-
hancement of k are high, the processes maintaining CO2

supersaturation, including respiration, carbonate precipita-
tion and/or hydrologic or geologic inflow, need to be pro-
portionately more intense in saline lakes than in freshwater
lakes to maintain similar pCO2. In our data set, chemical
enhancement was an important factor in driving CO2 fluxes
and increased gas exchange by up to twentyfold, with an
average enhancement factor of 2.3 (Figure 2) over purely
physical gas exchange. Calculated air-water CO2 fluxes
ranged from a high influx to a high efflux (Table 1). The
average areal net flux of the individual saline lakes was
positive (net emission) and varied, depending on the ionic
composition assumptions used, between 81 (M) and 105 (F)
mmol cm�2 d�1. Saline lakes with pH < 9 were generally
higher net sources of CO2 to the atmosphere whereas lakes
at or above pH 9 were commonly weak CO2 sinks.

4. Discussion

[9] Our results indicate that saline lakes are highly reactive
sites for air-water CO2 exchange and are important reservoirs
of dissolved inorganic carbon, having median concentrations
of 7.7 mmol L�1, about 10–15 times greater than typical
concentrations in freshwater lakes [Kalff, 2002]. Because
saline lakes have a total volume comparable to that of fresh-
water lakes (about 85,400 versus 91,000 km3, respectively
[Williams, 1993]), they are a far greater reservoir of inorganic
carbon than freshwater lakes. As saline lakes tend to have
high pH, the DIC is present mostly as HCO3

� and CO3
–2 and

not as CO2. However, our results show that a large fraction
of the saline lakes in our data set tend to also be strongly
supersaturated with CO2 in respect to the atmosphere.
[10] There are two main processes through which this

supersaturation may come about: biological metabolism and
carbonate precipitation. Biological metabolism is believed to
be the dominant process affecting pCO2 in freshwater lakes
[Cole et al., 1994]. Respiration commonly exceeds primary
production [cf. Duarte and Prairie, 2005], resulting in the
CO2 supersaturation characteristic of most freshwater lakes
(87% [Cole et al., 1994]). The fraction of lakes undersatu-
rated in CO2 is greater in our saline lake data set (30 to 50%
(Figure 2)) than it is in freshwater lakes. Saline soda lakes
having high pH are some of the most productive lakes yet
investigated [e.g., Hammer, 1981; Melack, 1981]. CO2

drawdown associated with high primary production raises
pH, which explains the tendency for lakes having pH > 9.0
to commonly be undersaturated in CO2 (Figure 3). Our
analysis, however, does not contain much support for a
strong biological control of pCO2, as represented by the
weak, albeit significant, negative relationship between
pCO2 and chlorophyll a.
[11] Carbonate precipitation, which yields CO2, is an im-

portant process in many saline lakes [McConnaughey et al.,
1994; Barkan et al., 2001; Piovano et al., 2004]. For in-
stance, high aragonite precipitation in the Dead Sea, a saline
lake with extremely low biological activity, is the main
driver of the substantial CO2 supersaturation reported there-
in [Barkan et al., 2001]. Paleolimnological records indicate
that aragonite and calcite precipitation in saline lakes may
occur in pulses, maintained by inputs of bicarbonate from the
watershed [Piovano et al., 2004]. This links CO2 exchange

Figure 3. The relationship between (top) pCO2 and
(bottom) dissolved inorganic carbon (DIC) and pH in saline
lakes around the world. The dashed line in Figure 3 (top)
represents atmospheric equilibrium. The pCO2 and DIC
correspond to the values calculated assuming ionic
composition similar to seawater. The relationships did not
differ significantly depending on whether this ionic
composition or that of freshwaters was used.
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between the atmosphere and saline lakes with photosyn-
thesis, respiration and rock weathering occurring in the
watershed, similar to freshwater lakes [Cole and Caraco,
2001].
[12] Chemical enhancement increased calculated CO2

exchange with the atmosphere in saline lakes by on av-
erage 2.5 times above that supported at the same DpCO2

of equivalent freshwater lakes (Figure 4). As a result, the
average areal CO2 exchange rate with the atmosphere of
saline lake was about sixfold greater than that reported for
freshwater lakes [Cole et al., 1994]. Since saline lakes oc-
cupy about a fourth of the total lake area in the biosphere
(618 � 103 km2 [Meybeck, 1995]), it follows that saline

lakes must compose a large share of global lake-atmosphere
CO2 exchange. Available data indicate that the water sur-
face of the Caspian Sea, the largest inland water body on
Earth, having a volume of 78,000 km3 and a surface area of
374 � 103 km2, is strongly supersaturated in CO2 (pCO2 =
690 to 1120 matm, recalculated from data in the papers by
Clauer et al. [1998] and Peeters et al. [2000]). This results
in a calculated total CO2 emission of 0.02 to 0.04 Gt C a�1,
equivalent to about 20% of the current estimate of total CO2

emissions to the atmosphere from all lakes [Cole et al.,
1994]. The importance of the Caspian Sea is also supported
by pCO2 calculations from Alekseev et al. [1989], which
average �510 matm for several nearshore locations. The

Figure 4. The relationship between the chemical enhancement, as represented by the ratio in the gas
CO2 flux accounting for chemical enhancement relative to that assuming an average coefficient of 0.8 m
d�1 because of wind mixing, and pH in saline lakes.

Table 1. Mean ± SE and Range of pH, Salinity, Alkalinity, Water Temperature, and the Calculated Dissolved Inorganic Carbon (DIC),

Aquatic pCO2, the Ratio of the Water to Air pCO2, and the Corresponding CO2 Flux in Saline Lakes Around the Worlda

Property Mean Standard Error Minimum Maximum N

pH 8.47 0.05 2.94 10.5 237
Alkalinity (meq L�1) 77.9 20.8 0.52 410 237
Temperature (�C) 17.8 0.4 �2 35 237
Salinity (g Kg�1) 33.1 3.2 0.6 1320 237
DIC (mmol L�1) 59.5 14 0.12 2140 237
pCO2 (matm)

F 3040 595 1.1 80670 237
M 1900 368 0.2 40700 237

pCO2aq/pCO2atm

F 8.1 1.6 0.003 215 237
M 5.07 3.68 0.0005 108 237

CO2 flux (mmol m�2 d�1)
F 105 25.5 �275 3123 237
M 81 43.9 �286 9860 237
aValues were calculated for all lakes assuming both the ionic composition in saline lakes waters to be similar to seawater (M) and to freshwaters (F). Here

1 atm = 105 � 1.01325 N m�2.
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smaller values are likely because nearshore areas typically
have lower pCO2 values resulting from benthic primary
production. Clearly, present global estimates of CO2 emis-
sions from lakes to the atmosphere, for which saline lakes
were underrepresented and combined with freshwater lakes
[Cole et al., 1994], need to be revised upward to include the
contribution from these systems.
[13] We used a stepwise approach to calculate global CO2

emission from saline lakes. The estimate for the Caspian
Sea was added to an estimate of the CO2 emissions from the
remaining saline lakes of the world to derive a mean CO2

emission rate of 81 to 105 mmol m�2 d�1. When applied to
an area of 244 � 103 km2 [Meybeck, 1995], the calculated
CO2 emissions to the atmosphere from saline lakes amounts
to 0.11–0.15 Gt C a�1.
[14] The Caspian Sea contributes about 20–25% of this

global flux. This large value requires special attention and
more accurate direct confirmation. The source of the high
CO2 emissions from the Caspian Sea remains uncertain at
present, but likely includes excess respiration over primary
production, possibly enhanced by inputs of organic matter
from the watershed. It could also include large hydrocarbon
inputs and carbonate precipitation, although these are likely
to account for modest fractions of the total CO2 flux. Because
available data are insufficient to derive a complete carbon
budget, sensitivity analyses were conducted to evaluate the
potential effect of variability, including temporal and spatial
variability and analytical errors in the Caspian Seawater
chemistry data on the estimated CO2 emission. Salinity and
alkalinity are usually much better constrained than pH.
Therefore, we examined the sensitivity of our pCO2 calcu-
lations by allowing pH to vary randomly by±0.2 pH units.
Such pH uncertainties induced a significant variation in
pCO2, of up to 55%, but did not alter the mean pCO2 sig-
nificantly, suggesting that our average CO2 flux is robust.
Total CO2 emissions to the atmosphere from lakes can then
be revised to include the contribution of saline lakes, plus
the 0.17 Gt C a�1 from freshwater lakes, calculated as the
product of the reported mean CO2 emission from freshwater
lakes [Cole et al., 1994] and the global area of saline and
freshwater lakes (0.62 � 106 km2 and 2.08 � 106 km2 re-
spectively [Meybeck, 1995]). The revised global estimate of
0.28–0.32 Gt CO2 annually emitted to the atmosphere from
lakes is nearly double that of Cole et al. [1994], because of
their lack of accounting for saline lakes and because they
underestimated the global lake area [cf. Meybeck, 1995].
[15] Saline lakes represent terminal points for C flow in the

terrestrial landscape, as the majority of them are located in
endorheic watersheds. They, therefore, represent hot spots for
C cycling in these regions, which compose 30% of the con-
tinental surface [Williams, 2000; Meybeck, 1995], as sup-
ported by the intense CO2 exchanges with the atmosphere
demonstrated here. Indeed, saline lakes can support high C
burial rates as well [e.g., Jellison et al., 1996]. Realization of
the importance of saline lakes for C cycling on land requires
that the changes these lakes are experiencing be considered.
A combination of climate change and human appropriation of
water for irrigation is leading to a major reduction in the
extent of saline lakes coupledwith increased salinity [Williams,
1999, 2002]. Both processes affect the role of saline lakes in
C cycling, since a reduction in surface area reduces the active
surface across which both C burial and atmospheric gaseous

exchanges may take place. Salinity increases affects these
processes by reducing atmospheric gaseous exchange, as chem-
ical enhancement declines with increasing salinity [Hoover
and Berkshire, 1969; Wanninkhof and Knox, 1996]. In con-
clusion, our results suggest the role of saline lakes in C
cycling to be of global significance, which is likely changing
in response to human appropriation of water in dry regions,
therefore deserving of dedicated analyses.
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