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Abstract

The concentration and biomarker compositions of sedimentary organic matter (OM) as well as fine and coarse sus-
pended particles were analysed to identify the impact of deforestation on the transport of terrigenous organic matter
(OM) in the Rio Tapajos, a major tributary to the Amazon. Substantial shifts in the concentration and composition of
recently deposited sedimentary OM suggest that intensive deforestation over the last few decades has considerably
modified the natural inputs of sedimentary materials to the aquatic ecosystems by disrupting the terrigenous fluxes of
humus and soil materials from the drainage basin. The observed compositional changes of bulk OM and land derived
biomarkers (e.g. lignin) in recent sediments illustrate a sedimentary enrichment in OM from soil horizons that, under
normal forest cover, tend to be retained in the drainage basin. On average, the recently accumulated OM is nitrogen-
rich ((C/N)a=12-15) and more highly degraded ((Ac/Al)y=0.4-0.6 and DHBA/V =0.15-0.20) than deep materials
((C/N)a=20-30, (Ac/Al)y=0.25-0.4, and DHBA/V =0.05-0.10), showing that this recently accumulated material is
more humified than original inputs to the aquatic system, and consistent with increased exportation of fine eroded
mineral and organic particles from surface soils along river banks. The present study illustrates the relevance of using
OM oxidation products in sediment profiles to evaluate deforestation impacts on aquatic ecosystems and to characterize
the nature of eroded soil materials, complementing studies on mineral/metal cycling. © 2001 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Since the early parts of the 20th century, human and
economic developments in many drainage basins of the
Brazilian Amazon have increased exponentially and, as a
result, have been modifying forested habitats by trans-
forming them into pasture, silviculture plantations or
agricultural developments (Fearnside, 1991, 1993; Rou-
let et al., 2000). As emphasized by migrant Brazilian
movement, densification of the Amazon population in
the last several decades has resulted in an increase in
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deforested area, already at 14% of the initial forest in
the Rio Tapajos region (Myers, 1991; Fearnside, 1985,
1997). A vast proportion of the new settlers live on the
banks of the large Amazon rivers where forest clearing
modifies ecological cycles within the terrestrial environ-
ment (Phillips, 1997; Roulet et al., 2000), whereas soil
erosion adjacent to the rivers alters natural fluxes of ter-
rigenous materials to the aquatic environment (Sund-
borg and Rapp, 1986; Williams and Melack, 1997;
Millet et al., 1998; Roulet et al., 1998b, 1999, 2000).
Current information on the impacts of deforestation
focuses mainly on changes affecting the terrestrial eco-
system. For example, a number of studies have identified
alterations of soil processes such as nutrient drainage,
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fertility decline, desiccation, clay degeneration, loss of
topsoil, induration, etc. (Grimaldi et al., 1993; Tiessen et
al., 1994; Gerold, 1994; Juo and Manu, 1996; Williams
et al., 1997). Other studies have evaluated changes in the
forest community and report, among other effects, per-
turbations of plant succession and the local hydrological
cycle (Uhl and Saldarriaga, 1987; Crutzen and Andreae,
1990; Macedo and Anderson, 1993). But the con-
sequences of intensive deforestation on aquatic ecosys-
tem balance are not widely known. Recently, however,
studies conducted by Roulet et al. (1998a,b, 1999, 2000,
2001) on forest ecosystems, soils, sediments, and the
water column along the Tapajos, indicate ongoing large-
scale leaching and erosion of fine particulate mineral
material and associated mercury from soils along the
river banks illustrating a wide-ranging impact unknown
until then. Specifically, these studies suggest that
throughout the river valley, deforestation is at the origin
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of erosional processes that result in the increased export
of soil mercury to aquatic ecosystems and concomitant
increased contamination of the biota and human popu-
lations by this metal along the Rio Tapajos (Lebel et al.,
1996, 1997, 1998). The principal objectives of the pre-
sent study are to further evaluate the influence of bank
deforestation on the disruption of terrigenous fluxes of
organic matter (OM) to the receiving aquatic systems of
the Rio Tapajos.

The alkaline CuO oxidation of lignin macro-
molecules, major and unique structural components of
vascular plants (Sarkanen and Ludwig, 1971), yields
phenol compounds that have been used extensively in
the literature to trace the source and composition of
terrigenous OM inputs to lacustrine (Ishiwatari and
Uzaki, 1987), estuarine (Readman et al., 1986; Lou-
chouarn et al., 1997, 1999), coastal shelf (Hedges et al.,
1988b; Bergamaschi et al., 1997; Goni et al., 1997, 1998;
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Fig. 1. Studied region, Lower Tapajos River.
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Louchouarn et al., 1999; Keil et al., 1998) and pelagic
marine (Gough et al., 1993; Prahl et al., 1994) sedi-
ments. Recent studies have also applied this analytical
methodology to characterize and quantify the influence
of anthropogenic activities (e.g. pulp and paper mills’
effluents) on the fluxes of terrestrial OM to estuarine
environments (Louchouarn et al., 1997, 1999). In the
present study, we have used the same approach and
studied the history of the terrigenous organic sedi-
mentation in the Tapajos aquatic ecosystem to identify
the disturbances that have occurred in this system over
the last several decades, due to population densification.
This historical reconstruction of deforestation activities
is based on the comparison between elemental and
molecular concentrations and compositions in sedimen-
tary OM, fresh plant tissues and soil organic fractions
(i.e. humus and mineral horizons of the soils).

2. Study area and methods
2.1. Area studied

The present study was carried out in Central Amazo-
nia in the valley of the Lower Tapajos, a large tributary
of the Amazon River joining it at Santarém (02° 25’ S,
54° 42’ W). The Lower Tapajos basin rests on the geo-
logical formation of Alter-do-Chao, composed of Cre-
taceous age quartz-kaolinitic sediments derived from the
Precambrian shield (Putzer, 1984). While the slopes
along the Tapajos are composed of ultisols and podzols
subjected to severe drainage causing OM and mineral
depletion (Lucas et al., 1996), the plateau is comprised
of ferralitic soils (yellow clayey oxisols) that are rich in
mineral-organic complexes (Roulet et al., 1998a).

The Tapajos is a clear water river that transports little
particulate matter in contrast with the Amazon and its
rich suspension load. Like several major tributaries of
the Amazon River, the lower portion of the Tapajos
River subdivides into two hydrographic zones that gov-
ern the sedimentation processes (Sioli, 1984; Roulet et
al., 2000). The region upstream from Aveiro (Fig. 1), is
formed by a relatively narrow (2—4 km) river-floodplain
system (rio), characterized by a strong, central advection
current. In such systems, plankton development is neg-
ligible during all seasons and the low residence time of
water implies that sedimentary deposits are directly
influenced by advected materials rather than in situ
production (Roulet et al., 2000). Sediments in the rio
thus present a fluviatile character and are comprised
mainly of terrigenous, relatively coarse particulate mat-
ter. Immediately downstream from Aveiro, the river
suddenly widens (8—15 km wide) and turns into a “‘river
lake” (ria) where the current diminishes considerably.
The ria system is half-way between a fluviatile and a
lacustrine system, supporting strong planktonic growth

while also receiving advected sediments in its upstream
section (Roulet et al., 2000). In these environments, the
sediments are composed primarily of fine particulate
matter which incorporates both terrestrial and authi-
genic materials (Irion, 1984).

Additionally, seasonal variations in the hydrologic
cycle generate intermittent aquatic/terrestrial sub-
systems. During the rainy season the river bed overflows
and extended flooding occurs in the surrounding low-
lands creating floodplains which discontinue in the
upstream zone. Two main types of semi-terrestrial and
semi-aquatic ecosystems, characteristic of the Amazon
basin, develop with the annual dynamic fluctuations in
water level in the Tapajos River system: the varzeas,
lowlands that receive sediments from the river and are
cultivated in the dry season, and the igapos, forests that
tolerate several months of flooding (Sioli, 1984).

The population of the state of Para, has expanded
from 1 million in the 1970’s to more than 3 million at
present. Population growth and pressure in the Tapajos
area have modified the original forest ecosystem of the
river banks (Roulet et al., 2000). An observation of the
vegetation on the river banks, can lead to the rough esti-
mation that approximately half of the length of the banks
is characterised by a second-growth forest a few decades
old, with the other half supporting either a scrub vegeta-
tion called capoeira, or either subsistance plantation or
pasture. Certain zones, even more degraded from being
subjected to several successive fires, are severely eroded
and barren of any vegetation. Occupation of the land is
heterogeneous, some areas being colonized a few kilo-
metres inland, while other areas being only sparsely
occupied. A few hundreds of thousands people now live
in rural areas and cultivate the lands by the river.

2.2. Sampling sites

In order to understand the differences in the sedi-
mentation processes along the Tapajos, two sites were
chosen to sample the sediments (see Fig. 1). A small lake
set back from the main arm was selected to represent the
narrow part of the rio. Lago Piranga, located near the
village of Brasilia Legal (station 43; Fig. 1), is a small
lake of about 0.3 km? that is linked to the river at high
water season and completely isolated by an igapo forest
in the dry season. This channel-like lake characterized
by its long and narrow morphology (Hamilton and
Lewis, 1990) receives waters directly from the Tapajos in
the rainy season. Its sediments are composed of a mix-
ture of terrigenous inputs from the immediate sur-
roundings of the lake and fluviatile sediments brought
from upstream. Sampled in the middle of the lake, the
sediments of station 43 are dominated by terrigenous
inputs (Roulet et al., 2000). To represent the sedimen-
tary environment of a ‘“‘river-lake”, a core was taken in
open water, a few kilometres away from the shore,
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slightly after the mouth of the ria, near the village of
Cameta (station 73; Fig. 1). These sediments sampled
downstream from the main sedimentation zone have a
much finer granulometry than the Piranga sediments.
The ria sediments, less influenced by local terrigenous
inputs and more by the general state of the drainage
basin, are composed of both terrestrial and lacustrine
materials.

Suspended load samples were taken with the purpose of
getting a precise and current picture of the organic matter
leached from the banks and transported in the aquatic
system. The suspended particulate matter (SPM) was col-
lected during the course of two contrasting seasons. The
sampling from the beginning of the rainy season integrates
terrestrial material severely eroded by surface water.
Samples taken during the dry season characterize the
nature of the OM remaining suspended in the water.
The sampling sites of the fines covers a transect of the
Tapajos about 250 km long. The suspended coarse
fraction is collected only in the first half of this transect,
i.e. in the narrow section, as the rapid drop in current in
the expansion zone (upstream from the ria) is causing
complete sedimentation of the coarsest particulate matter
pulled by the strong current of the rio (Roulet et al.,
1998b).

2.3. Sampling

The sediment cores were extracted using an air-acti-
vated sampler and a Mackereth-type tube (1 m in length).
Subsequent to collection, each core was then subsampled
every centimeter. The coarse suspended particulate mat-
ter (CSPM) in the water column was filtered on a 63-um
net. The fine suspended particulate matter (FSPM) in the
water was then collected using tangential flow ultra-
filtration process (Millipore). Between 100 and 400 1 of
water were pumped, prefiltered on a 63-um net to remove
the sand-size fraction, then ultrafiltered with a 0.45-um
low protein-binding Durapore filter cassette (0.46-m?,
UF fraction). The particles from 0.45 to 63 pum making
up the FSPM were collected and concentrated down to
a volume of one liter. All samples were kept in a freezer
until lyophilization in the laboratories of the Université
du Québec a Montréal.

2.4. Geochemical analysis

Analyses were carried out to determine the content of
carbon (C), nitrogen (N) and terrigenous biomarkers for
all samples. Total carbon and total nitrogen concentra-
tions were determined after combustion using a Carlo
Erba analyser. The analyses carried out in triplicate
show a precision of £5%. The molecular components
of the OM were produced through copper oxidation,
following a method described by Hedges and Ertel
(1982), with slight modifications (Louchouarn et al.,

1997). Nine by-products of the oxidation were then
quantified by gas chromatography. Eight of the com-
pounds are lignin-derived phenolic monomers used
extensively in geochemistry to characterize the sources
and diagenetic state of vascular plant materials found in
aquatic systems (Hedges et al., 1984, 1986, 2000; Wilson
et al., 1985; Requejo et al., 1986; Gough et al., 1993;
Prahl et al., 1994; Goni et al., 1997, 1998; Louchouarn
et al., 1997, 1999). These compounds are divided into
three families: cinnamyls, syringyls and vanillyls
(Hedges and Mann, 1979). Among additional CuO oxi-
dation products, 3,5-dihydroxybenzoic acid (DHBA),
has been cited in the literature as a common product of
soil degradation processes (Christman and Oglesby,
1971; Ugolini et al., 1981; Prahl et al., 1994; Lou-
chouarn and Lucotte, 1998; Louchouarn et al., 1999).
Although its origin is yet uncertain, it tends to be
virtually absent in fresh vascular plant materials
(Louchouarn, 1997), whereas its phenolic structure and
relative increased concentration in soil OM suggest that
this compound may be a degradation by-product of
fresh vascular plant macromolecules (e.g. tannins and
other flavonoids; Christman and Oglesby, 1971; Goiii
and Hedges, 1995; Louchouarn et al., 1999), that accu-
mulate in soils during OM humification processes
(Ugolini et al., 1981; Prahl et al., 1994; Louchouarn,
1997; Louchouarn et al., 1999). Lignin oxidation by-
products are usually normalized on the basis of organic
C (Hedges and Mann, 1979), however, as very few car-
bonates are found in the clear electrolyte-poor water of
the central Amazon basin (Furch, 1984), the results
presented here are normalized on a total C basis. Each
of the individual CuO Oxidation by-products was
detected at levels above 0.03 mg/100 mg C, or at a scale
higher than the detection limit. Replicate analyses
showed that both phenol yields and ratios (see discus-
sion below) were measured with a precision of +5-10%
(Farella, 1998).

2.5. Description of the lignin parameters used

The sum of all eight lignin-derived phenolic mono-
mers in any sample is usually expressed as a normalized
yield to total dry mass of the sample (“sigma”, X8; mg/
10 gdw) or to carbon (“lambda”, 4; mg/100 mg C;
Hedges and Mann, 1979). Normalization of biomarkers
to total bulk organic matter content is a convenient
application to obtain first-hand information on changes
in organic matter composition within simple to complex
organic mixtures (cf. Hedges and Prahl, 1993). Shifts in
this property along a source-to-sink, reaction, or size
fraction continuum can indicate a process specific pre-
ferential enrichment/depletion of the biomarkers of
interest (cf. Hedges and Prahl, 1993; Keil et al., 1998).

In addition to the information yielded by mass- or
carbon-normalized lignin contents, internal parameters
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based on specific phenolic CuO oxidation products
highlight compositional differences in OM sources and
thus provide a means of discriminating between taxo-
nomic vascular plant groups (gymnosperms vs angios-
perms), tissue types (soft tissue vs woody tissues), and
diagenetic state or alteration of the original lignin
material (Hedges and Mann, 1979; Hedges et al., 1985,
1988a; Goni and Hedges, 1992; Goni et al., 1993;
Opsahl and Benner, 1995; Klap et al., 1999; Lou-
chouarn et al., 1997, 1999). For example, while vanillyl
phenols are present in all types of vascular plant tissues,
syringyl phenols are only incorporated in significant
amounts in angiospermous lignins, and cinnamyls are
only abundant in non-woody tissues (ex. leaves, bark,
needles, and pollen; Sarkanen and Ludwig, 1971;
Hedges and Mann, 1979; Goifii and Hedges, 1992;
Opsahl and Benner, 1995). Hence, a ratio of syringyl
over vanillyl phenols (S/V) appreciably greater than
zero in complex environmental mixtures is usually indi-
cative of the presence of at least some angiosperm tissue
whereas a ratio of cinnamyl to vanillyl phenols (C/V)
greater than zero is indicative of the presence of non-
woody materials (Hedges and Mann, 1979; Goii and
Hedges, 1992; Opsahl and Benner, 1995). Such sig-
natures, however, are not completely stable during bio-
logical or photochemical degradation of lignin materials
(Hedges et al., 1988a; Goiii et al., 1993; Opsahl and
Benner, 1995, 1998; Klap et al., 1999; Louchouarn et al.,
1999). Selective degradation of lignin subunits, and
particularly cinnamyls during leaching phases of fresh
non-woody materials (Haddad et al., 1992; Opsahl and
Benner, 1995; Klap et al., 1999), may affect source
reconstruction efforts when environmental signatures
are directly compared to fresh materials (cf. Hedges and
Prahl, 1993). First-hand solutions to these diagenetic
effects are to estimate the extent of degradation the ori-
ginal materials have suffered prior to sampling (see dis-
cussion below), and to sample pure source materials
(endmembers) at the latest possible stage of introduc-
tion to the environment under study (Hedges and Prahl,
1993; Prahl et al., 1994; Louchouarn et al., 1999).

To monitor the degradation state of original vascular
plant materials, the acid to aldehyde ratio of vanillyl
phenols ((Ad/Al)v) is commonly used since vanillic acid
is known to become more abundant during fungal and
microbial degradation of lignin (Hedges et al., 1988a;
Goiii et al., 1993; Opsahl and Benner, 1995) thus sub-
stantially elevating the (Ad/Al)v ratio above the range
typical of fresh plant tissues (0.15-0.30; Hedges et al.,
1986; Goiii and Hedges, 1992). In addition, elevated
concentrations of 3,5-dihydroxybenzoic acid (DHBA) in
soils also suggest a certain degree of OM maturation
(Ugolini et al., 1981; Prahl et al., 1994; Louchouarn,
1997; Louchouarn et al., 1999). Although this com-
pound may also be found in sediments receiving rich
inputs of kelps and brown macroalgae (these aquatic

plants are known to release significant amounts of
DHBA upon CuO oxidation; Gofii and Hedges, 1995),
in terrestrial and marine systems where these plant
sources are absent, the ratio of DHBA to vanillyl phe-
nols (DHBA/V) has been recently applied, in conjunc-
tion to the (Ad/Al)yv ratio, to characterize the
degradation state of complex terrigenous organic mix-
tures (Prahl et al., 1994; Louchouarn et al., 1999).

2.6. Statistical analyses

Statistical tests were applied to sediment samples.
Since none of the cases showed a standard distribution, a
nonparametric test was used, the Wilcoxon Mann With-
ney test. In every case the statistical significance obtained
(p) was similar to the significance resulting from the Stu-
dent parametric test (test 7). The values (p) presented
here were calculated using a statistical analysis program
(SAS Institute, 1996). The statistical tests were carried
out to differentiate the surface horizons from the deep
horizons. For the Piranga station sediment, 7 samples
from above 15 cm were compared to 10 samples from
below 40 cm and for the Cameta sediment, 4 samples
from above 12 cm were compared to 9 samples from
below 30 cm.

3. Results
3.1. Sediment profiles

Both sedimentary profiles from the Piranga and
Cameta stations (Figs. 2 and 3) show a shift in OM
content and signatures suggesting a large-scale historical
event affecting the homogenous inputs of terrigenous
OM recorded in the deepest sediments. The rio sedi-
ments show an abrupt change in the profiles at a depth
of about 40 cm, whereas such shift, though less sub-
stantial, is located much closer to the surface in the ria
(~12 cm). The amount of C in the rio profile increases
significantly (0<0.001) from about 13 mg/g in deep
sediments to 40-50 mg/g at the surface (Fig. 2a). This
variation correlates directly with a two- to four-fold
increase in mass-normalized lignin yields (sigma) in the
same intervals (Fig. 2a) suggesting that recently depos-
ited sediments have received greater inputs of terrestrial
materials rich in vascular plant compounds. In compar-
ison, although the change recorded in the ria is much
less marked, it remains significant (0 <0.05) for C which
increases from about 15 mg/g in deep sediments to 19
mg/g at the surface (Fig 3a). In contrast, sigma values in
these sediments, decrease slightly by 0.1 mg/g towards
the surface (Fig. 3a), suggesting that the increase in OM
content is not directly linked to larger inputs of lignin
materials. Although the mass-normalized lignin yields
measured in the ria (4.6+0.06 mg/10 gdw; Fig. 1.3a) are
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(Louchouarn and Lucotte, 1998; Louchouarn et al.,
1999).

Carbon-normalized total yields of lignin derived phe-
nols (lambda) offer two contrasting pictures of the ter-
rigenous OM transported to the Tapajos. The rio

consistent with sedimentary concentrations observed in
natural aquatic systems (Louchouarn et al., 1997), those
measured in surficial sediments from Lake Piranga are
only matched, in the literature, by perturbed sediments
receiving high influxes of lignin-rich industrial OM
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sediments show particularly high lignin yields that fluc-
tuate greatly along the sediment profile (6.1+2.2 mg/
100 mg C; Fig. 2b). Values, as high as these, point to a
strong vascular plant component in the sediments. The
ria sediments, on the other hand, show lower and rela-
tively stable values (3.4£0.3 mg/100 mg C) up to 12 cm
depth, followed by a constant and significant (p<0.01)
decrease towards the surface reaching a value of 2.1 mg/
100 mg C (Fig. 3b). The C/V and S/V ratios show the
same trend in both the Piranga and Cameta station
sediments with significant increases in both parameters
after the transition zone (Figs. 2c and 3c). The C/V
measured in the rio sediments increases three-fold, from
0.04 in deep sediments to 0.11-0.14 at the surface
(p<0.001), whereas the S/V increases in similar intervals
from 0.6 to almost 0.9 (p<0.001; Fig. 2¢). These ratios
show subtler increases in ria sediments, from 0.08 to
0.11 and from 0.73 to 0.78 for C/V and S/V, respectively
(p<0.01; Fig. 3c).

The lignin parameters that describe the state of
degradation of the lignin show equally significant shifts
in signatures for both sedimentary environments
(Figs. 2d and 3d). The (Ad/Al)v ratio increases towards
the surface from about 0.31 to 0.40 in the rio (p<0.001)
and from about 0.47 to 0.56 in the ria (0 <0.05; Figs. 2d
and 3d). These values are all within the lower range of
diverse temperate and tropical surface soils (Prahl et al.,
1994; Farella, 1998; Louchouarn et al., 1999) and indi-
cate only moderate alteration of lignin moieties present
in the studied sediments. The DHBA/V profiles are
more stable along the deep portions of the sediments
followed by a two-fold increases towards the surface in
both the rio (0.06 to 0.10-0.13; Fig. 2d) and the ria (0.11
to 0.15-0.20; Fig. 3d). All increases in biomarker sig-
natures parallel a two-fold decrease in (C/N)a ratios, (30
to ~15 and 20 to ~12 for the rio and the ria, respec-
tively; Figs. 2b and 3b) indicating that the newly depos-
ited OM is richer in nitrogen.

3.2. Suspended particulate matter

The suspended particulate matter (SPM) collected
during the dry and wet seasons show contrasting OM
content and composition within the two different gran-
ulometric fractions (Figs. 4 and 5). The carbon con-
centrations in the coarse suspended particulate matter
(CSPM) cover a higher and much wider range (184460
mg/g) than concentrations in the fine fraction (FSPM:
91+47 mg/g; Fig. 4a). A strong decreasing trend
appears in (C/N)a ratios along the river transect, from
high values (19) in the upstream reaches of the river
down to minimal values (8) in its lower reaches (Fig. 4b).
This trend seems to be related to particle transport pro-
cesses and advection currents with coarse materials
depleted in nitrogen ((C/N)a: 16+ 3) being abundant in
the upstream section whereas nitrogen-rich fines ((C/N)a:

104+2) dominate in the downstream section of the
transect. These observations are consistent with pre-
viously reported trends in nitrogen enrichment for fine
relative to coarse particles in freshwater suspended
solids (Hedges et al., 1986, 2000), soils (Hedges and
Oades, 1997; Roulet et al., 1998a,b), and marine sedi-
ments (Keil et al., 1994). Diverse observations seem to
suggest that high concentrations of coarse vascular
plant debris, with diverse diagenetic histories, are
responsible for high (C/N)a in coarse particles, whereas
finer particles tend to get enriched in nitrogenous
organic compounds that originate from humification
processes and/or from direct addition of bacterial bio-
molecules (see Hedges and Oades, 1997; Klap et al.,
1999; Hedges et al., 2000).

The substantial presence and wide variability of lignin
content in the CSPM (X£=160+55 mg/10 gdw) con-
trasts sharply with the close to an order of magnitude
lower and more constant yields in FSPM (X=23+7
mg/10 gdw; Fig. 4c). The high mass-normalized lignin
yields in the CSPM suggests that the coarse fraction
contains proportionately more lignin-rich plant debris
than the fine fraction, an observation that is consistent
with reported lignin enrichment in coarser particles
from soils and marine sediments (Guggenberger et al.,
1994; Bergamaschi et al., 1997; Keil et al., 1999). The
carbon-normalized lignin yields follow the similar gen-
eral pattern of decreasing values in the smaller size
fractions with values in the FSPM (2.74+0.8 mg/100 mg
C Fig. 4d) three-fold lower than those observed in the
CSPM (8.74+1.5 mg/100 mg C). The observed lambda
values in the Tapajos River fall in the same range as
those previously reported by Hedges et al. (1986, 2000)
for coarse and fine suspended particles in other Amazon
tributaries.

All phenol ratios also show differences along textural
differences, distinguishing the coarse fraction from the
fines (Fig. 5). Specifically, the CSPM is characterized by
lower C/V ratios (0.1140.02) than the FSPM (0.19+
0.11; Fig. Sa). Although this trend is similar to that
reported previously by Hedges et al. (1986) for the
Lower Amazon mainstream, it is opposite, however, to
the signatures observed in upstream tributaries of the
Amazon (CSPM: 0.1-0.3 and FSPM: 0.08-0.17; Hedges
et al., 2000). In this latter study, the coarse materials
seem to receive substantial sources of plant tissues enri-
ched in cinnamyl phenols, such as grasses, that become
less predominant in the lower reaches of the Amazon
basin. A marked shift is apparent in the diagenetic
indicator ratios with CSPM showing moderately altered
signatures ((Ad/Al)v: 0.69+0.11; and DHBA/V: 0.05+
0.01; Fig. 5¢c and d) relative to the much more degraded
materials observed in FSPM ((Ad/Al)v: 1.964+0.98; and
DHBA/V: 0.2740.07; Fig. 5c and d). These ratios sup-
port a pattern of increasing degradation in smaller size
fractions previously observed in suspended particles of
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the Upper and Lower Amazon (Hedges et al., 1986,
2000), soils (Guggenberger et al., 1994), and marine
sediments (Bergamaschi et al., 1997; Keil et al., 1998).
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vs. degraded fine particles along advection gradients in
estuarine and coastal environments (Prahl et al., 1994;
Keil et al., 1998; Louchouarn et al., 1997; 1999).

3.3. Terrigenous origin of sedimentary OM

To identify the nature of the change in sedimentary
OM inputs, organic signatures of the deep sediments
and more recent deposits were compared to terrestrial
endmembers of soil organic matter. To guide this source
reconstruction, the principal OM source (soil, humus,
wood and fresh leaves), as well as the sedimentary lignin

ratios, have been illustrated (Fig. 6a) in a property-
property C/V-S/V diagram (cf. Hedges and Mann,
1979). The average values and standard deviations of
the C/V and S/V values attributed to fresh plant mate-
rial (leaves and wood) from the Amazonian basin were
adapted from Hedges et al. (1986). The OM signatures
characterizing the soils and the humus were obtained
from Farella (1998), where the humus includes unrec-
ognizable litter fragments and the organic horizon from
sampled soils. Lignin signatures are presented for the
Piranga and Cameta stations, with surface deposits (0—
15 cm and 0-12 cm, respectively) illustrated separately
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Fig. 6. Compositional signatures in deep and surface sediments

as well as suspended particulate matter. a: C/V and S/V in different

environmental compartments; b: (Ad/Al)y and DHBA/V ratios in different environmental compartments; a: (C/N)a ratios and lambda
values in different environmental compartments. The rio and ria sediment signatures corresponds to values presented in Figs. 2 and 3.
Signatures of wood and leaves are taken from Hedges et al. (1986), while signatures of humus and soil are adapted from Farella
(1998). The DHA/V signatures are estimated near zero by the authors (see Section 4).
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from deep deposits (>40 cm and > 30 cm, respectively;
see Figs. 2 and 3). For both the Piranga and Cameta
stations, the overall C/V and S/V ratios range between
the major source types, suggesting that the sediments
receive lignin from a combination of terrestrial sources
(Fig. 6a). A second diagram (Fig. 6b), presenting the
state of degradation and a comparison of the (Ad/Al)v
and DHBA/V ratios, further characterizes terrestrial
organic materials present in the sediments. The average
values and standard deviations of the soils and humus are
adapted from Farella (1998). The leaf and wood (Ad/Al)v
ratios are taken from Hedges et al. (1986). For leaves and
wood, we assumed that DHBA/V were close to zero since
DHBA is virtually absent from fresh vascular plant tissues
(Louchouarn, 1997). The Piranga and Cameta sediment
signatures show (Ad/Al)v and DHBA/V ratios ranging
between those observed in fresh plant tissues, humus and
soil sources, and thus appear to represent a mixture of
fresh and degraded terrigenous OM (Fig. 6b). A third
diagram was build to orient the reconstruction of the
sediment signatures, and present carbon-normalized lig-
nin yields (lambda) vs. (C/N)a ratios (Fig. 6¢). Woods
exhibit extremely high (C/N)a values with ranges (~210+
70) an order of magnitude higher than those from leaf,
humus and soil (Fig. 6¢). Because wood signature plot
completely out of the significant scales on which all envir-
onmental signatures plot, we have not represented them in
the figure. Although deep sediments of both stations plot
in the general area of leaf, humus, and soil signatures,
surface sediments show much lower (C/N)a ratios and
slightly lower lambda values suggesting possible dilution
of surficial OM by particularly lignin-poor, nitrogen-rich
materials or authigenic sources of OM.

4. Discussion

In the Amazonian basin, the exponential growth in
human populations and development activities in the
last decades has resulted in significant losses of forest
canopy and the progressive exploitation of underlying
soils along river banks. Such practices have in turn
subjected fragilized soils to more invasive and extensive
leaching and physical erosion processes (Tricart, 1975;
Sioli, 1984; Roulet et al., 1998b, 1999), thus inducing
large-scale alterations of the natural geochemical cycles
of heavy metals (e.g. mercury) and organic matter in the
drainage basin (Farella, 1998; Roulet et al., 1998a,b,
1999, 2000, 2001). It has been shown that the sedi-
mentation of scoured materials occurs along the advec-
tion gradients in the rio/ria systems, with coarser
sediments being deposited in the upstream zones of the
river channels (rio) and the finer materials accumulating
in the downstream, less dynamic, environments of the
circular ria lakes (Sioli, 1984; Roulet et al., 1998a, 2000,
2001). A previous study at the same sites (Roulet et al.,
2000) reported that surficial sediments in both the
Piranga and Cameta lake cores are indeed enriched in
eroded soil materials with higher proportions of coarser
particles in the upstream core of the rio as opposed to
more abundant fine fractions in the downstream ria
environment. As stated in this study, although soil
erosion seems to promote an increased inputs of fine
minerals and associated mercury to the receiving lentic
systems, it is the sedimentation dynamics (related to
advection dynamics) that exert a direct control on the
sediment texture in the river system and the amplitude
of this increase.
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Radioisotope analyses of these sedimentary environ-
ments (Roulet et al., 2000) have shown increased inputs
of excess 2!Pb in recent sediments paralleling the
observed variations in aluminosilicates, iron oxyhy-
droxides, carbon, mercury, and textural variations. The
greater accumulated residual activity corresponds to
greater sedimentation of eroded soil materials contain-
ing appreciable quantities of excess 2!°Pb (cf. Eakins et
al., 1983; McCall et al., 1984; Roulet et al., 2000).
Although the geochronological assessment of these
increased inputs is still imprecise, even using non steady-
state depositional models (see Roulet et al., 2000), the
correlation of sediment profiles with historical and geo-
graphical indicators of regional colonization, point to
an acceleration of erosion, transport, and deposition of
terrigenous materials during the 1950-1970’s (Roulet et
al., 2000). Apparent from the sediment profiles in Figs. 2
and 3, the OM signatures do show substantial differ-
ences between subsurface and deep sediments at both
sites that parallel the geochemical shifts previously
reported. The marked variations in OM content and
composition indicate that a change occurred at a similar
point in time in the nature of the OM transported and
settled at the bottom of the river complementing the
information on inorganic geochemistry by assessing the
organic nature of the major sediment perturbation.

Source reconstruction efforts of OM inputs to sedi-
ments are dependent on a good constraint of the effects
of degradation on biomarker yields and signatures
(Hedges et al., 1985; Haddad et al., 1992; Opsahl and
Benner, 1995; Klap et al., 1999; Louchouarn et al., 1999;
Onstad et al., 2000). Although selective losses of cinna-
myls, and to a certain extent syringyls, have been
observed during fungal, microbial, and photochemical
degradation of lignin (Hedges et al., 1988a; Goiii et al.,
1993; Opsahl and Benner, 1995, 1997; Klap et al., 1999;
Louchouarn et al., 1999), lignin signatures (C/V and S/V)
of mature OM can still retain a good amount of source
information (cf. Louchouarn et al., 1999; Opsahl et al.,
1999; Hedges et al., 2000; Onstad et al., 2000). More-
over, although slight losses of cinnamyl and syringyl
phenols have also been reported during aquatic degra-
dation of terrigenous OM at the sediment-water inter-
face in estuarine environments (Louchouarn et al.,
1996), in situ alteration of lignin composition is usually
minor within sediments (Hedges et al., 1982; Ishiwatari
and Uzaki, 1987; Louchouarn et al., 1997), and still
allows for source reconstruction of terrigenous OM
inputs as long as the mature source endmembers are
known (cf. Louchouarn et al., 1999).

In our study, the sediment source reconstructions have
the considerable advantage of integrating OM terrigenous
sources that are already degraded along a source to sink
continuum (i.e. from humus and soils to suspended parti-
cles to sediments). In organic and mineral soil horizons,
aerobic degradation processes may modify considerably

the initial organic compositions (Farella, 1998), but
these new altered signatures then tend to be well pre-
served all the way into sedimentary deposits (cf. Prahl et
al., 1994; Louchouarn et al., 1999). The sediment sig-
natures can therefore be directly correlated with the
degraded sources without the necessity of taking into
account the deterioration of fresh plant matter in the
terrestrial environment. Furthermore, a comparison of
surface sediment OM signatures with SPM suggests that
aquatic diagenesis, if present, only slightly alters lignin-
derived phenol signatures recorded in the sediments
(Figs. 2 and 3). The surface sediments of the rio and the
ria indeed show (Ad/Al)v ratios in the lower range of
those observed in both coarse and fine SPM (Fig. 6b),
suggesting that aerobic deterioration processes modify-
ing the SPM before it settles are relatively weak. Simi-
larly, the C/V and S/V signatures of surficial sediments
are within the range of CSPM, further suggesting a lack
of a selective diagenetic effect on individual lignin-
derived phenol families beyond that occured in soils.
For our reconstruction of the terrigenous sources of the
sediments, we therefore assumed that lignin source sig-
natures are not altered to any great extent during aqua-
tic transport and transit to receiving surficial sediments.

4.1. Sources of OM inputs to the Lago Piranga
sediments

The homogeneity of lignin signatures in the horizons
below 40 centimeters suggest that the source materials
to these sediments have formed a relatively constant
combination throughout the years. The very low C/V
values (~0.04; Fig. 6a) of deep sedimentary organic
fractions point to either a marked presence of woody
materials or of substantially altered vascular non-woody
plant tissues (e.g. highly altered grass tissues). The rela-
tively low diagenetic signatures observed in these sedi-
ments (Fig. 6b), rule out the possibility of highly
degraded materials as a predominant source of OM and
seem to suggest, instead, that a mixture of moderately
altered woody and non-woody tissues comprise the bulk
of the terrigenous OM inputs. The high lambda and (C/
N)a values in these sediments (Fig. 6¢) further support
the inference that vascular plant macrodebris (e.g. leaf
and woody fragments) constitute the predominant
source of terrigenous OM inputs to the sediments of the
rio.

The relative increase in phenol ratios recorded above
the depth of 40 cm in the Piranga sediment gives evi-
dence for a radical shift in the source and quality of
terrigenous OM recently deposited at the bottom of the
rio (Fig. 6a and b). The enrichment in cinnamyl and
syringyl phenols (Fig. 6a) suggests greater inputs of leaf
debris and OM coming from humus or surface soil litter
(C/V ~0.12 and S/V ~0.86; Farella, 1998) while the
concomitant increases in diagenetic signatures ((Ad/Al)y
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and DHBA/V; Fig. 6b), show that this material is gen-
erally more degraded than the deep sedimentary OM.
This trend is opposite to the effects of oxidative degra-
dation on lignin materials that tend to reduce lignin
compositional ratios while increasing its acid/aldehyde
ratios (Hedges et al., 1988a; Goiii et al., 1993; Opsahl
and Benner, 1995, 1997). The synchronous two- to four-
fold increases in mass-normalized lignin yields (Fig. 2a),
show that the recent sediments have received higher
inputs of terrigenous OM, whereas the compositional
and diagenetic parameters point to a more complex
source composed of a mixture of humified woody and
non-woody plant tissues. Concomitant to this change
is a substantial drop in (C/N)a ratios (Fig. 6¢), show-
ing that surficial sediments of the rio have also been
accumulating nitrogen-rich OM.

Leaching of soil particles during natural runoff pro-
cesses seems to contribute to selective inputs of OM to
aquatic systems by favouring the preferential retention
of certain compounds by fine soil particles (cf. Hedges et
al., 2000). Under natural forest cover, nitrogen-rich fine
particles (Hedges and Oades, 1997; Keil et al., 1998;
Roulet et al., 1998a,b; Hedges et al., 2000) may be phy-
sically retained in the soils while coarser lignin-rich
materials (Bergamaschi et al., 1997; Hedges and Oades,
1997; Keil et al., 1998; Hedges et al., 2000) may be
entrained more efficiently to sedimentary deposits. A
potential mechanism that could support such a “parti-
tion” of coarse vs. fine particles could reside in the
dynamic seasonal overflowing of the river banks and
igap6s during the rainy season increasing the mobiliza-
tion of litter, leaf, and wood debris to the aquatic sys-
tem. Although this hypothesis is consistent with the
“regional chromatography” paradigm of selective bio-
molecular partitioning in soils within the drainage basin
of the Amazon (cf. Hedges et al., 2000), it may require
more work to show that coarser plant macrodebris are
indeed mobilized preferentially from natural soils rela-
tive to fine mineral particles. Significant differences in
compositional and diagenetic signatures are indeed
observed between CSPM and FSPM (Fig. 6a and b),
with coarse materials enriched in moderately altered
lignin-rich fragments whereas fine minerals tend to be
more depleted in lignin materials and show high diage-
netic and compositional signatures (see also Hedges and
Oades, 1997; Keil et al., 1998; Hedges et al., 1986, 2000).
Prior studies in these same environments (Roulet et al.,
1998a, 2000, 2001), have shown that strong textural
changes in surface sediments and suspended particles
occur throughout most of the Lower Tapajos basin due
to increased erosion of fine particles from watershed
soils that had been stripped of their forest cover. These
fines contribute, in addition to increased inputs of terri-
genous iron oxyhydroxides, aluminunosilicates and
associated heavy metals (e.g. mercury), to higher inputs
of nitrogenous compounds usually associated with sub-

surface soil materials (Roulet et al., 1998b, 2000). The
shifts in biomarker signatures and total OM content
between deep and surface sediments of Lago Piranga are
thus consistent with a textural shift to higher propor-
tions of fines observed in recently deposited sediments.

4.2. Sources of OM inputs to the Lago Cameta
sediments

Downstream from the main sedimentation zone, the
ria sediments naturally receive a greater proportion of
fine particulates than the rio sediments (Roulet et al.,
2000). The lack of coarse particulate matter in the sus-
pended sediments downstream of Aveiro (Fig. 4) attests
to the rapid sedimentation of the coarsest particulate
upstream from the river lake system and suggests that
most sedimentary material in this environment should
show characteristics typical of finer materials.

The terrigenous organic composition recorded in the
deep sediments of the ria (Fig. 6) indicates a slightly
different origin than at the upstream rio station. The
compositional and diagenetic indicators both show
higher proportions of altered non-woody materials that
are very similar to the recent inputs accumulated at the
surface of the Lago Piranga core. It seems that these
older sediments received higher inputs of altered OM
usually associated with the finer particles that tend to be
more abundant in these sedimentary deposits (Roulet et
al., 2000). The low (C/N)a ratios (Fig. 6¢) further sup-
ports the contention that these sediments received
higher proportions of soil OM associated with fine par-
ticulates.

A modification in the lignin content and composition
at a depth of 12-13 cm in the Cameta sediments seems
to correspond with the change recorded in the Piranga
sediments (Figs. 2, 3 and 6). Sedimentation and the
selective transport along the river imply nonetheless that
the ria sediments record the impacts of deforestation
differently. The main difference in the perturbation
record of the ria sediment resides in the marked trans-
port of lignin coming from the mineral horizons of the
soils of the drainage basin. Although the source sig-
natures (Fig. 6a) are indistinguishable from those found
in surface sediments of the rio, both diagenetic indicator
ratios illustrate a higher state of degradation of sedi-
mentary OM with a predominant input from fine soil
particulates (Fig. 6b). The decreases in (C/N)a, lambda,
and sigma values (Figs. 3a and 6¢) are consistent with
an increased proportion of degraded substances from
lignin-poor, nitrogen-rich soil mineral particles (see also
Hedges and Oades, 1997). However, these signature
changes could also be indicative of greater sedimenta-
tion of planktonic remains, resulting from enhanced
authigenic production triggered by nutrient release fol-
lowing deforestation. Although the full extent of dilu-
tion of terrigenous OM by authigenic inputs may only
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be known by independent means, such as carbon iso-
tope analyses (cf. Goiii et al., 1997, 1998; Louchouarn et
al., 1999), the temporal and spatial shifts in biomarker
signatures (in relation to deep sediments and upstream
sediments, respectively) (1) support earlier studies by
Roulet et al. (1998a,b, 1999, 2000, 2001) that erosional
processes have a widespread impact on the Tapajos
River system, and (2) suggest that transport mechanisms
of terrigenous particulate matter in the aquatic system
maintain the imprint of OM inputs on a short spatial-
scale resolution.

5. Conclusion

The historical reconstruction of the terrigenous OM
transported to the Rio Tapajos sediments reveals the
specific transport and sedimentation processes in the rio/
ria systems in Amazonia and identifies the impacts of
deforestation on carbon exchanges between the terres-
trial and aquatic ecosystems. Massive colonization of
the Tapajos River banks started some 30 years ago and
is visible in all sedimentary environments of the Tapa-
joOs, attesting to the large-scale impact of human activ-
ities in the region.

The sediment recordings make it possible to trace the
nature of the eroded terrigenous matter resulting from
deforestation. The major change in sedimented OM,
which consists of mature OM transported from the soils,
denotes a complete destabilization of the equilibrium
between terrestrial and aquatic ecosystems. Before the
perturbation, the Tapajos sediments received mainly plant
debris from trees and soil litter in upstream environments
of the river, and finer more altered materials in down-
stream, less dynamic river-lake sections. Intensive defor-
estation has contributed to erosion and the subsequent
sedimentation of soil particulates from surface organic
horizons as well as from subsurface mineral horizons.

The old and recent sedimentary deposits in the two
studies environments seem to provide information con-
sistent with the ‘regional chromatography model”
(Hedges et al., 2000), which states that interactions
between maturing organic matter and mineral phases
occur in the drainage basin before introduction of these
particles to the aquatic system. Moreover, it seems that the
physical processes that constrain fine and coarse particu-
late matter transport also control organic (this study) and
inorganic (Roulet et al., 2000) sedimentary compositions
in Amazonian tributaries. Finally, although this study
shows that biomarker studies can provide for a fine reso-
lution of OM input sources to aquatic systems, one must
take into consideration sedimentation dynamics in large-
scale environments to avoid caveats due to changes in
sediment size fractions (see Louchouarn et al., 1999).

Local practices of land use based on repeated forest
burning on the banks of the Rio Tapajos destabilizes the

natural equilibrium reached in the transport of terres-
trial matter to the streams. The accentuated erosion of
the soils on the banks implies a number of imbalances in
the aquatic ecosystem: mercury accumulation in the
sediments (Roulet et al., 1999, 2000), an increase in the
turbidity of the water and organic matter inputs, as well
as, eventually, accrued planktonic growth. Using the
plateau for agriculture rather than the water front,
which is vulnerable to erosion, as well as planting trees
on the degraded rio banks could limit the transfer of
terrigenous materials to the aquatic environment.
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