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Fate of Anthropogenic CO2 Emissions 
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Global Carbon Project 2010; Updated from Le Quéré et al. 2009, Nature Geoscience; Canadell et al. 2007, PNAS 
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The GCP carbon budget (IPCC) 

Regnier et al, Nature Geoscience, 2013 

Units: PgC y-1 

RLS: Residual Land Sink 
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The present-day global C cycle (IPCC AR4) 

Natural fluxes 
Anthropogenic perturbation 

Land-ocean fluxes 

Modified from N. Gruber; pers. com 
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A new C budget for inland waters 
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Present-day fluxes versus anthropogenic perturbation  
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Closing the global C budget: 
The land-ocean aquatic continuum (LOAC) 

Inland waters Estuaries Coastal ocean 

LOAC 
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CO2 flux 
(PgC yr-1) 

Reference 

-0.95 Tsunogai et al. (1999) 

-0.40 Thomas et al. (2004) 

-0.37 Borges (2005) 

-0.45 Borges et al. (2005) 

-0.22 Cai et al. (2006) 

-0.34 Chen and Borges 
(2009) 

-0.22 Laruelle et al. (2010) 

-0.24 Cai (2011) 

-0.18 Wanninkhof et al. (2012) 

CO2 flux 
(PgC yr-1) 

Reference 

0.38 Borges (2005) 

0.40 Borges et al. (2005) 

0.50* Chen and Borges (2009) 

0.27 Laruelle et al. (2010) 

0.25 Cai (2011) 

* Including Salt marshes and Mangroves 

Estuaries Continental Shelves 

CO2 flux estimates: air-estuary & air-coastal ocean 
Present-day 

Estuaries: 0.25 PgC yr-1 

Shelves: -0.2 PgC yr-1 
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The carbon budget for the land-ocean continuum 

Regnier et al, Nature Geoscience, 2013 
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9 Regnier et al., Nature Geoscience, 2013; Laruelle et al., HESS, 2013 

SOCAT 

See contribution of Laruelle et al. 

GLORICH 

See contribution of Lauerwald et al. 

CO2 data coverage for the LOAC  
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Regnier et al, Nature Geoscience, 2013 

Units: PgC y-1 

RLS: Residual Land Sink 

LOAC 

Closing the anthropogenic C budget: 
The land-ocean aquatic continuum (LOAC) 
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Example: Coastal ocean CO2 fluxes 
Change between present-day and ‘pre-industrial’ (1750) deduced from box model simulations 

~0.2 PgC yr-1 
 

Estuaries & coastal ocean 

Estuaries & coastal ocean 

- Jin et al., 2008; Gruber & Galloway, 2008: 0.1 PgC yr-1 

- Liu et al., 2010: Anthropogenic perturbation of 0.5 PgC yr-1 

  Liu K.-K. et al. (eds.), Carbon and Nutrient Fluxes in Continental Margins, Global Change – The IGBP Series, 3, Springer-
Verlag Berlin Heidelberg, doi:10.1007/978-3-540-92735-8 1, (2010).	  

Mackenzie, F.T., De Carlo, E.H. & Lerman, A. Coupled C, N, P, and O Biogeochemical Cycling at the Land-Ocean Interface, in: 
Treatise on Estuarine and Coastal Science, Chapter 5.10, Elsevier, 2012.	  
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Regnier et al, Nature Geoscience, 2013 
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The anthropogenic CO2 budget with the LOAC 

Units: PgC y-1 

FEO: Freshwater & Estuary Outgassing 
COU: Coastal Ocean Uptake 

TES: Terrestrial Ecosystem Sink 

0.
1 

Regnier et al, Nature Geoscience, 2013 

(converted to values assuming Gaussian distribution) 
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Conclusions 

-  Substantial amounts (2.5 PgC yr-1) of atmospheric carbon are 
transported laterally along the land-ocean aquatic continuum 
(LOAC) from upland terrestrial ecosystems into the ocean 

-  The anthropogenic perturbation may have increased the flux 
of C to the LOAC by as much as 1 PgC yr-1. 

-  Most of this additional carbon input to upstream rivers is emitted 
back to the atmosphere as CO2 (0.55 PgC yr-1) or sequestered in 
sediments along the aquatic continuum (0.55 PgC yr-1), leaving a 
small perturbation carbon input (0.1 PgC yr-1) to the open ocean.   
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Conclusions 

-  According to our analysis, terrestrial ecosystems store ~0.9 
Pg C yr-1 at present, which is in agreement with results from 
forest inventories (Pan et al, Science, 2011), but significantly 
less than the 1.5 Pg C yr-1 previously estimated when land 
carbon storage is calculated as a “residual” ignoring 
changes in lateral carbon fluxes 

-  Carbon fluxes along the land–ocean aquatic continuum need to 
be included in global carbon dioxide budgets and ESMs 



Raymond et al. Nature in press 

Towards geospatial estimates CO2 flux from inland waters 

pCO2 from GLORICH 
database (aggregated 
on COSCAT hydro- 
regions) 
 
Gas exchange 
dependency on 
stream order 
 
Stream area 
regressed from 
precipitation and 
temperature 

Rivers outgassing: 
2.2 PgC yr-1 

[1.8 – 2.6] 95% CI 
 
Lakes and reservoirs: 
0.32 PgC yr-1 

[0.06 – 0.84] 

Considerably higher than previous estimates, due to larger gas exchange 16
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C mineralization rates are (perhaps) higher under 
aquatic conditions 

Guenet et al. 2013 

Comparison of mineralization rates of the same incubated soil samples either preserved 
as « terrestrial » or mixed and stirred with water as « aquatic » 
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“over a time span of days, the 
temperature sensitivity of ecosystem 
respiration is remarkably similar for 
estuaries, lakes, oceans, rivers, forests, 
and non-forested terrestrial systems, 
and converges on an activation energy 
identical to that of the respiratory 
complex (~0.65 eV) aka Q10 = 2.5 
 
By contrast, annual ecosystem 
respiration exhibits a substantially 
greater temperature-dependence in 
aquatic (~0.65 eV) relative to terrestrial 
ecosystems (~0.32 eV) aka Q10 = 1.6” Yvon-Durocher et al. Nature 2012 

Temperature response is also (perhaps) higher  
in aquatic systems 
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Figure 2 | Relationship between annual ecosystem respiration and standardised mean 345!

temperature (see Methods Summary). The long-term temperature dependencies of 346!

respiration for all of the terrestrial ecosystems yielded slopes significantly less than the 347!

activation energy of respiration ( RE  ≈ 0.65 eV, Table 1), consistent with the hypothesis that 348!

photosynthesis limits heterotroph biomass and overall respiratory metabolism (equation 5). 349!

By contrast, for all of the aquatic ecosystems, the 95% CIs encompassed RE . Overall, these 350!

findings suggest fundamental differences in the factors structuring aquatic and terrestrial 351!

communities along temperature gradients. 352!
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LETTERS

Temperature-controlled organic carbon
mineralization in lake sediments
Cristian Gudasz1, David Bastviken2, Kristin Steger1, Katrin Premke1, Sebastian Sobek1 & Lars J. Tranvik1

Peatlands, soils and the ocean floor are well-recognized as sites of
organic carbon accumulation and represent important global carbon
sinks1,2. Although the annual burial of organic carbon in lakes and
reservoirs exceeds that of ocean sediments3, these inland waters are
components of the global carbon cycle that receive only limited
attention4–6. Of the organic carbon that is being deposited onto the
sediments, a certain proportion will be mineralized and the remain-
der will be buried over geological timescales. Here we assess the
relationship between sediment organic carbon mineralization and
temperature in a cross-system survey of boreal lakes in Sweden, and
with input from a compilation of published data from a wide range of
lakes that differ with respect to climate, productivity and organic
carbon source. We find that the mineralization of organic carbon in
lake sediments exhibits a strongly positive relationship with tem-
perature, which suggests that warmer water temperatures lead to
more mineralization and less organic carbon burial. Assuming that
future organic carbon delivery to the lake sediments will be similar
to that under present-day conditions, we estimate that temperature
increases following the latest scenarios presented by the Inter-
governmental Panel on Climate Change7 could result in a 4–27 per
cent (0.9–6.4 Tg C yr21) decrease in annual organic carbon burial in
boreal lakes.

The sequestration of organic carbon (OC) in the sediments of
inland waters, both natural and artificial3,8,9,10,11, is comparable to or
even higher than in marine sediments4 and soils12–15. Inland waters do
not only bury OC, but are also active sites for the mineralization of
considerable amounts of OC, originating from internal production or
from the terrestrial environment4,5,16. The OC that reaches the lake
sediment surface will partly be mineralized to CO2 or CH4 by hetero-
trophic microorganisms, and partly be buried in the sediments. The
proportion that is buried (that is, OC burial per OC deposition onto
the sediment surface) is termed the OC burial efficiency, while the
fraction of the sediment OC that is lost through microbial processing
is termed OC mineralization. As a consequence, the amount of OC
that is eventually buried is a direct function of the burial efficiency17.
The OC burial efficiency in lake sediments is related to oxygen expo-
sure, but the effect of temperature on OC mineralization and burial
remains unclear17. Relationships between lake sediment mineraliza-
tion and temperature proposed so far are subject to confounding
factors, such as lake depth, OC quality and lake trophic state18,19. In
view of anthropogenic global warming and the substantial amount of
OC buried in inland water sediments, it is critical to elucidate how
temperature affects burial efficiency, to allow assessment of the future
role of lakes as carbon sinks.

The boreal region contains roughly 30% of the global lakes20,21 and
is rich in OC22. Accordingly, boreal lake sediments contain 15% of the
total carbon pool of the biome22. The Canadian boreal forest region
alone could account for more than 10% of the global lake burial5.

Northern latitudes, including the boreal zone, are expected to experi-
ence particularly severe warming7,23, suggesting that temperature-
dependence of sediment OC burial may be of particular importance
at these latitudes.

We assessed the relationship between sediment OC mineralization
and temperature in a cross-system survey of boreal lakes in central
Sweden, and by compilation of published data from widely different
lakes. We surveyed eight lakes with different trophic state and loading of
terrestrial dissolved organic carbon (DOC) and total phosphorus (Ptot),
enabling us to assess the relative importance of temperature versus lake
trophic conditions and sediment organic matter characteristics.
Sediment mineralization was measured as dissolved inorganic carbon
production in undisturbed sediment cores, sampled along a depth
gradient within each lake. In addition to the field survey, we also did
experimental incubations of lake sediment in the laboratory to test the
temperature sensitivity of sediment mineralization in contrasting lakes.

Mineralization of OC in the boreal lake sediments was strongly
positively correlated with temperature (r2 5 0.61, P , 0.0001,
n 5 219) and weakly correlated with the Ptot concentration in the water
(r2 5 0.14, P , 0.001). There were statistically significant, but very
weak, relationships between OC mineralization and indicators of
OC degradability, such as the C:N and the C:P ratio of the sediment
(respectively r2 5 0.027, P 5 0.01 and r2 5 0.028, P 5 0.013). There
was no correlation between sediment OC mineralization and measures
of elemental composition of the sediment organic matter (C, N, P
concentrations; r2 5 0.002, P 5 0.48; r2 5 0.007, P 5 0.23; r2 5 0.005,
P 5 0.30, respectively). A partial least square (PLS) regression of sedi-
ment OC mineralization against temperature, elemental composition
of sediment organic matter (C:N and C:P ratios; concentration of C, N
and P), and Ptot concentration in the water column, explained a major
fraction of the variance in the data set (R2Y 5 0.66; see Online Methods
for nomenclature), and corroborated the dominant effect of temper-
ature on OC mineralization in the sediment. Similarly, a multiple
regression model predicted sediment OC mineralization from tem-
perature (T) and total phosphorus concentration in the water column
(Ptot,w) (OC mineralization 5 275.03 1 0.34logPtot,w 1 31.21logT;
F(2, 216) 5 193.67; P , 0.0001; n 5 219), but explained only a slightly
higher proportion of the variability in OC mineralization compared to
a model with temperature alone (r2 5 0.64 versus r2 5 0.61). Lastly, we
also compared the partial correlation coefficients of the model terms
for temperature (rpartial 5 0.76; n 5 219: P , 0.0001) and total phos-
phorus in the water column (rpartial 5 0.28; n 5 219; P , 0.0001), sug-
gesting a strong effect of T and a small, but significant effect of Ptot,w on
OC mineralization. Hence, OC mineralization rates were primarily
explained by temperature, and the other studied variables were of
subordinate importance.

We then added data of similar observations of temperature and
sediment OC mineralization from a wide range of lakes that differ

1Limnology, Department of Ecology and Evolution, Uppsala University, Norbyvägen 18D, SE-752 36 Uppsala, Sweden. 2Department of Thematic Studies—Water and Environmental
Studies, Linköping University, SE-58662 Linköping, Sweden.
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Northern rivers and lakes process large quantities of organic and
inorganic carbon from the surrounding terrestrial ecosystems.
These external carbon inputs fuel widespread CO2 supersaturation
in continental waters, and the resulting CO2 emissions from lakes
and rivers are now recognized as a globally significant loss of ter-
restrial production to the atmosphere. Whereas the magnitude of
emissions has received much attention, the pathways of C delivery
and processing that generate these emissions are still not well-un-
derstood. CO2 outgassing in aquatic systems has been unequivo-
cally linked to microbial degradation and respiration of terrestrial
organic carbon (OC), but the nature (i.e., age and source) of this OC
respired in surface waters is largely unknown. We present direct
radiocarbon measurements of OC respired by bacteria in freshwa-
ter aquatic systems, specifically temperate lakes and streams in
Québec. Terrestrial OC fuels much of the respiration in these sys-
tems, and our results show that a significant fraction of the re-
spired terrestrial OC is old (in the range of 1,000–3,000 y B.P.).
Because the bulk OC pools in these lakes is relatively young, our
results also suggest selective removal of an old but highly bioreac-
tive terrestrial OC pool and its conversion to CO2 by bacteria. The
respiration of ancient 14C-depleted terrestrial C in northern lakes
and rivers provides a biological link between contemporary aquatic
carbon biogeochemistry and paleo-conditions in the watershed,
and it implies the aquatic-mediated return to the atmosphere of
C putatively considered permanently stored, thus challenging cur-
rent models of long-term C storage in terrestrial reservoirs.

aquatic respiration | priming effect | source and age of labile OC |
aquatic CO2 emissions | aquatic carbon cycle

Historically, the exchange of C between land and atmosphere
was considered to primarily occur through the removal of

atmospheric CO2 by photosynthesis and its subsequent evasion
from the terrestrial biosphere through plant and soil respiration
and biomass burning. Lately, an unrecognized pathway gaining
quantitative significance in the exchange of C between land and
atmosphere, particularly in northern landscapes, is the emission of
terrestrially derived C from inland aquatic systems (1). In this
regard, lakes and rivers serve a dual biogeochemical role, acting
as both vents for the degassing of soil-generated CO2 and reac-
tors for transforming and mineralizing organic carbon (OC) that
leaches out of terrestrial systems (1–6). These processes lead
to widespread supersaturation of CO2 in surface waters of
northern rivers and lakes (7–9) and significant fluxes of CO2 to
the atmosphere (9–11).
Current evidence suggests that aquatic bacterial decomposition

of terrestrial OC is one of the major pathways that fuels these
CO2 emissions from lakes to the atmosphere (2, 3, 12). This latter
process is quantitatively important at the regional scale (1, 9–11),
and it represents a net loss of terrestrial OC that is generally
unaccounted for in current terrestrial models (for example, not
considered by the Intergovernmental Panel on Climate Change)
(1, 5, 9–11). Despite its relevance to terrestrial C budgets, little is
known of the nature of the terrestrial OC decomposed and ulti-
mately respired in aquatic systems (13). In particular, we do not
know if this pathway returns OC that was recently fixed to the

atmosphere or if it involves older OC stored in deeper soil layers.
The biogeochemical implications of these two scenarios are
fundamentally different, because the former represents a con-
temporary C loop, whereas the latter would imply an uncoupling
between contemporary primary production and the emission of C
from the landscape (13, 14).
The terrestrial C cycling community has long recognized the

significance of determining not only the amount of C returned from
soils to the atmosphere but also its age (15). To date, there has been
no comparable direct empirical determination of the age of C re-
spired in any aquatic or marine environment. Furthermore, the
paradigm of age as an a priori proxy for its microbial bioavailability
has been recently challenged in both terrestrial and aquatic systems
(13–15). The data presented herein provide fundamental evidence
that a paradigm shift is essential to accurately depict the uncoupling
of OC stability and age and its chemical recalcitrance.

Results and Discussion
Δ14C of OC Respired by Aquatic Bacterioplankton. We present here
direct determinations of the age of the OC respired in aquatic
systems. We measured the Δ14C of bacterial respiratory CO2 re-
covered from short-term incubations of natural lake and river
water to determine the age of OC respired in five temperate lakes
and two streams in southern Québec (Canada). The Δ14C of lake
respiratory CO2 varied widely, ranging from +94‰ to !172‰
(Table 1), showing that the consumption of OC can be in excess of
1,000 y of age. Aquatic bacteria consume and respire, at any given
time, a wide range of available organic substrates, and the re-
spiratory Δ14CO2 integrates the signature of OC substrates re-
spired across a continuum of molecular composition, source, and
radiocarbon ages (15). The respiratory CO2 was more depleted in
14C than the bulk particulate C (POC) and dissolved organic C
(DOC) pools in the same lakes (Table 1). Given that the ambient
OC pools are dominated by relatively modern C, it is likely that
respiration is also fueled by these younger substrates, and there-
fore, the ancient endmember respired must be considerably older
than the average values recorded for the bulk respiratory CO2.

Respiration of Ancient Terrestrial OC. The fact that the old com-
ponent of respired C is of terrestrial origin is suggested by the
strong negative relationship between the radiocarbon age of the
respiratory CO2 and the proportion of this C that is of terrestrial
origin (Fig. 1), previously determined on the basis of the δ13C
signature of this respiratory CO2 (3). Extrapolation of our own
results shown in Fig. 1 (100% respired terrestrial OC) places the
old endmember at approximately !300‰ Δ14C, well within the
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Carbon dynamics in lakes of the boreal forest
under a changing climate

Glenn Benoy, Kevin Cash, Edward McCauley, and Frederick Wrona

Abstract: Water-covered lands comprise approximately 30% of the total area of the world’s boreal forest biome. Most of
these lands are peatlands (i.e., bogs and fens), which store over half of the total carbon in the biome. Because climate
warming threatens to alter the carbon stocks of peatlands, much attention has been devoted to understanding the climatic
and hydrologic conditions that affect peatland biogeochemistry. However, there are other aquatic systems that are wide-
spread in the boreal forest that also process and store carbon, including lakes and ponds. Although non-peatland aquatic
systems cover a much smaller portion of the boreal landscape, they still contain approximately 15% of the total carbon
pool for the biome, much of it stored as either profundal or littoral sediments. Further, the carbon dynamics of boreal lakes
are dynamically coupled to watershed processes. Excepting major disturbances to boreal catchments, such as forest fires
and forest harvest, surface waters are the only locations of net loss of carbon to the atmosphere. Our objectives are to re-
view what is known about factors that affect lake ecosystem carbon dynamics in the boreal forest and to identify areas of
study that we deem to be profitable for forecasting the impacts of climate change on carbon pools and flux rates. We pri-
marily focus on the boreal forest of North America, but recognize that our findings may also be relevant for boreal areas
of Fennoscandia and Russia. The following research priorities are identified: (i) estimation of carbon pools in profundal
and littoral sediments across the boreal forest, (ii) warming experiments that include quantification of ecosystem carbon
dynamics in addition to measuring changes to aquatic food web structure, (iii) whole system experiments to understand
the hydrologic and biogeochemical conditions by which allochthonous carbon is integrated into aquatic food webs, espe-
cially in the context of increased nutrient concentrations associated with a warmer, and possibly drier, climate, as forecast
for the southern boreal forest, (iv) watershed-scale assessment of carbon budgets for lakes that straddle transitional zones
between the boreal forest and prairie-parkland, temperate forest or tundra, to detect evidence of ecosystem migration, and
(v) integration of lacustrine carbon pools and flux rates into carbon budgets at scales that range from local watersheds to
the boreal forest biome.

Key words: aquatic food webs, biogeochemistry, boreal forest, carbon budgets, climate change, dissolved organic carbon,
lakes, ponds, watershed hydrology.

Résumé : Les superficies terrestres recouvertes d’eau représentent environ 30 % des surfaces totales du biome mondial de
la forêt boréale. La majeure partie de ces terres sont des tourbières (c.-à-d. tourbières hautes et tourbières basses), lesquel-
les emmagasinent plus de la moitié du carbone total de ce biome. Comme le réchauffement global menace l’altérer la
masse de carbone accumulée dans les tourbières, on a accordé beaucoup d’attention à la compréhension des conditions cli-
matiques et hydrologiques qui affectent la biogéochimie des tourbières. Cependant, il existe d’autres systèmes aquatiques,
largement répandus dans la forêt boréale, qui génèrent et accumulent du carbone, incluant les lacs et les étangs. Bien que
les systèmes aquatiques non tourbeux couvrent une plus faible proportion du paysage boréal, ils contiennent tout de même
environ 15 % du puit total de carbone de ce biome, en grande partie accumulé sous forme de sédiments profonds ou litto-
raux. De plus, dans les lacs boréaux, la dynamique du carbone forme un couple intégré avec les processus des bassins ver-
sants. Sauf pour les pertes occasionnées par des perturbations majeures, comme l’incendie de forêt ou la récolte, les eaux
de surface constituent le seul lieu de perte nette de carbone vers l’atmosphère. Les auteurs présentent une revue de ce
qu’on connaı̂t sur les facteurs qui affectent la dynamique du carbone des écosystèmes lacustres de la forêt boréale, et cher-
chent à identifier les champs d’étude qui semblent prometteurs pour prédire les impacts du changement climatique sur les
puits de carbone et leurs taux de flux. On s’attache prioritairement à la forêt boréale de l’Amérique du Nord, tout en re-
connaissant que les résultats pourraient également s’avérer utiles dans les régions boréales de la Fennoscandie et de la
Russie. Les auteurs identifient les priorités de recherche suivantes : (i) estimation des puits de carbone dans les sédiments
profonds et littoraux, dans l’ensemble de la forêt boréale, (ii) réchauffement expérimental incluant la quantification de la
dynamique des écosystèmes, en plus de la mesure des modifications à la structure de la chaı̂ne alimentaire aquatique,
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Biennial Oscillation (QBO) is the strongest source 
of interannual temperature variation (Baldwin et al. 
2001; Fig. 2.8). This oscillation in temperature and 
zonal wind direction propagates from the upper to the 
lower stratosphere with a time period of about 24–30 
months for a complete cycle. The QBO response in 
the deep tropics is out of phase with its counterparts 
at higher latitudes (Fig. 2.8), and so the QBO effect 
on stratospheric temperature is much smaller in the 
global mean than in the tropics. Similarly, although 
El Niño tends to cool the lower stratosphere in the 
tropics and warm it in the Arctic (Free and Seidel 
2009; Randel et al. 2009b), especially in boreal 
winter, its effects are not obvious when layer-mean 
stratospheric temperatures are averaged globally. The 
lower stratosphere also tends to be warmer when the 
11-year solar cycle is at its maximum and cooler at its 
minimum. The observed global time series of lower 
stratospheric temperature reflects the combination of 
these natural sources of interannual variability with 
long-term anthropogenic cooling effects from ozone 
depletion and greenhouse gases.

In 2010, the QBO began in an easterly phase and 
then shifted to the westerly phase in the second half of 
the year, and this plus the shift to La Niña conditions 
caused the tropical stratosphere to warm in the fall 
(Fig. 2.8). Although the Arctic stratosphere warmed 
in February, this warming was not as unusually 
large as that of 2009. The Antarctic polar vortex was 
larger than average during 2010 and was relatively 
undisturbed after two warming events in July and 
August. The behavior of the Antarctic ozone hole is 
discussed in section 6g.

���/$.(�7(03(5$785(³3��6FKQHLGHU�DQG�6��-��+RRN
The temperatures of lakes and other inland water 

bodies are excellent indicators of climate change (Aus-
tin and Colman 2008; Livingstone 2003; Williamson 
et al. 2009). Previously, in situ temperature data have 
been used to measure the impact of climate change 
on lakes (Coats 2010; Quayle et al. 2002; Verburg et 
al. 2003). While these data are usually quite accu-
rate, their availability is restricted to a few sites and 
continuous, reliable, long-term in situ observations 
are rare. Satellite thermal infrared (TIR) data have 
also been used to measure lake surface temperature 
(Crosman and Horel 2009; Hook et al. 2003; Hook 
et al. 2007; Reinart and Reinhold 2008; Schneider 
et al. 2009), though these studies were still limited 
geographically. 

To provide a more global scope, Schneider and 
Hook (2010) utilized 25 years of TIR satellite data 

at 104 inland water bodies worldwide in order to 
determine possible trends in the seasonal nighttime 
surface water temperatures and to investigate if any 
spatial patterns in the trends would emerge. The 
study used seasonally averaged (July–September 
and January–March) nighttime data from the series 
of Advanced Very High Resolution Radiometers 
(AVHRR) and the series of Along-Track Scanning 
Radiometers (ATSR) obtained between 1985 and 
2009. Satellite-based trends were found to closely 
match those derived from buoy data obtained from 
the National Data Buoy Center (NDBC), as validated 
over the American Great Lakes (Fig. 2.9). Using a 
merged dataset consisting of data from two sensors 
improves the agreement considerably.

Several consistent spatial patterns emerge from the 
mapped trends of the seasonal nighttime lake surface 
temperature (Fig. 2.10a). The area of the strongest and 
most consistent lake surface temperature increase is 
Northern Europe, where Lake Vänern, Lake Vättern, 
Lake Ladoga, and Lake Onega have warmed at an 
average rate of around 0.08°C yr-1. The magnitude 
of the trends decreases slightly towards southeastern 
Europe and the Middle East. A more rapid decline in 
trend magnitude is visible towards central Asia. Lakes 
in North America have been warming at rates around 
0.05°C yr-1–0.06°C yr-1 on average. At lower latitudes, 
most inland water bodies showed much slower warm-
ing of 0.025°C yr-1 on average. A comparison with 
data from the GISTEMP (NASA GISS in section 2b1) 

),*�������&RPSDULVRQ�RI�����²�����-XO²6HS�QLJKWWLPH�
ODNH�VXUIDFH�WHPSHUDWXUH�WUHQGV�GHULYHG�IURP�VDWHOOLWH�
GDWD�ZLWK�WKRVH�REWDLQHG�IURP�KRXUO\�PHDVXUHPHQWV�
DW�QLQH�EXR\V�LQ�WKH�*UHDW�/DNHV�
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HOW TO IMPROVE SOIL CARBON MODELING IN 
LINKAGE WITH THE BOUNDLESS CARBON CYCLE 

Results from ORCHIDEE model (but 
relevant to other land carbon models) 
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Fig. 2. Global soil carbon (top), net primary production (middle), and soil carbon turnover times (bottom) for observations and ESMs.
Turnover times were calculated as HWSD carbon divided by MODIS NPP for the observations, and simulated global soil carbon divided by
simulated global NPP for the ESMs. The gray hashed area on the top panel represents the 95% confidence interval for global soil carbon
in the HWSD based on a qualitative uncertainty analysis (see text). The hashed area on the middle panel represents ±2 standard deviations
around the mean global NPP estimate from Ito (2011) based on empirical models. The hashed area on the bottom panel indicates the range
of turnover times for global soil carbon found in the literature (Amundson, 2001; Raich and Schlesinger, 1992). For soil carbon and NPP,
each global estimate is separated into individual biome components according to the legend shown in the top panel.

observed in the NCSCD. HadGEM2, BCC-CSM1.1, INM-
CM4, MPI-ESM, and CanESM2 also simulated soil carbon
totals below the preliminary CI95 for the NCSCD. In con-
trast, GFDL-ESM2G and MIROC-ESM overestimated high
latitude soil carbon stocks by 45–60%. Only IPSL-CM5 and
GISS-E2 soil carbon fell within the CI95 for the NCSCD.
Variation in global soil carbon stocks simulated by ESMs

could be driven by variation in modeled NPP, and we found
that global terrestrial NPP varied by a factor of 2.6 across the
models (Fig. 2). CCSM4, BCC-CSM1.1, CanESM2, INM-

CM4, GISS-E2, and MIROC-ESM all predicted global NPP
values within 2 standard deviations of the Ito (2011) estimate
of 54 PgC yr�1, ranging from 46 to 73 PgC yr�1, whereas
the remaining 5 models fell outside this range. NPP from
MODIS was similar to Ito (2011) at 52 PgC yr�1. At high
northern latitudes, NPP estimates from the ESMs were more
variable (1.7 to 10.1 PgC yr�1), compared to a MODIS esti-
mate of 4.7 PgC yr�1 (Fig. S6 in Supplement).
Turnover times for global soil carbon from the ESMs var-

ied by a factor of 3.6, between 10.8 and 39.3 yr, using global

Biogeosciences, 10, 1717–1736, 2013 www.biogeosciences.net/10/1717/2013/

CMIP5 MODELS DO NOT REPRESENT SOIL 
CARBON STOCKS WELL 

Todd-Brown et al. (2013) 
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CENTURY (PARTON ET AL., 1988) 

The standard version of 
ORCHIDEE still runs with a 25 
years old model. 
CENTURY assumes implicitly 
that microbial biomass is not a 
driver of decomposition 
Designed for the 20 first cm 
whereas a substantial part of the 
C is stored in the deep layers 
(Jobbagy and Jackson, 2000) 
 

23
 



CENTURY (PARTON ET AL., 1988) 

CENTURY has been designed for systems at equilibrium state 
 
 

 

Several processes are not or not well represented 

•  Biology: priming effect, effect of moisture, effect of 
temperature, N mining, predations on decomposers 

•  Physics: no representation of the soil structure and its effect on 
decomposition, very simple representation of texture 

•  Chemistry: Pools represented not measurable.  

€ 

∂SOC
∂t

= I − k × SOC ×θ × τ
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PRIMING EFFECTS 

Based on Wutzler and Reichstein (2008) and adapted by Guenet et al., (2013) 
 

 

€ 

∂SOC
∂t

= I − kSOC × SOC × (1− e−c×FOC ) ×θ × τ

Adapted from Kuzyakov et al., 2000 

Soil without FOM 

CO2 from ROM 
mineralisation 

Soil + FOM 

CO2 from ROM 
mineralisation 

CO2 from FOM  
mineralisation 

P.E. >0 �  This approach is able to 
reproduce priming effect 

�  Assumes that microbial 
biomass is always in 
equilibrium with FOC (Xia et 
al., In prep) 
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Caveat – extrapolate short term data to long term response 



EVALUATION OF PRIMING PARAMETERIZATION 
Parameters optimized against soil incubation data 
Evaluated within ORCHIDEE against litter manipulation experiments 
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LARGE SCALE EFFECTS OF PRIMING IN A 
GLOBAL RUN 
Priming modifies deeply the modelled SOC change trajectory 

!"#$

%&
'($
)$
*+
&,
-*
$

$./
$&
0$+
12

$)
$*
+&
,-
*$
3+
$2
45

'('
67
'5
8
9$

:237*$

!;<"$ !;="$ !;>"$ !;?"$ <"""$

!"!$

;;$

ORCHIDEE 
ORCHIDEE-CN 
ORCHIDEE-PRIM 

+ 0.4 kg C m-2 

- 0.15 kg C m-2 

27
 



MOISTURE EFFECT ON DECOMPOSITION 

Moisture effect only depends on soil moisture. 
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MOISTURE EFFECTS ON DECOMPOSITION 
COVARY WITH OTHER SOIL PROPERTIES 

Clay 

F. E. Moyano et al.: Moisture response of soil respiration 1179
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Fig. 2. The respiration response to moisture (PRSR) correlated with
soil properties of mineral soils. Correlation coefficients of PRSR
vs. bulk density (black circles), organic carbon (green squares),
sand (yellow inverted triangles), silt (brown triangles) and clay (red
diamonds) on the y-axis are shown for different levels of soil mois-
ture (SM) on the x-axis. Full symbols denote correlations signifi-
cant at p < 0.05. Units of soil moisture in the x-axis are: g H2O
gSoil�1 (a), cm3 H2O cm�3 (b), cm3 H2O cm�3 pore-space (c)
and [-log10|⇥ |kPa]/5 + 1 (d).

of observations, one reason why R2 values were not used to
compare them.
Relative respiration curves are shown in Fig. 3. The effect

of clay content on respiration was mainly at low (aerobic)
moisture ranges and strongly affected the spread in the curve.
Less clay resulted in a wider range of soil moisture values as-
sociated to optimal respiration and a respiration peak at lower
water contents. Soil organic carbon produced a shift in the
curve under all moisture measures with the exception of wa-
ter potential. More carbon content did not affect the spread
of the curve but drove the point of maximum respiration to-
wards higher values of moisture. With changes in bulk den-
sity, respiration changed relatively little for a constant volu-
metric moisture (�v curve) or water potential (⇥log curve) but
changed strongly under a constant gravimetric moisture (�m
curve) or water saturation fraction (�s curve).
When compared to currently used models (Fig. 4), results

from our model covered much of the range of variability
between other functions based on �s, which either under-
or overestimate average respiration, with a strong tendency
towards the latter. Functions using ⇥log were comparable
to our predictions, where we observed a limited influence
of soil properties, but they showed a general overestima-
tion of respiration values in most of the range of suboptimal
moisture conditions.
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Fig. 3. The response of predicted soil moisture-respiration curves to
variations in soil properties for mineral soils. Darker lines represent
higher values of a given property. Variations are shown for clay
content from 0.1 to 1 fraction (a–d), organic carbon from 0.005 to
0.05 g g�1 (e–h), and bulk density from 0.6 to 1.6 g cm�3(i–l). The
respective values for the variables held constant are: 0.3 fraction,
0.02 g g�1 and 1.2 g cm�3. Moisture units are: gH2O gSoil�1 (a,
e, i), cm3 H2O cm�3 (b, f, j), cm3 H2O cm�3 pore-space (c, g, k),
and �log10|⇥ |kPa (d, f, l).
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Fig. 4. Comparison of predicted relative soil heterotrophic respi-
ration as a function of soil moisture. The grey area marks the full
range of values obtained with Eqs. (3) and (5) using �s (a) or ⇥ log
(b) for 106 soil series from England and Wales ranging from 8 to
50mg g�1 SOC and 0.08 to 0.61 clay fraction. Other lines are
moisture-respiration functions from existing models using either �s
(a) or ⇥ log (b) as a predictor. (a): CANDY model (full line), Bethy
model (dashed line), SimCycle model (dotted line), RothC model
(dot-dash line). (b): Daisy model (full line), SOILCO2 model
(dashed line).

4 Discussion

This comparison of multiple datasets revealed a strong soil-
dependent variation of the moisture-respiration relationship,
in clear contrast to the simple functions found in all current
models. The large range of variability observed (e.g. respi-
ration maximums ranging from 40–100% water saturation)

www.biogeosciences.net/9/1173/2012/ Biogeosciences, 9, 1173–1182, 2012

SOC 
content 

Bulk 
density 

Moyano et al., 2012 
Darker lines represent higher values of a given property. Variations are shown for : 
-  Clay content from 100 to 1000 g kg (a–d) 
-  Organic carbon from 5 to 50 mg gsoil (e–h) 
-  Soil bulk density from 0.6 to 1.6 g cm (i–l) 29

 



SOIL CARBON [VERTICAL] DISCRETIZATION 

None of the models used for CMIP5 represent the soil C profiles. 
A substantial part of the soil C stored in deep layers (Jobbagy and 
Jackson, 2000) 
Deep C dynamic different from surface C (Fontaine et al., 2007) 

In ORCHIDEE none of the C is lost by drainage or runoff despite the 
importance of allochtonous C in aquatic ecosystems functionning 
(Cole et al., 2007, Bianchi et al., 2011) 
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SOIL CARBON DISCRETIZATION 

Soil C discretized using the same layers than 
hydrology scheme (11 layers) 
A new pool introduced (DOC) 
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SOIL CARBON DISCRETIZATION 

Adsorption of DOC following the Langmuir equation 
 
 

€ 

FD = −D ×
∂ 2C
∂z2

€ 

RE =
k ×Qmax × DOCfree

1+ k × DOCfree

− b 

�  DOC transported within the profile following the water 
movements (Futter et al., 2007) and exported following runoff 
and the drainage fluxes  

�  POC transported using the second Fick’s law 

�  Work in progress to define D and the Langmuir equation 
parameters as a function of different variables (clay, pH, SOC). 
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PERSPECTIVES 

CO2 and O2 diffusion in the soil profile. 
Leaving the non-measurable pools approach to represent real 
mechanisms  
 

 

Texture (Clay) 

Soil structure 

Litter 

DOC POC 
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Better representation of the tillage effects 

•  Change parameters values for accelerating decomposition 

•  Take into account the different tillage techniques 

•  Impacts of tillage on decomposition depends upon soil properties (texture, 
SOC, pH etc.) 

•  Crop harvest residues decomposed in tilled layers instead of being 
decomposed in surface 

 

 

PERSPECTIVES 

Erosion not represented for the moment 

•  Williams (1995) developed a soil loss equation 

•  Soil Lost = 1.292 * EI * K * CM * P * LS * CFRG 

•  EI is rainfall erosion index 
•  K is the soil erodibility factor 
•  CM is the cover and management factor 
•  P is the practice factor 
•  LS is the topographic factor 
•  CFRG is the coarse fragment factor 

 

34
 



The N cycle – beyond C:N stoichiometry 
Explicit representation of the microbial biomass and of the 
microbial community structure  
 

Actinomycètes 
β-protéobacteria 
Actinobacteria 
Bacteroidetes 
Fibrobacter 
Acidobacter 
Ascomyceta 

Verrucomicrobia 

Environmental 
constraints 

PERSPECTIVES 
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