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Terrestrial	  carbon	  cycle	  feedbacks	  now	  dominate	  	  
non-‐anthropogenic	  sources	  of	  response	  uncertainty	  	  

in	  many	  climate	  models	  

Booth	  et	  al,	  ERL,	  2012	  



We do a decent job monitoring regional 
terrestrial carbon uptake and emissions 

+NEON!	  



Eddy	  covariance	  is	  mature	  technology	  

B.	  Cook	  



Forests	  are	  growing!	  
Black	  =	  WLEF,	  Green	  =	  Willow	  Creek,	  Red	  =	  Sylvania,	  Blue	  =	  Lost	  Creek	  



But:	  Disagreement	  on	  magnitude	  

3.2. Interannual Variability
[39] Not surprisingly, given Figure 2, IFUSE has the

largest annual and growing season uptake among the three
methods (Table 2). Mean NEE differs significantly from the
other three, when compared against the 1‐s estimate of
uncertainty. ED and EBL have similar annual NEE, but ED
shows significantly larger growing season (May–September)
uptake, while EBL shows smaller winter NEE. CT has the
smallest uptake, but has larger uptake in the growing season
than EBL, reflective of the high winter NEE observed in CT
(Figure 2d).
[40] The 1‐s interannual variability of NEE ranges from

35 to 62 gC m−2 yr−1 across the four methods (Table 2),
with ED showing the smallest, and the other three methods
more similar. While the magnitude of IAV is similar, the
correlation matrix in Table 2 reveals significant disagree-
ment among the methods in year‐to‐year variability of NEE.
While IFUSE, EBL and CT are positively correlated to each
other, they are all negatively correlated to ED. IFUSE is
positively correlated to EBL and CT, but the relationship is
weak compared to the correlation among the top‐down
methods, potentially reflecting the similarly in data source in
the two methods.
[41] The differences in NEE magnitude and coherence are

further revealed graphically (Figure 3a). The bottom‐up
methods show greater annual uptake than the top‐down
methods in a majority of the years, while patterns of
coherence vary across the time period. From 1997 to 1999,
the bottom‐up methods both show a trend of increasing
uptake, while EBL trends are more variable and opposite in
direction. CT NEE is not available prior to 2000. From 2000
to 2001, the bottom‐up methods reverse trend, and show a
decline in uptake in 2001, followed by more uptake in ED
but no change in IFUSE in 2002. These changes are
potentially reflective of the effects of a large pest outbreak in
2001. However, the top‐down methods both show an
increase in uptake in 2000 to 2001, followed by a decline in
2002.
[42] Coherence in IAV among the methods increases after

2002. From 2002 to 2003, all methods except CT show a
slight increase in uptake, while CT shows virtually no
change. After 2003, all four methods agree on a relatively
larger decline in uptake in 2004 and very little change in
2005. Finally, all except ED continue to show a decline in
uptake into 2006, while ED shows an increase.
[43] From an anomaly (deviation from long‐term mean

NEE) based perspective (Figure 3b), a stronger pattern of
consistency is seen. There is coherence in the sign of the
NEE anomaly in at least three of four methods in 1998–
2001 and 2003–2006. The strongest of these are 1998, 2003,

and 2005, perhaps reflective of strong climate forcing
anomalies in those three years compared to other years.

3.3. Climatic Controls
[44] Climatic variables tested all show typical climatology

patterns (Figure 4). No strong anomalies are found at the
annual scale, though large year‐to‐year variability is seen in
VPD, NINO3.4, and winter Tair. Monthly variability in
Precip is also large. Finally, two variables show significant

Table 2. Mean Annual and Growing Season NEE and 1‐s Uncertainty as Described in the Methods, Standard Deviation of IAV, and
Correlation Coefficients of Annual NEE Among the Methodsa

Method Annual NEE (gC m−2) May–September NEE (gC m−2) IAV (gC m−2) IFUSE ED EBL CT

IFUSE −321 +/− 13 −377 +/− 12 62 −0.24 0.45 0.53
ED −135 +/− 5 −215 +/− 5 35 −0.24 −0.23 −0.55
EBL −110 +/− 14 −157 +/− 12 52 0.45 −0.23 0.84
CT −58 −183 55 0.53 −0.55 0.84

aIAV is larger than uncertainty for all methods. IFUSE, EBL, and CT are positively correlated to varying degrees, while ED has an opposite pattern.
Top‐down methods have stronger agreement.

Figure 3. (a) Annual NEE and (b) annual NEE anomaly
for each method. The 1‐s uncertainty for annual NEE is also
shown. While there is large variation on magnitude of NEE,
trends in NEE are coherent across several years and espe-
cially in the last 5 years of the record.
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But:	  Interannual	  variability	  is	  not	  insignificant!	  

2001	  

2011	  
2012	  

2001	  
2011	  

2012	  



But:	  lakes	  and	  riverine	  systems	  
process	  much	  of	  this	  carbon!	  

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 CO2 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 CO2 on vegetation and
DOC quality may be particularly pronounced. At present,
atmospheric CO2 is nearly 35% higher than preindustrial
levels and is increasing (IPCC 2007). Elevated CO2

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 CO2

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

Lakes, carbon, and climate 2305

Adrian	  et	  al	  2009	   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 yr21. This number is based on in-stream heterotrophy
and does not take into account release of CO2 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 yr21. 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 yr21 (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 yr21. The outgassing of CO2 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 yr21; 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 CO2 to the atmosphere as a
result of enhanced mineralization in lakes where the DOC
concentration has been increased is not a new source of

CO2 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 CO2,
however, it is of great interest. The contribution from lakes
(8–48 Tg yr21; Bastviken et al. 2004a) in combination with
the likely emissions from large impoundments (70 Tg yr21;
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 yr21 or more. This is roughly an addition
of 20% to the previously estimated global emissions (410–
660 Tg CH4 yr21, including 92–232 Tg from wetlands, but
without specifically considering lakes and reservoirs;
Wuebbles and Hayhoe 2002). This also places CO2 and
CH4 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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And:	  Freshwater	  system	  carbon	  cycles	  are	  
embedded	  in	  complex	  regional	  networks	  



So:	  Lakes	  and	  streams	  processes	  much	  allocthonous	  carbon	  

PNAS,	  2012	  



Trophic	  status	  affects	  magnitude	  of	  
carbon	  budget	  terms	  

!
Hanson	  2004	  



Globally,	  lakes	  are	  warming	  faster	  
	  than	  the	  atmosphere	  

Schneider	  and	  Hook,	  2010	  GRL	  



Regionally: Warmer winters, drier summers 

hXp://www.wicci.wisc.edu/	  

Summer 

Winter 

Temperature Precipitation 

2090-‐2099	  
A1B	  



Greenhouse	  gas	  forcing	  manifests	  in	  
lakes	  in	  a	  variety	  of	  ways	  that	  we	  can	  

measure	  and	  should	  analyze	  

2009) is also a key focus of this issue, along with interactive
effects of different components of climate change such as
ultraviolet radiation (UVR) and elevated carbon dioxide
levels (Sobrino et al. 2009) and the interactive effects of
climate change and other disturbances such as nitrogen
deposition (Hessen et al. 2009) and food-web dynamics
(Manca and DeMott 2009). Investigations of climate–lake
linkages in this special issue span lakes across arctic, alpine,
boreal, temperate, semiarid, and tropical regions.

Lakes and reservoirs in the landscape—Lakes and reservoirs
comprise only about 3% of the earth’s total land surface area
(Downing et al. 2006), yet they play a pivotal role as sentinels,
integrators, and regulators of climate change. Relative to the
surrounding drier terrestrial landscapes, lakes and reservoirs
are hot spots of biological activity that both regulate and
respond to climate change. Lakes and reservoirs are sentinels,
conveying multiple signals of climate change. They are also
integrators, as their sediments are archives of past responses

Fig. 5. Flow diagram of lakes as sentinels of climate change showing major climate regulators, climate response and forcing, and a
few of the many physical, chemical, and biological sentinels that can be quantified in lakes as they respond to climate change.

Fig. 6. Conceptual diagram of lakes as sentinels, integrators, and regulators of climate change. Lakes are sentinels because they
respond very rapidly to changes in solar irradiance, precipitation, wind, hydrology, and a variety of atmospheric and terrestrial inputs.
Lakes are integrators of climate change in that they store signals of change in their sediments—integrating changes not only within the
aquatic ecosystem, but also changes in the surrounding terrestrial ecosystem and airshed. Lakes are regulators of climate change in that
they (1) receive, process, and store large amounts of carbon from the surrounding terrestrial watershed as well as from the aquatic
productivity within their shorelines, (2) are involved in active exchange of greenhouse gases with the overlying atmosphere, and (3) can
alter regional climate by changing radiative forcing, cloud formation, precipitation, and evaporation.

2276 Williamson et al.
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pCO2	  trends	  are	  evident	  in	  NTL-‐LTER	  lakes	  
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Aqua\c	  carbon:	  we	  could	  do	  more!	  

Trout	  Lake(Oligotrophic)	   Lake	  Mendota(Eutrophic)	  



Ice	  covered	  lake	  CO2	  is	  systema\cally	  
under-‐sampled	  in	  winter	  

!

Riera	  et	  al	  1999	   Huotari	  et	  al	  2009	  



We	  could	  fix	  that	  





We	  can	  build	  flux	  towers	  on	  lakes	  too!	  



And	  scratch	  our	  heads	  about	  it!	  
Mendota	  daily	  CO2	  flux	  in	  gC/m2/day	  from	  Jan-‐Oct	  2012:	  

Weekly	  Trout	  vs	  Mendota	  flux	  comparison:	  

<-‐Ice	  off	  (Mar	  10)	   <-‐Ice	  off	  

Trout	  	  

Mendota	  Credit:	  A.	  Gumber	  



What	  else	  might	  we	  do?	  

•  Keep	  monitoring	  terrestrial	  carbon	  cycles	  
–  Add	  NTL-‐LTER	  to	  the	  mix	  (lakes,	  wetlands,	  and	  forests?)	  

•  Inves\gate	  automated	  under-‐ice	  carbon	  cycle	  
observa\on	  
–  Interface	  with	  GLEON	  about	  global	  lake	  monitoring	  of	  
carbon	  

•  Get	  a	  linked	  landscape	  modeling	  working	  group	  going;	  
new	  LTER	  working	  group	  on	  long-‐term	  trends	  
proposed	  by	  C.	  Thomas	  (Oregon	  State)	  

•  Whatever	  smart	  people	  like	  Carpenter,	  Hanson,	  and	  
Stanley	  say	  we	  should	  do!	  


