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As a raindrop falls from the atmosphere, over vegetation andforest canopies, and enters
soils and streams it experiences a dynamic exchange of carbon constituents with the
surrounding environment. Understanding the magnitude anddynamics of carbon export
in above and below ground �ow paths is critical for constraining the in�uence of terrestrial
and aquatic ecosystems on global carbon cycling. Here we examine the concentration
and �ux of dissolved organic and inorganic carbon (DOC and DIC) in rainfall, throughfall,
stem�ow, overland �ow, soil solution, groundwater, and stream water in an Amazonian
transitional forest located near the arc of deforestation.Rainfall was enriched in DOC by
interactions with atmospheric particles derived from bothbiogenic and anthropogenic
emissions, resulting in a �ux of 82.3 kg C ha� 1 yr� 1, which was the largest �ux from each
respective �ow path. Forest throughfall, stem�ow, and direct overland �ow mobilized
DOC from products of terrestrial primary production and decomposition. Net throughfall
represented the second largest DOC �ux (68.4 kg C ha� 1 yr� 1), whereas stem�ow and
overland �ow only had a �ux of 1.5 and 3.9 kg C ha� 1 yr� 1, respectively. Much of the DOC
in above ground �ow paths was removed from solution as the rain percolated through soil
layers due to both biological decomposition and sorption/desorption to mineral surfaces,
resulting in low concentrations in stream and groundwater (2.6 � 2.4 mg L� 1 and 1.45 �
0.3 mg L� 1, respectively) relative to throughfall (43.9� 5.2 mg L� 1) and stem�ow (30.6
� 2.7 mg L� 1). The �ux of DIC in each respective �ow path was generally lower than
for DOC, and likely driven by atmospheric gas exchange and inputs from respiration and
decomposition. DOC concentrations in above ground �ow paths were highest during the
�rst rainfall after a dry period, whereas DIC concentrations generally increased throughout
the rainy season as soil moisture increased.

Keywords: tropical forest, carbon, organic, inorganic, �ow path, �ux, rainfall, terrestrial

INTRODUCTION

Carbon derived from the terrestrial biosphere is mobilized byrainfall into soils, streams, and
groundwater through numerous pathways. Before hitting a forest canopy or uncovered ground,
a raindrop interacts with organic carbon (OC) rich particlesin the atmosphere (Artaxo et al.,
1988; Talbot et al., 1990). This interaction results in the enhancement of dissolvedorganic carbon
(DOC) concentrations in precipitation (Andreae et al., 1990; Artaxo et al., 2005; Waterloo et al.,
2006; Germer et al., 2007). Precipitation drives a �ux of OC from the atmosphere to the landscape
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via dry deposition, atmosphere washing, and incorporation of
aerosols in rain drop condensation nuclei (Artaxo et al., 2005).
Rainfall receives additional inputs of carbon as it travels through
forest canopies (e.g., throughfall) and down trunks and stems
(e.g., stem �ow); litterfall also provides a signi�cant source of
fresh OC as rainfall percolates through subsurface soil layers into
streams and groundwater (Qualls et al., 2002).

Much of the OC �ux described above is removed from
the water while traveling through soil layers as a result of
both sorptive and biodegradative processes, leaving stream and
groundwater with low DOC concentrations relative to above
ground �ow paths (Qualls and Haines, 1992; Schmidt et al.,
2011). Remineralization rates of OC in soils are high and may be
enhanced by global climate change (Feng et al., 2008). OC derived
from terrestrial primary production and dissolved inorganic
carbon (DIC) derived from root and soil respiration is mobilized
from soil layers into streams and groundwater reservoirs. Rivers
and streams are typically supersaturated with respect to CO2
as a result of direct inputs of DIC and remineralization of
terrestrially-derived OC (Raymond et al., 1997; Richey et al.,
2002; Mayorga et al., 2005; Ward et al., 2013). Inland waters emit
2.1 Pg C yr� 1, globally, of which 70% comes from the tropics and
25% from the Amazon River, alone (Raymond et al., 2013).

Carbon �uxes to both the atmosphere and ocean are generally
higher in tropical regions relative to temperate and high-latitude
counterparts (Aufdenkampe et al., 2011). Covering a region of
over 6 million km2, the highly productive Amazon basin plays a
signi�cant role in the global carbon cycle. The Amazon rainforest
is responsible for roughly 10% of global terrestrial primary
production and the Amazon River represents roughly 20% of
the world's freshwater �ux (Field et al., 1998; Malhi et al., 2008).
The extensive basin contains regions with relatively little human
perturbation, and regions highly impacted by deforestation
and burning. The Amazon rainforest naturally produces large
amounts of OC-rich aerosols through biogenic emissions that
are eventually entrained in rainfall (Talbot et al., 1990). The size
and morphology of these particles is highly diverse with origins
from plant sources such as pollen grains, fungi, algae, and plant
fragments (Artaxo et al., 1988).

Deforestation and biomass burning, along with other
anthropogenic emissions, can also add aerosols to the
atmosphere. For example, aerosol concentrations in Amazonian
regions situated in the arc of deforestation have increasedduring
recent years as a result in enhanced anthropogenic activities
(Artaxo et al., 2005). Aerosol concentrations were generally
highest during the dry season in these regions due to large
amounts of grass and forest burning in addition to dust derived
from agricultural and exposed soil sites (Artaxo et al., 2005). The
majority of the carbon from these aerosols is transported from
the atmosphere to the land at the beginning of the wet season,
with rainfall DOC concentrations decreasing with additional
precipitation (Filoso et al., 1999; Johnson et al., 2006a; Germer
et al., 2007).

Throughfall is an important component of forest carbon
cycling. The primary carbon input pathway is canopy washing.
In the Amazon rainforest, throughfall has been observed to
represent roughly 75–90% of total rainfall (Lloyd and Marques,

1988; Filoso et al., 1999; Ferreira et al., 2005). Stem�ow
generally has even higher DOC concentrations than rainfall
and through�ow, but the total �ux is low since stem�ow
only represents 2–8% of total rainfall in the Amazon (Jordan,
1978; Lloyd and Marques, 1988). Overland �ow occurs either
when rainfall occurs more rapidly than soil in�ltration (Horton,
1933) or when soils are completely saturated (Linsley et al.,
1975). Overland �ow generally has greater DOC concentrations
than throughfall and is transported rapidly. However, as with
stem�ow, overland �ow is generally low compared to other �ow
paths in preserved forests, resulting in a relatively small overland
DOC �ux ( Johnson et al., 2006a; Waterloo et al., 2006). In surface
soils and organic matter layers DOC concentrations are generally
high as a result of initial enrichment of throughfall and leaching
of decomposing organic matter; soil solution concentrations
typically decrease with soil depth as a result of mineral sorption
and OC remineralization (McClain et al., 1997; Liu and Sheu,
2003). The removal of OC in soils leaves stream and ground water
with low DOC concentrations relative to the preceding �ow paths
(Qualls et al., 2002; Liu and Sheu, 2003; Waterloo et al., 2006;
Johnson et al., 2006a).

The objective of the present study is to determine the
concentration and �ux of DOC and DIC in each respective �ow
path: rainfall, throughfall, stem�ow, overland�ow, soil solution,
groundwater, and streamwater in an Amazonian forest. Water
samples were collected monthly between February 2007 and
January 2008 using a series of collectors designed for each �ow
path. The forest studied here is transitional between tropical
rainforest and savanna, and is situated in the arc of deforestation
in Brazil (Figure 1). In recent decades this region has lost large
amounts of forested area due to deforestation and land use
change.

METHODS

Study Site
The study was conducted at Tanguro Ranch in the southern
Amazonian state of Mato Grosso, Brazil. Tanguro Ranch (12�

530 S, 52� 210 W) lies southeast of the Xingu Indigenous
Park in the municipalities of Canarana and Querência at an
elevation of� 350 m above sea level in the upper region of the
Xingu drainage basin between the Tanguro and Darro Rivers
(Figure 1). Topography of the region consists of wide plains
and gentle slopes to the waterways in a landscape with little
other pronounced relief. It lies on a portion of the Brazilian
Shield underlain by Precambrian Gneisses of the Xingu Complex.
Soils consist of Oxisols (Haplustox/Latossolo vermelho-amarelo
distró�co) on the broad, �at uplands away from the rivers. These
soils have a water table depth of 12� 15 m and no impeding layers.
Throughout the year the water table depth varies by 0.27 m in
the lowland and 1.07 m in the plateau. Wetter, and occasionally
inundated, soils (Gleissols) of similar origin are found along the
river margins (ProjetoRadambrasil, 1981).

The pre-agricultural vegetation of the Tanguro region is
evergreen tropical forest (Walter, 1979; Ivanauskas et al., 2004)
typical of the transition from Cerrado to the central Amazon
rainforest. The vegetation of this transition zone has lower species
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FIGURE 1 | Study site. Samples were collected in the Tanguro Ranch watershed in theXingu drainage basin between the Tanguro and Darro Rivers.

diversity, smaller trees, and lower canopy heights compared to
many previously studied Amazonian forests (Ivanauskas et al.,
2004). The climate at Tanguro is humid tropical. Average annual
precipitation from 1987 to 2007 was 1905� 271 mm and is
strongly seasonal, with< 5% of total annual precipitation falling
between May and September (Vianello and Alves, 2002). June,
July and August are the three driest months with typically
less than 10 mm rain per month. Mean annual temperature

is 25� C. During this study, hourly rainfall and rain intensity
were recorded at a weather station 27 km south of the study
boundaries. Daily rainfall was also measured in two collectors 2
and 5 km from the study site.

The completely forested watershed studied here covers an area
of 13.20 km2. The watershed is drained by a perennial �rst-order
stream. Broad, �at plateaus typical of the region dominate the
majority of the watershed's topography, which transitions into
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a distinct shoulder hillslope zone and narrower/�atter lowland,
near-stream zone. The watershed boundaries were delineated
from Shuttle Mission Radar Topography data and validated
with �eld measurements with a high-precision di�erential GPS
(Figure 1). This watershed was divided into three parcels and
nine sub-parcels. Each parcel lies along a topographic gradient,
with three sub-parcels (lowland, hillside and plateau).

Sample Collection
Water samples were collected to assess the organic and inorganic
carbon content of rainfall, throughfall, stem�ow, overland�ow,
soil solution, groundwater, and streamwater between February
2007 and January 2008. Soil solution samples were collected with
tension lysimeters on a monthly basis, however, soils were too
dry to extract water from June to November. The lysimeter was
rinsed with distilled water before use, and after installation the
�rst collection was discarded. Tension lysimeters were installed
at depths of 10, 50, 100, and 200 cm, in each sub-parcel (36
collectors total). Soil solution was collected from the lysimeters
after setting the vacuum for 24 h at 0.6 bars. Samples were stored
in acid-washed 250 mL glass bottles and sealed with silicone
stoppers.

Overland �ow samples were collected using 27 collectors
installed along the nine sub-parcels (three collectors in each).
The collectors consisted of a PVC pipe (200 cm wide with 15
cm diameter) that was closed in the two extremities with PVC
caps. In one extremity the cap had a small opening connected to
a reservoir (10 L capacity) to store the sample. The collectors have
a transversal opening (3� 190 cm), that allows the collection
of water originating from overland �ow. The collectors were
inserted horizontally into the soil such that the opening of the
collector was near the soil surface. Below the soil surface (3
cm), a small horizontal cut in the soil parallel to the collector
was made in order to install a polystyrene plate (10� 190
cm). This plate was �xed into the collector, and into the soil,
making a connection between the soil and collector to permit
the overland �ow to enter the collector. The captivating area
of each collector was delimited to 6 m2 plots with wooden
boards inserted into the soil. This was done to prevent the
collection of water from areas uphill and lateral of each plot.
The overland �ow collectors were prepared for collection every
15 days by connecting the collector to the reservoir. Samples
were collected from the reservoirs 1 day after each sampled
rain event. The collectors were set to bypass the reservoir in
between samplings, automatically discarding any water. During
each sampling the volume of water collected in each collector
was measured using a digital dynamometer (Insthutherm, Model
DD-200).

Throughfall samples were collected biweekly with 27
collectors installed along the nine sub-parcels (three collectors
in each). Collectors were dispersed randomly to avoid bias due
to canopy density. The collector is a suspended channel made
with a PVC pipe (150 cm wide with 15 cm diameter) that is
closed on one end with PVC caps. The other end had a funnel
connected to a reservoir (20 L capacity) to store the sample. The
funnel was covered with plastic so as not to increase the capture
area of water. The channel had a transversal opening (7� 140

cm) in the direction of the tree's canopy. The captivating area
of each collector was 980 cm2. The collector was suspended 1 m
above the soil surface. Rainfall was collected in the same type of
collectors installed in triplicate in an open area.

Groundwater was collected every 15 days from nine wells in
the watershed during the rainy season and monthly during the
dry season. Screened groundwater wells made of 10 cm diameter
PVC pipes were installed by hand at di�erent depths depending
on their position along the topographic gradient. Transversalcuts
were made in the sides of the pipe 1.5 m from the bottom so
that groundwater could �ow in and out of the well. Lowland
wells were between 1.69 and 2.14 m deep, hill slope wells were
4.84 to 6.25 m deep, and plateau wells were 7.07 to 9.65 m deep.
Groundwater was collected with a manual collector, made with
a PVC pipe (82 cm wide and 5 cm diameter) and a movable
glass bottom. Roughly 3 L of water was removed prior to sample
collection to insure that water that had most recently arrived at
the well was collected.

Stem�ow was collected along the catchment in three randomly
located 10� 10 m plots along the topographic gradient. In
each plot collectors (48 total) were installed on trees with a
diameter� 5 cm. Polystyrene plates (2.5 cm wide) were �tted
around the tree trunks in a downward spiral connected to a
20 L reservoir, starting 1.5 m above the forest �oor, similarto
the collectors described byLikens and Eaton (1970). To assess
possible contamination from the collectors, plastic components
of the collectors were immersed in deionized water for 3 days
and the DOC was measured. There was no detectable organic
contamination from the collectors.

Sample Analysis
The pH and conductivity of water samples was determined
with Orion (model 250A) and Amber Science (model 2052)
probes, respectively (Supplementary Tables 1–7). For DOC
samples 30 mL of water was �ltered through 0.7mm pore
size combusted GFF �lters (Whatman) into combusted glass
vials and preserved in the �eld with 75 mL of 6N HCl. DOC
concentrations were measured on a Shimadzu total carbon
analyzer (Model TOC-VCPH). For DIC samples 60 ml of
water was �ltered through 0.47mm cellulose acetate membrane
�lters (Millipore) into acid-washed 60 mL HDPE bottles with
no headspace to avoid degassing and preserved with thymol
(100 mg/1000 ml of solution). DIC samples were analyzed
for total organic carbon before acidi�cation on a Shimadzu
total carbon analyzer (Model TOC-VCPH). DIC samples were
then acidi�ed using 6N HCl and sparged to remove gas and
reanalyzed for total organic carbon. DIC was calculated as the
di�erence between non-acidi�ed and acidi�ed/sparged samples.
This method may slightly underestimate DIC concentrations
due to degassing during �ltration. However, this method has
been compared to DIC calculations from CO2 values and
the variation is typically minimal, whereas alkalinity titrations
result in high amounts of error in DOC-rich acidic waters
(Neu et al., 2011). Samples were stored in the dark at room
temperature for roughly 1 week prior to analysis. Samples could
not be kept cold since there was no electricity available at the
�eld site.
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Rainfall and Stream Discharge
Hourly rainfall and rain intensity was recorded at the Tanguro
Ranch weather station 27 km south of the sampling location.
Daily rainfall was also recorded in two collectors roughly 2
km from the watershed sampling point. Stream stage was
recorded every 15 min from May to August 2007 with
an ISCO 6200 automatic sampler equipped with a pressure
transducer module. From August 2007 to August 2008 stream
stage was recorded hourly with an Onset water level logger.
A rating curve was developed by periodic measurements
of stream discharge with a Global Water FP-101 current
meter across a range of stream �ows. Hourly stream �ows
for January to May 2007 were estimated from daily rainfall
and rainfall-stream �ow relationships from the same location
derived from the 16-month stream �ow record that began
in May.

Flux Estimates
We estimated total annual DOC and DIC �uxes in throughfall
based on our record of rainfall and intensity from Tanguro
Ranch, measured DOC and DIC concentrations from the
sampled rain events, extrapolated DOC and DIC concentrations
for non-sampled events, and an estimate of canopy interception
for a tropical forest. Precipitation during sampled events (n D 10)
ranged from 0 to 115 mm and unsampled events (n D 51) ranged
from 0 to 75 mm. We assumed that throughfall was on average
85% of precipitation (Lloyd and Marques, 1988; Filoso et al.,
1999; Ferreira et al., 2005) to calculate total througfall volume
duirng unsampled events. Average DOC and DIC concentrations
from sampled events were used to estimate concentrations during
unsampled events with similar amounts of precipitiation.

We estimated water volumes for stem�ow during unsampled
events from relationships of measured volumes (in mm) between
throughfall and stem�ow (Figure 2A):

SF D 6.35� 10� 5 (TF)2 C 0.0063 (TF)� 0.0252I r2 D 0.86
(1)

where SF is stem�ow and TF is throughfall. Likewise, overland
�ow (OF) was calculated based on the following relationship
between overland �ow and throughlow (Figure 2B):

OF D 0.0116(TF)C 0.0383I r2 D 0.84 (2)

We then used these calculated volumes and mothly mean DOC
concentrations in stem�ow and overland �ow from the nearest
sampled event to calculate DOC �uxes for each unsampled event.
We then summed DOC �uxes for all sampled and unsampled
events to obtain an annual �ux.

Statistical Analysis
The results were submitted to analysis of variance and
subsequently Tukey median comparison test for the variables
with statistically signi�cant di�erences, using the GLM (General
Linear Models) procedure, using SAS 9.1 software (Statistical
Analysis System). The tests were considered signi�cantly
di�erent for p < 0.05.

FIGURE 2 | Correlation between throughfall, stem�ow, and over land
�ow. The correlation between throughfall and stem�ow(A) and throughfall
and overland �ow (B) was used to calculate stem�ow and overland �ow for
unsampled events.

RESULTS

Precipitation and Stream Discharge
Precipitation in 2007 totaled 1641 mm and was lower than the
1987–2007 mean of 1905 mm. The greatest di�erence between
measured and historical mean precipitation occurred in March
2007 when precipitation totaled 34 mm in contrast to the long-
term monthly average of 250 mm (Figure 3). Total precipitation
from February 2007 to January 2008 was 1829 mm, of which
roughly 476 mm occurred during times of sample collection.
Precipitation and stream discharge were maximal from October
to April. Annual average stream discharge was 17.9� 3.6 L s� 1

(Table 1). Stream discharge throughout the year was primarily
dominated by base �ow (Figure 3).

Dissolved Organic Carbon
Concentrations of DOC showed the highest seasonal variation in
above-ground �ow paths (e.g., rainfall, throughfall, stem�ow, and
overland �ow). The concentration of DOC in rainfall was highest
at the beginning of the rainy season, reaching a maximum of 15.6
� 0.3 mg C L� 1 during the October 18, 2007 event, and declined
throughout the rainy season, reaching a minimum of 3.3�
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FIGURE 3 | Precipitation and discharge. Measurements of(A) Stream discharge and(B) historic average monthly precipitation (circles) and precipitation during the
sampled rain events (bars) from January 2007 to January 2008.

0.2 mg C L� 1 (Figure 4). The annual average DOC concentration
in rainfall was 6.7� 3.7 mg C L� 1 (Table 1). The concentration
of DOC in throughfall was highest at the end of the dry season
during the September 2007 rain event (126� 68 mg C L� 1), and
declined throughout the rainy season. In April 2007, after a brief
dry period the throughfall DOC concentrations increased from
35.7� 20.0 mg C L� 1 during the March 2007 sampling to 77.5�
28.7 mg C L� 1 (Figure 4). The annual average throughfall DOC
concentration for lowland, hillside and plateau sub-parcelswas
47.8 � 6.5, 41.9� 4.6, and 42� 4.4 mg C L� 1, respectively,
showing minimal variation between the di�erent topographic
regimes (pD 0.66).

Stem�ow DOC concentrations varied both seasonally and as
a function of tree diversity and the stem surface. In particular,
stem rugosity and the presence or lack of epiphytes had a
large in�uence on stem�ow DOC in this study. The following

species, characterized by a rugose bark and/or lichens on
the stem, represent the majority of the trees sampled for
stem�ow and provided the greatest amount of DOC enrichment:
Amaioua guianensis(bark with �ssures and lichens), Trattinickia
burseraefolia(bark with lichens),Hirtelar bicornis, Trattinickia
glaziovii, Xylopia amazonica, Miconia punctate, Pseudolmedia
murure,and Miconia pyrifolia(rugose bark and lichens on the
stem). The following species, characterized by a smooth bark,
were a minor fraction of the trees sampled and generally had low
stem�ow DOC concentrations:Licania egleri, Protium guianense,
Protium unifoliolatum, Vochysia vismifolia,andEnvira cana. As
with rainfall DOC, stem�ow DOC concentrations were highestat
the beginning of the rainy season, reaching a maximum of 87.7�
53 mg C L� 1 during the October 16, 2007 sampling, and steadily
decreased throughout the rainy season (Figure 4). Annual
average stem�ow DOC concentrations in lowland, hillside and
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TABLE 1 | Average concentrations and annual �uxes of DOC, DIC , and water across the topographic gradient.

Input/Flowpaths DOC Concentration
(mg C L � 1)

DOC Flux Kg
C ha � 1 yr � 1

DIC Concentration
(mg C L � 1)

DIC Flux Kg
C ha � 1 yr � 1

aWater �ux
(mm yr � 1)

Stream discharge
(L s� 1)

Rainfall 6.7� 3.7 82.4 � 18.4 0.8 � 0.7 38.8 � 4.4 1403.1 �

bThroughfall Lowland 47.8� 6.5 150.8 � 75.6 2.5 � 2.3 16.6 � 8.2 1039.7 �

Hillside 41.9 � 4.6

Plateau 42.0 � 4.4

Stem�ow Lowland 31.7 � 3.09 1.5 � 0.8 1.5 � 1.1 0.6 � 0.1 14 �

Hillside 32.5 � 3.34

Plateau 27.6 � 1.6

Overland�ow Lowland 57.2 � 10.6 3.9 � 1.6 1.3 � 1.3 0.1 � 0.1 7.3 �

Hillside 39.6 � 7.0

Plateau 40.9 � 5.7

cSoil Solution Lowland 15.5� 0.9 � 7.7 � 1.3 � � �

Hillside 16.0 � 1.4 � 7.1 � 1.3 � � �

Plateau 15.6 � 1.36 � 6.7 � 1.3 � � �

Groundwater Lowland 2.0� 0.5 � 2.7 � 0.3 � � �

Hillside 1.4 � 0.3 � 2.7 � 0.3 � � �

Plateau 1.0 � 0.2 � 3.7 � 0.4 � � �

Stream 2.9 � 3.5 1.7 � 0.2 2.0 � 1.8 0.9 � 0.2 � 17.9 � 3.6

aWater �uxes measured during the sampling period from February 15, 2007 to January 25, 2008.
bValues represent the gross throughfall DOC/DIC contribution (e.g., thesum of rainfall and net throughfall).
cValues represent the average of 10, 50, 100, and 200 cm lysimeterdepths.

plateau sub-parcels were 31.7� 3.09, 32.5� 3.3, and 27.6�
1.6 mg C L� 1, respectively. Whereas lowland and hillside parcels
had similar stem�ow DOC concentrations, concentrations in
plateau parcels were generally lower (p < 0.05).

Overland �ow did not occur in events with low precipitation
(e.g., March and April 2007 samplings, with 5 and 6 mm of
precipitation, respectively). Lowland parcels had the highest
overland �ow volume compared to the oxisoils of the hillside and
plateau parcels. Compared to the other above-ground �ow paths,
overland �ow had the highest DOC concentrations. As with other
above-ground �ow paths, overland �ow DOC concentrations
were highest at the beginning of the rainy season, reaching a
maximum of 160� 110 mg C L� 1 during the October 16, 2007
sampling. Annual average overland �ow DOC concentrations in
lowland, hillside and plateau sub-parcels were 57.2� 10.6, 39.6
� 7.0, and 40.9� 5.7 mg C L� 1, respectively. Concentrations
did not vary signi�cantly along the elevation gradient (p D 0.25).
Although overland �ow had the greatest DOC concentrations,
this �ow path represented a small fraction of the total water �ow.

In contrast to the high DOC concentrations observed above-
ground, below-ground DOC concentrations were generally
lower. Soil solution DOC concentrations were highest at 10 cm
depth, with an average of 17.7� 2.0 mg C L� 1 and decreased to
11.9� 1.0 mg L� 1, 16.4� 1.5 mg L� 1, and 14.9� 1.3 mg C L� 1

at depths of 50, 100, and 200 cm depths, respectively. Di�erences
with depth were statistically signi�cant (p < 0.05), whereas there

was little variation along the topographic gradient (p D 0.33).
It was not possible to extract soil solution samples during the
long dry season and at the beginning of the rainy season with
the methodology used here, however, as with the above-ground
�ow paths, soil solution DOC concentrations appeared to peak
and decrease throughout the rainy season (Figure 4). The highest
observed soil solution DOC concentrations occurred duringthe
December 2007 event, with a value of 24.6� 17 mg C L� 1.
Litterfall typically accumulates and decomposes above ground
during the dry season. Above ground �ow paths transport DOC
rich waters to the sub-surface, particularly during the �rstseveral
periods of rainfall in a season.

Groundwater generally had the lowest concentration of DOC,
and contrary to other �ow paths, the highest values were
observed during the dry season. The maximum groundwater
DOC concentration was 4.9� 4.0 mg C L� 1 during August 2007.
Annual average concentrations of groundwater DOC in lowland,
hillside, and plateau sub-parcels were 2.0� 0.5, 1.4� 0.3, and
1.0� 0.2 mg C L� 1, respectively, with little variation across the
topographic gradient (Table 1; p D 0.19). However, the lowlands
had the highest carbon stock in the soil pro�le (119 Mg C ha� 1 at
140 cm depth) compared to hillside (119 Mg C ha� 1) and plateau
(105 Mg C ha� 1) sub-parcels. Stream �ow also had low DOC
concentrations relative to the di�erent �ow paths, with an annual
average concentration of 2.9� 3.5 mg C L� 1 (Table 1). Stream
DOC concentrations reached a maximum of 15.8� 0.2 mg L� 1
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FIGURE 4 | Monthly DOC concentrations. Monthly measurements of the concentration of DOC in rainfall, throughfall, stem�ow, overland �ow, soil solution,
groundwater, and stream water during rain events from February 2007 to January 2008.
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during the February 16, 2007 sampling when discharge was high,
and decreased throughout the rainy season.

Based on the above measurements, the annual DOC �ux in
the watershed was estimated to be 82.4� 18.4 kg C ha� 1 yr� 1

for rainfall (Table 1). The gross �ux of DOC for throughfall was
142.6� 75.6 kg C ha� 1 yr� 1, or 60.2� 77.8 kg C ha� 1 yr� 1

for net throughfall (i.e., the di�erence between gross throughfall
and rainfall �uxes). DOC �uxes for stem�ow, overland �ow, and
stream �ow were 1.5� 0.8, 3.9� 1.6 and 1.7� 0.2 kg C ha� 1

yr� 1, respectively (Table 1). It is important to note that the �uxes
estimated for overland �ow do not represent the actual �ux to
the stream,per se, since it is possible that the water collected with
our methods could have potentially in�ltrated less saturated soils
further downslope before reaching the stream.

Dissolved Inorganic Carbon
Above-ground �ow paths (e.g., rainfall, throughfall, stem�ow,
and overland �ow) had relatively low DIC concentrations in
contrast to the high DOC concentrations observed in these
�ow paths. The concentration of DIC in rainfall reached a
maximum of 1.5 mg C L� 1 during the February 28, 2007
sampling (Figure 5), with an annual average of 0.8� 0.7 mg C
L� 1 (Table 1). Throughfall DIC concentrations were generally
highest near the end of the rainy season, with a maximum valueof
4.5� 2.4 mg C L� 1 during the April 6, 2007 sampling period. The
annual average throughfall DIC concentration was 2.5� 2.3 mg
C L� 1. Stem�ow DIC concentrations increased at the beginning
of the rainy period, reaching a maximum of 6.7� 3.2 mg C
L� 1 during the October 16, 2007 sampling period. The annual
average DIC concentration in stem�ow was 1.5� 1.1 mg C L� 1.
Overland �ow DIC concentrations reached a maximum of 2.4
� 0.3 mg C L� 1 during the February 6, 2007 sampling period,
and had annual average of 1.3� 1.3 mg C L� 1 (Table 1). The
concentration of DIC in each of these above-ground �ow paths
did not signi�cantly vary between lowland, hillside and plateau
sub-parcels.

In contrast to observations of above-ground �ow paths,
below-ground �ow paths had relatively high DIC concentrations
that were above atmospheric CO2 saturation levels. Soil solution
DIC generally increased with soil depth, indicating CO2
accumulation along the pro�le. Soil solution DIC did not vary
signi�cantly among the di�erent sites (p D 0.33). The annual
average soil solution DIC concentration was 3.2� 1.2 mg C L� 1

at 10 cm depth, 2.9� 0.5 mg C L� 1 at 50 cm depth, 6.3� 1.1 mg
C L� 1 at 100 cm depth, and 11.9� 1.6 mg C L� 1 at 200 cm
depth. Soil solution DIC concentrations were maximal duringthe
February 16, 2007 sampling period with a value of 14.2� 13.9 mg
C L� 1. In groundwater the annual average concentration of DIC
in lowland, hillside and plateau sub-parcels was 2.7� 0.3, 2.7
� 0.3, and 3.7� 0.4 mg C L� 1, respectively, di�ering along the
topographic gradient, with the highest concentrations observed
in plateau sub-parcels. Groundwater DIC concentrations reached
a maximum of 8.7� 2.1 mg C L� 1 during the March 13,
2007 sampling period (Figure 5). The annual average DIC
concentration in stream �ow was 1.6� 1.0 mg C L� 1, with a
maximum of 6.5 mg L� 1 observed during the March 13, 2007
sampling period.

The annual �ux of DIC through above-ground �ow paths was
signi�cantly lower than DOC �uxes (p < 0.05). Based on the
above measurements, the annual DIC �ux in the watershed was
estimated to be 38.8� 4.4 kg C ha� 1 yr� 1 for rainfall. The DIC
�ux for gross throughfall was 16.6� 8.2 kg C ha� 1 yr� 1 resulting
in a net throughfall �ux of 22.2� 9.3 kg C ha� 1 yr� 1. Stem�ow,
overland �ow, and stream �ow had DIC �uxes 0.6� 0.1, 0.1�
0.1, and 0.9� 0.2 kg C ha� 1 yr� 1, respectively (Table 1).

DISCUSSION

Dissolved Organic Carbon
The concentration of DOC in rainfall was highest during the
�rst large rainfall events after a long dry period and decreased
throughout the wet season. This phenomenon is most likely a
result of the accumulation of carbon-rich particulate material
in the atmosphere during periods with minimal rainfall. This
particulate material can be “washed” from the atmosphere
during rainfall events (Green�eld, 1957) and a fraction of
the particulate organic matter is solubilized into the dissolved
phase in raindrops (Monteith et al., 2007). The atmospheric
particulate material can be derived from a variety of naturaland
anthropogenic origins including aeolian transport, agricultural
activities, and biomass burning (Ketseridis et al., 1976; Simoneit
and Elias, 2000; Pio et al., 2001; Snyder et al., 2009). As with
similar studies, our results indicate that the source of rainfall
DOC that accumulates during dry periods is depleted during
subsequent rainfall events, resulting in a decrease in rainfall DOC
concentrations throughout the wet season (Filoso et al., 1999;
Johnson et al., 2006a; Germer et al., 2007). Rainfall DOC �uxes
in other regions studied in the Central Amazon were generally
lower than our estimates. For example, rainfall �uxes in the Rio
Negro region were roughly three times lower than the �uxes
measured here (Table 2). Compared to the Xingu basin studied
here, the Central Amazon generally experiences greater annual
precipitation and is less impacted by deforestation and land
use change (Andreae et al., 1990; Filoso et al., 1999; Waterloo
et al., 2006). Rainfall DOC �uxes exceeding estimates made
here were observed in other Amazonian regions that are highly
in�uenced by biomass burning and land use alterations. For
example a rainfall DOC �ux of 106.5 kg ha� 1 yr� 1 was observed
in Rondonia, Brazil, a site that is strongly a�ected by burningand
land use alteration (Table 2; Artaxo et al., 2005; Germer et al.,
2007).

As rainfall drains through the forest canopy, the throughfall
becomes enhanced with DOC derived from leaf and plant
surfaces, sur�cial decomposition processes, and animal
excrement (Parker, 1983; Levia and Frost, 2003). Similar to
rainfall, the enrichment of throughfall DOC was greatest during
the �rst large rain events following a long dry period (Figure 4).
Throughfall DOC concentrations dropped after subsequent rain
events. Similar to the accumulation of carbon-rich particles in
the atmosphere, organic carbon can accumulate on surfaces
of the forest canopy during dry periods and be subsequently
mobilized by throughfall during rain events. We not only
observed enhanced throughfall DOC concentrations after a
long dry season, but also after a month of dry weather from
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FIGURE 5 | Monthly DIC concentrations. Monthly measurements of the concentration of DIC in rainfall, throughfall, stem�ow, overland �ow, soil solution,
groundwater, and stream water during rain events from February 2007 to January 2008.

Frontiers in Marine Science | www.frontiersin.org 10 June 2016 | Volume 3 | Article 114



Neu et al. Amazonian Forest Carbon Flow Paths

TABLE 2 | Annual DOC �uxes for rainfall, throughfall, net throug hfall, stem�ow, and overland �ow in the Amazon basin.

Study Location Annual DOC �ux (kg ha � 1 yr � 1) References

Rainfall Throughfall Net Throughfall Stem�ow Overland Flow Str eam

Canarana, MT 82.4 150.8 68.4 1.5 3.9 1.7 This study

Rondonia, RO 106.4 301.6 195.1 – – – Germer et al., 2007

Juruena, MT – – – – – 31.5 Johnson et al., 2006a

Paragominas, PA 123.4 149.0 – – – 4.1 Markewitz et al., 2004

Rio Negro, AM 27.5 190.0 – – – – Filoso et al., 1999

March to April 2007 (Figures 2, 3). These results illustrate the
importance of atmospheric deposition and forest metabolism
on throughfall organic carbon content. Rainfall DOC, on the
other hand, was elevated during the March 2007 sampling, and
once again depleted by the April 2007 samplings, illustrating that
the accumulation and solubilization of atmospheric particulates
with rainfall may, in some cases, occur more quickly than the
accumulation of OC in the forest canopy and mobilization by
throughfall. This is likely because throughfall DOC originates
from a range of sources including atmospheric particles and
sur�cial processes and characteristics. A similar magnitude of
DOC in throughfall (96.1� 68.0 mg C L� 1) was observed during
the �rst rain after a long dry period in other Amazonian forests
(Johnson et al., 2006a).

Stem�ow and overland �ow both had seasonal trends similar
to throughfall (i.e., maximal DOC after the �rst rain event
following a dry period). Stem�ow generally represents a relatively
minor �ux of carbon. For example, here we measured an average
DOC �ux in stem �ow of only 1.5� 1.1 kg C ha� 1 yr� 1, roughly
an order of magnitude less than the through�ow and rainfall
�uxes (Table 1; Figure 6). Stem�ow is primarily controlled by
tree diameter, bark rugosity, epiphyte presence, and the forest
ground �ora biodiversity (Dalva and Moore, 1991; Liu and
Sheu, 2003; Wang et al., 2004; Johnson and Lehmann, 2006).
For example, forests with extensive palm undergrowth generally
have increased stem�ow due to enhanced water collection
and dispersal by the large palm leaves (Lloyd and Marques,
1988; Germer et al., 2007). In this study, stem�ow was largely
in�uenced by bark rugosity and the presence of epiphytes, with
much higher stem�ow DOC concentrations observed in trees
with rugose bark and lichen coverage than trees with a smooth
bark. Surface complexities such as these can allow enhanced
accumulation of organic matter both from production and
decomposition processes.

Lowland and hillside sub-parcels generally contained
greater coverage of stem epiphytes and higher stem�ow DOC
concentrations than plateau sites. The lowland and hillside
parcels were in close proximity to the stream, resulting in
enhanced air humidity and epiphyte production, whereas
plateau sites were more exposed to wind and further from the
stream. Although stem�ow DOC concentrations were higher in
lowland and hillside parcels, the DOC �ux was greatest in plateau
sites, which had a larger proportion of trees with a diameter at
breast height> 5 cm than lowland and hillside parcels (Table 1).
The larger diameter trees provide a greater surface area for water

to �ow and organic carbon to solubilize (Dalva and Moore,
1991). Similar to our observations that stem�ow represents a
small DOC �ux relative to total rainfall, other studies in the
Amazon have shown that stem�ow represents from roughly 2%
(Lloyd and Marques, 1988) to 7–8% (Jordan, 1978) of the total
rainfall. Although the stem�ow DOC concentrations measured
here and elsewhere were relatively high, the volume of water
comprising stem �ow was low, resulting in a relatively small
DOC �ux ( Dalva and Moore, 1991; Hinton et al., 1998).

Overland �ow was generally low throughout the study
period. The forest soils were characterized by high clay content
and aggregate stability, allowing a high degree of in�ltration
(Brandão, 2006). There was no overland �ow present during rain
events with less than 6 mm of precipitation. Overland �ow was
generally highest in the lowland sub-parcels since the riparian
zone was primarily composed of saturated gleysols. These soils
are generally slow draining and sloped toward the stream channel
(Deckers et al., 1998). The highest concentrations and �uxes
of DOC in overland �ow were observed in the lowland sites
(Table 1), most likely because, relative to plateau and hillside
sites, higher levels of soil saturation allow a greater volume of
water to be in contact with litter layers. The overland DOC
�ux from plateau and hillside sites, on the other hand, was
low relative to other �ow paths due to the soil type and relief
characteristics. Overland �ow represents a rapid pathway for
carbon transport, and often contains the highest concentration
of DOC relative to other �owpaths in regions with highly
saturated soils, however the overland DOC �ux is generally low
because overland �ow represents a relatively small fraction of
total water �ow (Johnson et al., 2006a; Table 1). As with other
above ground �ow paths, overland �ow DOC concentrations
were highest during the �rst rainfall following a long dry period
(Figure 4).

A large amount of the DOC that enters soils as
throughfall/stem�ow is removed as it travels through soils
into streams (Qualls et al., 2002; Liu and Sheu, 2003). For
example, in the temperate Appalachian mountains, roughly 95%
of the DOC in throughfall was lost in soils prior to entering
streams; roughly 10–33% of this DOC loss was attributed to
biodegradation, while the remaining DOC was hypothesized
to be removed by mineral sorption (Qualls and Haines, 1992).
In this study, soil surface layers generally had high DOC
concentrations, which decreased with soil depth. Groundwater
had much lower DOC concentrations than the preceding �ow
paths during the rainy season, similar to other observationsin the
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FIGURE 6 | Annual DOC and DIC �uxes. The average annual �ux of DOC and DIC in rainfall, throughfall,stem�ow, overland �ow, and stream �ow in the Tanguro
Ranch watershed.

Amazon basin (Johnson et al., 2006a). Contrary to above-ground
�ow paths, groundwater DOC concentrations were highest
during dry periods (Figure 4), indicating that groundwater
DOC is primarily mobilized by base�ow and, perhaps, diluted
by rapid rainfall. As rainfall percolates through subsoil layers,
sorption of molecules onto iron and aluminum-rich mineral
surfaces can remove a large fraction of the DOC. Sorption
generally occurs rapidly relative to decomposition processes
(McClain et al., 1997; Qualls et al., 2002; Liu and Sheu, 2003;
Johnson et al., 2006a). Microbial degradation of OC in soils is
another important pathway for DOC loss, and has potential to be
enhanced by a warming climate (Feng et al., 2008). An emerging
view is that the degree of OC decomposition in litterfall and
soils is largely a component of environmental and biological
conditions rather than intrinsic molecular properties (Schmidt
et al., 2011).

Concentrations of DOC in the stream were a similar
magnitude as in groundwater, on average, but increased during
heavy rainfall after a dry period (e.g., February 2007). This
is similar to other observations of DOC concentrations in
temperate and tropical settings made during brief storm periods.
For example, high frequency measurements have illustrated
a strong correlation between stream discharge and DOC

concentrations during rapid rain events (Boyer et al., 1997;
Hinton et al., 1998; Bu�am et al., 2001; Ward et al., 2012). These
types of rapid loading events have been estimated to contribute
to as much as 86% of annual OC export in temperate forested
watersheds (Raymond and Saiers, 2010) and 71–85% of OC
export in temperate agricultural watersheds (Dalzell et al., 2007).
Similar to our observations of accumulation and mobilization of
DOC in above ground �ow paths, others have observed a seasonal
accumulation of OC in surface soil and litter layers, which is
mobilized at the beginning of the wet season (Bu�am et al., 2001;
Raymond and Saiers, 2010; Ward et al., 2012). In addition to
enhanced concentrations, it has been observed in both temperate
and high-latitude river systems that OC biodegradability can
increases with peak discharge during rain events (Bu�am et al.,
2001; Fellman et al., 2009). Although we observed enhanced
DOC concentrations during periods of increasing discharge,
rapid loading events were not as important with regards to annual
stream DOC �uxes as in the cases described above because stream
�ow was largely dominated by base�ow (Figure 3). In our study
site, stream �ow was low relative to the amount of precipitation,
likely as a result of high evapotranspiration rates (not measured
here). As a result, the estimated stream DOC �ux of 1.6 kg
C ha� 1yr� 1 was considerably lower than in other Amazonian
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streams (Table 2). The �ux of DOC in other Amazonian streams
has been shown to be as high as 31.5 kg C ha� 1yr� 1 for white
water streams and 190 kg C ha� 1yr� 1 for black water streams
(Johnson et al., 2006a). Stream �ow DOC �uxes are generally
lower in subtropical forests, ranging from 4.1 kg C ha� 1yr� 1

(Qualls et al., 2002) to 25 kg C ha� 1yr� 1 (Liu and Sheu, 2003).

Dissolved Inorganic Carbon
Contrary to the relatively high levels of DOC in above ground
compartments, the concentration of DIC was generally lowest
in above-ground �ow paths. Similar to other observations,
above-ground DIC concentrations were generally near
atmospheric CO2 saturation (Johnson et al., 2006b). The
highest DIC concentrations were observed in the soil solution
and groundwater. DIC concentrations generally increased
throughout the rainy season for each respective �ow path
(Figure 5). In contrast to DOC concentrations, above-ground
DIC concentrations progressively increased throughout the
wet season (Figures 3, 4). The observed increase in soil
solution DIC with precipitation is likely a result of enhanced
biological decomposition and root respiration with increasing
soil moisture. Soil solution DIC likely increased with soildepth
since biological CO2 production is rapid relative to atmospheric
gas exchange (Bekele et al., 2007). Plateau parcels had higher
DIC concentrations at 200 cm depth (3.7� 0.4 mg C L� 1) than
hillside and lowland parcels (2.7� 0.3 mg C L� 1) likely due to
a combination of relatively thicker soil layers that inhibit gas
exchange and less soil moisture in plateau parcels.

Root respiration and remineralization of organic matter to
CO2 are the primary sources of DIC in soils and subsequent
transport to groundwater reservoirs (Hope et al., 2004;
Johnson et al., 2006b). Environmental conditions such
as soil moisture/temperature, abiotic processes such as
mineral sorption/desorption, and biological community
composition/activity all in�uence rates of OC decompositionin
soils (Schmidt et al., 2011). The fuels for OC remineralization
range from simple substrates (e.g., carbohydrates) to molecularly
complex compounds such as lignin macromolecules (Otto and
Simpson, 2006; Feng et al., 2008; Kuzyakov, 2010; Thevenot etal.,
2010). A similar range of organic carbon fuels are decomposed
and remineralized to CO2 in streams and river channels (Benner
et al., 1986, 1995; Mayorga et al., 2005; Ward et al., 2013).
Photo-oxidative processes represent an additional pathway for
remineralization of OC to CO2 in stream waters, and in some
circumstances may enhance biological degradation rates (Hernes
and Benner, 2003; Rodríguez-Zuniga et al., 2008; Spencer et al.,
2009). Stream DIC concentrations were generally lower than in
soil solution and groundwater because gas exchange occurs more
rapidly in the aquatic environment (Hope et al., 2004; Johnson
et al., 2006b).

CONCLUDING REMARKS

Understanding the magnitude and dynamics of carbon export in
above and below ground �ow paths is critical for constraining
the in�uence of terrestrial and aquatic ecosystems on global
carbon cycling. The evolution of carbon constituents along the
continuum of terrestrial landscapes, inland waters, and ultimately
the ocean is potentially largely dependent on initial interactions
of raindrops with the surrounding environment. The results
of this study illustrate the seasonality of carbon concentrations
in above and below ground �ow paths in tropical forests.
Calculating a complete watershed carbon budget is logistically
di�cult, and, as such, �ux estimates made here and elsewhere
contain large uncertainties and methodological caveats that
should be considered when making global comparisons. The �ow
paths examined here represent spatially-heterogeneous and rapid
conduits, and as such, should be examined with increasinglyhigh
spatiotemporal resolution in order to fully unravel the complex
underlying processes and inherent variability.
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