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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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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












Lakes, carbon, and climate

2307

300%
70 e P %
- oy - &
50 b i » . - 200%
30 - fra¥%
£ 10] 5 S A
& sy ’ g 100%
5 -10 " . gy
230 ¢ 5" A
-50] 0%
-70 T T T T T T T .
150 <100 -50 0 50 100 150 —

Longitude

Fig. 3.

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. 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 1L 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 1. 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
(848 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 CHy yr 1, 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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