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SCIENCEFORSOCIETY Terrestrial ecosystems absorb, at present, about one-fourth of anthropogenic CO2

emissions, which is accumulating in the carbon (C) stocks of vegetation and soils. Land-surface models are
used to project the 21st century evolution of this CO2 sink, which mitigates the expected increase in atmo-
spheric CO2 concentration and, thus, climate change. However, classical land-surface models neglect that
a fraction of the anthropogenic C absorbed by terrestrial ecosystems is not accumulating on land but is
instead exported through the river network. Using the Amazon basin as a case study and a novel land-sur-
face model that represents C exports through rivers, we prove that classical land-surface models such as
those used for the Assessment Reports of the IPCC underestimate the CO2 uptake by terrestrial ecosys-
tems and overestimate the amount of anthropogenic C sequesteredwithin vegetation and soils. We provide
reasons justifying that similar biases are to be expected at global scale.
SUMMARY
Land-surface models are important tools for simulation of the past, present, and future capacity of terrestrial
ecosystems to absorb anthropogenic CO2 emissions. However, fluvial carbon (C) transfers are presently ne-
glected in these models. Using the Amazon basin as a case study, we show that this negligence leads to sig-
nificant underestimation of the net uptake of atmospheric C while terrestrial C storage changes are overesti-
mated. These biases arise from the fact that C—in reality, leached from soils and exported through the river
network—is instead represented as partly being respired and partly being stored in soils. Moreover, these
biases scalemainly to the fluvial C export to the coast, despite aquatic CO2 emission to the atmosphere being
the major pathway of riverine C exports. We further show that fluvial C transfers may change significantly in
response to changes in either hydrology or in atmospheric C uptake by vegetation.
INTRODUCTION

The inlandwater network plays an important role in the global car-

bon (C) cycle, as a major transfer route of land-derived C to the

ocean as well as an efficient biogeochemical reactor where large

amounts of terrestrial organic C inputs are processed, feeding a

net CO2 evasion that is larger than the exports of C to the coast.1

In quantitative terms, both the total inputs of C from terrestrial

ecosystem into inland waters and the CO2 evasion from inland
226 One Earth 3, 226–236, August 21, 2020 ª 2020 The Author(s). Pu
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waters remain largely uncertain at global scale, as demonstrated

by different estimates published over the last decade (see review

by Drake et al.2). Moreover, a recent study has demonstrated that

even fluvial C exports to the coast, although long assumed to be

rather well constrained, are likely underestimated.3While the C in-

puts from soils to inland waters (1.1–5.1 Pg C year�1)2 are rela-

tively small compared with terrestrial net primary production

(NPP), they are comparable in magnitude with the global change

in forest C storage of 2.4 ± 0.4 Pg C year�14 averaged over the
blished by Elsevier Inc.
commons.org/licenses/by/4.0/).
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1990–2007 period. Given that global change affects the land C

budgets and terrestrial C exports through the inland water

network simultaneously,5 it is necessary to assess their temporal

evolution at the same time.

Earth system models (ESMs), which are used to simulate the

coupled evolution of the C cycle and the climate system in

response to anthropogenic CO2 emissions and land-use

change, do not represent inland waters as transport routes of

C from land to ocean nor as CO2 source to the atmosphere.

However, over the last couple of years a number of specialized

branches of land-surface models have been developed to repre-

sent fluvial transfers of C,6–8 which could in theory be used as

land-surface schemes in an ESM framework. The use of those

models has so far, however, been limited to regional scale appli-

cations. Other land-surface models have been enabled to repre-

sent the leaching of dissolved organic C (DOC) from soils, though

not its lateral transfer through river catchments or its fate in the

inland water network.9,10 None of these studies explored the

role of fluvial C transfers on the terrestrial C budget. Most impor-

tantly, it remains unknown how the omission of fluvial C transfers

in classical land-surface models affects the simulation of the

land C sink. Given the magnitude of fluvial C transfers, the

main hypothesis of this study is that this bias is substantial.

The recently developed model ORCHILEAK, a new branch of

the Institut Pierre Simon Laplace (IPSL) ESM land-surface

scheme ORCHIDEE (Organizing Carbon and Hydrology In Dy-

namic Ecosystems), simulates vegetation and soil C processes

as well as DOC and CO2 transport along the terrestrial-aquatic

continuum of the Amazon basin, and was found to reproduce

observed spatiotemporal patterns sufficiently well for present-

day conditions11,12 (see Lauerwald et al.11 for a detailed model

description and evaluation against observational data, which

include NPP for evergreen and rain-green tropical forest, C3

and C4 grassland and C4 cropland as major vegetation types,

magnitude and temporal variability of discharge and DOC fluxes

in the Amazon river and its major tributaries, seasonality in flood-

plain inundation, and aquatic CO2 emission from the river-flood-

plain network). The Amazon basin has been a subject of research

for many years because of its high potential as a C sink to miti-

gate increasing atmospheric CO2 and the coincident negative

impacts of land-use change and climate change on C stor-

age.13–16 The Amazon is a hotspot of the inland water C cycle

because of the large leaching rates of dissolved organic carbon

(DOC) from soils and productive vegetation, the very high CO2

emission rates from surface waters, and the substantial contri-

bution of floodplains in the overall C balance.17–19 The exports

of terrestrially derived C through the Amazon river network are

substantially higher than the fossil fuel emissions of the whole

of South America,20 and should thus not be ignored in regional

C budgets. The Amazon basin is thus the optimal test case for

exploration of the role of fluvial C transfers in the land C budget

and assessment of the bias that is made when simulating the

land C sink with a classical land-surface model ignoring these

fluvial C transfers.

In 2002, Richey et al.17 revealed the largemagnitude of aquatic

CO2 emissions from the river-floodplain network of the Amazon

basin, calling for the inclusion of those fluxes into the C budget of

the Amazon rain forest. The authors assumed that the aquatic

CO2 emissions is mainly fueled by in-stream respiration of
organic C inputs from terra firme ecosystems and floodplains,17

which means that in the long run, aquatic CO2 emission would

represent a fraction of NPP. A more recent study21 has shown,

however, that the integration of these emissions into the basin-

wide C budget is more complex, in particular because a part of

the CO2 in the river comes from respiration in terra firme and

floodplain soils, of which in turn a part is contributed by autotro-

phic root respiration rather than heterotrophic respiration in the

river. The second main hypothesis followed in this study is thus

that aquatic CO2 emission and fluvial C exports to the coast

should be compared with the gross primary production (GPP)

rather than with NPP. ORCHILEAK explicitly represents the

various sources of organic C and CO2 to the river network,

including organic matter decomposition and root respiration in

terra firme soils, inundated floodplain soils, and the water col-

umn, and is thus the ideal tool for elucidating the role of aquatic

CO2 emissions and fluvial C transfers in the overall C budget of

the Amazon basin.

In this study, we use ORCHILEAK to simulate the coupled evo-

lution of the land C sink and fluvial C transfers in the Amazon ba-

sin over the historical period (since 1861) and in the future until

the end of the 21st century, following the scenario RCP6.0, which

is close to nomitigation.More precisely, we simulate both the net

uptake of atmospheric C, i.e., the net ecosystem exchange

(NEE), and the change in terrestrial C storage, i.e., the net biome

production (NBP), explicitly accounting for the C transfers

through the river-floodplain network. To quantify the bias associ-

ated with the use of classical land-surface models that are not

representing fluvial C transfers, ORCHILEAK is run in an alterna-

tive configuration with fluvial C transfers deactivated.

RESULTS AND DISCUSSION

Present-Day (1981–2010) C Budget of the Amazon Basin
The suitability of a land-surface model to predict changes in NEE

and NBP at the centennial timescale depends on its ability to

reproduce present-day terrestrial C stocks. In our study,wedefine

the present day as the period 1981–2010, corresponding to the

three decades during which most of the observational data

used for model validation were collected.11 In the following, we

report simulated fluxes as mean ± standard deviation of annual

fluxes over this period. According to our simulation results, the

C stored in the terrestrial biomass of the Amazon basin amounts

to 91 Pg C, of which 87 Pg C is attributed to tropical rain forest.

The simulated aboveground wood biomass (AGB) for the tropical

rain forest of 13.0 ± 2.8 kg C m�2 is comparable with the average

observed AGB of 15.3 kgCm�2 in the Amazon basin.22 The simu-

lated NPP amounts to 6,407 ± 489 TgC year�1, which agrees well

with the remotely sensing based estimate for the same area of

6,350 Tg C year�1.23 The simulated soil organic carbon (SOC)

stock (excluding litter) amounts to 69 Pg C, of which 48 Pg C is

stored in the first meter of the soil profile, i.e., at the higher end

of existing data-driven estimates of 41–47 Pg C.24

The major innovative aspect of our model approach stems

from the inclusion of the river-floodplain network and lateral

transfers of C (DOC and CO2) into the terrestrial C budget. For

the present day (1981–2010), we simulate an annual fluvial C

export from the Amazon basin to the coast (Fw-c) of 36 ± 7 Tg

C year�1. Of that flux, 29 ± 5 Tg C year�1 is in the form of DOC
One Earth 3, 226–236, August 21, 2020 227



Figure 1. Present-Day C Fluxes through the

Terrestrial-Aquatic Continuum of the

Amazon Basin Simulated with the ‘‘Land-

River’’ Model Configuration

Reported are means and standard deviation of

annual fluxes over the period 1981–2010. The C

fluxes in ORCHILEAK usually not represented in

land-surface models are highlighted in green. See

Table 1 for definition of abbreviations.
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(Figure 1; for abbreviations see Table 1) and the rest is dissolved

CO2. While we represent the Amazon river down to its mouth at

Macapá, the furthest downstream location for which fluvial DOC

fluxes are reported is Óbidos, about 900 km upstream from the

mouth. If we take the observation-based estimate of a fluvial

DOC flux of 27 Tg C year�1 at Óbidos for the period 1994–

2000,18 scale this flux to the increase in discharge down to Mac-

apá (see Experimental Procedures), and apply the observation

that DOC concentrations increase about 10% over this river

stretch,25 we estimate a fluvial DOC export from the Amazon ba-

sin of 33 Tg C year�1, which is close to our simulation result.

Lateral export flux of dissolved CO2 is not explicitly reported in

the literature. Instead, fluvial fluxes of dissolved inorganic carbon

(DIC) are typically reported,30 which are dominated by bicarbon-

ate ions counterbalanced by base cations (carbonate alkalinity)

mobilized in the process of chemical rock weathering. Note that

these processes are not represented in ORCHILEAK, and it is

thus not possible to reproduce the observed exports of total

DIC. However, we can calculate an estimate of fluvial export of

free dissolved CO2 using the values of CO2 partial pressures re-

ported at Macapá.31 Assuming a water temperature of 29�C
(average water temperature in lower mainstem; see Lauerwald

et al.11) to convert those values to CO2 concentrations, and multi-

plying by the average discharge from the Amazon of 197,426 m3

s�1 (see Experimental Procedures), we calculate an observation-

based fluvial CO2 export Fw-c,CO2 of 7 Tg C year�1, which is com-

parable with our simulation result of 7 ± 2 Tg C year�1. Further-

more, while we represent the local decomposition of submerged

plant litter and soil organic C in the inland water network as an

additional source of DOC and CO2 to the water column (see

Lauerwald et al.11), we neglect transport of particulate organic

C. This is, however, of minor importance for the C budget of the

Amazon basin, as the particulate fraction of the fluvial organic C

load amounts to only about 10% at the basin outlet.25 The simu-

lated CO2 evasion from the inland water network Fw-a,CO2 (river

and inundated floodplains) amounts to 415 ± 64 Tg C year�1,

which is comparable with the observation-based estimate of

470 Tg C year�1 by Richey et al.17 The simulated CO2 evasion

from the water surface is thus about one order of magnitude

higher than the lateral C export to the coast, in agreement with
228 One Earth 3, 226–236, August 21, 2020
field studies.17We thus find that, in addition

to the terrestrial C fluxes, our model repro-

duces the inland water C fluxes reasonably

well.

As mentioned earlier, our model offers

the possibility to quantitatively attribute

Fw-a,CO2 to its various sources and to inte-

grate Fw-a,CO2 consistently into the C
budget of the Amazon basin. To begin with, Fw-a,CO2 is about 27

times lower than the simulated CO2 emissions from soils (Fs-

a,CO2, Figure 1). This is largely due to the smaller areal proportion

of surface waters compared with the one occupied by terrestrial

ecosystems. However, even when normalized by area, simulated

CO2 emission rates from rivers and inundated floodplains of

1,511 ± 117 g C m�2 year�1 are still somewhat lower than the

average rates of terra firme soil respiration of 1,900 ± 55 g C

m�2 year�1. These modeled rates agree well with observed CO2

evasion rates from inland waters32 and with CO2 emissions from

soil respiration studies33,34 in the Amazon basin. The terra firme

ecosystems in our simulation act as an overall sink for atmo-

spheric CO2 because the terrestrial GPP exceeds the sum of Fs-

a,CO2 and autotrophic respiration of the aboveground plant parts

(Raabove). Note that CO2 emission flux from soils is to a large

part sustained by the autotrophic respiration of roots (Raroot)

and not by heterotrophic microbial respiration (Rhterr). Across

the Amazon basin, Raroot and Rhterr contribute 47% ± 1% and

53% ± 1% of the total soil respiration, respectively (Figure 1),

which is in agreement with the previously reported observed

range of 42%–61% contribution of Raroot to Fs-a,CO2.
35,36

Inland waters, on the contrary, act mostly as net source of CO2

fueled by allochthonous C inputs originating from DOC and CO2

leached from soils.21While CO2 inputs from soil respiration to the

river network via runoff (Fs-w,CO2) represent only about 1% of to-

tal soil respiration, in agreement with data-driven estimates,37 it

contributes one-quarter (25% ± 1% or 106 ± 17 Tg C year�1) of

the total CO2 loss from the river-floodplain network, i.e., the sum

of Fw-a,CO2 and Fw-c,CO2 in Figure 1. Therefore, Raroot is a sub-

stantial source not only to Fs-a,CO2, but also to Fs-w,CO2. Also

within the river-floodplain network, the simulated respiration of

submerged roots (Raroot,aq, 167 ± 26 Tg C year�1) is of similar

magnitude as the heterotrophic respiration of DOC (RhDOC,

63 ± 13 Tg C year�1) and submerged soil carbon and plant litter

(Rhsub, 87 ± 12 Tg C year�1) (Rhaq = RhDOC + Rhsub = 150 ± 23 Tg

C year�1), which contribute to about 40%±1%and 36%±1% to

the total CO2 exported through the river-floodplain network,

respectively. These results highlight the necessity to compare

Fw-a,CO2 and Fw-c,CO2 against GPP instead of NPP, as only half

of the CO2 exports are fed by Rh.



Table 1. Definition of Acronyms

Acronym Definition

DIC dissolved inorganic C

DOC dissolved organic C

Fs-a,CO2 CO2 emissions from soil surface

Fs-w,CO2 CO2 inputs to river from terra firme soils

Fs-w,DOC DOC inputs to river from terra firme soils

Fw-a,CO2 CO2 emissions from water surface

Fw-c,CO2 lateral CO2 export to river mouth

Fw-c,DOC lateral DOC export to river mouth

GPP gross primary production

Harvest harvest of crops and wood products

LUC additional respiration flux due to land-use

change

NBP net biome production

NEE net ecosystem exchange

NPP net primary production

POC particulate organic C

Ra autotrophic respiration, total

Raabove Ra from aboveground biomass

Raroot root respiration, total

Raroot,aq root respiration in inundated floodplains

Raroot, terr root respiration in terra firme soils

Rh heterotrophic respiration, total

Rhaq Rh in river network, including inundated

floodplains

RhDOC Rh from decomposition of DOC in water

column

Rhsub Rh from decomposition of inundated litter

and SOC

Rhterr Rh in and on Terra Firme soils

SOC soil organic carbon

WDDOC wet deposition (throughfall) of DOC
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In our study, we define NEE as the balance between the terres-

trial GPP and the wet deposition of DOC (WDDOC) as C inputs

from the atmosphere to the Amazon basin and the emissions

of CO2 from terra firme soil (Fs-a,CO2), aboveground vegetation

(Raabove) and water surface (Fw-a,CO2) back to the atmosphere

(Equation 1 and Figure 1). This equation further includes the

on-site respiration of litter resulting from land-use change

(LUC). ORCHILEAK does not represent the emission of biogenic

volatile organic C (BVOC), which is thus also not included in our

calculation of NEE. Note that contrary to the use in other

studies,21 NEE is defined here with the convention of positive

sign when C is gained by the land surface and lost by the atmo-

sphere, to be more easily comparable with NBP (see below). For

the period 1981–2010, NEE amounts to 315 ± 433 Tg C year�1.

The NBP of the Amazon basin is defined as the actual change

in C storages of terra firme ecosystems and inland waters com-

bined. NBP is here calculated based on the NEE, i.e., the vertical

exchanges of C between the atmosphere and the Amazon basin,

and the harvest of crops and wood products (Harvest) as well as

fluvial exports of CO2 (Fw-c,CO2) and DOC (Fw-c,DOC) to the coast
as lateral export fluxes (Equation 2 and Figure 1). For the present

day (1981–2010), the simulated annual NBP in the Amazon basin

amounts to 173 ± 427 TgC year�1. For comparison, Gloor et al.38

estimated an NBP of �240 ± 298 Tg C year�1 for the whole of

South America over the period 1980–2009. Our simulated NBP

normalized by watershed area equals 29.6 ± 72.8 gCm�2 year�1

for the present-day period, which is at the low end of the average

increase rates of C stocks in American tropical forests estimated

by Pan et al.4 at 77 g Cm�2 year�1 for the period 1990–1999 and

53 g C m�2 year�1 for the period 2000–2007.

NEE = (GPP + WDDOC) � (Fs-a,CO2 + Raabove + LUC + Fw-a,CO2)

= ((22,183 ± 823 + 75 ± 3) � (11,148 ± 324 + 10,336 ± 233 + 44

± 26 + 415 ± 64)) Tg C year�1
= 315 ± 433 Tg C year�1. (Equa
tion 1)

NBP = NEE � (Fw-c,CO2 + Fw-c,DOC + Harvest)

= (315 ± 433 � (7 ± 2 + 29 ± 5 + 105 ± 16)) Tg C year�1
= 173 ± 427 Tg C year�1 .(Equa
tion 2)

Equation 2 illustrates howNEE as net uptake of atmospheric C

is split into amounts of C accumulating within the Amazon basin

(NBP), and lateral exports of C out of the basin related to fluvial

transport and the harvest of crop and wood products. Over the

period 1981–2010, NBP represents about 55% of the NEE while

11% of NEE is exported to the coast. Note that the fraction of

NEE that is accumulating in terrestrial C stocks (NBP) is a conse-

quence of increasing atmospheric CO2 concentrations, and their

fertilizing effect on vegetation and thus represents entirely an

anthropogenic perturbation. The same is of course true for har-

vest and the related export of crops and wood products. In

contrast, a certain fraction of C that is channeled through the

inland water network would also be exported under steady-state

conditions, while the anthropogenic perturbation of this flux re-

mains to be determined (see next section).

While the CO2 exports from the river-floodplain network

(Fw-a,CO2 in Figure 1) cannot be regarded as a fraction of the

terrestrial NPP within the Amazon basin, the situation is different

for fluvial DOC exports, which aremainly sustained by decompo-

sition of litter and SOC. The throughfall flux of DOC (WDDOC), i.e.,

DOC in the precipitation and DOC washed from the vegetation

canopy, is large compared with Fw-c,DOC (Figure 1) and thus

needs to be included in a model describing C cycling along the

land-river continuum of the Amazon basin. Nevertheless, the

major part of WDDOC infiltrates into the soil where it is respired,

while the leaching of DOC from SOC and litter remains the domi-

nant source of DOC to the river. In addition, as we explicitly simu-

lated Ra and Rh of terra firme systems and river-floodplain

network (see Figure 1), we can represent NBP also based on

the difference between NPP being the major C input flux and to-

tal Rh being the major output flux (Equation 3). The simulated to-

tal annual Rh in the Amazon basin amounts to 6,131 ± 165 Tg C

year�1, of whichRhterr contributes 98% and Rhaq contributes the

remaining 2%.
One Earth 3, 226–236, August 21, 2020 229



Table 2. Forcing Files Used for Simulations

Variable

Spatial

Resolution

Temporal

Resolution Data Source

Rainfall, Snowfall,

Incoming shortwave

and longwave radiation,

Air Temperature,

Relative humidity and

air pressure

(close to surface),

Wind speed

(10 m above surface)

1� 1 day ISIMIP2b,

IPSL-CM5A-LR

model outputs

for RCP6.026

Land cover

(and change)

0.5� annual LUH-CMIP5

Soil texture class 0.5� – after HWSD v1.127

Soil pH, bulk density 0.5� – after HWSD v1.127

Poor soils 0.5� – after HWSD v1.127

Floodplains and

swamps

0.5� – after Guimberteau

et al.28

River surface

areas (Ariver)

0.5� – Lauerwald et al.29

Bankfull discharge 1� – derived from

pre-runs with

ORCHILEAK

(see text)

95th percentile of

water table height

over flood plain

1� – derived from

pre-runs with

ORCHILEAK

(see text)
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NBP = (NPP + WDDOC) � (Rh + Harvest + LUC + Fw-a,DOC)

= ((6,407 ± 489 + 75 ± 3) – (6,131 ± 165 + 105 ± 16 + 44

± 26 +29 ± 5)) Tg C year�1
= 173 ± 427 Tg C year�1. (Equa
tion 3)

Effects of Fluvial C Transfers on the Land C Sink
To test the effect of explicitly representing the inlandwater C cycle

on the simulated Amazon C sink, we ran an alternative simulation

with the fluvial C-cycle loop being deactivated (Figure 2), which in

what follows is termed the ‘‘land-only’’ model in contrast to the

‘‘land-river’’ model presented above. In the land-only model,

DOC cycling within the soil column is represented as in the

land-river model but without lateral export to the river network.

Similarly, CO2 produced from autotrophic and heterotrophic

respiration, including that of litter and SOCdecomposition in inun-

dated soils, is entirely feeding into Fs-a,CO2. The representation of

all other processes and the use of forcing data (Table 2) are

exactly the same between the land-river and the land-only model.

Accordingly, GPP, NPP, and total Ra are exactly the same in

both simulations, although Raroot is not separated into a terra

firme and a submerged component as in the land-river model.

In the land-only model, Rhterr is higher than in the land-river

model because DOC and CO2 are not exported through the river

network but released instead by terra firme ecosystems. As a

result, Rhterr is even slightly higher than the total Rh (Rhterr +
230 One Earth 3, 226–236, August 21, 2020
Rhsub + RhDOC in Figure 1) simulated with the land-river model,

with 6,149 ± 164 Tg C year�1 versus 6,131 ± 165 Tg C year�1,

respectively.

In the land-only model, NEE and NBP are calculated as

follows:

NEE = (GPP + WDDOC) � (Fs-a,CO2 + Raabove + LUC)

= ((22,183 ± 823 + 75 ± 3) � (11,589 ± 363 + 10,336 ± 233

+ 44 ± 26)) Tg C year�1
= 287 ± 429 Tg C year�1. (Equa
tion 4)

NBP = NEE � Harvest

= (287 ± 429 � 105 ± 16) Tg C year�1
= 184 ± 430 Tg C year�1 .(Equa
tion 5)

For the present-day period, the NEE simulated by the land-only

model (Equation 4) is 27 TgC year�1 (8.6%) lower than in the land-

river model (Equation 1). This lower net C uptake from the atmo-

sphere is due to the fluvial C export to the ocean that is not repre-

sented in the land-onlymodel, and thusmore organicC is respired

within theAmazonbasin. Thenon-respired fractionof the fixedC is

accumulating in the soil and we find that for the present day, the

simulated NBP is 11 Tg C year�1 (6.4%) higher in the land-only

model (Equation5) than in the land-rivermodel (Equation2). There-

fore, thedifferencebetweenbothmodelsallowsus toelucidate the

net effect of the fluvial loop of the C cycle on NEE and NBP.
Temporal Trends at the Centennial Timescale
From the beginning of the industrial period until the present day,

we simulate an increase in terrestrial NPP within the Amazon ba-

sin by nearly 20% (Figure 3D) following the fertilizing effect of ris-

ing atmospheric CO2 concentrations. That is well within range of

the 5%–22% increase in NPP simulated by five different land-

surface models taking part in the second Inter-Sectoral Impact

Model Intercomparison Project (ISIMIP2) using the same climate

forcing data as this study (Figure 4, see Experimental Proced-

ures). Rh is largely following this trend, but from the middle of

the 20th century, the gap between NPP and Rh is increasing (Fig-

ure 3D). Accordingly both NEE and NBP increase over the histor-

ical period, with a more strongly increasing trend over the last 50

years (Figures 3E–3F). Importantly, the simulated CO2 evasion

(Fw-a,CO2) (Figure 3A) from the water surface and lateral DOC

(Fw-c,DOC) and CO2 (Fw-c,CO2) exports (Figure 3B) from the

Amazon basin to the coast do not show a significant trend

over the historical period. Moreover, multi-decadal variation of

discharge dominates the trends in Fw-c,DOC, Fw-a,CO2, and Fw-

c,CO2, and the effects of increasing NPP on the long-term trends

in these fluxes are counterbalanced by a decrease of 11% in

discharge over the historical period (Figures 3A–3C). Up until

the middle of the 20th century, the lateral exports of C to the

coast contributed to about 40% of the NEE (Figure 3F). This pro-

portion then started decreasing to about 11% at the present day,

due to the increasing contributions of harvesting and NBP (Fig-

ures 3E and 3F).



Figure 2. Present-Day C Fluxes in the Amazon Basin Simulated with

the ‘‘Land-Only’’ Model Configuration
Reported are means and standard deviation of annual fluxes over the period

1981–2010. The fluxes highlighted in red are also represented in the land-river

model, but here reach different values in compensation of the deactivated

fluvial C transfers. See Table 1 for definition of abbreviations.
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Following the future scenario RCP6.0, which we used here for

future projections, terrestrial NPP increases by another 20%

over the 21st century. For comparison, the future increase in

NPP simulated by five different land-surface models taking

part in ISIMIP2 ranges from 16% to 39% (see Experimental Pro-

cedures). Note, however, that these future projections are

thought to overestimate the CO2 fertilization effect because

important limitations of plant growth are to date ignored in

most ESMs, e.g., nutrient limitation (in particular phosphorus)39

and stand competition.40 Rh follows this trend while the gap be-

tween NPP and Rh is getting larger (Figure 3D). Both NEE and

NBP increase substantially (Figure 3E). Most of the NBP accu-

mulates in the biomass (95%) and only a small amount in the

soil C and litter stocks. From the present day (1981–2010) to

the end of the 21st century, the biomass increases by an average

rate of 0.3% year�1, i.e., similar to the observed average in-

crease rates in aboveground biomass over the last decades of

about 0.4% year�1.14 Contrary to the historical period, there is

a substantial increasing trend in the inland water C fluxes (Fig-

ures 3A and 3B), following both the accelerated increase in simu-

lated NPP (Figure 3D) but also the trend in discharge that in-

creases again to levels of the early industrial period

(Figure 3C). Also, the effect of the multi-decadal variability in

discharge on these C fluxes is still visible (Figures 3A–3C). The

CO2 emissions from the river-floodplain network (Fw-a,CO2) and

fluvial exports of dissolved C to the coast (Fw-c,DOC + Fw-c,CO2) in-

crease by 23% and 27%, respectively (Figures 3A and 3B).

Nevertheless, the fraction of NEE that is exported to the coast

decreases further to about 8% at the end of the 21st century (Fig-

ures 3E and 3F).

In steady state, which we assumed for the pre-industrial period,

the simulated NBP is zero and NEE is equal to the sum of harvest

and fluvial export of C to the coast (Fw-c,CO2+ Fw-c,DOC) (Figures 3E

and 3F). Over the whole simulation period (1861–2099), the C
balance of the Amazon basin departs from the steady state due

to increasing NPP and the delayed response inRh due to the rela-

tively long residence times of C in biomass and soils (see Bloom

et al.41). During this period, the net uptake of atmospheric C

(NEE) accumulates to 72.1 Pg C, of which 8.9 Pg C (12%) is ex-

ported to the ocean (Fw-a,CO2 + Fw-c,DOC) and 24.1 Pg C (33%) is

laterally exported as harvested crops and wood products (Har-

vest, Figures 3D and 3E). The remainder, 39.1 Pg C (54%), repre-

sents the NBP that accumulates in the terrestrial C stocks. While

Harvest and NBP represent or are entirely the consequence of

anthropogenic perturbations, only 1.5 Pg C (17%) of the fluvial

C exports to the coast are in excess to the simulated pre-industrial

values, and are thus assumed to represent the net effect of anthro-

pogenic perturbations on these lateral export fluxes over the simu-

lation period. Looking at the differences in the simulation results

with the land-river model versus the land-only model, we find

that up to the mid-20th century the net effect of fluvial C transfers

on NBP is very low (Figure 3G) because soil and vegetation C

stocks are close to steady state and thus NBP is generally low

(Figure 3E). The net effect of fluvial C fluxes on the NBP then in-

creases in absolute numbers over the rest of the simulationperiod,

first quite rapidly and then at a rate that is slowing down until the

end of the 21st century. At the present day the net effect amounts

to 11 Tg C year�1, representing 6.4% of the NBP simulated with

the land-river model. At the end of the 21st century the net effect

reaches 12 Tg C year�1, but decreases in relative numbers to

4.0% of the NBP simulated with the land-river model. The net ef-

fect of fluvial C fluxes on NEE is positive, i.e., more C uptake from

the atmosphere is obtained with the land-river model over the

whole simulation period. However, NEE shows an interesting

long-term trend (Figure 3H): the net effect of fluvial C fluxes on

NEE first decreases over the historical period until the late 20th

century before it is projected to increase again to a level compa-

rable with that of the late 19th century. This trend is consistent with

the difference inRh simulated with the land-rivermodel versus the

land-only model (Figure 3I). The decrease over the historical

period until the present day is likely due to the stronger accumu-

lation of soil C in the land-river model, which feeds an increasing

Rhterr. This effect is then outweighed by the sudden increase in

fluvial C exports to the coast over the 21st century (Figure 3B).

In relative terms (as percentage of the NEE simulated with the

land-river model), the net effect of fluvial C fluxes on simulated

NEE decreases over the simulation period from 36% (1861–

1890), to 8.6% at the present day, and further down to 5.8% at

the end of the 21st century. The difference in NBP simulated by

the land-only model relative to that simulated by the land-river

model accumulates to 0.6 Pg C (5.1%) and 1.0 Pg C (3.7%)

over the periods 1861–2010 and 2011–2099, respectively. For

NEE, this difference accumulates to �4.7 Pg C (�20%) and

�2.8 Pg C (�5.8%) for the same periods, and to �7.5 Pg C

(�10%) over the whole simulation period.

Implications for Global Land C Sink
Our simulations show significant biases in simulated NEE and

NBPwhen fluvial C exports are ignored. These biases are related

mainly to lateral exports of C to the coast, while the representa-

tion of CO2 emissions from the river-floodplain network does not

significantly affect the C budget of the Amazon basin as a whole.

While the Amazon basin is a global hotspot for aquatic CO2
One Earth 3, 226–236, August 21, 2020 231



Figure 3. Simulated Long-TermTrends of Hydrology, C Fluxes, andCBudget of the AmazonBasinObtainedwith the ‘‘Land-River’’Model and

Co-evolution of the Net Effects of Representing Fluvial C Transfers on the Simulated C Budget

(A–D) The individual panels show temporal trends in (A) CO2 emissions from the river network to the atmosphere (Fw-a,CO2), (B) lateral, fluvial exports of DOC and

CO2 to the coast (Fw-c,DOC and Fw-c,CO2, respectively), (C) discharge, and (D) terrestrial net primary production (NPP) and heterotrophic respiration (Rh).

(E) Increasing trend in the net C uptake from the atmosphere (NEE), partitioning NEE into the amounts of C removed by harvest (orange shade), exported by rivers

to the coast (Fw-c, blue shade), and accumulating within the Amazon basin (NBP, brown shade) (compare with Equation 2).

(F) Changes in harvest, Fw-c, and NBP relative to NEE over the simulation period (same color code as in E).

(G–I) Net effects of representing fluvial C fluxes on NBP, NEE, and Rh, respectively. These effects were calculated by subtracting results of the land-only model

from those of the land-river model. All graphs represent 30-year running means of simulation results that suppress interannual variability and reveal temporal

trends at the centennial timescale. The dashed vertical line indicates the present day, i.e., the year for which the 30-year runningmean corresponds to the average

conditions for the period 1981–2010. For both (E) and (F), we added the last 30 years of spin-up before the results of the transient run. Like this, the first 30-year

runningmean value in these two plots represent the assumed steady state in the pre-industrial period, with an NBP = 0 Tg C year�1. The dotted line represents the

year 1876, from which the 30-year running mean values are entirely derived from results of the transient simulation runs, consistent with the other plots.
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emissions, present-day Fw-c,DOC is not extraordinarily high. Ac-

cording to our simulations, Fw-c,DOC represents only 9.2% of

NEE. At global scale, a fluvial DOC export of 200 Tg C year�142

compared with the average NEE derived from inversions of 2.3

Pg C year�143 gives a similar ratio of 8.7%. We thus conclude

that ignoring fluvial C fluxes leads to similarly important biases

at global scale. DOC that should be exported to the coast is
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instead remaining in the soils, where a part accumulates in the

SOC stock (positive bias in NBP) and the remainder is respired

in situ feeding Fs-a,CO2 (negative bias in NEE). It remains never-

theless unclear whether in other climate zones a stronger bias

in NBP would be counterbalanced by a weaker bias in NEE, or

vice versa. This would depend mainly on the perturbation of

terrestrial NPP and the turnover times of biomass, litter, and



Figure 4. Long-Term Trends of Average Annual Air Temperature

(2mAbove Ground) and Precipitation in the Amazon Basin Following

IPSL-CM5A-LR Model Outputs under RCP6.0

The graphs represent 30-year running means that suppress interannual vari-

ability and reveal temporal trends at the centennial timescale. The dashed

vertical line indicates the present day, i.e., the year for which the 30-year

running mean corresponds to the average conditions for the period

1981–2010.
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soil organic C. Note further that ORCHILEAK represents only the

fluvial transfers of DOC and CO2, and ignores particulate organic

carbon (POC). Accordingly, our simulations still underestimate

NEE and overestimate NBP. At the present day, POC accounts

for only 10% of the total fluvial organic C exports from the

Amazon basin.25 While for the Amazon basin the fluvial export

of POC is small compared with that of DOC, global fluvial DOC

and POC exports are of a similar magnitude.44 How far fluvial

POC export affects the contemporary NEE and NBP is not trivial

to assess and depends on the age of the eroded POC, its de-

gradability, and the rate of SOC replenishment at eroding sites.45

The quantitative partitioning of the total bias into an NBP overes-

timate and an NEE underestimate can only be realized with a

land-surface model enabled for fluvial C transfers such as OR-

CHILEAK. The global-scale application of this model is yet to

be realized. We have shown that the biases in simulated long-

term trends in NEE and NBP scale largely with the temporal evo-

lution of fluvial C exports to the coast. For the Amazon basin, we

found that temporal variability in fluvial C exports is strongly

controlled by hydrology. If we use the annual values, the correla-

tion is very high (R2 = 0.84), but even when using 30-year running

means that suppress interannual variability, the correlation is

substantial (R2 = 0.38). At global scale, discharge is projected

under RCP6.0 to increase by 7.4% until the end of the 21st cen-

tury.46,26 Assuming that DOC exports are generally transport

limited, we expect that they will increase at least linearly with

discharge. If we weight the projected change in runoff by a

spatially explicit estimate of present-day fluvial DOC exports,47

we estimate an increase in global fluvial DOC exports of 9.6%

based on changes in runoff alone.

For the Amazon basin, despite the missing long-term trend in

discharge, we simulate an increase in Fw-c,DOC in response to the

projected rise in NPP and, thus, litter fall as main DOC source.

Increases in terrestrial DOC inputs to inland waters (‘‘browning’’)

have been witnessed inmany parts of the globe, and in particular

the higher latitudes.48 In addition, the ongoing permafrost thaw

releases increasing amounts of organic C to Arctic rivers.49 We
thus expect that also at global scale, fluvial C exports will in-

crease overproportionally with river discharge over the 21st cen-

tury. Projections of future trends in fluvial C exports at global

scale require a new generation of land-surface models, as repre-

sented here with ORCHILEAK, which represent the C cycling

along the land-river continuum in response to rising atmospheric

CO2 concentrations, climate change, and LUC. Moreover, we

conclude that existing future projections of global NEE and

NBP, whichwere performed by the classical land-surfacemodel,

are afflicted by significant biases that increase in magnitude over

the simulation period.
EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources should be directed to and will

be fulfilled by the Lead Contact, Ronny Lauerwald (ronny.lauerwald@

gmail.com).

Materials Availability

This study did not generate new unique materials.

Data and Code Availability

The model code used in this study is available at https://doi.org/10.14768/

20190423002.1.

Table 2 lists all forcing data used in the simulations. For climate variables,

reconstructed historical and projected future data from ISIMIP2 have been

used, i.e., model outputs of IPSL ESM following the Representative Concen-

tration Pathway (RCP) 6.0 (cf. Frieler et al.26) (see Figure 4). These data are

available at https://esg.pik-potsdam.de/search/isimip/. Land cover was taken

from the fifth Coupled Model Intercomparison Project (CMIP5) and is available

at https://luh.umd.edu/data.shtml.

As in Lauerwald et al.,11 the bankfull discharge at which floodplain inunda-

tion starts was derived as medium discharge running ORCHILEAK over the

period 1980–2000 (see Lauerwald et al.11 for details). Data on soil properties

and river network are the same as used in Lauerwald et al.11 Those data are

available from the Lead Contact upon request.

Data of observed discharge used in this study are available from the Global

Runoff Data Center (GRDC) at www.bafg.de/GRDC.

Finally, we used simulation results obtained with other models, by other

research groups, in the framework of ISIMIP2 to support our findings. These

data are available at https://esgf-data.dkrz.de/search/esgf-dkrz/.
Experimental Design

The objectives of this study were to quantify the contribution of fluvial C trans-

fers to the C budget of the Amazon basin and its temporal evolution over the

period 1861 to 2100. Moreover, we aimed at quantifying the bias introduced

by classical land-surfacemodels, which simulate the land C sink while ignoring

these fluvial C transfers. For this, we used the novel land-surface model OR-

CHILEAK,11 which simulates the effects of increasing atmospheric CO2 con-

centrations, climate change, LUC, and harvest on the budgets of vegetation

and soil C pools as classically performed by land-surface models, but which

also represents the lateral transfers of C along the river-floodplain network

of the Amazon basin. In detail, the novel processes in ORCHILEAK include

DOC production from canopy and soils, DOC and CO2 leaching from soils to

streams, and DOC decomposition and CO2 evasion to the atmosphere during

its lateral transport in rivers, as well as exchange with the soil carbon and litter

stocks on floodplains and in swamps.

We used this model to simulate the C balance between atmosphere and the

Amazon basin (NEE), including vegetation, soils, and the river-floodplain

network (see Equation 1). In addition, we simulated the changes in C stocks

(biomass, litter, SOC) within the Amazon basin (NBP) over time, based on

the NEE, the lateral exports related to harvest of crops and wood and the

lateral exports of C through the river-floodplain network to the coast (see

Equation 2). We then analyzed how the fluvial C transfers change relative to

NEE, NBP, and harvest over time.
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To assess the bias introduced by a classical land-surface model ignoring

fluvial C transfers, we reran simulations with the fluvial C transfers deactivated

while all other processes were simulated as before, including river discharge

and floodplain inundation. In this model setup, C inputs from the soil carbon,

litter, and vegetation pools to the river network were inhibited, while all C fixed

by the vegetation was either respired back to the atmosphere or accumulating

in the terrestrial C pools. Simulation results from this ‘‘land-only’’ model were

compared with the simulation results from the full ORCHILEAK model, or the

‘‘land-river’’ model, to calculate the biases in simulated NEE and NBP when

fluvial C transfers are ignored.

Model Description

The model ORCHILEAK is a new branch of ORCHIDEE,50 the land-surface

scheme of the Institut Pierre Simon Laplace Earth Systemmodel. The new fea-

tures of ORCHILEAK were described validated in detail by Lauerwald et al.11

The only update of the model code used here concerns the simulation of dis-

solved CO2 exports from the soil column via surface runoff (considered here to

represent shallow subsurface runoff as well) and drainage. In the original

version of ORCHILEAK, the CO2 concentrations in runoff and drainage were

fixed to 2 and 20mgC L�1, respectively, following observed values (see Lauer-

wald et al.11). Here, we scale those concentrations to heterotrophic soil (Rhterr)

and root respiration (Raroot), using simulated values for the period 1991–2000

as reference (4.25 g C m�2, Equation 6). A dimensionless correction factor fsoil
is calculated accordingly, and multiplied by the basic concentrations of 2 and

20 mg C L�1 to obtain the temporally and spatially varying CO2 export concen-

trations in surface runoff and drainage, respectively:

fsoil =
Rhterr +Raroot

4:25 g C m�2d�1
: (Equation 6)

The model performance has been evaluated in detail in Lauerwald et al.11

Simulated monthly values of fluvial DOC fluxes along the Amazon river and

its major tributaries were compared against observed fluxes. Nash-Sutcliffe

efficiency (NSE) and root-mean-square error (RMSE) were used to quantify

the goodness of fit. At Óbidos, the most downstream gauging station on the

Amazon river, simulated DOC fluxes agree well with observations as indicated

by an NSE of 0.57 and an RMSE of 23% of the average observed DOC flux at

that station. Using time series of observations30 from six sampling locations

across the river network, simulated DOC concentrations compare well with

observations (R2 = 0.45, RMSE = 1.45 mg DOC L�1) showing that ORCHILEAK

is able to reproduce observed spatiotemporal patterns in fluvial DOC transport

within the Amazon basin. Finally, the simulated seasonality (average monthly

fluxes) in aquatic CO2 emissions from the central Amazon basin compared

well with data-driven estimates by Richey et al.17 (R2 = 0.85, RMSE = 23%).

Simulations

First, ORCHILEAK is run over 15,000 years of simulation, using land cover and

atmospheric CO2 levels for the year 1861, and looping over the climate forcing

from 1861 to 1890. At the end of that model run, biomass and soil carbon pools

are close to steady state, with changes of only 0.2% over the last century of

simulation. Based on these biomass and soil carbon stocks, historical simula-

tions are run from 1861 to 2005 and, from there following RCP 6.0, future pro-

jections until 2099 are runwith land cover and atmospheric CO2 levels updated

every year. To test the effect of the explicit representation of the inland water C

cycle on the simulated C sink, we ran an alternative simulation with the inland

water C cycle deactivated. DOC cycling within the soil column is represented

as our standard simulation, but without lateral export to the river network. Simi-

larly, CO2 produced from autotrophic and heterotrophic respiration, including

that of litter and SOC decomposition in inundated soils, is assumed to evade

directly and completely to the atmosphere. The representation of all other pro-

cesses and the use of forcing data are exactly the same between the land-river

and the land-only model.

Model Limitations

Note that large uncertainties exist regarding the future CO2 fertilization effect,

and in particular in the tropics, because state-of-the-art land-surface models,

including ORCHILEAK, still ignore important limitations of biomass growth due

to, e.g., nutrient limitation (in particular phosphorus)39 and stand competi-
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tion.40 Even though the Amazon basin is at present a sink for atmospheric

CO2,
14 the projected increase in terrestrial C stocks until the end of the 21st

century is likely an overestimation in absence of nutrient limitation (and of

climate induced mortality) in the model. Accordingly, the simulated future in-

crease in riverine DOC concentrations, and thus in fluvial DOC export, is likely

overestimated. Consequently, this means that also the increase in biases

related to NEE and NBP simulated by the land-only model is overestimated,

at least in terms of absolute numbers. Note, however, that a lower increase

in NBP due to limited biomass growth would at the same time mean that the

relative importance of fluvial C transfers in the C budget of the Amazon basin

would decrease less than simulated here. This means that in relative terms, on

the contrary the biases in NEE and NBP simulated over the 21st century using a

classical land-surface model would be higher than estimated here.

Statistical Analysis

Temporal trends are identified by using 30-year running means, which sup-

presses the interannual variability. For quantifying changes over the simulation

period, we refer to a pre-industrial state, a present-day state, and the state at

the end of the 21st century. ‘‘Present-day’’ and ‘‘end-of-the-21st century’’

states are calculated as the averages from the simulation years 1981–2010

and 2070–2099, respectively. The pre-industrial state is calculated from the

average of the 30 last years of the 15,000 years of simulation required to reach

steady-state biomass and soil C (see above). The average values from these

periods are used to quantify historical and future changes in water and C

fluxes, temperature, and inundation. For changes in biomass and soil C

stocks, we refer instead to the simulated values for the single years of 1861

and 2099, and use the averages from 1981 to 2010 as present-day values.

The bias of the land-only model due to neglecting fluvial C transfers is calcu-

lated as difference between the simulation results of the land-only model and

the land-river model relative to the results of the land-river model. The net ef-

fect of representing fluvial C transfers is equal to the bias, but with the oppo-

site sign.

Treatment of Additional Data Used for Model Evaluation

For the evaluation of simulated fluvial exports of DOC and free dissolved CO2

to the coast, no direct observed fluxes were available. Fluvial DOC exports are

reported for Óbidos,18 about 900 km upstream from the mouth at Macapá. To

scale this value to the outlet of the Amazon basin at Macapá, we make two as-

sumptions: (1) the DOC concentration increases by 10% from Óbidos to Mac-

apá, in agreement with empirical findings;25 (2) the discharge from the Amazon

atMacapá, fromwhere no gauging data are available, can be approximated by

summing observed discharge from the Amazon at Óbidos, and from the two

main tributaries entering the Amazon between Óbidos and Macapá: Rio Tapa-

jos and Rio Xingu. For this, we used the average observed discharges reported

by theGRDC, with 178,451m3 s�1 for the Amazon at Óbidos, 10,831m3 s�1 for

the Rio Tabajos at Jatoba, and 8,144m3 s�1 for the Rio Xingu at Altamira. From

this, we estimate a discharge of 197,426 m3 s�1 for the Amazon at Macapá.

For calculating an estimate of fluvial exports of free dissolved CO2, we used

the values of CO2 partial pressure at two stations at Macapá (North Channel

and South Channel) reported for four different seasons in the study by Sawa-

kuchi et al.31We used the discharge values reported in that study to calculate a

discharge weighted average pCO2, which we then transformed into a CO2

concentration of 1.1 mg C L�1 assuming a water temperature of 29�C, which

is characteristic for the lower part of the Amazon mainstem.11 We then multi-

plied that concentration by our estimate of discharge at Macapá.

Finally, we compared our simulated long-term trends in NPP with the simu-

lation results of five land-surface models (ORCHIDEE-DGVM,51 LPJ-

GUESS,52 LPJmL,53 VISIT,54 and CARAIB55) in the framework of ISIMIP2,

which used the exact same climate forcing data as we did in this study. We

overlaid those data with the mask for the Amazon basin used in this study

and calculated the past and future changes as described above in the subsec-

tion Statistical Analysis.

Assessment of Global-Scale Implications

The change in global runoff over the 21st century was taken from WaterGAP2

model results under the ISIMIP2 protocol following the scenario RCP6.0.46,26

The change was calculate as difference in average runoff over the periods

1981–2010 versus 2070–2099, consistent with the trend analyses of our model
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results (see above). To estimate the impact of changing runoff on fluvial DOC

exports, we multiplied the relative rates of change by the global, spatially

explicit estimates of DOC yields from GlobalNEWS2.47 Comparing the results

with the original GlobalNEWS2 DOC yields, we estimated the change in global

DOC exports assuming that DOC concentrations will not change.
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