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Abstract Weconstructed awhole carbon budget for a catchment in theWestern AmazonBasin, combining
drainage water analyses with eddy covariance (EC) measured terrestrial CO2 fluxes. As fluvial C export can
represent permanent C export itmust be included in assessments ofwhole site C balance, but it is rarely done. The
footprint area of theflux tower is drainedby two small streams (~5–7 km2) fromwhichwemeasured thedissolved
inorganic carbon (DIC), dissolved organic carbon (DOC), particulate organic carbon (POC) export, and CO2 efflux.
The EC measurements showed the site C balance to be +0.7� 9.7Mg C ha�1 yr�1 (a source to the
atmosphere) and fluvial exportwas 0.3� 0.04Mg C ha�1 yr�1. Of the total fluvial loss 34%wasDIC, 37%DOC,
and 29% POC. The wet season was most important for fluvial C export. There was a large uncertainty
associated with the EC results and with previous biomass plot studies (�0.5� 4.1Mg C ha�1 yr�1); hence, it
cannot be concluded with certainty whether the site is C sink or source. The fluvial export corresponds to
only 3–7%of theuncertainty related to the site Cbalance; thus, other factors need tobe considered to reduce
the uncertainty and refine the estimated C balance. However, stream C export is significant, especially for
almost neutral sites where fluvial loss may determine the direction of the site C balance. The fate of C
downstream then dictates the overall climate impact of fluvial export.

1. Introduction

Tropical forests cover a vast area, variously estimated at between 17 and 25× 106 km2 [Achard et al., 2002;
Grace et al., 2014]. They exchange energy, mass, andmomentumwith the atmosphere, and so have the capa-
city to influence the climate system, locally and regionally [Costa and Foley, 2000; Lean and Warrilow, 1989;
Shukla et al., 1990;Werth and Avissar, 2002]. Of particular interest is the exchange of CO2 with the atmosphere,
and the capacity of the forest to act as a store of carbon and a carbon “sink,” thus providing a valuable global
environmental service by absorbing anthropogenic CO2 emissions [Gibbs et al., 2007]. Our understanding of
how the metabolism of tropical forests determines carbon fluxes, and how underlying processes are influ-
enced by climatological phenomena such as drought, has developed rapidly as a result of (i) measurements
and experimentation on trees at the scale of 1 ha plots [Costa and Foley, 2000; Lewis et al., 2009; Lola da Costa
et al., 2010; Nepstad et al., 2007; Phillips et al., 1998, 2010], (ii) micrometeorological observations at the ecosys-
tem scale using eddy covariance [Araujo et al., 2002; Carswell et al., 2002; Kruijt et al., 2004; Saleska et al., 2009],
and (iii) observations at the landscape scale from aircraft-based measurements of atmospheric concentra-
tions of CO2 [Chou et al., 2002; Gatti et al., 2010, 2014; Lloyd et al., 2007] or lidar-based assessment of standing
biomass [Marvin et al., 2014].

Many of the ecosystem studies use eddy covariance to measure the vertical exchange of CO2 and apportion
this to photosynthetic and respiratory processes. Yet there is lateral transport of dissolved and particulate
carbon away from the forest in the drainage water, and hence, a strong likelihood of overestimating the
terrestrial carbon sink if the C leakage in drainage water is not accounted for [Richey et al., 2002; Waterloo
et al., 2006]. For a given site any carbon transported downstream in drainage water constitutes a permanent
loss of carbon.

The drainage fluxes comprise dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), particulate
organic carbon (POC), and also CO2 efflux from the river surface. In the Amazon Basin, despite the large EC
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network, only at a single site has organic C export been related to EC results [Monteiro et al., 2014; Waterloo
et al., 2006]. The fluvial CO2 efflux, if taking place within a tower footprint, will be captured within the EC mea-
surements, but this CO2 pool represents a different pathway of carbon movement, distinct from ecosystem
respiration, and is required to understand and model the system behavior in detail. For understanding wider
ecosystem functioning, the type and processing of the exported C is also important. DOC may be decom-
posed to CO2 and lost to the atmosphere along with CO2 derived from soil respiration. POC may undergo
decomposition, be deposited on floodplains, or ultimately, any fraction that has escaped decomposition
may be buried in ocean sediments. Deep-sea burial of ecosystem-derived POC will contribute to removal
of atmospheric CO2 [Galy et al., 2015, Hilton, 2016].

Understanding the nature of this lateral flux independently of the net carbon balance at a forested site is
important. There is a long history of measuring Amazonian aquatic efflux [Bartlett et al., 1990; Devol
et al., 1987; Richey et al., 2002], but these measurements have not been combined with eddy covariance
measurements. Most recent estimate of the CO2 emissions from all the rivers and streams (taken as rivers
<100m wide) of the Amazon Basin upstream of Óbidos suggests as much as 0.8 Pg C yr�1 is released to the
atmosphere [Rasera et al., 2013], far more than is discharged to the ocean at the mouth of the river. A flux of
this magnitude is larger than the losses from deforestation and land use change in South America of about
0.5 Pg C yr�1 [Gloor et al., 2012] and comparable to fossil fuel burning in the tropics 0.74 PgC yr�1 [Grace
et al., 2014] and therefore needs to be considered in any construction of the tropical carbon budget that aims
to separate explicitly the different pathways of C movement. The aquatic efflux may also include a contribu-
tion of aged carbon, i.e., not recently fixed from the atmosphere by the ecosystem [Clark et al., 2013;Mayorga
et al., 2005; Vihermaa et al., 2014]. If it is known that this occurs, a correction for the fraction of fossil carbon
inputs must be made for, as otherwise the budget would overestimate the loss of recently fixed C.

The fluxes from forest to drainage water, hereafter called the fluvial export, are likely to vary seasonally
according to the hydrological controls. DOC and POC concentrations, [DOC] and [POC], are typically higher
in the wet season and during rain events that leach carbon from the forest canopies and soils [Johnson
et al., 2006; Monteiro et al., 2014; Salimon et al., 2013; Townsend-Small et al., 2008]. Heavy rain events usually
result in a peak [DOC] but the time since previous rain event and the intensity of rain influence this relation-
ship [Monteiro et al., 2014]. DIC concentration, [DIC], has been found to be maximal at low water levels
[Salimon et al., 2013; Sousa et al., 2008] with the timing of maximum export flux depending on the balance
between the increased discharge and the dilution effect. As the C concentrations and fluxes vary seasonally,
according to hydrological controls, quantifying an annual export budget requires data capture over the full
hydrological range.

Eddy covariance measurements have not previously been carried out in the Peruvian Amazon where the soils
are younger and more fertile in general than the sites studied previously in Brazil. Here we report catchment-
scale measurements from a lowland rain forest in Peru in this more fertile area, where forest-to-atmosphere
and additionally forest-to-river and river-to-atmosphere fluxes weremeasured for 1 year during October 2011
to September 2012.

2. Methods
2.1. Study Site

Thestudysitewas located in theTambopataRiver catchment (latitude12°49′54.30″S, longitude69°16′52.37″W),
near Puerto Maldonado, Madre de Dios, Peru (Figure 1). It is within the Reserva Nacional de Tambopata,
noted for its high biodiversity. For example, a 1 ha plot at the site was found to contain 556 trees in 115 taxa
[Lopez-Gonzalez et al., 2012]. The climate is warm and humid. An average annual temperature of 25.4°C and
precipitation of 2377mm was recently reported to be the 112 year average [Weatherbase, 2015]. The wind
direction is quite variable, with NW as prevailing direction. Elevation gradients of the surface around the flux
tower are small (Figure 1), a maximum of 10m increase in elevation within 0.5 km radius in all directions. The
tower footprint has an average daytime area of about 2 km2 and is covered by 30m tall primary evergreen
forest on soils that vary from well drained to swampy, classed as Haplic Cambisols or Inceptsols in the U.S.
Soil Taxonomy [Quesada et al., 2011]. The Tambopata site is part of the more fertile areas within the
Amazon Basin, with the soil samples classed in the top 50 percentile of the data in terms of nutrient content
in an Amazon Basin-wide soil study [Quesada et al., 2010]. The aboveground biomass in the monitoring plot
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known as TAM09 was 81MgCha�1 and 70MgCha�1 in the wider forest area surrounding the plot [Marvin
et al., 2014]. The selected site is ideal for constructing a detailed C balance as the local forest area is drained
only by headwater streams and upstream C inputs do not need to be considered.

2.2. Eddy Covariance Measurements

An eddy covariance flux tower, named “The Ramiro Chacon-SAGES Tower,” was constructed in 2010–2011
and flux measurements commenced in September 2011. The tower is a free-standing structure made of
42m tall steel girders. The instruments for eddy covariance, chosen for their low power consumption, were
for CO2 and H2O concentration, LI-7200 with a short-path sampling tube and high-flux pump LI-7550
(LI-COR, Lincoln, Nebraska, USA); for CH4 concentration, LI-7700 (LI-COR, Lincoln, Nebraska, USA); and for
wind speed and direction a sonic anemometer, CSAT3 (Campbell Scientific, Utah, USA). Meteorological instru-
ments were solar and thermal radiation, NR01 (Campbell Scientific, Utah, USA); direct and diffuse radiation,
BF3 (Delta-T Devices, Burwell, UK); photosynthetically active radiation downwelling and upwelling, LI-190
(LI-COR, Lincoln, Nebraska, USA); temperature and relative humidity, HMP45C (Campbell Scientific, Utah,
USA); wind speed and direction, Vector A100P and W 200P (Campbell Scientific, Utah, USA); wetness sensor,
SKLW1900 (Skye Instruments, Llandrindod, UK); barometric pressure, CS100 (Campbell Scientific, Utah, USA);
and a tipping bucket rain gauge, TB4 (Campbell Scientific, Utah. USA). Air was drawn from above the tower at
15 Lmin�1 via 5.3mm internal diameter Synflex tube and directed to the CO2 analyzer. Data for eddy covar-
iance analysis were collected at 10Hz on a Campbell data logger (CR3000, Campbell Scientific, Utah. USA); for
the meteorological data the sensors were scanned every minute. The entire array of instruments runs at
around 12 V and 5A. Power for the instruments was provided by six solar panels: 67 cm×148 cm, 12 V

Figure 1. Location of the Ramiro Chacon-SAGES eddy covariance flux tower, the surrounding topography, the two study
streams, and the forest biomass sampling plots (TAM5, TAM6, and TAM9) at the Tambopata site. New Colpita is the per-
ennially active Stream 1, and Main Trail is the ephemeral Stream 2. The stream catchment boundaries are marked with
dashed line and the sampling points in each systemwith a dot (SP1 and SP2). Inset: location of the study site in the western
part of the Amazon Basin in Madre de Dios region, Peru.
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nominal, and rated at 42W each; storage was 560Ah in an array of lead acid batteries mounted at the top of
the tower.

Data were filtered to remove cases where the energy balance closure was inadequate due to low wind speed
and when the friction velocity (u*) value was less than 0.17m s�1 (based on a plot of night flux versus u*).
Gaps were filled after fitting curves to the relationship between CO2 flux and photosynthetically active radia-
tion, following the procedure of Gilmanov et al. [2007]. GPP (gross primary productivity) was estimated by
subtracting an estimate of dark respiration from the net flux during the daylight hours. Dark respiration in
the day was estimated from dark respiration at night by correcting for the warmer day temperatures
[Aubrecht et al., 2016; Stoy et al., 2006]. Finally, the monthly and annual total fluxes were derived by accumu-
lating the half-hour values.

From 28 May to 16 June 2012 there was a continuous period of 20 days of missing data in the flux tower rain-
fall record. This was gap-filled using the data from three nearest SENAMHI [Servicio Nacional de Meteorología e
Hidrología del Perú, 2014] met stations (Tambopata, Limbani, and Puerto Maldonado; Figure S1 in the
supporting information). The estimated missing rainfall (37.8mm; standard deviation 10.4) was added to
the rainfall recorded by the tower in the latter half of June (69.4mm), yielding a total of 107.2mm.

2.3. Fluvial Carbon Sampling

Two small streams drain the tower footprint area (Figure 1): one is perennially active (Stream 1, New Colpita),
while the other (Stream 2, Main Trail) is active only during the wet season. Surface water samples for measure-
ment of [DIC], [DOC], and [POC] were collected during three field campaigns: February–April 2011,
September–December 2011, and March–May 2012. Stream 2 dries up during the dry season; therefore, no
samples could be collected during September–November 2011. Different flow conditions were targeted in
sampling to understand the hydrological controls on the carbon concentrations and fluxes. DIC samples were
collected in pre-acidified (150μL of concentrated phosphoric acid) evacuated 12ml Exetainers and the head-
space analyzed [Waldron et al., 2014] on Thermo-Fisher-Scientific Gas Bench/Delta V Plus for [DIC]. DOC sam-
ples were filtered through pre-furnaced (8 h at 450°C) 0.7μm glass fiber filter paper on the day of sampling
and stored refrigerated. Samples treated this way show little change in composition over 3months
[Gulliver et al., 2010]. Prior to the measurement of [DOC] by combustion (Thermalox TOC 2020, Analytical
Sciences) the samples were acidified to pH 3.9 and degassed to remove any DIC. [POC] was measured by loss
on ignition (LOI) on the filter papers. In this method oven dry (3 h at 105°C) weight was compared to the
weight after furnacing (16 h at 375°C). The OC content of the mass loss was assumed to be 50% [Atjay
et al., 1977; Pregitzer and Euskirchen, 2004], which corresponds well with the measured range C content
(45–53%) of different litterfall fractions from the southern Amazon forest but was higher than the fraction
(43%) found in coarse POM [Selva et al., 2007]. To assess C inputs in rainfall, [DIC], [DOC], and [POC] were also
measured in a limited number of rain water samples collected on the 2012 campaign. The delivery per land
area was calculated using rainfall volume-weighted mean concentration of C fractions and the annual
total rainfall.

Direct measurements of CO2 efflux from water surfaces were carried out using a floating chamber connected
to a CO2 analyzer (Li-840A, LI-COR, Lincoln, Nebraska, USA). CO2 accumulation in the floating chamber head
space was measured every second for 4min, the measurement repeated three times, and the flux rates
calculated according to Frankignoulle [1988]. Additional water flow velocity measurements (Hand held flow
meter, Geopacks, Hatherleigh, UK) were taken in the exact location where the chamber was deployed. A
limited number (n= 4) of CO2 efflux measurements were carried out in the flooded forest.

2.4. Stream Catchment Analysis

The streams were mapped by walking along them while recording the route with a hand-held GPS. The
stream catchment areas were analyzed in ArcGIS 10 (ESRI, USA) using a digital elevation model (DEM)
constructed from lidar data [Boyd et al., 2013; Hill et al., 2011]. Lidar DEM-based stream location data was
compared to the field measurements, and good agreement was found. The lidar data allowed analysis of
the larger area of the catchment than had been possible to map in the field due to difficulty in cutting routes
through the dense vegetation. Upstream of the sampling point, Stream 1, New Colpita, drains an area of
7.2 km2, and the seasonal Stream 2, Main Trail, drains 4.9 km2. At the sampling point Stream 1 was 4.5–7.5m
and Stream 2 was 3.5–5m wide depending on water level.
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2.5. Hydrological and Water Chemistry Measurements

Water chemistry (pH, conductivity, dissolved oxygen, and temperature; Troll9500, In-Situ Inc., USA) and stage
height (Rugged Troll, In-Situ Inc., USA) were continuously logged every 15min in these streams from February
2011 to October 2012. The water chemistry is important as the continuous time series could be used to pre-
dict C concentrations, and stage height is needed to calculate export budgets. Flow velocity (Flowlink2150,
ISCO Inc., USA) was monitored in either stream in turn as campaigns and stream cross sections measured per-
iodically. As flow velocity is the key control for CO2 outgassing [Long et al., 2015] we focused on deriving a
flow velocity time series from the stage to velocity relationship (Figure S2) and then calculated discharge
from velocity and the active cross section at given stage height.

During the study period the stage height ranged between 24 and 717 cm and between 0 and 90 cm in
Streams 1 and 2, respectively. The stage velocity regression obtained for Stream 1 would yield high-velocity
estimates at high stage height values, whereas based on field observations, the stream velocity would start to
decrease when stage height exceeded 100 cm and would have ceased completely by 180 cm stage height.
There were a limited number of velocity measurements from flooded conditions as the flow logger unit could
not be deployed during those periods due to the risk of damaging or losing the unit. A linear decrease in flow
velocity was assumed between 100 cm to 180 cm stage heights.

The stage to velocity relationship in Stream 1 was complicated as the fastest-flowing section was at times
diverted by debris trapped between the rocks in the river bed; thus, similar stage heights could be associated
with wide range of flow velocities (Figure S2). However, an exponential increase in velocity was not consid-
ered realistic, so the linear relationship was fitted but with the high predictions during flooding adjusted
based on field observations as described above. The stage to flow velocity conversion appears to overpredict-
ing in the lower velocity range. However, this velocity range has a limited contribution to the total discharge
with the flow <0.2m/s contributing just 5% to the total discharge during the study period. Of more concern
would be uncertainties in the predicted higher-velocity range. The calculated flow velocities>0.7m/s contri-
bute approximately 30% of the annual discharge. However, quantifying the error in that extrapolated range,
or in the rangewhen velocitymeasurements diverge (>0.4m s�1), is difficult. To yield an estimate on themag-
nitude of the error in the velocity measurement, the percent residuals in the midrange of predicted velocity
(0.25–0.35m s�1;n=485)were investigated (Figure S3). Themedianpercent residual in this rangewas approxi-
mately 2% with the first and third quartiles at�25% and 23%, respectively. The mean of these quartiles (24%)
was taken to describe the uncertainty associated with flow velocity estimate. To propagate the error to
discharge, an estimated 10% error in the stream cross-section measurement was assumed. To investigate
the effect of potential discharge overestimation in the velocity range where data was lacking (>0.7m s�1), a
sensitivity analysis was carried out by reducing the discharge in that range by 37.5% and recalculating the
annual total discharge and the resulting C export.

In the case of Stream 2 the stage height to flow velocity relationship was better constrained (Figure S2). The
median percent residual across the whole measurement range was approximately 3% with the first and third
quartile at �6% and 10%. The resulting uncertainty in the flow velocity measurement was estimated to be
the mean of the quartiles (8%), which was then propagated in the discharge data along with the estimated
10% uncertainty in the cross-section measurement.

The closure of water balance was investigated comparing the flux tower measurements of rainfall and
evapotranspiration and the resulting calculated water availability to the observed streamflow. Stream 1 is
perennially active as a result of a groundwater inputs, and hence, the total streamflow was split to event
and base flow using the EcoHydRology package in R software, version 3.1.0. The BaseflowSeparation code
applies a digital filter [Lyne and Hollick, 1979] to the streamflow data; three passes of the filter were used.
The seasonal Stream 2 does not have a groundwater component, and the total discharge was compared
to the catchment water availability.

2.6. Deriving Continuous Fluvial Carbon Export Time Series

In order to compare fluvial export with the EC estimates, detailed and continuous time series are necessary.
Continuous measurement of fluvial export is not possible as sensors for all relevant C pools do not exist. Thus,
the continuously logged hydrological and water chemistry data was explored to assess if these measure-
ments formed strong relationships with directly measured values and so could be used to generate
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semicontinuous time series (models) of [DIC], [DOC], and [POC]. This approach has worked successfully
elsewhere [e.g., Waldron et al., 2007; Monteiro et al., 2014; Zanchi et al., 2015]. From such concentration time
series, using continuous discharge time series fluvial export can be calculated. Similarly, to understand the
fraction of CO2 that evades from aquatic systems, rather than from plant and soil respiration, a model for
continuous CO2 efflux time series was required.

Generalized linearmodels (glm)were fitted to thewater chemistry and hydrological data using the R version 3.1.0
[R Core Team, 2014] to construct models to estimate the carbon concentration (DIC, DOC, and POC) and CO2

efflux time series. These time series were then combined with discharge data to calculate annual carbon export.
This full model was simplified by sequentially excluding the least significant explanatory variables to derive the
best fit model. A glm model has a user-defined error structure and a link function that can be selected to ensure
that the fitted values stay within a realistic range [Crawley, 2003]. The generalized linear models do not yield R2

values, and therefore, the concordance correlation coefficients (ccc), which consider the influence of both loca-
tion and scale shift in the relationship between two variables [Lin, 1989], were used to assess the quality of fit.

For [DIC], [DOC], and [POC], an identity link was used. For the CO2 efflux a log link was selected to preclude
negative predictions of CO2 efflux; as this was never observed in field measurement and all pCO2 values cal-
culated from measured [DIC], pH and temperature data [Rebsdorf et al., 1991] were above the atmospheric
equilibrium (Stream 1: 2399–10,712 ppm; Stream 2: 1256–4205 ppm (details on stream pCO2 are found in
Long et al. [2015]). To build the CO2 efflux model, the measurement of water flow velocity at the chamber’s
location was used. In Stream 1, the water flow velocity measured at chamber deployment spots ranged from
0.05 to 0.9m s�1, with one extreme value of 1.58m s�1 which was excluded from the modeling data set.
Stream 1 also flooded, during which the flow stopped as the high water level in the Tambopata River, into
which the small streams drained, backed up and blocked the stream water outflow. During flooded periods
the model was not applied; instead, an efflux rate of 0.33μmolm�2 s�1 (n= 1) measured during flooding in
the field was used. The chamber measurements on a given day were carried out in multiple places in the
stream and may not be coincident with the model projection as these spot measurements were over a range
of velocities, whereas the flow velocity logger was deployed at a fixed point. In Stream 1, an alternative CO2

efflux model based on flow velocity alone was derived; this was applied when dissolved oxygen and conduc-
tivity were outside the range observed during field measurements as the full model produced extreme pre-
dictions in these conditions.

To derive annual aquatic CO2 efflux contribution in units that are comparable to the other measurements, the
modeled efflux rate (μmol Cm�2 s�1; relating to water surface) was converted to MgC yr�1 using the stream
surface area calculated frommapped stream lengths and streamwidth estimates from different seasons. This
total CO2 efflux from the stream surface was then related to the catchment land area (as in Billett et al. [2004]).

Prior to producing the C time series from the water chemistry data, a gap in the Stream 1 pH data due to
probemalfunctioning (1 July to 7 September 2011) was filled by using pooled coefficients derived frommulti-
ple fits (100) of a model based on conductivity and stage height (MICE package in R [van Buuren and
Groothuis-Oudshoorn, 2011]). In Stream 2 water chemistry time series there were much larger data gaps in
2012 due to problems with the instruments. These were beyond the scope of reliable gap filling, and there-
fore, a more restricted C concentration time series was produced.

The best energy balance closure in the EC data was found when the wind came from the NE. Then, the tower
was measuring gas exchange in a flux footprint containing Stream 1 catchment. Hence, data from this stream
were more suitable for calculating the fluvial carbon export, and the site C balance focuses on these data.
When continuous carbon time series were used to calculate monthly export and annual total for the period
from October 2011 to September 2012, any missing values were filled with the monthly mean value. Results
from Stream 2 were included to illustrate the differences found in two adjacent stream catchments draining
the same forest area. Uncertainty in the estimates is expressed as standard deviation unless stated otherwise.

3. Results
3.1. Terrestrial Fluxes of CO2

The EC measurements indicated a photosynthetic uptake of 27.2MgCha�1 yr�1 and an estimated respira-
tory loss of 27.9MgCha�1 yr�1 (Table 1). Uncertainties in these estimates cannot be calculated from the data
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collected here, as many of the errors on eddy
covariance are systematic and not random.
For the general case of tall forest in tropical
conditions, the error sources have been dis-
cussed and estimated by Kruijt et al. [2004]:
they include the errors associated with the
inhomogeneity of the landscape and the lack
of turbulence at night (and, consequently, the
need to discard the majority of the nocturnal
data). We have cautiously adopted the 25%
error these authors have recommended for
these especially challenging Amazon rain
forest conditions. The resulting uncertainty is
6.8MgCha�1 yr�1 on the photosynthetic
uptake and 7.0MgCha�1 yr�1 on the respira-
tion, leading the estimated small source to
the atmosphere of 0.7MgCha�1 yr�1 to be
associated a maximum uncertainty of
9.7MgCha�1 yr�1. With such uncertainty, the
direction of the site C balance cannot be veri-
fied with confidence. On a monthly basis, 9 of
the 12months showed a small carbon loss
(Table 1). There was no clear seasonal pattern
in the fluxes and no simple relationship with
rainfall or temperature.

3.2. Stream Chemistry and Discharge

The streams in the footprint of the flux tower
had low conductivity and low pH, especially
Stream 2 (Table 2). The streams responded dif-
ferently to rainfall. In Stream 1, the cross-
correlation coefficient was highest for rain 5 h
prior to the stage height measurement,
whereas in Stream 2 the highest correlation
was with precipitation 15 h before, indicating
that Stream 1 responds more quickly to rainfall
(Figure S3).

Annual total discharge in Stream 1 was
2705� 703mm (Table 3). After base flow
separation the event flow (1399� 364mm)
was approximately within the calculated water
availability (757� 189mm) when considering
the related uncertainties. The flow in Stream 2
(678� 88mm) was in better agreement with
the calculated availability. When the sensitivity
analysis described above was applied to the
highest flow velocities in Stream 1 data, the
annual event flow was reduced to 1161mm
which is in closer agreement with the calculated
availability. In terms of the annual fluvial C
export this reduction in discharge would trans-
late into 15% reduction in C loss. Uncertainty
is unavoidable due to estimating discharge dur-Ta
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ing and approaching flooded conditions; estimating rain-
fall can be error prone too [e.g., Mekonnen et al., 2015].
However, the water balance indicates that the discharge
estimate was reasonable and potential errors in the higher
flow range had limited impact on the total export esti-
mates and does not change the unambiguous finding
that the rivers are a net C export.

The flooding observed in Stream 1 was caused by the
Tambopata River, where the streams drain, blocking the
water outflow. The flooding episodes could cause back-
water effects in the measurements taken at the sampling
point as Tambopata water could be flowing inward and
mixing with the stream water. The bulk of samples used
tomodel DIC and DOC had been taken in nonflooded con-
ditions, and those taken during flooding are within the
range observed during nonflooded conditions (Figure S4).
Hence, the models derived should not be affected by
Tambopata River waters. However, since the DIC model
included conductivity, and theDOCmodel pHandconduc-
tivity as explanatory variables, errors in the export budgets
could arisedue toTambopatabackwater effectonStream1
water chemistry from which the C concentration time ser-
ieswere constructed. During normal streamflow, increased
stageheightwas accompaniedwithadrop inboth conduc-
tivity and pH, beyond 180 cm stage height at times an
increase in these variables were observed (Figure S5). This
increase could be due to Tambopata water and influence
the modeled carbon concentrations. However, since dis-
charge was taken as 0 during these periods, the potential
backwater effectsdonot influence thecarbonexport calcu-
lations. For POCexport themedian concentrationwasused
in the calculations, and it is not subjected to issues
described above for DIC and DOC.

3.3. Seasonal Patterns in Aquatic C Concentrations
and Efflux

The carbon concentrations in Stream 1 varied seasonally.
The mean [DIC] in Stream 1 was 4.5� 2.2mgC L�1 and
1.2� 0.31mgC L�1 in Stream 2, markedly lower (Table 2).
The [DIC] range was wider in Stream 1 as wet and dry sea-
sons have different groundwater contributions. During
the drier season (sampled during September–December
2011), when the proportion of groundwater in the
streamflow is higher, [DIC] was 6.2� 1.7mgC L�1, and it
was significantly lower during the wet seasons
(2.9� 1.2mgC L�1; p value< 0.0001; n=86 for both wet
and dry seasons). Stream 1 had lower mean [DOC]
(3.6� 2.3mgC L�1) than Stream 2 (6.95� 1.3mgC L�1).
In Stream 1 the wet and dry seasons had significantly
different (p value< 0.01) mean [DOC]: 4.2 and
2.9mgC L�1, respectively. In Stream 1 the range in [POC]
was wide, 1–54mgC L�1, with the highest concentration
measured during heavy rains in the beginning ofTa
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December 2011 that activated the flow of Stream 2 after the dry period. The Stream 1 maximum concentra-
tion (54mgC L�1) was more than twice as high as the next highest concentration (22.2mgC L�1). The med-
ian [POC] in Stream 1 was 3.5� 6.8mgC L�1 and in Stream 2 2.3� 1.6mgC L�1. The maximum [DOC] in both
streams was also observed during those heavy rains at the end of the dry season 2011, but intraevent max-
imum [DOC] was later than the [POC]. In Streams 1 and 2 maximum [DOC] were observed in samples col-
lected 14 h and 21 h after the maximum [POC]. Aquatic CO2 efflux ranged widely: 0.3–79.6μmolm�2 s�1 in
Stream 1 and 0.4–12μmolm�2 s�1 in Stream 2. Efflux from the flooded forest was 2.4� 0.93μmolm�2 s�1.

Our POC sampling excluded the coarse fraction of carbon lost from the system which would include leaves,
twigs and branches transported by the streams. However, such coarse particulate organic carbon (CPOC;
collected using a sampler with a 2mmmesh size net) has been found to be 1.5 kg C ha�1 yr 1 elsewhere in
the Amazon Basin [Selva et al., 2007] which is only 1–1.6% of our estimated POC export. Further, in a
cool-temperate deciduous system where a larger fraction of trees shed their leaves annually, the [CPOC]
(total of size classes 1–10mm and >10mm) was 0.34mg L�1 [Shibata et al., 2001] which is equivalent to
10–15% of our median [POC]. Hence, it appears that the coarse particulate fraction is a minor component
of the carbon export, and its omission will not lead to large underestimation of export in this study.

3.4. Models to Predict C Concentrations

The ccc values of the best fitmodels for the two streams ranged from0.65 to 0.91, with the poorest value found
in Stream 2 (Table 4 and Figure S6). In Stream 1, conductivity was included as an explanatory variable in all the
models. Conductivity reflects the contributions of surface runoff and groundwater, with dry season character-
izedby higher conductivity due to proportionally greater groundwater contribution. [DOC] peaks during event
flowconditions and stage heightwas included as explanatory variable in themodel for Stream1.No significant
explanatory variables were found to predict [DOC] in Stream 2. [POC] was not successfully predicted by any
model in either stream.Where amodel could not bederived, themedian concentrationswere used to estimate
export for the study year. Stream 2 had a low pH, and hence, most of the DIC pool was in form of free CO2. The
[DIC] model for this stream included dissolved oxygen saturation which is likely to be related to respiration
levels in the stream. Dissolved oxygen saturation was included in the CO2 efflux models for both streams.
The efflux rate was strongly dependent on the water flow velocity, with the slope of the relationship reflecting
thedifferences inpCO2 (FigureS7). Themodel (Figures S8andS9) shows theprojectedCO2efflux fromtheposi-
tion that the velocity sensor was emplaced. The full CO2 efflux model (Figure S8a) produced very high CO2

efflux estimateswhen themodel parameters (oxygen saturation or conductivity) were outside the range under
which themodel was constructed. During these conditions the efflux estimateswere improved using the flow-
basedmodel (Figure S8b); however, some peak efflux rates above themeasuredmaximum79.6μmolm�2 s�1

were still observed, but these had limited influence on the annual fluxes calculated.

3.5. Fluvial Carbon Time Series and Export Budgets

For the eddy covariance measurement period fairly continuous time series of the carbon species could be
produced for Stream 1 (Figure 2). The number of missing values in Stream 1 each month, ranged from 0 to
496 data points (equal to 0–5 days of measurements), except for October 2011 where 15 days of data were
missing. Hence, the export value for October has a greater uncertainty. Due to data gaps in the continuously
logged explanatory variables, only a much shorter continuous DIC time series (Figure S10) could be derived
for the ephemeral Stream 2, and therefore, the median [DIC] (Table 2) was used to calculate the annual export

Table 3. Flux Tower Estimated Water Availability Compared to the Discharge in the Two Study Streams

11 Oct 11 Nov 11 Dec 12 Jan 12 Feb 12 Mar 12 Apr 12 May 12 Jun 12 Jul 12 Aug 12 Sep Total

Rainfall (mm) 143 104 199 345 243 154 148 33 107a 7 32 115 1630� 408
Evapotranspiration (mm) 79 82 70 69 57 87 63 72 50 72 89 84 873� 218
Available water 64 22 129 276 186 67 85 �39 57 �65 �57 31 757� 189
Stream 1 total flow (mm) 63 66 224 359 348 456 260 252 219 230 135 93 2705� 703
Stream 1 baseflow (mm) 34 33 67 143 61 190 197 139 122 130 109 83 1306� 340
Stream 1 event flow (mm) 28 33 158 216 287 266 64 113 97 100 27 10 1399� 364
Stream 2 flow (mm) 0 0 35 146 213 159 104 21 NA 0 0 0 678� 88

aGap filled as detailed above.
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budget. As no predictive relationship was observed for [DOC] and [POC], these export budgets (Figure S11)
were also calculated using the median concentrations and discharge data (Table 2).

The wet season was far more important to mass of carbon exported (in relation to the catchment land area)
by Stream 1 (Figure 3), with 71% of the annual C export taking place December to May. The effect of wet
season was most pronounced for DOC with 61% of annual export taking place in January to March. [DIC] was
higher during the dry season (June–November), and hence, differences in C export between dry and wet
seasons are less marked, with the December–May period constituting 56% of the total DIC export. The annual
total export of 331� 48.7 kg C ha�1 yr�1 in Stream 1 (Table 1) consisted of 34% (113� 12 kg C ha�1 yr�1) DIC,
37% (122� 30 kg C ha�1 yr�1) DOC, and 29% (96� 37 kg C ha�1 yr�1) POC. Naturally, in the seasonal Stream
2 all the C export took place during the wet season (Figure S11). The amount exported, 66� 3.5 kg C ha�1,
was also much less than for Stream 1 (234� 45 kg C ha�1) for the corresponding December–May period.

Corrections for the input of C from rain and export of aged carbon are required to avoid erroneously incorpor-
ating ecosystem C loss from sources that are external or not derived from recently fixed C. The volume-
weighted carbon concentrations in rain water were found to be 0.16� 0.06mgC L�1 of DIC (n=5),
2.3� 0.23mgC L�1 of DOC (n=7), and 1.3� 0.22mgCL�1 of POC (n=7). During the year of comparison the
rainfall was 1630mm which would yield total deposition of approximately 0.06� 0.005metric tonCha�1 yr�1.

3.6. Fluvial Carbon Export in Relation to Terrestrial CO2 Flux

In comparison to the indicated small net source of 0.7MgCha�1 yr�1 (EC) or sink 0.5MgC ha�1 yr�1 (a mea-
surement from a nearby biomass plot [Malhi et al., 2014]) the fluvial export is equivalent to 43–60% of these
small net C fluxes. The CO2 effluxed from drainage was a minor component, approximately 0.3–0.7%, of the
plant and soil respiration (Figure 4b). The site C loss in drainage 0.3MgCha�1 yr�1 was small compared to the
uncertainty of the terrestrial C balance: 3% in relation to EC measurement and 7% to biomass plot study
results. The fraction derived from fossil carbonate sources (estimated from Vihermaa et al. [2014]) is likely
to be less than 1% of the fluvial export but could be a maximum of 7% (Figure 4a). Rainfall contributions were
equal to approximately 20% of the fluvial export.

4. Discussion
4.1. CO2 Fluxes: Comparisons of This Site With Other Sites in the Amazon Basin

The present eddy covariance result suggests that the forest is neither a strong source nor a strong sink but is
close to being in equilibrium showing a carbon gain of +0.7Mg ha�1 yr�1 which corresponds to ~1% of the

Table 4. Stream Models Used to Derive the 15min Resolution Carbon Time Series and the Concordance Correlation
Coefficient for the Agreement Between Fitted and Measured Values and the Number (n) of Carbon Samples Used to
Build the Model

n ccc Predictive Equation

DIC
Stream 1 172 0.91 0.74 + 0.13 * conductivity
Stream 2 104 0.65 �4.65 + 1.22 * pH + 0.014 * stage height� 0.012 * dissolved oxygen

DOC
Stream 1 82 0.78 23.48� 2.95 * pH� 0.066 * conductivity + 0.0083 * stage height
Stream 2 52 - No significant explanatory variables; median 6.58mg C L�1 (SD 1.3)

POC
Stream 1 82 - No satisfactory model found; median 3.52mg C L�1 (SD 4.02a)
Stream 2 53 - No significant explanatory variables; median 2.25mg C L�1 (SD 1.6)

CO2 Efflux
Stream 1 46 0.87 Exp(9.47 + 3.30 * flow velocity� 0.04 * conductivity� 0.08 * dissolved oxygen)
b 46 0.84 Exp(1.92 + 3.00 * flow velocity)
Stream 2 41 0.84 Exp(3.96 + 4.14 * flow velocity� 0.05 * dissolved oxygen)

aCarbon species units: DIC, DOC, POC (mg C L�1), and CO2 efflux (μmolm�2 s�1). Explanatory variable units:
Conductivity (μS cm�1), pH, dissolved oxygen (% saturation), and stage height (cm). The highest value 54.1 mg C/L
was excluded from this.

bThe model based on flow velocity was used when oxygen data were missing due to probe malfunction (17 July to 4
September 2012) and when water chemistry variables were below the range observed during efflux measurements
(oxygen saturation< 64%; conductivity<19 μS cm�1).
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Figure 2. Full time series plots for the perennial Stream 1 that drains the tower footprint. The dashed bands around the C time series show the model uncertainty
(as the standard deviation). Stage height scale maximum was set to 300 cm to keep smaller events more visible. This excludes the highest flood peaks extending to
maximum of 717 cm. As no satisfactory model was found for POC the median value shown with the horizontal grey line was used to derive the annual
export budget. On the graph [POC] was scaled from 0 to 25 mg L�1 to make the majority of values more visible, the location of maximum [POC] of
54.1 mg L�1 is indicated by the arrow.

Figure 3. Monthly fluvial export (Mg C) as DIC, DOC, POC, and precipitation. Values are calculated from the Stream 1 time
series (Figure 2) as this stream drains the tower footprint more directly. The uncertainties in the monthly export values have
been calculated by propagating the errors in the concentration model predictions and discharge measurements.
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standing biomass of the forest surrounding the tower. Biomass plot observations incorporating multiple
years have also indicated the study site to have a close to neutral C balance [Malhi et al., 2014]. There have
been no previous eddy covariance flux measurements in the Peruvian Amazon, which represents the
extreme west of the Amazon Basin and contains soils which are significantly more base rich than those in
the Brazilian Amazon [Quesada et al., 2010]. The forests in the West differ from other parts of the
Amazonian basin, also in terms of forest functioning, with the western forests being characterized by lower
height [Feldpausch et al., 2011] and faster turnover rate [Johnson et al., 2016].

Measurements with this techniquemade at five sites elsewhere in the Amazon Basin suggest the forests to be
a carbon sink [Kruijt et al., 2004; Restrepo-Coupe et al., 2013]. In forest within a black water catchment area, the
C sink was 3–4MgC ha�1 yr�1 [Waterloo et al., 2006]. The mean C sink of tropical forest has been estimated as
4.0� 1.0MgC ha�1 yr�1 [Luyssaert et al., 2007], although this is based on only a few sites and may not be a
representative. An average annual loss of 1.3MgCha�1 yr�1 over the 3 year study period was detected in a
rainforest near Santarém, Brazil [Saleska et al., 2003]. In the western part of the Amazon Basin in Brazilian state
of Rondônia interannual variations between source and sinkweremeasuredover the period from2004 to 2010
as a response to available moisture in the previous year. On average, that Rondônian site was a C sink of
approximately 5 t C ha�1 yr�1 but with interannual variation from a source of 1.2� 2.1MgCha�1 to a sink of
10.4� 1.2 1MgCha�1 [Zeri et al., 2014]. Moreover, aircraft-based measurements show that the Amazonian
landscape at a large scale, in the absence of fire, is a sink of about 0.25� 0.14 PgC yr�1 during wet years but
carbon neutral during dry years as drought suppresses photosynthesis [Gatti et al., 2014]. During wet seasons,
recalculated on a hectare basis, the Gatti et al. [2014] results would yield a small source of 0.07MgCha�1 yr�1

during the 2010 drought year and a sink of 0.65MgCha�1 yr�1 in 2011. Clearly, there can be significant inter-
annual variation, and the forest C sink is sensitive to moisture conditions.

During the observation year, rainfall at our study site (1630mm) was considerably lower than the long-term
average (2377mm). Further evidence that 2011–2012 was a dry year comes from hydrological data collected
within the SO HyBAM (Geodynamical, hydrological and biogeochemical control of erosion/alteration and

Figure 4. Carbon balance of the Tambopata site with the aquatic fluxes (blue) related to terrestrial fluxes (black) from (a)
eddy covariance results of this study and (b) biomass plot data. The range in aquatic CO2 efflux spans the estimates
derived using the full model, flow only model and simply the median efflux rate. The fluvial C export is calculated using
the modeled [POC] results and those based on the median [POC]. The biomass plot terrestrial fluxes are fromMalhi et al.
[2014], with coarse woody debris (CWD) contribution from Gurdak et al. [2014] and litter respiration estimates as a
balance from inputs (Y. Malhi, personal communication, 2014). SOC stands for soil organic carbon and CWD for coarse
woody debris. All units are Mg C ha�1 yr�1; the aquatic values have been converted to relate to catchment land area.
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material transport in the Amazon, Orinoco and Congo basins) observatory network [HyBAM observatory network,
2014] downstream on the Madeira River at Porto Velho. This sampling point is influenced by Madre de Dios and
Bolivian tributaries (Beni and Mamoré) and hence records regional rather than local water balance. It has
45 years of measured water levels compared to only 6 years of satellite-based level observations close to
Puerto Maldonado. The minimum annual dry season water level at Porto Velho in 2010 was 292 cm, in 2011
was 322 cm, and in 2012 was 315 cm, all below the 45 year median of 355 cm. These low dry seasonwater levels
indicate that the forests in this region might be suffering from a drought inheritance effect [Phillips et al., 2010]
which would likely decrease the carbon sink. Hence, the current EC sink estimate is likely to be below the his-
torical long-term average.

4.2. Comparison of Aquatic C Concentrations and Fluxes With Other Sites

Similar to elsewhere in the Amazon Basin our study streams have relatively low pH and electrical conductivity
[Johnson et al., 2006; Monteiro et al., 2014; Neu et al., 2011; Sousa et al., 2008; Waterloo et al., 2006]. The range of
[DIC], 0.6–9.3mgCL�1, observed at our site was similar to previous studies within the basin. Across the national bor-
der, in the Brazilian state of Acre, [DIC] ranged from 1.0 to 7.8mgCL�1 [Salimon et al., 2013; Sousa et al., 2008]. In a
study covering a range of Amazonian stream/river sizes and types, [DIC] ranged from 1.25 to 105mgCL�1 [Ellis
et al., 2012]. The range of [DOC] observed here (0.7–12.3mgCL�1) was within the range observed elsewhere in
the Amazon Basin, 0.3–31.3mgCL�1 [Ellis et al., 2012; Johnson et al., 2006; Neu et al., 2011; Saunders et al., 2006;
Waterloo et al., 2006]. The [POC]maximum (54mgCL�1) was above the range 0.5–9mgCL�1 observed inmost stu-
dies within the basin [Aufdenkampe et al., 2007; Neu et al., 2011;Waterloo et al., 2006]. The POC concentrations and
export from the Tanguro Ranch site were very low, attributed to the almost complete lack of storm flow at this site
in the savanna rainforest transition zone [Neu et al., 2011]. In the Pachitea basin in the Ucuyali headwaters [POC]
was low, 0.1–0.4mgCL�1, during dry season [Townsend-Small et al., 2007], but in storm flows the maximum values
reached 24–52mgCL�1 [Townsend-Small et al., 2008] which is similar to that observed at our site.

The assumption that 50% of weight loss during LOI is C may also cause some uncertainty in the POC results par-
ticularly in the case of samples collected during event flowwhen highest [POC] were detected. In other tropical
rivers it has been found that the LOI C content is considerably lower (e.g., in Taiwan [Hilton et al., 2010]). Only
one study has addressed the C content of Amazonian headwater stream POM [de Paula et al., 2016]. Using
Walkley-Black titrations, they defined fine POM (0.45μm–1mm) and coarse POM (>1mm) to contain 14–
25% and 25–42% of C, respectively. However, while LOI has been found to overestimate, Walkley-Black method
was underestimating C content when compared to elemental analysis [Fernandes et al., 2015]. Regardless of the
uncertainty on themost appropriate C content value to be applied, our POC export is robust and conservative as
we based it on the median [POC], excluding these high range values prone to overestimation.

Previously measured Amazon rainfall [DOC] ranges from 0.3 to 4.4mgC L�1 [Andreae et al., 1990; Ciglasch
et al., 2004; McDowell, 1998; Waterloo et al., 2006] which encompasses the value observed
here (2.3� 0.23mgC L�1).

Floating chamber measurements of CO2 fluxes yielded mean effluxes of 16.8 (�15.5)μmol Cm�2 s�1 and 4.5
(�2.5)μmol Cm�2 s�1 from Streams 1 and 2, respectively. Themean from Stream 1 is close to themean efflux
from a Brazilian headwater stream, 16μmol Cm�2 s�1 [Neu et al., 2011]. In third- to fourth-order streams in
the Ji-Paraná basin emissions ranged from 0.67 to 12.63μmol Cm�2 s�1 [Rasera et al., 2008]. CO2 efflux from
Stream 1 contains old carbon which most likely originates from carbonate weathering and is delivered in
groundwater [Vihermaa et al., 2014]. Such carbon fractions constitute a nonecosystem-derived component,
and so a correction of 0.003Mgha�1 yr�1 is applied to the estimates of C efflux for comparison with the eddy
covariance budgets. No relationship was found between [DOC], and the age of CO2 evasion and Stream 2
with highest [DOC] had the youngest age, indicating that DOC was unlikely to contain old carbon
[Vihermaa et al., 2014]. Further, the results suggested that in situ decomposition of POC was not the source
of aged CO2 efflux [Vihermaa et al., 2014]. This does not preclude old POC being transported in these streams,
but this material is likely to be restricted to soil or black carbon-derived fractions which still originate from the
local ecosystems [Vihermaa et al., 2014], as fossil POC is typically derived from shale weathering in mountai-
nous areas [Clark et al., 2013, Copard et al., 2007].

The annual total discharge (2705� 703mm) was higher than the estimated available water (757� 189mm).
This is closer to event flow (1399� 364mm), and although the uncertainties in the estimates bring these
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values closer together, other water may be entering into the catchment, e.g., groundwater or within terrace
storage. Groundwater delivered from outside the catchment area may lead to over estimation of fluvial C
export if also delivering dissolved C. However, [DOC] is low in groundwater prior to contact with the riparian
zone [Johnson et al., 2006], and hence, this effect would be limited to DIC which accounted for third of the
fluvial C loss. High CO2 concentration delivered in groundwater is quickly lost with 90% degassed just
50m downstream from a spring [Johnson et al., 2008]; hence, at our sampling point groundwater-derived
DIC should largely have been lost. Data collected from downstream of groundwater spring elsewhere at
our site showed DIC concentrations (11mg L�1; n=10); even though already subjected to degassing, it is well
above the mean dry season concentration (6.2mg L�1) found in Stream 1. Emerging groundwater had been
measured to contain 21.1mgCO2 C L

�1 (n= 47 [Johnson et al., 2008]). Using this value, Stream 1 [DIC] and
Stream 2 [DIC] as the signature not influenced by groundwater in a simple mixing model indicate that the
fraction of DIC exported potentially affected is 25%.

Our annual DOC (122� 30 kg C ha�1 yr�1) and DIC (113� 12 kg C ha�1 yr�1) exports from Stream 1 were
within the range of the previous studies, but POC (96� 37 kg C ha�1 yr�1) was considerably higher. From
other sites within the Amazon Basin, annual export of DOC, DIC, and POC have been found to be, respectively,
6.4 to 470 kg C ha�1 yr�1 [Johnson et al., 2006; ; Waterloo et al., 2006; Neu et al., 2011; Salimon et al., 2013;
Monteiro et al., 2014; Zanchi et al., 2015], 9.7 to 116 kg C ha�1 yr�1 [Neu et al., 2011; Salimon et al., 2013],
and 0.01 to 17.8 kg C ha�1 yr�1 [Johnson et al., 2006; Neu et al., 2011;Waterloo et al., 2006]. Fossil C transported
by Stream 1 is likely to be <10%, most likely within the DIC pool possibly with some contribution from the
POC pool, whereas DOC export is unlikely to contain highly aged fractions [Vihermaa et al., 2014]. While
further research is required to better constrain the origins of fossil/aged C in this area, it can be concluded
that the main bulk of the material is likely to be recently fixed C.

This research assesses the importance of fluvial C export as permanent loss of ecosystem C from the site (=the
EC flux footprint) to understand better the site C balance. However, when exported further downstream
within the Amazonian basin, these C pools will undergo various cycles of processing (decomposition, degas-
sing, photosynthetic uptake, deposition of floodplains, burial, and resuspension). Thus, at the scale of the
wider Amazonian ecosystem the C released from the study site may be reutilized several times. For example,
any recently fixed POC delivered to the mouth of the Amazon could contribute to the ocean C sink, although
this delivery from the Western Amazon will be less important than in small mountain rivers where the transit
times to the ocean are much shorter [e.g., Hilton et al., 2010].

4.3. Influence of Fluvial Carbon Export on the Site C Balance

In a black water Amazonian catchment organic carbon export alone (DOC+ POC; 92–94% of carbon in
dissolved form) averaged 190 kg C ha�1 yr�1 and when included in a site balance decreased the eddy
covariance estimated sink strength of 3–4MgCha�1 yr�1 by 5–6% [Waterloo et al., 2006]. In another study,
the same Asu catchment was found to lose 2.5–5% of the C sink as DOC export [Monteiro et al., 2014].
Based on limited measurements of degassing in the same area, it was estimated that this site was losing
>15% of NEE in lateral transport as CO2 and inorganic carbon [Aufdenkampe et al., 2011], and at this site, flu-
vial C export could remove as much as 20% of NEE. Amazonian heath forests have particularly high-DOC
export (470 kg C ha�1 yr�1) [Zanchi et al., 2015] and hence may lose an even larger fraction of the C fixed
in drainage.

The CO2 efflux to the atmosphere from Stream 1 (per catchment land area) was estimated as 0.09–
0.14MgCha�1 yr�1, which appears as a minor component in comparison to terrestrial respiration fluxes at
the Tambopata site (Figure 4). Although the CO2 efflux rate from Stream 1 was approximately four times of
that measured for soil respiration (3μmolm�2 s�1; calculated as average of TAM5 and TAM6 biomass plots
[Malhi et al., 2014]), the contribution remained small due to limited area covered by the stream surface.
During the wet season, a large part of the forest is flooded with accumulated rainwater, and hence, the
surface area for aquatic CO2 efflux greatly increases. However, the average efflux from the flooded forest
(2.4� 0.93μmolm�2 s�1) then was comparable to soil respiration.

During the study year the fluvial export from our site was 0.3� 0.04MgC ha�1 yr�1. However, there is likely to
be significant interannual variability in the fluvial export fluxes. In boreal ecosystems the fluvial export has
been found to be closely linked to precipitation with wetter years resulting into greater C export and reduced
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photosynthetic C fixation [Öquist et al., 2014]. Such long-term assessments are not yet available for the
Amazonian Basin. However, with limited fluctuations in light availability and temperature during the year
at Tambopata, the monthly C export data (Figure 3) can be used to assess the effect of discharge on the C
export. During the wettest months, January–March, the DOC and POC exports were highest, but [DIC] is
diluted during event flows, and the highest export takes place during drier months, with less pronounced
intraannual variability than the organic fractions. Hence, during wetter years it is anticipated that the organic
export would increase but the inorganic C export will decrease. In the Amazonian rainforest, drought periods
have been found to suppress the forest growth [Gatti et al., 2014] and increase mortality [Phillips et al., 2010];
therefore, the double effect of precipitation (increasing fluvial export and decreasing ecosystem C uptake)
observed in boreal ecosystems [Öquist et al., 2014] should not take place. Instead, forest growth and fluvial
C export are more likely to vary together, leading lesser interannual differences in site C balance than were
observed in boreal forests. However, it is forecast that in the Amazon Basin, the wet seasons will get wetter
and dry season drier [Gloor et al., 2013] which may cause the ecosystems multiple stresses and hence has
potential to cause more complex patterns in both terrestrial and fluvial systems. A further challenge to the
construction of an annual site C balance is that some processes (such as POC erosion, DIC weathering, and
persistence of drought suppression) operate on longer time scales. Therefore, long-term studies are required
to yield a more refined estimate of the site C balance and quantify the fluctuations with climate.

Depending on the terrestrial C sink estimates (e.g., section 4.1), aquatic fluxes may constitute a significant loss
of carbon. However, results may not be transferable as adjacent streams can be quite different (compare
Streams 1 and 2), and therefore, it is important to construct an integrated carbon balance at site level.
Tropical sites vary from a source of 1.3 t C ha�1 yr�1 to a sink of a maximum of 10.4MgCha�1 yr�1. Within this
range the fluvial export measured at our site would always constitute a significant contribution, ranging from
a 23% increase of C loss at the minimum forest sink estimate to 3% reduction in the sink strength at the max-
imum estimate. At our study site, the fluvial export increases the C loss by 43%. The CO2 efflux from Stream 1
alone would range in significance from 7 to 11% fraction of the total efflux to atmosphere to a flux to the
atmosphere corresponding to approximately 1% of the maximum site sink.

Downstream processing of the exported C pools has important implications on the significance of these frac-
tions for climate change. The DOC pool is likely to be decomposed relatively rapidly [Galy et al., 2015;
Mayorga et al., 2005] and hence transfer into DIC pool and contribute to the degassing of CO2. If POC escapes
decomposition (as discussed in more detail in, e.g., Bouchez et al. [2010] and Galy et al. [2015]) and is delivered
to the ocean sink, it will constitute a removal of C from atmosphere due to being recently fixed.

5. Conclusions

The eddy covariance measurements indicated that the site was close to carbon equilibrium
(+0.7MgCha�1 yr�1) during the study year (October 2011 to September 2012). This close to neutral C balance
is consistent with findings from longer-term biomass plot observations at a nearby site [Malhi et al., 2014].
However, the fluvial export was unambiguously a loss from the site, and during the study year it
was 0.3� 0.04MgCha�1 yr�1.

The quantification of a site C balance is clearly challenging with difficulties arising from applying EC to tropical
conditions (with muchmissing data at night due to low u* and other difficulties [Kruijt et al., 2004]) and, in the
biomass plot approach, the statistical uncertainty from the scaled-up data. Further, there is large interannual
variability that may arise as a result of differences in precipitation with drought effects persisting several years
[Saatchi et al., 2013; Zeri et al., 2014]. Biomass plot data that incorporated measurements over a 5 year period
suggested the site to be a small sink of 0.5MgC ha�1 yr�1 (range of uncertainty spanned from a source of 3.7
to a sink of 4.6 t C ha�1 yr�1) [Malhi et al., 2014] which is of comparable magnitude with our EC measure-
ments. Given the uncertainty involved in all of the methods of site C balance determination, an integrated
approach combining EC, biomass plots, and aqueous sampling should be adopted. Ideally, longer-term
assessment would be carried out to better address the climatic variability and its effects on the C balance
which would manifest themselves at different time scales depending on the measurement method. The
quantification and reduction of the errors involved in EC measurements should also be addressed in future
studies. Also, a more detailed hydrological assessment (including sampling of groundwater flows) should
be carried out and longer-term water balance assessed.
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Fluvial C export will be of crucial importance, especially at sites with close to neutral C balance, and does need
to be considered in any site C balance—globally, not just the Amazon. Otherwise, we may well overestimate
the sink strength and risk missing changes in the system behavior. CO2 effluxed from aquatic systems within
a flux tower footprint is accounted for when assessing the forest sink strength from the eddy covariance data,
but it is still important to quantify and separate it from the soil and plant respiration as these pathways of
carbon movement may differ in their response to climate change. Hence, to understand ecosystem function-
ing in detail, the relative magnitude of different pathways needs to be known. Further, changes in the rate of
C loss in drainage could be an important indicator of disturbance or climate change impact. For example,
forecasted higher-intensity rain [Gloor et al., 2013] could mobilize higher-POC concentrations and lead to
an increase in C loss from a site, but this would not be evident in site balances calculated from either biomass
plot data or eddy covariance, unless the export increased fluvial CO2 efflux within the footprint of the tower.
Detecting such sensitive processes is a key global challenge for the future.
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