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Lakes and reservoirs as regulators of carbon cycling and climate
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Abstract

We explore the role of lakes in carbon cycling and global climate, examine the mechanisms influencing carbon
pools and transformations in lakes, and discuss how the metabolism of carbon in the inland waters is likely to
change in response to climate. Furthermore, we project changes as global climate change in the abundance and
spatial distribution of lakes in the biosphere, and we revise the estimate for the global extent of carbon
transformation in inland waters. This synthesis demonstrates that the global annual emissions of carbon dioxide
from inland waters to the atmosphere are similar in magnitude to the carbon dioxide uptake by the oceans and
that the global burial of organic carbon in inland water sediments exceeds organic carbon sequestration on the
ocean floor. The role of inland waters in global carbon cycling and climate forcing may be changed by human
activities, including construction of impoundments, which accumulate large amounts of carbon in sediments and
emit large amounts of methane to the atmosphere. Methane emissions are also expected from lakes on melting
permafrost. The synthesis presented here indicates that (1) inland waters constitute a significant component of the
global carbon cycle, (2) their contribution to this cycle has significantly changed as a result of human activities,
and (3) they will continue to change in response to future climate change causing decreased as well as increased
abundance of lakes as well as increases in the number of aquatic impoundments.
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Inland waters affect climate at the regional scale through
exchange of heat and water with the atmosphere (Krinner
2003). In addition, they play a substantial role in the global
carbon (C) cycle and thus potentially affect climate as well
(Cole et al. 2007). The consumption and production of
carbon dioxide, methane, and nitrous oxide by microor-
ganisms influences the concentrations of these greenhouse
gases (GHG) in the atmosphere and thereby affects the
atmospheric heat budget. Despite the small fraction of the
surface of the earth occupied by inland waters, they play a
major role in the global C cycle (Dean and Gorham 1998;
Cole et al. 2007; Battin et al. 2008). Important new analyses
have shown that lakes are extremely active sites for
transport, transformation, and storage of considerable
amounts of carbon received from the terrestrial environ-
ment and therefore may have an effect that is dispropor-
tional to their spatial extent. Further, human alterations of
the aquatic landscape, which occur directly through the
construction of large hydroelectric reservoirs and innumer-
able farm ponds, will also contribute to and alter carbon
balances. In addition, indirect effects will be experienced
through loss of lakes in regions in which the climate is
becoming drier.

The objectives of this manuscript are to describe the
current role and to speculate about the future role of lakes
in carbon cycling and climate; to suggest mechanisms that
will alter their role as climate changes; to discuss how
carbon metabolism in inland waters is likely to change in
response to climate; and, finally, to suggest how these
changes could be monitored and managed. We present a
new analysis of how the extent and distribution of lakes will
change geographically under projected changes in climate
and hydrology. Finally, we revise the estimate for the extent
of carbon transformations in inland waters, combining our
new analysis for lakes and impoundments with results of a
recent analysis for streams and rivers (Battin et al. 2008).
We show that the carbon emissions from inland waters to
the atmosphere are similar in magnitude to global
terrestrial net ecosystem production and that the rate of
burial of organic carbon in inland water sediments exceeds
organic carbon sequestration on the ocean floor. Construc-
tion of impoundments, changing hydrology, and changing
temperature will magnify the intensity of carbon cycling,
increasing both burial and outgassing of carbon. Our
analysis is focused on inland waters, including lakes and
reservoirs, and for the global up-scaling of their role in the
carbon cycle, we also include rivers and streams. The
wetland part of the terrestrial-aquatic continuum plays an
important role in the global C cycle but is not included in
this analysis.

Current role of lakes in the global C cycle

Current abundance and size of lakes—Global integration
of pools and transformations of carbon in lakes depend
critically on estimates of their abundance and size
distribution (Downing in press). Recent geographic infor-
mation system and theoretical work (Lehner and Doll 2004;
Downing et al. 2006) have shown that lake size and
abundance distributions follow a power law probability
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distribution, that the coefficients of this equation are
constant among regions, and that dry and moist regions of
the Earth differ only in that drier regions have fewer lakes
than moist regions. Furthermore, lakes and impoundments
cover substantially more area (>3% of the continents) than
hitherto believed (Downing et al. 2006).

Lakes as recipients of terrestrial carbon—Dissolved
inorganic carbon and dissolved organic carbon (DIC and
DOC, respectively) are the predominant carbon inputs to
most lakes, followed by particulate organic carbon (POC)
and particulate inorganic carbon. The relative importance
of these inputs varies with lake location and hydrology
(Fig. 1). There are latitudinal differences in the proportions
of POC, DOC, and total inorganic carbon in global rivers
(Meybeck 1993), which reflect climate, soil texture and
geochemistry, and land use. In temperate regions and
boreal forests in carbonate terrain, DIC is the dominate
form of aquatic C (Finlay et al. 2009; Stets et al. 2009) due
to high soil respiration, carbonate weathering, and
groundwater flow (Fig. IC-E). At higher northern lati-
tudes, DIC may also dominate (Fig. 1A). In contrast, DOC
dominates in the humid tropics and in noncarbonate boreal
forest (Fig. 1B,F). The patterns depicted in Fig. 1, with
losses and transformations of carbon during residence in
inland waters, have been referred to as comprising an
‘active freshwater pipe’ (Cole et al. 2007).

Indigenous primary production of organic carbon
in lakes—Primary production is strongly influenced by
lake size, latitude, insolation, and nutrient availability. Of
the 304 million lakes that Downing et al. (2006) estimated
to occur globally, 277 million were in the smallest category
(0.001-0.01 km2), and the average lake size was only
0.012 km2. Most lakes, therefore, are typically shallow
with plenty of light and nutrients and therefore should be
among the most productive systems on Earth (Wetzel
2001). Pace and Prairie (2005) estimated that the global
gross primary production (GPP) of lakes is 0.65 Pg C yr—1.
This is likely an underestimate since it is based on an
approximation of total lake area and does not emphasize
the high production of small lakes, which are estimated to
dominate globally (Downing et al. 2006). Considering the
global GPP of 100-150 Pg C yr—! (Randerson et al. 2002),
it is clear that the global internal primary production of
lakes represents only a minor fraction of global primary
production, although very poorly constrained.

Mineralization and greenhouse gas emissions—Lakes can
be sites of intense organic carbon (OC) mineralization.
Sustained by allochthonous OC inputs, respiration domi-
nates over primary production in most lakes (Del Giorgio
and Peters 1993; Jansson et al. 2000; Duarte and Prairie
2005), resulting in CO, supersaturation (Sobek et al. 2005).
The relative importance of sediment respiration is strongly
affected by water column depth, and therefore the
contribution of sediment respiration to total lake OC
mineralization is moderate in some cases (Den Heyer and
Kalff 1998; Algesten et al. 2005) but considerable in other
cases (Pace and Prairie 2005; Kortelainen et al. 20006). It



2300 Tranvik et al.
A) Arctic lake, Alaska B) Boreal lake in non-carbonate bedrock, Sweden
€O, 20% Co, 42%
DIC 45% downstream export downstream export
P TOC 66% P
m |:> 78% |:> 39%
Kl__’ (DIC 39%, DOC 37%, (TOC 34%, DIC 5%)
—> POC 2% 9
POC 3% 0) DIC 34%
sediment storage 2% sediment storage 19%
C) Open basin hard-water lake, Saskatchewan, Canada D) Closed lake basin north-temperate lake, Minnesota
CO, influx 2% CO, 2%
DIC 77% it tr Tt CH, 19% dwat rt
o ownstream expo DIC 96% groundwater expol
—> ) e
DOC 19% (DIC 56%, DOC 13%, (DIC 58%, DOC 10%)
o DOC 3%
—> POC 1%)
POC 2% rocT
sediment storage 30% ° sediment storage 11%
E) Agricultural reservoir, Ohio F) Amazon floodplain lake, Brazil
CO, 1%
CO, 69%
T CH, 2%
DIC 85% downstream export TOC 85% downstream export
— — ) 2%

> o,

DOC 5% (DIC 55%, DOC 6%, DIC 5%
|=5 o (DOC + POC 16%,

POC 5%) DOC 6% o
POC 10% _— DIC 9%)
0,
sediment storage 33% POC 4% sediment storage 4%
Fig. 1. Carbon budgets for diverse individual lakes, applying the ‘active pipe’ concept presented by Cole et al. (2007), depicting

inland waters as a combined conduit and reactor for organic carbon, resulting in unidirectional flow from soils to sea and, at the same
time, transformations and transport to the atmosphere and to sediment storage. Inputs of carbon can enter via upstream flow,
groundwater inputs, atmospheric deposition, or fixation of atmospheric CO, by emergent macrophytes. Losses of carbon include
inorganic and organic carbon sedimentation, CO, efflux to the atmosphere, and downstream flow via streams or groundwater. When
possible, inputs and outputs were divided into dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), and particulate
organic carbon (POC). CH,4 emissions were measured in only (D) and (F) and have not been estimated for the other systems. Percentages
represent proportions of total inputs and outputs accounted for by each carbon species. Ranges of error around estimates are not
presented here but are considerable for several estimates (see References). These figures are thus considered to be best estimates based on
current available data. (A) Summer carbon budget for Toolik Lake, on arctic tundra in Alaska, from Whalen and Cornwell (1985) and
Kling et al. (1991, 2000). (B) Annual carbon budget for the Lake Frisksjon, in the boreal forest of Sweden, from Sobek et al. (2006). The
total organic carbon (TOC) inputs arise primarily from both catchment export and macrophyte production in the littoral zone of the lake.
(C) Summer carbon budget for Katepwa Lake, a polymictic, eutrophic, hard-water lake in the northern Great Plains, from Finlay et al.
(2009, unpubl. data). Approximately half of the sediment storage is composed of precipitated CaCOj3. (D) Annual carbon budget for
Williams Lake, Minnesota, a mesotrophic, dimictic, closed-lake basin, from Stets et al. (2009). (E) Summer carbon budget for a reservoir
in an agricultural region in Ohio, from Knoll et al. (unpubl.). (F) Annual carbon budget for Lake Calado, a floodplain lake in the central
Amazon Basin, from Lesack (1988) and Melack and Engle (in press). The separate TOC input represents macrophyte production and
litterfall to the lake.

should be noted that since most lakes are small and shallow
(Downing et al. 2006), much of the sediment is in contact
with the upper mixed water layer rather than in cold
hypolimnetic water, as in stratified lakes. This favors
mineralization over burial, and CHy that is produced in
shallow sediments largely escapes oxidation by methano-
trophic bacteria and escape to the atmosphere (Bastviken et
al. 2008).

OC in lakes is also mineralized via photochemical
reactions (Salonen and Vihitalo 1994). However, direct
photo-oxidation of OC to CO, accounted for less than 10%
of dark respiration in the epilimnion of six boreal lakes

(Granéli et al. 1996). Also, the partial pressure of CO, in
the surface water of boreal lakes did not vary with
ultraviolet irradiation levels (Sobek et al. 2003). Despite
making a small contribution to the overall mineralization
of OC in lakes, photochemical processes are critical to the
decay of colored DOC in lakes (Molot and Dillon 1997).
Although eutrophic lakes may be undersaturated, most of
the lakes of the world are supersaturated in CO, and
consequently emit CO, to the atmosphere (Sobek et al.
2005). Many studies indicate that the CO, emitted from
lakes is mainly derived from in-lake respiration (Del
Giorgio et al. 1999; Jansson et al. 2000), but the inflow of
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CO»-rich groundwater or surface water also contributes to
lake CO, emission (Striegl and Michmerhuizen 1998). In
lakes receiving very high DIC inputs (Fig. 1), the outgas-
sing of CO, will largely depend on DIC inputs from the
catchment, and in-lake metabolism will consequently play a
minor role. Further, in saline, hard-water lakes, CO,
emission is not driven by metabolism but rather by pH-
related speciation of the DIC pool (Duarte et al. 2008).
Cole et al. (1994) estimated that lakes emit about 0.14 Pg C
yr~—1 (as CO;) to the atmosphere. This estimate included
principally temperate lakes and a very few warm tropical
lakes. Accounting for the greater emission of CO, from
tropical lakes, compared to their temperate counterparts,
may raise the above estimate by about 30% (H. Marotta
unpubl.). Further, saline lakes, which, in spite of their large
area (e.g., Caspian Sea, Aral Sea, Lake Chad), were not
included in the work of Cole et al. (1994), contribute
another 0.11-0.15 Pg C yr~! to the atmosphere (Duarte et
al. 2008). In total, global CO, emission from lakes could be
as high as 0.53 Pg C yr—!, taking into account the various
lake types as well as recent estimates of the global area of
lakes (Downing et al. 2006). Although this has previously
been shown in regional studies of boreal and tropical forest
landscapes (Richey et al. 2002; Algesten et al. 2004;
Kortelainen et al. 2006), compared to the total export of
carbon from the continents to the sea (roughly 0.9 Pg C
yr—1; Cole et al. 2007), CO, emission from lakes is likely to
be an important term in the continental carbon balance
(Fig. 1).

Anoxia in freshwater sediments contributes to high CHy4
emission on global (Bastviken et al. 2004a) and landscape
(Christensen et al. 2007) scales. While CH,4 produced in
hypolimnetic sediments is mostly oxidized to CO, by
methanotrophic microbes (Striegl and Michmerhuizen
1998), production of CHy in epilimnetic sediments is the
main driver of CHy4 emission from lakes (Bastviken et al.
2008). Apart from diffusion, CH4 is also released from
sediments via gas bubbles (ebullition). This process is the
most important pathway of CH,4 emission from some lakes
(Bastviken et al. 2004a), particularly shallow lakes with low
hydrostatic pressure on the sediments. Vegetated lake
littoral areas are ‘hot spots’ of CH,4 production, where
CHy can escape via plant stems directly from the sediment
into the atmosphere. Depending on the predominant plant
species and sediment properties, increased water tempera-
ture and lake water level fluctuations may increase CHy
production, and efflux can affect landscape C balances
(Bergstrom et al. 2007).

In terms of overall C budgets, the emission of CH4 from
lakes is comparatively small (8-48 Tg C yr—!; Bastviken et
al. 2004a). CHy4 emission from lakes may represent 6-16%
of total nonanthropogenic emissions, however, and is
higher than methane emission from the ocean (Bastviken
et al. 2004a). Further, if accounting for the 20-fold higher
radiative forcing of CHy as compared to CO,, and
considering that several percent or more of the carbon is
emitted from lakes as CH4 rather than as CO, (Huttunen et
al. 2003p), it is suggested that methane and carbon dioxide
may be equally important links between lakes and the
climate. The wide variation among CH4 emission estimates
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in lakes illustrates, however, that CH,4 emission is not as
well constrained as CO, emission. This is mainly due to the
relative paucity of data compiled for methane (<100 lakes)
compared to that compiled for CO, (>5000 lakes), but this
variation is also connected to methodological limitations in
the measurement of CH, ebullition as well as plant-
mediated emissions from littoral vegetation. More field
data and the emerging use of hydroacoustics to measure
ebullition (Ostrovsky et al. 2008) will help to better
constrain global estimates of CH4 emission from lakes.

Lakes and reservoirs may act as sources or sinks of
nitrous oxide (N,O), a potent greenhouse gas that is
produced via nitrification and denitrification. Lake mor-
phometry may be an important predictor of emissions,
since N,O may be consumed in the hypolimnion, while
shallow sediments contribute to N,O emissions (Huttunen
et al. 2003a; Wang et al. 2006). While relatively little
research has addressed N,O fluxes from lakes, current data
indicate that lake and reservoir fluxes have similar areal
rates to forests and wetlands but may be higher than those
found in agricultural soils. Given the small areal extent of
lakes, compared to those of forests, wetlands, and
agriculture, it may be unlikely that lakes contribute a large
fraction of global N,O emissions (Mengis et al. 1997;
Huttunen et al. 2004).

Burial and sedimentation of carbon in lakes—The
significance of lake sediments in the global C cycle can be
considered in terms of the carbon pool contained in lake
sediments and the rate at which that pool is increasing.
Cole et al. (2007) suggested that, because of their spatial
extent and ability to preserve OC, lakes sequester large
amounts of carbon in their sediments. Lake sediments have
been estimated to contain 820 Pg of OC (Mulholland and
Elwood 1982; Einsele et al. 2001; Cole et al. 2007). In
addition to the considerable amount of OC stored in lake
sediments, inorganic carbon can comprise a large share of
the sediment mass in hard-water lakes with low sediment
organic matter content. Therefore, even lakes with low
organic matter content can store a large amount of C, and
the global annual amount of OC buried in the sediments of
natural lakes plus reservoirs exceeds that in ocean
sediments by a factor of three (Dean and Gorham 1998).

Annual burial rates of OC and inorganic carbon tend to
be highest in small, eutrophic lakes and impoundments
(Downing et al. 2008). Sediment OC burial is high in lakes
for several reasons: these lakes collect sediment from the
watershed (von Wachenfeldt and Tranvik 2008), they retain
sediments efficiently (they are often highly productive on
an areal basis, generating autochthonous organic matter
[Wetzel 2001]), and lake sediment oxygen concentrations
are often low (Wetzel 2001). Furthermore, the recalcitrance
of allochthonous organic matter permits efficient burial
(von Wachenfeldt et al. 2008). As a result of the prevalence
of small and shallow lakes on the global scale (Downing et
al. 2006), most of the sediments in which OC resides are
shallow sediments. How this affects burial is poorly
understood. Mineralization is higher in shallow sediments
(see above), but on the other hand, shallow sediment OC
may be redistributed to deeper strata by sediment focusing,
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through which it is subsequently buried (Benoy et al. 2007).
The long-term average carbon burial rates in lakes are
estimated to be between 4.5 and 14 g C m—2 yr—! (Dean
and Gorham 1998; Stallard 1998; Cole et al. 2007). If
extrapolated, the range of global annual C storage rates is
from 0.03 to 0.07 Pg C yr=! (Dean and Gorham 1998;
Einsele et al. 2001; Cole et al. 2007). An independent
regional estimate for the Canadian boreal forest region
indicates that this region alone could account for more than
10% (0.005-0.0085 Pg C yr—!; Benoy et al. 2007) of our
global estimate. These annual rates are similar to those seen
for C burial in marine sediments (about 0.12 Pg yr—1;
Sarmiento and Sundquist 1992), although recent analyses
indicate that burial rates in human-built impoundments
and human-affected small lakes may be one to two orders
of magnitude higher than those seen in natural lakes
(average of 1000 g C m—2 yr—!; Downing et al. 2008), with
the highest values seen in small, eutrophic impoundments.

In view of increasing lake-water DOC concentrations in
large regions (Tranvik and Jansson 2002; Monteith et al.
2007), it is important to note that DOC can be transformed
to POC in the water column and can potentially be
sequestered in lake sediments. Flocculation of DOC to
POC is important in boreal lakes (von Wachenfeldt et al.
2008), where sedimentation of DOC may be of similar
magnitude to the evasion of CO, to the atmosphere (von
Wachenfeldt and Tranvik 2008). DOC flocculation and
settling may affect sediment respiration and the potential
for methanogenesis in the sediments of boreal, and possibly
other, lakes.

Reservoir carbon dioxide and methane emission—QOrganic
soils and plant biomass are flooded during river impound-
ment, which potentially contributes to large emissions of
CO, and CHj, to the atmosphere during the first years after
flooding (Rudd et al. 1993; Kelly et al. 1997). As is the case
with natural systems, greenhouse gases can be emitted via
diffusion at the surface of the reservoir (CO, and CHy),
ebullition (bubble flux) in the reservoir (mainly for CHy),
diffusion through plant stems, and degassing downstream
of the reservoir (mainly CHy). In a study of boreal
reservoirs flooded between 1991 and 2004, Tremblay et
al. (2005) showed that emissions of GHG decline about
10 yr post-impoundment. Fluxes of GHG in boreal
reservoirs were usually three to 10 times higher than those
in natural lakes at their maximum, which occurs 2-5 yr
after impoundment. In tropical impoundments, anoxic
conditions can facilitate CH4 production even 10 yr after
impoundment (Abril et al. 2005).

One potentially important process for GHG emission
from impoundments is the outgassing of GHG downstream
of reservoirs, a process that bypasses the oxidation of
methane that occurs in the water column as methane mixes
up from the sediments and hypolimnion. Emissions
downstream from tropical hydroelectric dams can be
significant (Abril et al. 2005; Kemenes et al. 2007). As
methane-rich water passes through turbines, hydrostatic
pressure drops, and a large portion of the gas rapidly
escapes to the atmosphere. For several years, the down-
stream degassing of methane from tropical hydroelectric
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reservoirs has been at the center of a debate (Rosa et al.
2004; Giles 2006) in which it has been argued that the
greenhouse gas emission effects of some hydroelectric
reservoirs can be greater than that of fossil fuel alternatives
(Fearnside 1995, 2006).

The role of hard-water and saline lakes in the global
carbon budget—Hard-water and saline lakes comprise
nearly half of the volume of all inland waters worldwide
(Hammer 1986; Wetzel 2001) and have elevated DIC
concentrations relative to soft-water systems. Together,
these characteristics cause hard-water and saline lakes to
contribute significantly to the global carbon budget
(Duarte et al. 2008). The predominant mechanisms driving
carbon processing in these lakes, however, is unclear. The
high pH of these systems (Wetzel 2001) may lower CO,
concentrations relative to HCO ;- and CO3~, and the high
productivity of some of these lakes may further deplete
dissolved CO,, yet saline lakes are frequently observed to
emit large quantities of CO, to the atmosphere (Duarte et
al. 2008).

A highly resolved temporal analysis of six lakes in the
northern Great Plains of Canada over the course of 14 yr
showed high interannual variability of CO, flux driven by
changes in pH (Finlay et al. 2009): when the pH exceeded
8.6, the lakes acted as carbon sponges, and when pH
dropped below 8.6, the lakes outgassed CO,. Similarly,
Duarte et al. (2008) observed a pH dependence of CO, flux
and concluded that the saline lakes in their study were
acting as carbon sponges when pH exceeded 9.0. Many
saline and hard waters have much higher concentrations of
DIC relative to DOC (Wetzel 2001), indicating that factors
regulating inorganic carbon, such as climate, watershed
characteristics, or groundwater fluxes (Striegl and Mich-
merhuizen 1998), are more important than lake metabolic
control of CO, flux.

Effects of food web structure and nutrient input on
atmosphere—lake C flux—Nutrients and food web structure
can interact to determine whether lakes and reservoirs are
net sources or sinks for CO, by stimulating net production
(Schindler et al. 1997) and increasing sedimentation rates
(Flanagan et al. 2006). Suppression of small, zooplankti-
vorous fish by top predators allows zooplankton to thrive,
suppressing phytoplankton. In contrast, a lack of top
predators can increase phytoplankton abundance (D. E.
Schindler et al. 1997). Food web interactions can also affect
C flux through other mechanisms. For example, high-
nutrient inputs and benthivorous fish can help maintain
shallow lakes in a turbid state with high phytoplankton
biomass, whereas a clear water state with abundant
macrophytes and low phytoplankton may persist when
nutrient loading and benthivorous fish biomass are low
(Scheffer 1998). Understanding the effects of these food
web interactions on C flux between lakes and the
atmosphere and burial is especially important because
climate warming, management, overfishing, and other
stressors may shift lakes from one stable state to another
(Allan et al. 2005; Ficke et al. 2007). In addition, land use
change, nitrogen deposition, and the ongoing use of
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fertilizers may continue to shift lakes and reservoirs toward
the ‘turbid state,” exacerbating the role of food web effects
on C flux. The global role of these factors on the aquatic
carbon cycle remains to be elucidated.

Improved quantification of the role of inland waters in the
carbon cycle through remote sensing—Much of the above
discussion is based on extrapolation of in situ measure-
ments to regional and global scales. Remote sensing can
provide more direct evidence of the global role of lakes in
carbon cycling by allowing the accurate enumeration of
total lake area, the documentation of changes in lake
numbers and sizes over time, the estimation of DOC via
remote sensing of colored DOM (CDOM), and the analysis
of effects of changes in land cover on lake carbon content.
The current estimate of global abundance and size
distribution of lakes, ponds, and impoundments is based
on the inter-regional similarity of the Pareto distribution
(Downing et al. 2006). Cloud-free Landsat mosaics of most
continental surfaces are available with about 15 m of
spatial resolution, and synthetic aperture radar (SAR) data
are available for many regions. SAR acquisitions are not
influenced by cloud cover, and the signal is especially
sensitive to water (Melack 2004). These data allow us to
count nearly all lakes in the world, measure their surface
area, and determine their size distribution. Landsat images
with varying resolution are available for more than three
decades, and SAR data are available for over a decade.
Time series of these images make it possible to monitor
changes in lake numbers and sizes. Lake DOC throughout
the arctic, boreal, temperate, and tropical zones is
dominated by CDOM, so monitoring DOC concentrations
in lakes by remote sensing is possible if appropriate sensors
are flown, using regional correlations between CDOM and
DOC (Kutser et al. 2005a,b). Accordingly, remote sensing
has the potential to provide large-scale estimates of the
DOC pools of lakes.

Future role of lakes and impoundments in the global
C cycle in response to climate change

Two fundamental ways in which the future role of lakes
with regard to carbon cycling and climate will be changed
are through (1) continuing alterations in the biogeochem-
ical processes occurring in watersheds and within lakes and
alterations in the occurrence and geographic distribution of
lakes (e.g., by loss in regions where the climate will become
dryer) and (2) the construction of new waterbodies. In
Table 1 we present a synthesis of changes that will drive
biogeochemical processes in lakes in the future.

Carbon, whether allochthonous or autochthonous,
follows three major pathways in lakes and impound-
ments, with the relative importance of each determining
whether the aquatic ecosystem is a source or sink of
greenhouse gases (GHG; Fig. 2): (1) DOC and POC are
transported from the water column to the sediment via
flocculation of OC, incorporation into biological materi-
al, and sedimentation of particulate organic matter; (2)
DOC and POC are degraded by photochemical and
microbial processes (which leads to the eventual mineral-
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ization of OC to CH4, CO, and CO,); and (3) carbon
compounds flow passively downstream to river, ground-
water, and marine systems.

In order to gain a clearer understanding of how lakes
regulate carbon flow within the context of climate change,
we here explore how changes in climate and other
anthropogenic forces alter the quantity and quality of
carbon inputs from the watershed to lakes and how
changes in climate affect the relative importance of each
of the three carbon pathways (see above). It is important to
assess how these three pathways can be managed and to
understand both the strength and direction (positive or
negative) of feedback in each. For example, DOC export
from terrestrial environments is increasing across large
regions (Monteith et al. 2007), although the underlying
mechanisms need clarification. Understanding links and
feedbacks among pathways of carbon processing and
climate change or other anthropogenic influences is critical
to understanding the role of freshwater systems to the
global C cycle (Table 1).

Hydrology—Alterations in precipitation patterns with
shifts in climate will likely affect the inputs of carbon to
aquatic systems from the watershed. Most of these carbon
inputs, including DIC, are ultimately derived from terres-
trial primary production that has undergone various
degrees of transformation. Thus, hydrological patterns
affecting terrestrial primary production will also influence
carbon loading to lakes. In some cases, increased drought
has been associated with increased DOC inputs to lakes
through the exposure of previously waterlogged peat to
oxygen, thereby triggering microbial degradation and
mobilization of DOC (Freeman et al. 2001). In contrast,
other investigators indicate that drier climates yield lower
concentrations of DOC in lakes as a result of increased
water retention times in lakes and, hence, require more time
for degradation processes to occur (D. W. Schindler et al.
1997). Wetter climates result in more export of DOC to
lakes, and shorter water retention times allow less time for
degradation and, hence, higher standing stocks of DOC in
lakes (Hinton et al. 1997; Tranvik and Jansson 2002).

In addition, changes in land use and water management
strategies modify lake and reservoir hydrology and DOC
concentrations. Such changes will intensify as increases in
the human population and food production require
additional water diversion. Runoff is already significantly
reduced in most populated regions (Gornitz et al. 1997;
Vorosmarty and Sahagian 2000), resulting in longer
residence time in many lakes and changes in the inputs to
aquatic systems of DOC, POC, and DIC; nutrients; and
acid and base ions. Likewise, reductions in atmospheric
sulfur deposition have been linked to increases in DOC in
lakes following their recovery from acidification (Evans et
al. 2006; Monteith et al. 2007).

Vegetation and soil—Watershed changes in and redistri-
bution of plant communities are clear consequences of
global climate change (Williams et al. 2007). Modifications
in temperature, nitrogen deposition, rainfall, and increased
atmospheric CO, concentrations will affect the quantity
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Continued.

Table 1.

Example of change
driving lake C inputs

Adaptation

Monitoring

emission

Effect on GHG
Less CO, flux

Potential change Potential change
in DOC quantity in DOC quality
Less DOC

and processing

C species
affected
DOC and POC Drought-caused in-

Process controlling
C cycling in lakes

Manage draw-

Sensor

Lower SUVA

H  ASedimentation caused by

down through
water markets

crease in salinity en-
hancing DOC floccu-

lation

A salinity, pH, cations

DOC, dissolved organic carbon; POC, particulate organic carbon; DIC, dissolved inorganic carbon; CDOM, colored dissolved organic matter; DON, dissolved organic nitrogen; DOM, dissolved

organic matter; C: N, carbon : nitrogen; SUVA = specific ultraviolet absorbance; UV, ultraviolet.

*
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Fig. 2. Schematic diagram showing pathways of carbon
cycling mediated by lakes and other continental waters. The
letters correspond to rows in Table 1.

and quality of OC produced in the watershed (Canham et al.
2004; Sobek et al. 2007). Higher temperatures induce
alterations in forest tree species (Petit et al. 2008), replace-
ment of forest ecosystems with grassland-dominated ecosys-
tems (Anderson 1991), upward shifts of alpine plants
(Walther et al. 2005), and primary succession in newly
deglaciated landscapes (Engstrom et al. 2000). Changes in
plant species influence litter fall and humus accumulation in
forest ecosystems (Kalbitz et al. 2000). Increases in watershed
net primary production are likely to result in higher DOC
concentrations, bacterial production, bacterial respiration,
and emission of CO, to the atmosphere in subarctic lakes
(Jansson et al. 2008). Warming-induced decomposition of
soil organic matter, especially in arctic and subarctic soils
(Anderson 1991), will result in greater transport of
allochthonous DOC to lakes that previously received low
inputs (e.g., alpine lakes, or those resulting from glacial
retreat) as well as altered DOC quality (e.g., replacement of
herbs with less productive shrubs) (Shaver et al. 2000).

The direct effects of increased CO, on vegetation and
DOC quality may be particularly pronounced. At present,
atmospheric CO, is nearly 35% higher than preindustrial
levels and is increasing (IPCC 2007). Elevated CO,
conditions lead to increased carbon fixation, subsequently
increasing the concentration of carbohydrates and phenolic
compounds (e.g., lignin and condensed tannins) in plant
tissues (Tuchman et al. 2002). Overflow of carbon to
secondary structural and defense compounds leads to
higher C:nitrogen ratios and reduced bioavailability. Shifts
in peatland plant species composition under elevated CO,
concentrations and air temperatures boost DOC export
(Fenner et al. 2007).

The carbon flow from watersheds to lakes may also be
modified by the cumulative effects of atmospheric nutrient
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deposition in the watershed and could have important
effects on carbon flow to lakes. Nitrogen saturation
resulting from wet and dry deposition from agricultural
or industrial processes will increase exchange of nitrogen
from plants to soil, the storage of OC in terrestrial
ecosystems, and soil acidification (Vitousek et al. 1997;
Fenn et al. 1998). For example, DOC release from peat
increases upon fertilization from atmospheric nitrogen
deposition (Bragazza et al. 2006).

Seasonality—At high latitudes, changes in snow cover
and permafrost have led to increases in DOC and nitrogen
in nearby lakes and impoundments (Baron et al. 1994;
Zimov et al. 2006). Changes in the duration of ice and snow
cover modify the carbon flow from the watershed through
effects on both runoff and vegetation. The length of the
main growing and runoff season, as defined by annual
mean air temperatures and amplitudes, is a good predictor
for DOC concentrations, both on temporal and spatial
scales (Weyhenmeyer and Karlsson 2009). Sobek et al.
(2007) found that global lake DOC concentrations are
better explained by altitude than by annual mean air
temperatures, which may be explained by lower DOC at
higher altitudes as a result of steep topography and thin
soils. Annual temperature amplitude may contribute to this
pattern, although this possibility is not resolved in the
global data set of Sobek et al. (2007), which relied on a
global temperature database with limited resolution.

DOC mineralization and DIC release are also linked to
seasonal changes in ice cover and lake stratification. Changes
in lake mixing regimes, resulting from increased temperature
or modified hydrology, may create stronger and prolonged
stratification in lakes, resulting in oxygen deficiency,
lowering of DOC mineralization rates (see below), and a
reduction in annual primary productivity (O’Reilly et al.
2003). The resulting increase in stability of the hypolimnion
and the creation of prolonged anoxia also favor DOC
mineralization to methane (Bastviken et al. 2004a).

Autochthonous primary production—Sources of autoch-
thonous DOC include extracellular release by phytoplank-
ton, release by grazers, and lysis of plankton. A large
fraction of this DOC is consumed and respired rapidly by
microbial activity, while a smaller, more refractory fraction
accumulates and is degraded over longer timescales
(Stedmon and Markager 2005). Increases in nutrient input,
from either watershed or airshed processes, may increase
the autochthonous production of DOC and the relative
importance of autochthonous DOC compared to that of
allochthonous DOC. With decreasing allochthony, the
evasion of CO, to the atmosphere is expected to decrease
(Jansson et al. 2008).

Microbial degradation—Changes in the quality and
quantity of DOC available in aquatic ecosystems may have
direct consequences on lake productivity. Increasing
allochthonous DOC inflow benefits organisms that can
directly utilize it and may cause a shift from a phytoplank-
ton-dominated system to bacterioplankton-dominated sys-
tem (Jansson et al. 2000).

Tranvik et al.

Oxygen is often deficient in lakes. The primary attack on
organic matter via oxygenases and reactive oxygen species
is an important step in the mineralization of OC and is
restricted to oxygenated environments (Zehnder and
Svensson 1986). While autochthonous OC is mineralized
at similar rates under both oxic and anoxic conditions, the
mineralization of allochthonous OC 1is suppressed under
anoxic conditions (Hulthe et al. 1998; Bastviken et al.
2004b) because allochthonous OC is rich in aliphatic
polymers, triterpenes, lignin, and humic matter, which are
resistant to anaerobic degradation (Zehnder and Svensson
1986). Accordingly, even the OC of very old sediments can
be readily degraded by aerobic bacteria under oxic
conditions (Moodley et al. 2005).

Anoxia in hypolimnia and sediments therefore has two
major carbon cycling effects: methanogenesis is stimulated,
and the mineralization of allochthonous OC is suppressed.
Accordingly, Huttunen et al. (2006) found that the diffusive
flux of methane from lake sediments to the water column
was negatively related to the oxygen penetration depth.
Climate change is likely to affect the mixing conditions of
lakes (King et al. 1997). Longer and stronger stratification
periods will result in decreased hypolimnetic oxygen
concentrations (Jankowski et al. 2006), thereby shortening
the oxygen exposure time of sediment OC. Given the strong
dependence of OC burial efficiency on oxygen exposure
time, it is likely that climate change will enhance OC
sequestration and hamper OC mineralization in sediments.
With prolonged periods of anoxia, a larger share of the
total OC mineralization will occur as methanogenesis.
Depending on the extent of methane oxidation in the water
column, which in turn primarily depends on water depth,
increased methanogenesis may result in enhanced methane
emission from lakes. Given that the radiative forcing of
CHy is about 20-fold higher than that of CO,, it takes only
a very small increase in methane emission to offset the
positive feedback of OC sequestration to increased anoxia
due to climate change.

Photodegradation—The chromophoric (colored) fraction
of aquatic CDOM absorbs light and is subject to
photochemical reactions upon exposure to solar radiation.
These photochemical reactions modify the chemical prop-
erties and biological availability of CDOM (Molot and
Dillon 1997; Bertilsson and Tranvik 2000). Exposure of
CDOM to solar irradiance can also result in direct
photolysis to CO, (Granéli et al. 1996). Climate-related
increases in the stability of lake stratification lead to
increasingly photodegraded epilimnetic CDOM and pro-
tection of hypolimnetic CDOM from sunlight. The
integrated outcome of these two alterations is unclear.

Sedimentation—The relative concentrations of particu-
late and dissolved organic matter present in lake water and
in sediments will be influenced by flocculation and
sedimentation. Increases in salinity due to longer retention
time or lower runoff will increase flocculation and
absorption of DOC on CaCOj particles in hard-water
lakes (Mulholland 1981). Such processes may increase
sedimentation of refractory or highly photobleached DOC.
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Projected directions of future change in lake abundance. These projections are expressed as percentage changes from 2009 to

2050 in the areal extent and numerical abundance of lakes, given conservative IPCC climate change scenario Bl (IPCC 2007) and the
historical relationship between lake abundance and runoff derived from empirical analyses (Downing et al. 2006).

The net rate of flocculation will also be modified by
changes in particle concentration, pH, and temperature
(Lick et al. 1992).

Management and monitoring of effects of climate change
on inland water carbon cycling—Climate-related changes to
either the watershed inflows or DOC, POC, and DIC or the
relative strength of the three major in-lake pathways
(sedimentation, mineralization, and downstream transport)
will induce a complex response in the carbon pool. As
indicated in Table 1, the factors controlling the quality and
quantity of carbon inputs to lakes (e.g., hydrology,
vegetation, atmospheric deposition, seasonality) are linked
to in-lake processes (e.g., autochthonous production, micro-
bial degradation, photochemical decay, sedimentation). As
the relative strength of the major carbon pathways changes,
the success of management strategies will be affected as well.
Adaptive management strategies will help to address the
uncertainty and variability inherent in climate change (Clark
2002; Petts et al. 2006). Long-term monitoring (e.g., the
deployment of sensors that measure CDOM and CO») will
indicate changes in carbon inflow and pathways and will
allow for appropriate modifications to watershed and lake
management (Adrian et al. 2009).

Anthropogenic change in occurrence of inland waters
and its consequences

In addition to biogeochemical changes in lakes and
impoundments, the other fundamental ways in which the
future role of lakes with regard to carbon cycling and
climate will be changed are through (1) alterations in the
occurrence and geographic distribution of natural lakes
and (2) the construction of new waterbodies. Remote
sensing can be used in the future to enumerate total lake
area and to study temporal changes in lake numbers and
sizes.

Changing size and distribution of lakes as a result of
altered runoff—In the future, as runoff declines in moist

regions, the lake-size distribution will be truncated at the
upper end, and large waterbodies with complex topography
may be dissected into smaller ones. In regions in which
runoff will increase, many small waterbodies will be
formed, and small lakes will coalesce into large ones. In
all geographic regions, the size distribution will be
dominated by small lakes (Downing et al. 2006). Using
an empirical regression relating the numerical density of
lakes to the size of lakes and local runoff (Downing et al.
2006), we projected future changes in global natural lake
abundance (Figs. 3, 4). Projected local runoff for 2009 and
2050 was derived using the conservative Bl scenario (IPCC
2007) generated by the Community Climate System Model
(CCSM) of the National Center for Atmospheric Research.
The CCSM is a fully coupled atmospheric-ocean global
circulation model and is one of the main models used in the
IPCC’s Fourth Assessment Report (IPCC 2007). Changes
in projected lake abundance by 2050 are expressed as
percentages of 2009 abundance in Fig. 3. This approach
does not consider land slope or regional hypsometry but
does reflect relative rates of change in lake abundance and
moisture if conservative climate change scenarios are
realized. Climate models, climate change scenarios, and
lake distribution models are all subject to variable
uncertainty. Rates of change in lake area at various
latitudes were projected using this same approach
(Fig. 4). These projections represent a new equilibrium
state for lakes and are not adjusted for the length of time it
takes for an existing lake to decline (as a result of large
storage) or for a new lake to become established.

These results indicate that the distribution of lakes will
change regionally (Fig. 3). However, the total global areca
of natural lakes will not be altered appreciably by 2050
(Fig. 4). Still, much of the Earth will experience declines in
lake abundance, although these will be balanced by some
large increases in localized areas with increased runoff. In
general, much of the North American continent is projected
to see substantial declines, as is Western Europe, much of
Asia, Australia, and New Zealand. South America and
Africa will likely see increases and decreases with high
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Fig. 4. Latitudinal distribution of change in lake area projected from the data on large lakes (Lehner and Doll 2004), corrected for

the abundance of small lakes according to Downing et al. (2006), and rates of change projected as explained in the legend of Fig. 3.

heterogeneity. Several circumpolar areas will have in-
creased lake abundance, provided the thawed soils can
retain lake basins.

Changing abundance of inland waters as a result of

construction of impoundments—So much water is retained
behind dams that global sea level rise has been reduced by
0.55 mm yr—! over the past 50 yr (Chao et al. 2008).
Estimates of the total area of reservoirs vary (St. Louis et
al. 2000; Shiklomanov and Rodda 2003; Lehner and Doll
2004), but it is clear that their area is substantial compared
to that of natural lakes (Downing et al. 2006). As water
demands for agriculture, domestic use, and hydroelectric
generation increase, large impoundments and agricultural
ponds will likely increase in area at a rate of about 1-2%
per year (Downing et al. 2006). This means that impound-
ment surface areas worldwide will increase from about
400,000 km?2 to nearly 1 million km? by 2050, or by about a
one-quarter measure of the natural lake area (4.2 million
km?2), subject to the limitations imposed by land scarcity
and available runoff. Given the high burial rates and
methane emissions reported for these systems, this increase
in impoundment surface area is likely a very important
global change in the freshwater carbon transformations.
The net effect of impoundments on the carbon cycle
depends on the type of habitats being inundated. Possibly
wetlands comprise a substantial fraction of inundated
areas, resulting in the loss of areas with high potential
emissions of CH,4 and also high carbon burial.

The sediments of reservoirs have been estimated to
accumulate 0.16-0.2 Pg of OC annually (Mulholland and
Elwood 1982; Dean and Gorham 1998), substantially more
than is buried in natural lakes, and this amount is still likely
underestimated (Cole et al. 2007). In addition, inventories of
dams and major impoundments have typically missed small,
low-tech agricultural ponds. Small agricultural impound-
ments occupy >75,000 km?2 globally (Downing et al. 2006),
so they may bury an additional amount of OC at an average
rate of around 0.15 Pg of OC each year. This is an amount
similar to that buried by all larger impoundments and
represents one third the carbon delivered to the ocean
annually by the rivers of the world (Degens et al. 1991;
Stallard 1998). Considering the world’s moderate-sized
impoundments (0.01-100 km?2), modern measurements of

carbon deposition imply that they bury carbon at a rate of 0.6
Pg yr—1, which is four times the carbon buried by the oceans
annually and much greater than the amount estimated in past
studies (Mulholland and Elwood 1982; Dean and Gorham
1998). St. Louis et al. (2000) estimated that world artificial
reservoirs could emit 0.07 Pg CH4 yr—1, 90% of the emissions
occurring in the tropics. As a comparison, Bastviken et al.
(2004a) calculated the global emissions from lakes to be
0.008-0.048 Pg CH4 yr—!. Obviously, the emissions from
reservoirs, in particular in the tropics, are a factor in the
global methane budget, one that is at least equally important
to the emissions from natural lakes (although as yet poorly
constrained) but most likely to increase with the growing
number of impoundments.

Regional changes in inland water occurrence and
carbon cycling

Changing climate and runoff as well as impoundment
construction are expected to change the role of inland
waters in different ways in different geographic regions.
Below we give examples of climatic and geographic zones in
which major changes are anticipated with regard to carbon
cycling and climate effects (Table 2).

Arctic regions—Carbon storage in high-latitude peat-
lands is estimated to represent one third or more of the
global soil carbon pool (Post et al. 1982; Zimov et al. 2006).
With the melting of permafrost and the formation of thaw
ponds and lakes, this pool will become available for
increased microbial and photochemical transformations,
especially under the increased runoff scenario predicted for
arctic and subarctic regions (IPCC 2007; Fig. 3). Larger
emissions of CO, and CHy are expected, especially where
thermokarst erosion and ponding is occurring (Walter et al.
2006). The persistence of this aquatic state apparently
varies substantially between regions of varying geomor-
phology (Smith et al. 2005). Part of this eroded carbon and
peat is also expected to reach the ocean in the future.
Consequently, essentially all fluxes of the freshwater ‘pipe’
(i.e., Fig. 1) in polar (mostly Arctic) regions will accelerate,
primarily driven by increased mobilization of OC from peat
and increased precipitation.
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Examples of changes in carbon processing by lakes by 2050. Projections combine information on known mechanisms of

carbon processing in lakes with projected changes in lake abundance, climate, and human perturbations (see text).

Region Projected runoff change Important perturbations Effect on lake carbon processing

Polar Increased runoff Permafrost loss; increased Increased CO,; increased CHy; decreased
temperature burial; increased export

Boreal Increased runoff Increased temperature; increased Increased CO,; increased CHy; increased
dams; increased abundance of burial; increased export
beavers

Temperate Decreased runoff Increased eutrophication; Increased CHy; increased burial;
droughts decreased export

Tropics Increased runoff Increased dams Increased CHy; increased CO»; increased

burial; decreased export

Boreal regions—Important perturbations to the aquatic
transport and processing in boreal regions are likely to
comprise increased abundance of lakes fueled by increased
precipitation and increased impoundment. Some of the
anticipated increased impoundment in the Northern
Hemisphere may occur from beaver activity, as beaver
habitat is expected to increase (Allen 1983). As is the case in
the Arctic, the inputs from terrestrial systems should
increase as a result of increased precipitation, resulting in
higher DOC concentrations (Tranvik and Jansson 2002)
and intensification of sedimentation, mineralization, and
outgassing of carbon. Accordingly, precipitation and CO,
outgassing evasion from the 37 largest lakes in Finland
(>100 km?2) were closely related (Rantakari and Kortelai-
nen 2005). Simultaneously, increased runoff will result in
shorter water residence time in lakes and, hence, in a
smaller fraction of the imported OC being processed before
further transport downstream to the sea.

Temperate regions—The most significant climate change
affecting the function of temperate lakes in the global C
cycle in the next several decades will be decreased runoff,
which will most likely result in (1) reduced total lake
abundance, (2) reductions in large lakes as a result of
fragmentation, and (3) decreases in the areal extent of
lakes. Prairie lakes in North America and Eurasia may
become increasingly endorheic, resulting in evapoconcen-
tration of dissolved substances, including DOC. Hence, the
frequency of lakes with high conductivity and high
concentrations of recalcitrant DOC with very low color
because of extensive photobleaching (Waiser and Robarts
2000) will increase. Concomitant with projected alterations
in lake abundance and size in temperate zones is a predicted
increase in eutrophication and drought, resulting from
growing requirements for biofuels and foods and their
associated fertilizer and water demands. The additive effect
of decreased lake size and increased primary production
should yield an amplification in OC burial as a result of the
increased autochthonous production and preservation
(Cotner and Biddanda 2002; Downing et al. 2008). Further,
increased production, duration of stratification, and
sedimentation should generate increased prevalence of
hypolimnetic anoxia and, accordingly, CH4 production.
Although increased temperatures and longer residence
times caused by decreased runoff will accelerate microbial

respiration and photochemical degradation of OC, the
combined effects of increased autochthonous production
and increased OC burial efficiency due to increased anoxia
should offset increased CO, production.

Tropics—The most important changes in the tropics are
likely to be increased abundance of lakes as a result of
increased water impoundment. Higher temperatures in the
tropics should favor bacterial metabolism, and, thus, a
larger fraction of incoming OC should be respired.
Increased temperatures should amplify anoxia and stimu-
late methane production as well. Because methane is a
potent greenhouse gas, the impoundment of water in the
tropics may be an important positive feedback process in
the regulation of climate change.

Revising the active pipe model: the mass transfer of
carbon through inland waters and its contribution to
the global C cycle

The current focus on the role of terrestrial DOC in lake
functioning has been referred to as ‘carbocentric limnology’
(Prairie 2008). This view was perhaps anticipated many
years ago by some of the pioneers of limnology (“Kennt
man die Eigenfarbe eines Sees, so kennt man auch seine
tibrigen Eigenschaften”—“if you know the color of a lake,
you also know its other characteristics”’; Thienemann 1925)
and is an integral part of the wider study of the global C
cycle and climate change. According to Cole et al. (2007),
the processing of allochthonous carbon in lakes results in a
global annual burial of 0.23 Pg and emission of 0.75 Pg C.
In a separate study of lakes in Canada’s boreal biome
(Benoy et al. 2007) the estimated ratio of burial to emission
is similar (5.0-8.5 Tg buried to 3.3-5.8 Tg evaded). The
synthesis in this paper indicates that, considering that lakes
have a greater spatial extent (Downing et al. 2006) and that
saline lakes emit more substantial carbon to the atmo-
sphere (Duarte et al. 2008) than hitherto known, lakes
alone may emit as much as 0.53 Pg C yr—1 as CO, (0.11 Pg
C yr— ! indicated by Cole et al. [2007]). Interestingly, Battin
et al. (2008) assessed the global net heterotrophy of riverine
networks (and by implication net emission of mineralized
carbon), including streams, rivers, and estuaries, but
without considering lakes and impoundments. For rivers
and estuaries they arrive at numbers similar to those
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to atmosphere 1.4
from land 2.9 inland waters
to sediments 0.6
Fig. 5. Revision of the ‘active pipe’ hypothesis advanced by

Cole et al. (2007). Revised values are explained in the text and
represent annual transport of carbon (Pg, 1015 g).

reported by Cole et al. (2007), but for streams, which were
not analyzed by Cole et al. (2007), they add another 0.32 Pg
C yr—L. This number is based on in-stream heterotrophy
and does not take into account release of CO, imported as
DIC from soils and groundwater. Hence, the total current
emissions from inland waters, adding streams and a revised
number for lakes to the budget of Cole et al. (2007), may be
as high as 1.4 Pg C yr—!. Similarly, the carbon burial in
sediments, considering larger lake area estimates and
revised numbers for the burial in small impoundments,
may amount to 0.6 Pg C yr—! (Fig. 5).

Given the annual transport of 0.9 Pg C to the ocean, and
given the loss from inland waters via outgassing and burial
(a total of 2 Pg), the total amount of OC imported to inland
waters from the terrestrial environment must be on the
order of 2.9 Pg yr—!. The outgassing of CO, in the inland
waters corresponds largely to respiration of terrestrial OC,
directly in the aquatic environment or in soils followed by
export to inland waters as DIC. The annual loss of 2 Pg is
similar to the total global net ecosystem production (about
2 Pg C yr—!; Randerson et al. 2002). For comparison, the
annual emissions of carbon from inland waters, previously
not considered in global C budgets, constitute a number
(1.4 Pg) of the same order of magnitude as fossil fuel
combustion, carbon emissions caused by deforestation, and
carbon uptake by the oceans (6.4 Pg, 1.6 Pg, and 2.6 Pg,
respectively; Burgermeister [2007]; likewise for carbon
burial in inland waters [0.6 Pg]).

Given the large amounts of carbon being processed,
improved quantification of these fluxes is crucial to
understanding of the global C cycle and climate system.
In addition, as also pointed out by Benoy et al. (2007),
better knowledge of the mechanisms regulating degrada-
tion and preservation of OC in inland waters is essential to
assessing the ultimate net effect of carbon processing in
these systems. For example, increased burial of OC in
inland waters represents a net sequestration of carbon only
if it would not have been sequestered in the terrestrial
habitats that exported the carbon and if the carbon would
not have been otherwise sequestered downstream in the sea.
Likewise, increased evasion of CO, to the atmosphere as a
result of enhanced mineralization in lakes where the DOC
concentration has been increased is not a new source of
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CO, to the atmosphere unless the same OC would have
escaped mineralization if kept in soils or if transported to
the ocean.

The mass of methane emission is of minor importance
for the carbon mass transfer and hence is not included in
the calculations above. As a result of its 20 times higher
greenhouse warming potential (GWP) compared to CO»,,
however, it is of great interest. The contribution from lakes
(8-48 Tg yr—!; Bastviken et al. 2004a) in combination with
the likely emissions from large impoundments (70 Tg yr—1;
St. Louis et al. 2000) and an expected high but unknown
amount of emission from the globally abundant small
impoundments such as farm ponds (Downing et al. 2008)
points to emissions from inland waters that are on the
order of 100 Tg yr—! or more. This is roughly an addition
of 20% to the previously estimated global emissions (410—
660 Tg CH4 yr—!, including 92-232 Tg from wetlands, but
without specifically considering lakes and reservoirs;
Wuebbles and Hayhoe 2002). This also places CO, and
CHy4 from inland waters roughly equal in terms of GWP.
Considering that impoundments are increasing worldwide,
the substantial contribution of impoundments, including
tropical hydroelectric reservoirs, will increase substantially.

It is clear from this synthesis that lakes, impoundments,
and other inland waters (1) constitute a significant
component of the global C cycle, (2) have changed in their
contribution, significantly as a result of human activities,
and (3) will continue to change in the future in response to
climate change coupled with increases in the small and
large impoundments. These changes include sequestration
in sediments and emissions to the atmosphere as well as
altered transport to the sea. Strong feedback effects on the
climate system from inland waters are expected from
increased methane emissions with continuing permafrost
thaw and with continued construction of impoundments; in
both cases, the result will be enhanced emissions of
methane. Lakes are active, changing, and important
regulators of the carbon cycle and global climate.
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