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Fatty acid (FA) composition and stable isotope (8'3C, '°N) signatures of four aquatic plants, plankton,
sediment, soil and suspended particulate organic matter (SPOM) collected from open floodplain lakes
(Varzea) and rivers of the central Brazilian Amazon basin were gathered during high and low water stages
in 2009. SPOM from Varzea had a major contribution of autochthonous material from phytoplankton and
C3; aquatic plants. As shown from stable isotope composition of SPOM (5'3C —31.3 +3.2%.; §'°N
3.6 + 1.5%0), the C4 aquatic phanerogam (3'3C —13.1 £ 0.5%0; 5'°N 4.1 + 1.7%o) contribution appeared to
be weak, although these plants were the most abundant macrophyte in the Varzea. During low water sea-
son, increasing concentration of 18:3m3 was recorded in the SPOM of lakes. This FA, abundant mainly in
the Varzea plants (up to 49% of total FAs), was due to the accumulation of their detritus in the ecosystem.
This dry season, when connectivity with the river mainstem was restricted, was also characterized by a
high concentration in the SPOM of the cyanobacteria marker 16:1®7 (up to 21% of total FAs). The FA com-
positions of SPOM from the Amazon River also exhibited significant seasonal differences, in particular a
higher concentration of 16:1®7 and 18:3®3 during the dry season. This suggests a seasonal contribution
of autochthonous material produced in Varzea to the Amazon River SPOM.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The transport of carbon by rivers is an important and well doc-
umented component of the global carbon cycle (Ludwig et al.,
1996; Cole et al., 2007). Distinction is generally made between
the organic and inorganic species, which account for 40% and
60%, respectively, of the 0.9 x 10'> g Cy~! carried every year by
the world’s rivers (Meybeck, 1993). Sources of organic carbon
(0C) include input such as soil, production by heterotrophic organ-
isms and assimilation by phytoplankton and periphyton (Barth and
Veizer, 1999; Duarte and Prairie, 2005). However, their relative
contributions to the total flux have not been fully evaluated
(Bianchi and Allison, 2009) and are needed to assess the lateral
exchange of organic carbon between ecosystems (Bouillon and
Connolly, 2009).

The Amazonian basin is the largest river system on Earth, drain-
ing >6 x 10° km?, contributing to up to 20% of all river discharge to
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the oceans (Sioli, 1984; Goulding et al., 2003). In the Amazon River
system, CO, degassing has been estimated at 0.47 x 10> gCy~!
(Richey et al., 2002), more than half Meybeck’s (1993) calculations
worldwide, and comparable with the estimated CO, released
through deforestation and carbon sink by pristine forest in the
Amazonian basin (Malhi et al., 2008). Characterization of inputs
to the Amazon have identified transport of unreactive and highly
degraded OM from upstream sources within the Solimdes and Ma-
deira rivers (Hedges et al., 1986; Aufdenkampe et al., 2007). How-
ever, Mayorga et al. (2005) analyzed 'C in the CO, from the
Amazon and showed that most of it originated from rapid recycling
of young OC.

Large parts of the Amazon River are subjected to periodical
floods in the surrounding central Amazon area, due mainly to spa-
tial and temporal distribution of rainfall in the headwaters (Junk,
1997). This creates large temporary wetlands called Varzea, which
account with rivers for a total area of ca. 350,000 km? (Melack and
Hess, 2010). A lateral contribution from Varzea of labile OM
(Moreira-Turcq et al., 2003) has also been identified, as suggested
by Martinelli et al. (2003), with large stretches of the river mar-
gin falling into the river during the flood period. This suggests,
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therefore, that the pool of OC produced in the Varzea is responsible
for the large carbon flux from land to water and atmosphere in the
Amazonian basin.

The fatty acid (FA) composition of OM has been successfully
used to detail food web relationships (Dalsgaard et al., 2003; Hall
et al., 2006; Nerot et al., 2009) and to differentiate (i) bacteria
and fungi in soil (Frostegard and Baath, 1996) and (ii) phytoplank-
ton and macroalgae in sediments (Meziane et al., 1997, 2006; Hu
et al., 2006) and (iii) allochthonous and autochthonous particulate
OM (Xu and Jaffe, 2007; Bechtel and Schubert, 2009). The FA com-
position of suspended particulate organic matter (SPOM) in the
Amazon River has revealed a contribution from an unreactive
and highly degraded OM component (Saliot et al., 2001).

Other markers, such as the natural 5'3C and §8'°N signatures,
have been widely used to elucidate the source and fate of OM with-
in aquatic environments (Gu et al., 1994; Kaiser et al., 2003;
Hunsinger et al., 2010), to characterize nutrient utilization by auto-
trophs (Teranes and Bernasconi, 2000) and to describe food web
topology (Vander Zanden and Rasmussen, 2001; Riera and Hubas,
2003). Isotopic ratios of carbon and nitrogen can also be helpful
in distinguishing between aquatic and terrestrial primary produc-
ers. However, their respective isotopic signals can be difficult to re-
veal in freshwater areas that receive varying contributions of OM
from different photosynthetic sources such as phytoplankton or
C3 and C4 terrestrial and aquatic plants from the Amazon basin
(Hedges et al., 1986; Townsend-Small et al., 2005).

The aims of the present study were to (i) characterize OM in
both Varzea and rivers by investigating FA composition and isoto-
pic signatures in aquatic plants, soil, sediments, plankton samples
and particulate OM, (ii) follow the seasonal flooding impact on the
quality of particulate OM and (iii) trace connectivity between lakes
and rivers in the Amazon ecosystem.

2. Material and methods
2.1. Study area

Three types of water occur throughout the Amazon River basin:
white water, black water and clear water (Sioli, 1984). In the upper
part of the basin, the Solimdes and Madeira rivers, the main tribu-
taries of the Amazon, are white water rivers with high dissolved
and particulate concentrations as a result of the vast amount of
nutrient-rich sediment carried from the Andes (Stallard and Ed-
mond, 1983; Sioli, 1984). Rivers draining only the low relief and
forested areas are either “black water” or “clear water” rivers, with
low inorganic dissolved content and low suspended particle con-
centration (Gibbs, 1967). The Negro River water is “black” and,
originating in the lowest Amazonian terrain and wetlands gener-
ally dominated by podzol soil, is loaded with OM in colloidal sus-
pension and intensely colored by humic matter (Stallard and
Edmond, 1983). The clear waters of the Tapajos River are relatively
transparent and green colored, originating in the Precambrian
Shields with a related catchment area that has no podzol, being
are neither turbid with detrital material nor colored by humic
compounds (Sioli, 1984; Konhauser et al., 1994).

Samples were collected on a ca. 800 km transect along the low-
er Amazon River basin from Manacapuru on the Solimdes River, to
Santarem at the mouth of the Tapajés River, located in a gradient of
decreasing flooded forest area and increasing open lake area
(Fig. 1). The main channels of five rivers were selected (Solimdes,
Negro, Madeira, Amazon and Tapajés; Table 1) as well as five Var-
zea (Cabaliana, Janauacd, Canacari, Miratuba and Curuai; Table 1).

Two cruises were conducted in June 2009 during the high water
season (HW) and October 2009 one month before the lowest water
stage, referred to here as the low water season (LW). In June, as the

water level was the highest in the last century, the study area was
extensively inundated, enhancing exchange and mixing between
the river mainstem, the flooded forest and the open floodplain
lakes. In October, the water level was minimal, allowing little inter-
action with the main channel. The difference in water level at
Obidos between HW and LW was 6 m; the amplitude is generally
3-4 m more upstream near Manaus (Sioli, 1984).

2.2. Sample collection and preparation

Leaves and roots of four macrophyte species were collected in
HW, whereas no macrophytes were found during LW, as observed
by Junk (1985). The four species were Eichornia sp. (water hya-
cinth), Paspalum repens (water paspalum), Pistia stratiotes (water
lettuce) and Salvinia auriculata (eared watermoss). The vegetation
consists of floating grasses that form floating mats or “meadows”
(Junk and Howard-Williams, 1984). These species have been char-
acterized as C3 aquatic plants, except for P. repens which is a C4
species.

Plankton nets of 20 pm and 63 pm mesh size were used to col-
lect particulate OM within the Varzea. The nets were dragged
(10 min) from a small boat at 3 kmh™! maximum speed. From
the sediment collected from Varzea using a Van Veen grab of
1000 cm?, only the first superficial 1 cm was sampled. Soils sam-
ples were collected in the non-flooded area using a gardening tro-
wel. The first 2 cm were removed in order to eliminate dead leaves
and other detrital material.

SPOM samples were collected using a Niskin bottle and filtered
immediately through glass fiber filters (Whatman GF/F, porosity
0.7 pm, 47 mm diam.) using a vacuum system, under low pressure.
The filters were pre-combusted at 450 °C for 12 h and individually
weighed. SPOM samples were also collected from the rivers’ main-
stem, with one station repeated in HW and LW seasons for the Ne-
gro, Solimdes, Madeira and Tapajoés rivers, and four stations along
the Amazon mainstem in both seasons (Table 1).

Three replicate were collected at each station and all samples
were frozen (—20 °C) on the research vessel and transported frozen
to France for lipid analysis.

2.3. FA extraction and analysis

Samples were processed following a slightly modified version of
Bligh and Dyer (1959) as in Meziane et al. (2007). Lipids were ex-
tracted via ultrasonication for 20 min with distilled water:-
CHCl3:MeOH (1:1:2, v:v:v). An internal standard (23:0 FA: 10 ng)
was introduced to the samples before extraction. The addition of
a distilled water:CHCl; mixture (1:1, v:v) formed a two layer sys-
tem enhanced by way of centrifugation (3000 rpm, 5 min). The
lower CHCI; phase containing the lipids was retained, concentrated
under a N, flow, and the residue saponified under reflux (90 min,
90 °C) with 2 mol NaOH:MeOH (1:2, v:v). Saponification and meth-
ylation were according to Meziane and Tsuchiya (2002) in order to
obtain the total lipids as methyl esters. The FAs were separated and
quantified by way of gas chromatography (GC; Varian CP-3800
equipped with flame ionization detector). Separation was per-
formed using a Supelco OMEGAWAX 320 column (30 m x
0.32 mm i.d., 0.25 pum film thickness) with H, as carrier gas. After
injection of 1 pul of sample at 60 °C, the temperature was raised
to 150°C at 40°Cmin~!, then to 240°C (held 14 min) at
3°Cmin~'. Most FA peaks were identified by comparing their
retention times with those of authentic standards (Supelco™ 37,
PUFA-1 Marine Source, and Bacterial Mix; Supelco Inc., Bellefonte,
PA, USA). For some samples, peaks of FAs were confirmed with GC-
mass spectrometry (GC-MS; ThermoFinnigan TRACE DSQ). FAs are
designated as X:YwZ, where X is the number of carbons, Y the
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Fig. 1. Sampling sites on the Amazonian Basin (Brazil). Framed areas highlight the different Varzea. For each station, black squares are for HW and white circles for LW. Based

on Martinez and Le Toan (2007).

Table 1

Conductivity, depth and suspended particulate matter (SPM) of Varzea and rivers sampled during high water (HW) and low water (LW).?

HW (June 2009)

LW (October 2009)

Stations (n) Conductivity (puS) Depth (m) SPM (mgl11) Stations (n) Conductivity (uS) Depth (m) SPM (mgl1)

Vdrzea

Cabaliana 2 741 14.1 £0.05 41+0.2 2 75£5 11+55 6.7+13
Janauaca 3 42+2 13.1+£1.2 7.1+£0.5 3 59+12 46+1.7 9.4+42
Mirituba 3 47 +4 104+14 26.7+5.2 3 55+2 46+1.7 60.3 +27.1
Camagari 3 42+9 111+14 8.8+42 4 44+0 38+14 23.2+9.7
Curuai 6 45+2 83+1 15.7£5.1 3 45+5 202 53.4+25.1
Rivers

Negro 1 120 23+03 1 810 45+14
Solimdes 1 710 255+13 1 76 £0 60.6 +2.6
Amazon 4 52+5 164+7 4 63+3 369+6.2
Madeira 1 410 67.9+6.1 1 770 412+1.7
Tapajés 1 180 3+06 1 18+0 28+04

@ Data are mean (n) +S.D.

number of double bonds and Z the position of the ultimate double
bond from the terminal methyl.

The concentration of each FA (Cea MEor ra/8of dry weight) Was cal-
culated according to Schomburg (1987):

Cra = As/Ais x Cis/Ws

where As is the peak area of the FA, Ajs the peak area of the internal
standard, C;s the concentration of the internal standard (mg) and Ws
the dry weight of sample (g).

2.4. Stable isotopes

The isotopic ratio (R) values of dried samples ('3C/?C or
15N/'N) were determined at the UC Davis Stable Isotope Facility
(Department of Plant Sciences, University of California at Davis,
Davis, California) using a Europe Hydra 20/20 mass spectrometer
equipped with a continuous flow isotope ratio monitoring (IRM)
device and are reported in standard delta notation (5'3C or 5!°N),
defined as parts per thousand (%.) deviation from a standard
(Vienna Peedee belemnite for §'3C and atmospheric N, for 5!°N)
(Peterson and Fry, 1987):

513C or 515N = [(Rsample/Rstandard) - 1] x 1000

The analytical precision (standard deviation for repeated mea-
surements of the internal standards) for the measurement was
0.06%0 and 0.13%. for 5'3C and 8'°N, respectively.

2.5. Data analysis

The PRIMER 5 software was used for multivariate analysis
(Clarke, 1993). The data matrices (% of total FAs) were used to cre-
ate triangular similarity matrices, based on Bray-Curtis similarity
coefficient. All FAs were used in the analyses and no transforma-
tion was performed on the data. Differences in FA composition
among factors were tested using separate one-way analysis of sim-
ilarity (ANOSIM) and the statistic test was computed after 5000
permutations. Factors used for the analysis where tissue (two lev-
els: leaves and roots) and species (four levels, Eichornia sp., P. re-
pens, P. stratiotes and S. auriculata) for macrophyte samples, and
season (two levels: HW and LW) for plankton net, sediment and
SPOM samples. The size of the mesh was used as another factor
for plankton net samples (two levels: 63 and 20 pm). Where differ-
ences in FA composition were detected, similarity of percentage
(SIMPER) tests, a module of PRIMER 5, were used to determine
which FAs drove the differences between two sets of data. Tempo-
ral variation in FA composition of plankton samples, sediments and
SPOM was displayed separately for each area using non-metric
multi-dimensional scaling (MDS) plots based also on Bray-Curtis
similarity measures.

Differences in concentration of selected individual FAs as well
as §!3C and 8'°N stable isotope signatures vs. season were tested
using one-way analysis of variance (ANOVA) and the student t-test.
The FAs selected for analysis of variance included those identified
by way of SIMPER. Prior to ANOVA, all data were Box and Cox
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(1964) transformed and tested for homoscedasticity (Levene and
Bartlett tests) and normal distribution of residuals (Shapiro-Wilk
and Jarque-Bera tests). Tukey’s HSD Post-hoc tests were then used
to determine the differences between groups. ANOVAs were per-
formed using the XLSTAT-Pro 2010 software and for all tests the
probability oo was set at 0.05.

3. Results
3.1. FAs in macrophytes

The FA composition of the macrophytes species is summarized
in Table A1 in the Appendix. Up to 38 FAs were identified; 16:0,
16:1®7, 18:206 and 18:3w3 contributed up to 73-84% of the to-
tal FA content of leaves of P. repens, P. stratiotes and Eichornia sp.,
whereas in roots, 14:0, 16:0, 16:1®7 and 18:2w6 contributed up
to 67-71% of the total. ANOSIM analysis found significant differ-
ences between FA profiles (% of total FAs) for all species (R 0.16, p
0.041). Differences where found between S. auriculata and P. re-
pens (R 0.3, p 0.032), P. stratiotes (R 0.34, p 0.026) and Eichornia
sp. (R 0.27, p 0.05), while, P. repens, P. stratiotes and Eichornia
sp. were not statistically different (R < 0.1, p > 0.1). Significant dif-
ferences were also found between leaves vs. root samples (ANO-
SIM; R 0.49, p<0.001). An average dissimilarity of ca. 35%
(SIMPER analysis) was found between the profiles of leaf and root
samples. The dissimilarity was mainly due to a greater contribu-
tion of 18:3w3 and 18:2w6 and a lower contribution of 14:0,
16:0, 16:1w7 and 18:1®9 to leaves than roots. Significant differ-
ences in concentration (mgg~! drywt.) of 18:2w6 and 18:3®3
were recorded with a 2-way ANOVA (Tissue x Species; F 63.7,
p <0.0001 and F 158.9, p < 0.0001). This results in higher concen-
tration of 18:2mw6 in leaves than roots of P. repens and P. stratiotes
(Tuckey’s HSD; p <0.0001 for both), while its concentration is
higher in the roots of S. auriculata (Tuckey’s HSD; p < 0.0001),
and no difference was found for Eichornia sp. (Tuckey’s HSD; p
0.9). In addition, for 18:3m®3, a higher concentration was found
in leaves of all species (Tuckey’s HSD; p < 0.0001) except S. auric-
ulata, for which the higher concentration was in the roots (Tuc-
key’s HSD; p 0.001). Amongst the species, the highest FA
concentration was in the tissue of S. auriculata and P. repens
(Table A1, Appendix).
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3.2. FAs in plankton from Vdrzea (i.e. 63 um and 20 um)

The FA composition of 63 and 20 pm plankton net contents from
Varzea are summarized in Table A2 in the Appendix. Up to 47 FAs
were identified in both 63 and 20 pm samples; 14:0, 16:0, 16:1®7,
18:0, 18:1®w7, 18:1w9, 18:2w6, 18:3w3, 20:4mw6, 20:5®3 and
22:6w3 contributed from 78% to 79% of the total. A significant differ-
ence was found in the profiles (% of total FAs) of 63 and 20 pum be-
tween seasons (ANOSIM; R 0.19, p 0.009; Fig. 2). Regardless of
season, significant differences in FA content were recorded between
the 63 and 20 pum samples (ANOSIM; R 0.36, p < 0.0001). An average
dissimilarity of ca. 27% between HW and LW (SIMPER analysis) was
found. This was due to higher contributions of 14:0, 16:1®9, 18:0,
18:1®7, 18:1m9, 20:4w6 and 22:6m3 and lower contributions of
16:0,16:1®7, 18:2m6 and 18:3®3 from HW to LW. ANOVA was also
used on the concentration and higher amounts (mg g~ ' dry wt.) of
16:0, 16:1®w7, 18:2w6 and 18:3m3 were recorded from HW to LW
(ANOVA, Table 2), whereas no significant differences were found
in concentration between 63 and 20 pm plankton.

3.3. FAs in Vidrzea sediments

The composition of superficial Varzea sediments is summarized
in Table A3 in the Appendix. Up to 48 FAs were identified; 14:0,
iso15:0, anteiso15:0, 15:0, 16:0, 16:1®7, 18:0, 18:1w7, 18:1®9,
22:0, 24:0, 26:0 and 28:0 contributed from 71% to 66% of the total
FA content during HW and LW respectively. A significant difference
was found in the profiles between HW and LW (ANOSIM; R 0.25,
p<0.0001; Fig. 2). An average dissimilarity of ca. 25% (SIMPER
analysis) was found in FAs. This was due to higher contributions
of 14:0, 15:0iso0, 16:0, 16:1®9, 18:0, 18:1®9 and 18:2w6 and lower
contributions of 16:1®7, 22:0, 22:1®9, 24:0, 26:0 and 28:0 in HW
than LW. From HW to LW, there was a significant increase of
16:1w7 and 22:109 (1-way ANOVA; F 5.8, p 0.019 and F 83.2,
p<0.0001) and a significant decrease in 18:0 (1-way ANOVA; F
17.7, p < 0.0001) concentrations in the samples.

3.4. FAs in Amazonian soil

The composition of soil sampled along the cruise in LW is sum-
marized in Table A4 in the Appendix. Up to 46 FAs were identified.

Plankton nets
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Fig. 2. Non-metric MDS of FA proportions from total FAs (%) in Varzea sediments and plankton samples from HW (black circles) and LW (white circles).
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Table 2

Results of 2-way ANOVA comparing concentration of selected FAs among seasons and mesh size of plankton samples.

Plankton (63 and 20 um) 16:0

16:1w7 18:2w6 18:3m3

Box-Cox (1) 0.26 0.36 0.53 0.47

Levenne’s test 0.64N% 0.048" 0378 0.44N%

Bartlett’s test 0.37N 0.22N8 0.78NS 0.89NS

F p F P F p F p

Season 5.94 0.020" 8.18 0.008" 10.67 0.003" 5.51 0.025"
Mesh size 0.02 0.896 0.11 0.744 1.02 0.321 1.04 0.315
Season x mesh size 0.01 0.926 0.02 0.882 0.10 0.754 0.48 0.493

F, Fisher; NS, not significant.
" p<0.05.

An average similarity of ca. 70% (SIMPER analysis) was found. In
these samples, 14:0, iso15:0, is016:0, 16:0, 18:0, 18:1®9, 18:3w3,
20:0, 22:0, 22:1®9, 24:0, 26:0 and 28:0 contributed up to 82% of
the total FA content.

3.5. FAs in SPOM from Vdrzea

The composition of SPOM from Varzea waters is summarized in
Table A5 in the Appendix. Up to 44 FAs were identified; 14:0,
iso15:0, 15:0, 16:0, 16:1®7, 16:1w9, 17:0, 18:0, 18:1w7, 18:1®9,
18:2w6, 18:3m3, 18:4w3 and 20:5w3 contributed up to 85% of
the total FA content during both HW and LW. Significant differ-
ences were found in the profiles between seasons (ANOSIM; R
0.61, p <0.0001; Fig. 3). An average dissimilarity of ca. 29% (SIM-
PER analysis) was found between HW to LW. This was due to a
higher contributions of 15:0, 16:1®9, 18:0, 18:1®7 and 18:1®9
and a lower contribution of 14:0, 16:0, 16:1®w7, 18:2w6 and
18:3®3 during HW than LW. From HW to LW, significant increases
in 14:0, is015:0, 15:0, 16:0, 16:1®w7, 17:0, 18:0, 18:1®7, 18:3w3,
18:4m3 and 20:5®3 concentration were recorded (1-way ANOVA;
Table 3).

3.6. Stable isotope signature of OM in Vdrzea

Aquatic plants showed 8'3C values typical of the C5 photosyn-
thetic pathway (up to —35%o) for S. auriculata, P. stratiotes and Eichor-
nia sp. and a typical C4 value for P. repens (—13%o), whereas 8'°N
values showed a greater range of variation between species and tis-
sue (2-5.6%0; Fig. 4). OM from soil sampled in LW exhibited §'3C
and 8'°N values of —27%. and 6%. respectively. OM of superficial sed-
iment samples from HW to LW showed no difference in 8'3C and §'°N
signatures. Within planktonic samples (63 pm) from HW to LW, the
8'°N signature was depleted of ca. —3%. (1-way ANOVA; F 43.3,
p <0.0001), whereas the §'3C signature was enriched by ca. 4%
(1-way ANOVA; F 7.8, p < 0.008; Fig. 4). Between HW and LW, SPOM
samples showed no significant difference in 8'3C values (1-way AN-
OVA; F3.5,p 0.065) due to a wider range of variation in 8'3C signature
for LW, whereas a significant depletion was recorded for §'°N (from
4.5%0 to 2.7%0 avg.; 1-way ANOVA; F 41.2, p < 0.0001; Fig. 4).

3.7. FAs in SPOM from rivers

The composition is summarized in Tables A6 and A7 in the
Appendix. Between seasons, significant increases in different FAs

HW LW
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Fig. 3. Non-metric MDS of FA proportions from total FAs (%) in SPOM from Varzea (black circles), rivers of white water (white circles) and rivers of clear/black water (gray

circles).
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Table 3
Results of 1-way ANOVA comparing concentration of selected FAs between seasons inSPOM from Vérzea.
SPOM 14:0 iso15:0
Box-Cox (1) -0.09 -0.13
Levenne's test 0.26N 0.06NS
Bartlett’s test 0.35N 0.16M5
F p F
Season 97.05 <0.001"" 205.57
SPOM 16:107 17:0
Box-Cox (1) -0.11 -0.10
Levenne’s test 0.11N 017N
Bartlett’s test 0.34N8 0.11N
F p F
Season 229.47 <0.001"" 8.90
SPOM 18:3m3 18:4m3
Box-Cox (1) —0.01 -0.07
Levenne’s test 0.001" 0.35M8
Bartlett's test 0.24N8 0.21N
F p F
Season 77.25 <0.001"" 5.83

15:0 16:0
-0.34 0.11
0.05"s 0.08Ns
0.003" 0.19N8
p L F p * F p £
<0.001 10.61 0.002 140.72 <0.001
18:0 18:1w7
—-0.20 —-0.03
0.41N 0.07N
0.39N 0.08NS
p * F p * F p *k
0.004 5.53 0.021 58.14 <0.001
20:5m3
-0.18
0.19N
0.24N8
p F P
0.018" 96.21 <0.001""

F, Fisher; NS, not significant.
" p<0.05.
* p<0.001.

were recorded (Table 4). These result mainly from a concentration
increase from HW to LW for the two aquatic plant FAs, 18:2®6 and
18:3m3, in the Amazon, Solimdes, Madeira and Negro rivers and
18:2m6 for the Tapajos River (Table 4; Fig. 3). Also, a concentration
increase in phytoplanktonic FAs was recorded, such as 14:0 for the
Madeira River and 16:1®7 for the Amazon, Madeira and Tapaj6s
rivers (Table 4; Fig. 3).

3.8. Stable isotopes in SPOM from rivers

The stable isotope composition of SPOM sampled in both seasons
along the rivers is summarized in Fig. 4. The 5'3C and §'°N values
range from —34%. to —27%0 and from 1.6%. to 6.6%., respectively.
Differences between seasons for water samples from the different
rivers were tested using the Student t-test and showed a significant
3'3C enrichment for the Tapaj6s River (—33.8%0 to —26.7%q; t-test, p
0.016) during the LW stage. For the Solimdes, Negro, Madeira and
Amazon Rivers, no significant differences were recorded between
seasons for both 8'3C and §'°N (p < 0.05).

4. Discussion
4.1. OM sources

One of the most abundant plants of Varzea, P. repens but also S.
auriculata, a C4 and a C3 aquatic plant respectively, showed the
highest concentration of 18:2w6 and 18:3®3, as in other species
of freshwater aquatic plants (Rozentsvet et al., 2002; Nesterov
et al., 2009). These two FAs were detected in both roots and leaves
of the aquatic plants, which account for a biomass of 6-23 t ha~! in
a floodplain lake (Junk and Piedade, 1993), and are therefore read-
ily considered as the main sources of these two polyunsaturated
FAs (PUFAs) in this environment. Characterization of the different
OM sources showed that the SPOM 8'3C values were intermediate
between those of C3 aquatic plants, plankton, soil and sediments
(Fig. 4). The SPOM was enriched in 18:2w6 and 18:3w3 (Fig. 3;
Table A5 in Appendix). However, its 8!3C signature shows that
there was only a weak contribution of OM derived from the C4
aquatic phanerogam, such as P. repens and Echinocloea polystachia,
although these plants are dominant in the biomass vs. C3 species
(Junk and Piedade, 1997). This low contribution suggests that C,4

plants are decomposed more rapidly than Cz aquatic plants, a con-
clusion also reached by Quay et al. (1992) who analyzed the §'3C
composition of dissolved inorganic and OC in the Amazon River.
To understand these differences in terms of contribution, further
investigation of degradation processes for aquatic plants and dis-
solved OM is needed to assess the lack of a carbon enrichment in
the SPOM resulting from the C, plants.

Planktonic samples (20 and 63 pm), as well as the SPOM from
Varzea, were characterized by high proportions of 14:0, 16:0,
16:1w7 and 20:5®w3 in both seasons (Figs. 2 and 3). Indeed,
16:1w7 is a major, often prominent, FA constituent of some cyano-
bacteria (Murata et al., 1992) and diatoms (Sicko-goad et al., 1988;
Pond et al., 1997). This was confirmed by microscopic observations
(data not shown) showing a phytoplanktonic community domi-
nated by cyanobacteria, as usually occurs in eutrophic lakes
(Reynolds and Walsby, 1975).

Bacterial tracers (iso15:0, 15:0 and 17:0), that have been regu-
larly described in bacterioplankton (Desvilettes et al., 1994; Hall
et al.,, 2010), Gram-positive bacteria (Findlay and Dobbs, 1993;
Mallet et al., 2004) and sulfate-reducing bacteria (Vainshtein
et al., 1992; Findlay and Dobbs, 1993), were also recorded in all
samples. The relationship between bacterial markers and unsatu-
rated FAs (Tables A1-A7 in Appendix) is an indicator of the input
of fresh natural OM (Saliot et al., 2001). The high proportions of
monounsaturated FAs (MUFAs) and PUFAs, with respect to satu-
rated (SFAs) and branched FAs (BFAs), suggest that mainly autoch-
thonous material is decomposed by bacteria. This is consistent
with the work of Waichman (1996), based on &'3C analysis, which
showed that heterotrophic bacteria use mainly autotrophic carbon
sources such as aquatic macrophytes and phytoplankton.

Soils from Varzea and river banks were characterized by high
proportions of long chain FAs (LCFAs) > 24:0, which are synthe-
sized solely by vascular plants (Cassagne et al., 1994) and thus at-
test, when present, to a terrestrial input to an aquatic ecosystem
(Scribe et al., 1991; Colombo et al., 1996; Dunn et al., 2008). SPOM
from the Amazonian basin bore a strong signature of vascular
plants as has been described using FAs (Saliot et al., 2001) or lignin
and amino acids (Hedges et al., 1994). In the SPOM from Varzea
and river superficial waters, the proportion of LCFAs ranged from
0.53+0.30% to 2.61+0.55% (Fig. 3; Tables A5-A7 in Appendix).
This therefore emphasizes a lesser influence of terrestrial OM in
the SPOM from Varzea and the rivers than described with other
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proxies, with evidently a better contribution of autotrophic carbon
sources. Others studies that focused on lignin in (Hernes et al.,
2007), and '“C signature of (Mayorga et al., 2005), dissolved OM
demonstrated that it was derived from algal or microbial biomass
and not from highly degraded vascular plants. In contrast, in the
Varzea sediments, high proportions of LCFAs were recorded
(Fig. 2; Table A3 in Appendix), suggesting selective preservation
and degradation of the different sources of OM. Indeed burial of
OM occurs in floodplains and consists mainly of terrestrial material
adsorbed on particles carried by the Amazon River flood (Hedges
et al., 1986; Moreira-Turcq et al., 2004).

Analysis of the SPOM sources in the Lower Amazon Basin, sug-
gests a major contribution of autochthonous material derived from
Cs aquatic plants and phytoplankton. This was supported by calcu-
lated carbon budgets for the Amazon ecosystems (Quay et al.,
1992; Melack et al., 2009), which indicated that net primary pro-
ductivity of aquatic macrophytes within the floodplains accounts
for a large fraction of the respired CO, within channels.

4.2. Seasonal contrasts

The 18:3w3 enrichment of the Varzea SPOM during LW vs. HW
(Table 3; Fig. 3) is mainly due to a higher contribution from mac-
rophytes. However, biomass estimates of the Eastern Amazon
floodplain by way of field measurements and remote sensing (Silva
et al.,, 2009, 2010), point out a maximum value in June-July and a
minimum in October-December, correlated with water column
depth and submerged stem length. As the water level decreases,
the macrophytes are subject to intensive degradation (Rai and Hill,
1984). This suggests that an increasing contribution of this specific
FA marker to the SPOM results from the accumulation of detritus
following the loss of plant biomass in the ecosystem during the
receding water level.

In the SPOM, a significant seasonal increase during LW in FA
concentration was mainly a result of phytoplankton (14:0,
16:1®7, 18:4m3 and 20:5mw3; Table 3). Indeed, during LW, both
phytoplankton and zooplankton communities reach their
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0.015

0.004

18:2w6 18:3m3
0.55 0.14
0.29"% 0.16"°
0.26N 0.04*
F p F p
: 45.02 <0.001"" 5.51 0.025"
18:2mw6 18:3m3
0.29 0.81
0.42N8 0.56NS
0.68NS 0.71N
F p F p
25.61 0.007" 31.45 <0.001""
18:2w6 18:3w3
0.48 0.26
0.21N 0.27N
0.40N 0.29N
F p F p
. 30.14 0.005" 65.18 0.001"
18:2m6 18:3m3
-1.58 -0.12
0.28NS 0.86NS
0.55N8 0.96NS
F p F p
0.190 14.22 0.020" 22.91 0.009"
18:2m6 18:3m3
1.59 —4.23
0.09N 0.15N8
0.26"° 031N
F p F p
0.008" 25.97 0.007" 20.28 0.011"

Table 4
Results of 1-way ANOVA comparing concentration of selected FAs between seasons inSPOM from rivers.
Amazon River 14:0 16:1w7
Box-Cox (1) 0.01 0.01
Levenne’s test 0.07s 0.69NS
Bartlett’s test 0.21N 0.88NS
F p F
Season 0.70 0.410 6.57
Solimdes River 14:0 16:1w7
Box-Cox (1) 0.01 -2.63
Levenne’s test 0.19N 0.45N5
Bartlett’s test 0.34NS 0.67NS
F D F
Season 0.34 0.59 0.63
Madeira River 14:0 16:1w7
Box-Cox (2) -0.47 0.01
Levenne’s test 0.80NS 0.63N8
Bartlett's test 0.87N 0.79NS
F p F
Season 20.99 0.010" 34.29
Negro River 14:0 16:1w7
Box-Cox (2) 0.53 —2.58
Levenne’s test 0.11N 0.79NS
Bartlett's test 0.08NS 0.89NS
F p F
Season 0.11 0.76 2.53
Tapajés River 14:0 16:1w7
Box-Cox (4) 2.98 0.01
Levenne’s test 0.36NS 0.17N8
Bartlett’s test 0.61N 043N
F p F
Season 2.18 0.210 24.46
F, Fisher; NS, not significant.
" p<0.05.
** p<0.001.

maximum standing stock in the floodplain lakes, which corre-
lates with an increase in SPOM, due to the resuspension of bot-
tom sediments into the water column by wind action (Carvalho,
1981). In addition, a high amount of 18:1®w7 from LW, associated
with cyanobacteria biomass in a similar ecosystem (Goodloe and
Light, 1982; Ahlgren et al.,, 1992), indicates that such phyto-
organisms are a major contributor to the SPOM rather than the
other planktonic communities. The significant depletion in §'°N
values from HW to LW in plankton samples (63 pm) and SPOM
could be partly due to atmospheric N, fixation (8'°N,um 0%0) by
the cyanobacteria (Fiore et al., 2005; Gu, 2009). Moreover, as
for 8'°N depletion, the significant enrichment of 4% in 5'3C val-
ues for plankton samples (63 um; Fig. 4) is consistent with
cyanobacterial activity, as observed in the field with a prolifera-
tion of cyanobacterial surface scums (personal observation),
which are capable of atmospheric CO, uptake in eutrophic lakes
(Gu and Alexander, 1996).

In the Madeira and Tapajos rivers, a concentration increase in
phytoplanktonic FA markers from HW to LW was recorded in the
SPOM (Table 4). In the turbid waters of the Madeira, the lower flow
velocity and turbulence in LW at its confluence with the Amazon
may explain the increase in phytoplanktonic FAs; only one point
was sampled, located close to the confluence with the Amazon,
where currents from the Madeira are weak. In addition, it may lead
to small blooms of phytoplankton, especially cyanobacteria, as de-
scribed for similar riverine conditions (Mitrovic et al., 2003). In the
Tapajos River, increases in specific FA markers with a 5'3C enrich-
ment from HW to LW (Fig. 4; Clear/Black rivers) clearly demon-
strates that, as reported previously (Schmidt, 1982), the deep
euphotic zone, the width of the river mouth and the slow current
in the LW season, lead to bloom populations of phytoplankton
and cyanobacteria.

As confirmed by FAs and stable isotope seasonal differences,
cyanobacteria and C3 aquatic plant can be considered as major con-
tributors to both nitrogen and carbon cycling in the Amazon Var-
zea, particularly during the LW.

4.3. Connectivity between Vdrzea and the Amazon River

In the Amazon basin, hydrological conditions of rivers and lakes
render the Varzea strictly dependent on water level fluctuation in
the main river throughout perennial channels (Irion et al., 1997).
Therefore, the connectivity between Varzea and rivers leads to sea-
sonal transfer of OM (Moreira-Turcq et al., unpublished results).
Lower concentrations of FA markers in HW SPOM from Varzea
and rivers were due to the flood dilution (Table A5-A7, Appendix;
Fig. 3). Indeed, during HW, the Varzea were totally connected to
the mainstem as a result of the river flood, as in Curuai Varzea,
where water and suspended solid storage in the floodplain were
controlled from November (lowest water level) to June (HW) by
the Amazon mainstem and local precipitation (Bourgoin et al.,
2007; Bonnet et al., 2008).

As in the Varzea, an increase in phytoplanktonic FA markers,
including those from cyanobacteria, as well as aquatic plant FAs,
was recorded from HW to LW in the Amazon River (Fig. 3; Table 4).
In the mainstem, local phytoplanktonic growth is limited through-
out the seasons due to a shallow euphotic depth, deep water col-
umn and intense vertical mixing (Sioli, 1984). An input of
phytoplankton from the two main tributaries of the Amazon (the
Negro and Solimdes rivers) was trivial, as primary production does
not occur in these rivers (Fisher, 1979; Hedges et al., 1994). This
was confirmed in the present study in term of FA composition,
with the low contribution of the cyanobacteria FA marker in the
SPOM of Negro and Solimdes rivers (Table 4). Thus, a low
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contribution from these tributaries during LW, suggests a transfer
of OM partly derived from phytoplankton, from the Varzea to the
mainstem as the level of water (i.e. lowest water level occurred
one month later), still allowed minimum connectivity between
the Varzea and the main channel.

The increase from HW to LW in aquatic plant derived FAs
(18:3w3 and 18:2w6) in rivers (Table 4) could be attributed, as
for the Varzea, to the accumulation of detritus following the loss
of plant biomass from the ecosystem. This increase was also re-
corded in the Solimdes and Negro rivers (Table 4), which may be
attributed to the contribution of aquatic plant detritus from up-
stream lakes and channels (Engle et al., 2008). However, a phyto-
planktonic FA increase in contribution was not recorded in these
two rivers (Table 4), which may result from a rapid degradation
of this specific FA (Rontani, 1998).

Acknowledgements

This research is a contribution to the CARBAMA project, sup-
ported by the ANR (French National Agency for Research), and con-
ducted within an international cooperation agreement between
the CNPq (National Council for Scientific and Technological Devel-
opment - Brazil) and the IRD (Institute for Research and Develop-
ment - France). We thank Professor G. Boaventura from the
University of Brasilia and Dr P. Seyler from the IRD for administra-
tive facilities. We are also grateful to the two anonymous reviewers
for help and constructive reviews.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.orggeochem.2011.08.011.

Associate Editor—T.S. Bianchi

References

Ahlgren, G., Gustafsson, [.B., Boberg, M., 1992. Fatty acid content and chemical
composition of freshwater microalgae. Journal of Phycology 28, 37-50.

Aufdenkampe, AK., Mayorga, E., Hedges, ].I, Llerena, C., Quay, P.D., Gudeman, J.,
Krusche, A.V., Richey, J.E., 2007. Organic matter in the Peruvian headwaters of
the Amazon: compositional evolution from the Andes to the lowland Amazon
mainstem. Organic Geochemistry 38, 337-364.

Barth, J.A.C., Veizer, J., 1999. Carbon cycle in St. Lawrence aquatic ecosystems at
Cornwall (Ontario), Canada: seasonal and spatial variations. Chemical Geology
159, 107-128.

Bechtel, A., Schubert, C.J., 2009. Biogeochemistry of particulate organic matter from
lakes of different trophic levels in Switzerland. Organic Geochemistry 40, 441-
454.

Bianchi, T.S., Allison, M.A., 2009. Large-river delta-front estuaries as natural
“recorders” of global environmental change. Proceedings of the National
Academy of Sciences USA 106, 8085-8092.

Bligh, E.G., Dyer, WJ., 1959. A rapid method of total lipid extraction and
purification. Canadian Journal of Biochemistry and Physiology 37, 911-917.
Bonnet, M.P., Barroux, G., Martinez, ].M., Seyler, F., Moreira-Turcq, P., Cochonneau,
G., Melack, J.M., Boaventura, G., Maurice-Bourgoin, L., Leon, ].G., Roux, E.,
Calmant, S., Kosuth, P., Guyot, J.L., Seyler, P., 2008. Floodplain hydrology in an
Amazon floodplain lake (Lago Grande de Curuai). Journal of Hydrology 349, 18-

30.

Bouillon, S., Connolly, R.M., 2009. Carbon exchange among tropical coastal
ecosystems. In: Nagelkerken, 1. (Ed.), Ecological Connectivity among Tropical
Coastal Ecosystems. Springer, Netherlands, pp. 45-70.

Bourgoin, L.M., Bonnet, M.P., Martinez, .M., Kosuth, P., Cochonneau, G., Moreira-
Turcq, P., Guyot, ].L., Vauchel, P., Filizola, N., Seyler, P., 2007. Temporal dynamics
of water and sediment exchanges between the Curuai floodplain and the
Amazon River, Brazil. Journal of Hydrology 335, 140-156.

Box, G.E.P.,, Cox, D.R., 1964. An analysis of transformations. Journal of the Royal
Statistical Society Series B-Statistical Methodology 26, 211-252.

Carvalho, M.L., 1981. Alimentacdao do tambaqui jovem (Colossoma macropmum
Cuvier, 1818) e sua relagdo com a comunidade zooplancktonica do Lago
Grande-Manaquiri, Solimoes-AM. INPA/FUA, Manaus, 90 pp.

Cassagne, C., Lessire, R., Bessoule, J.J., Moreau, P., Creach, A., Schneider, F., Sturbois,
B., 1994. Biosynthesis of very long chain fatty acids in higher plants. Progress in
Lipid Research 33, 55-69.

Clarke, K.R., 1993. Non-parametric multivariate analyses of changes in community
structure. Australian Journal of Ecology 18, 117-143.

Cole, ].J., Prairie, Y.T., Caraco, N.F., McDowell, W.H., Tranvik, L]., Striegl, R.G., Duarte,
C.M., Kortelainen, P., Downing, J.A., Middelburg, ].J., Melack, J., 2007. Plumbing
the global carbon cycle: integrating inland waters into the terrestrial carbon
budget. Ecosystems 10, 171-184.

Colombo, ].C., Silverberg, N., Gearing, J.N., 1996. Lipid biogeochemistry in the
Laurentian Trough. 1. Fatty acids, sterols and aliphatic hydrocarbons in rapidly
settling particles. Organic Geochemistry 25, 211-225.

Dalsgaard, J., St John, M., Kattner, G., Muller-Navarra, D., Hagen, W., 2003. Fatty acid
trophic markers in the pelagic marine environment. Advances in Marine Biology
46, 225-340.

Desvilettes, C., Bourdier, G., Breton, ].C., Combrouze, P., 1994. Fatty acids as organic
markers for the study of trophic relationships in littoral cladoceran
communities of a pond. Journal of Plankton Research 16, 643-659.

Duarte, C.M., Prairie, Y.T., 2005. Prevalence of heterotrophy and atmospheric CO,
emissions from aquatic ecosystems. Ecosystems 8, 862-870.

Dunn, RJ.K.,, Welsh, D.T., Teasdale, P.R,, Lee, S.Y., Lemckert, CJ., Meziane, T., 2008.
Investigating the distribution and sources of organic matter in surface sediment
of Coombabah Lake (Australia) using elemental, isotopic and fatty acid
biomarkers. Continental Shelf Research 28, 2535-2549.

Engle, D.L., Melack, .M., Doyle, R.D., Fisher, T.R., 2008. High rates of net primary
production and turnover of floating grasses on the Amazon floodplain:
implications for aquatic respiration and regional CO, flux. Global Change
Biology 14, 369-381.

Findlay, R.H., Dobbs, F.C., 1993. Quantitative description of microbial communities
using lipid analysis. In: Kemp, P.F., Sherr, B.F., Cole, ].J. (Eds.), Aquatic Microbial
Ecology. Lewis, Boca Raton, FL, pp. 271-284.

Fiore, M.D., Neilan, B.A., Copp, J.N., Rodrigues, J.L.M., Tsai, S.M., Lee, H., Trevors, ].T.,
2005. Characterization of nitrogen-fixing cyanobacteria in the Brazilian Amazon
floodplain. Water Research 39, 5017-5026.

Fisher, T.R,, 1979. Plankton and primary production in aquatic systems of the
central Amazonbasin. Comparative Biochemistry and Physiology a-Physiology
62, 31-38.

Frostegard, A., Baath, E., 1996. The use of phospholipid fatty acid analysis to
estimate bacterial and fungal biomass in soil. Biology and Fertility of Soils 22,
59-65.

Gibbs, RJ., 1967. Amazon River - environmental factors that control its dissolved
and suspended load. Science 156, 1734-1737.

Goodloe, R.S., Light, RJ., 1982. Biosynthesis of hydrocarbon in Anabaena variabilis -
invivo incorporation of [18-'4C] stearate. Biochimica et Biophysica Acta 711,
261-265.

Goulding, M., Barthem, R., Ferreira, E., 2003. The Smithsonian Atlas of the Amazon.
Smithsonian Institution Press, Washington DC.

Gu, B., 2009. Variations and controls of nitrogen stable isotopes in particulate
organic matter of lakes. Oecologia 160, 421-431.

Gu, B.H., Alexander, V., 1996. Stable carbon isotope evidence for atmospheric CO,
uptake by cyanobacterial surface scums in a eutrophic lake. Applied and
Environmental Microbiology 62, 1803-1804.

Gu, B.H., Schell, D.M., Alexander, V., 1994. Stable carbon and nitrogen isotopic
analysis of the plankton food web in a sub-arctic lake. Canadian Journal of
Fisheries and Aquatic Sciences 51, 1338-1344.

Hall, D., Lee, S.Y., Meziane, T., 2006. Fatty acids as trophic tracers in an experimental
estuarine food chain: tracer transfer. Journal of Experimental Marine Biology
and Ecology 336, 42-53.

Hall, EK,, Singer, G.A., Kainz, M.J., Lennon, ].T., 2010. Evidence for a temperature
acclimation mechanism in bacteria: an empirical test of a membrane-mediated
trade-off. Functional Ecology 24, 898-908.

Hedges, ].I., Clark, W.A., Quay, P.D., Richey, J.E., Devol, A.H., Santos, U.D., 1986.
Compositions and fluxes of particulate organic material in the Amazon River.
Limnology and Oceanography 31, 717-738.

Hedges, ].I., Cowie, G.L.,, Richey, J.E., Quay, P.D., Benner, R., Strom, M., Forsberg,
B.R., 1994. Origins and processing of organic matter in the Amazon River
as indicated by carbohydrates and amino acids. Limnology and
Oceanography 39, 743-761.

Hernes, PJ., Robinson, A.C., Aufdenkampe, A.K., 2007. Fractionation of lignin during
leaching and sorption and implications for organic matter “freshness”.
Geophysical Research Letters 34, 1-6.

Hu, J.F., Zhang, H.B., Peng, P.A., 2006. Fatty acid composition of surface sediments in
the subtropical Pearl River estuary and adjacent shelf, Southern China.
Estuarine Coastal and Shelf Science 66, 346-356.

Hunsinger, G.B., Mitra, S., Findlay, S.E.G., Fischer, D.T., 2010. Wetland-driven shifts
in suspended particulate organic matter composition of the Hudson River
estuary, New York. Limnology and Oceanography 55, 1653-1667.

Irion, G., Junk, W.G., De Mello, J.A.S.N., 1997. The large central Amazonian river
floodplains near Manaus: geological, climatological, hydrological and
geomorphological aspects. In: Junk, W.G. (Ed.), The Central Amazon
Floodplain: Ecology of a Pulsing System. Springer, Berlin Heidelberg New
York, pp. 23-46.

Junk, W], 1985. Aquatic plants of the Amazon system. In: Davies, B.R., Walker, K.F.
(Eds.), The Ecology of River Systems. Junk, Dordrecht, pp. 319-337.

Junk, WJ., 1997. The Central Amazon Floodplain: Ecology of a Pulsing System.
Springer, Berlin, Heidelberg, New York.

Junk, W.]., Howard-Williams, C., 1984. Ecology of aquatic macrophytes in Amazonia.
In: H, S. (Ed.), The Amazon, Limnology and Landscape Ecology of a Mighty
Tropical River and its Basin. Junk, Dordrecht, pp. 269-293.


http://dx.doi.org/10.1016/j.orggeochem.2011.08.011

1168 J.M. Mortillaro et al./Organic Geochemistry 42 (2011) 1159-1168

Junk, W.]., Piedade, M.E.T., 1997. Plant life in the floodplain with special reference to
herbaceous plants. In: Junk, W.J. (Ed.), The Central Amazon Floodplain: Ecology
of a Pulsing System. Springer, Berlin, Heidelberg, New York, pp. 147-185.

Junk, W]., Piedade, M.T.F.,, 1993. Biomass and primary production of herbaceous
plant communities in the Amazon floodplain. Hydrobiologia 263, 155-162.

Kaiser, E., Arscott, D.B., Tockner, K., Sulzberger, B., 2003. Sources and distribution of
organic carbon and nitrogen in the Tagliamento River, Italy, Symposium on
Biogeochemical Controls on the Mobility and Bioavailability of Metals in Soils
and Groundwater, Monte Verita, Switzerland, pp. 103-116.

Konhauser, K.O., Fyfe, W.S., Kronberg, B.I, 1994. Multi-element chemistry of some
Amazonian waters and soils. Chemical Geology 111, 155-175.

Ludwig, W., Probst, J.L., Kempe, S., 1996. Predicting the oceanic input of organic
carbon by continental erosion. Global Biogeochemical Cycles 10, 23-41.

Malhi, Y., Roberts, ].T., Betts, RA., Killeen, T.J., Li, W.H., Nobre, C.A., 2008. Climate
change, deforestation, and the fate of the Amazon. Science 319, 169-172.

Mallet, C., Basset, M., Fonty, G., Desvilettes, C., Bourdier, G., Debroas, D., 2004.
Microbial population dynamics in the sediments of a eutrophic lake (Aydat,
France) and characterization of some heterotrophic bacterial isolates. Microbial
Ecology 48, 66-77.

Martinelli, L.A., Victoria, R.L., de Camargo, P.B., Piccolo, M.D., Mertes, L., Richey, J.E.,
Devol, A.H. Forsberg, B.R, 2003. Inland variability of carbon-nitrogen
concentrations and3'>C in Amazon floodplain (varzea) vegetation and
sediment. Hydrological Processes 17, 1419-1430.

Martinez, .M., Le Toan, T., 2007. Mapping of flood dynamics and spatial distribution
of vegetation in the Amazon floodplain using multitemporal SAR data. Remote
Sensing of Environment 108, 209-223.

Mayorga, E., Aufdenkampe, A.K., Masiello, C.A., Krusche, A.V., Hedges, ].I, Quay, P.D.,
Richey, J.E., Brown, T.A., 2005. Young organic matter as a source of carbon
dioxide outgassing from Amazonian rivers. Nature 436, 538-541.

Melack, J.M., Hess, L.L., 2010. Remote sensing of the distribution and extent of
wetlands in the Amazon basin. In: Junk, W], Piedade, M.T.F., Wittmann, F.,
Schongart, J., Parolin, P. (Eds.), Amazonian Floodplain Forests: Ecophysiology,
Ecology, Biodiversity and Sustainable Management. Springer, New York, pp. 43—
59.

Melack, J.M., Novo, EIM.L.M., Forsberg, B.R., Piedade, M.T.F., Maurice, L., 2009.
Floodplain ecosystem processes. In: Keller, M., Bustamante, M., Gash, ]., Dias,
P.S. (Eds.), Amazonia and Global Change. AGU, Washington, pp. 525-541.

Meybeck, M., 1993. Riverine transport of atmospheric carbon - sources, global
typology and budget. Water Air and Soil Pollution 70, 443-463.

Meziane, T., Bodineau, L., Retiere, C., Thoumelin, G., 1997. The use of lipid markers to
define sources of organic matter in sediment and food web of the intertidal salt-
marsh-flat ecosystem of Mont-Saint-Michel Bay, France. Journal of Sea Research
38, 47-58.

Meziane, T., d’Agata, F., Lee, S.Y., 2006. Fate of mangrove organic matter along a
subtropical estuary: small-scale exportation and contribution to the food of
crab communities. Marine Ecology-Progress Series 312, 15-27.

Meziane, T., Lee, S.Y., Mfilinge, P.L., Shin, P.K.S., Lam, M.H.W., Tsuchiya, M., 2007.
Inter-specific and geographical variations in the fatty acid composition of
mangrove leaves: implications for using fatty acids as a taxonomic tool and
tracers of organic matter. Marine Biology 150, 1103-1113.

Meziane, T., Tsuchiya, M., 2002. Organic matter in a subtropical mangrove-estuary
subjected to wastewater discharge: origin and utilisation by two
macrozoobenthic species. Journal of Sea Research 47, 1-11.

Mitrovic, S.M., Oliver, R.L., Rees, C., Bowling, L.C., Buckney, R.T., 2003. Critical flow
velocities for the growth and dominance of Anabaena circinalis in some turbid
freshwater rivers. Freshwater Biology 48, 164-174.

Moreira-Turcq, P., Jouanneau, J.M., Turcq, B., Seyler, P., Weber, O., Guyot, ].L., 2004.
Carbon sedimentation at Lago Grande de Curuai, a floodplain lake in the low
Amazon region: insights into sedimentation rates. Palaeogeography
Palaeoclimatology Palaeoecology 214, 27-40.

Moreira-Turcq, P.F., Seyler, P., Guyot, J.L., Etcheber, H., 2003. Characteristics of
organic matter in the mixing zone of the Rio Negro and Rio Solimoes of the
Amazon River. Hydrological Processes 17, 1393-1404.

Murata, N., Wada, H., Gombos, Z.,, 1992. Modes of fatty-acid desaturation in
cyanobacteria. Plant and Cell Physiology 33, 933-941.

Nerot, C., Meziane, T., Provost-Govrich, A., Rybarczyk, H., Lee, S.Y., 2009. Role of
grapsid crabs, Parasesarma erythrodactyla, in entry of mangrove leaves into an
estuarine food web: a mesocosm study. Marine Biology 156, 2343-2352.

Nesterov, V.N., Rozentsvet, 0.A., Murzaeva, S.V., 2009. Changes in lipid composition
in the tissues of fresh-water plant Hydrilla verticillata induced by accumulation
and elimination of heavy metals. Russian Journal of Plant Physiology 56, 85-93.

Peterson, BJ., Fry, B., 1987. Stable isotopes in ecosystem studies. Annual Review of
Ecology and Systematics 18, 293-320.

Pond, D.W., Dixon, D.R,, Bell, M.V, Fallick, A.E., Sargent, J.R., 1997. Occurrence of
16:2(n-4) and 18:2(n-4) fatty acids in the lipids of the hydrothermal vent
shrimps Rimicaris exoculata and Alvinocaris markensis: nutritional and trophic
implications. Marine Ecology-Progress Series 156, 167-174.

Quay, P.D., Wilbur, D.O., Richey, J.E., Hedges, ].I, Devol, A.H., Victoria, R., 1992.
Carbon cycling in the Amazon River - implications from the >C compositions of
particles and solutes. Limnology and Oceanography 37, 857-871.

Rai, H., Hill, G., 1984. Microbiology of Amazonian waters. In: Sioli, H. (Ed.), The
Amazon: Limnology and Landscape Ecology of a Mighty Tropical River and its
Basin. Dordrecht, pp. 413-441.

Reynolds, C.S., Walsby, AE., 1975. Water blooms. Biological Reviews of the
Cambridge Philosophical Society 437, 481.

Richey, J.E., Melack, J.M., Aufdenkampe, A.K. Ballester, V.M., Hess, L.L., 2002.
Outgassing from Amazonian rivers and wetlands as a large tropical source of
atmosphericCO,. Nature 416, 617-620.

Riera, P., Hubas, C., 2003. Trophic ecology of nematodes from various microhabitats
of the Roscoff Aber Bay (France): importance of stranded macroalgae evidenced
through 8'3C and 5'°N. Marine Ecology-Progress Series 260, 151-159.

Rontani, ].F., 1998. Photodegradation of unsaturated fatty acids in senescent cells of
phytoplankton: photoproduct structural identification and mechanistic aspects.
Journal of Photochemistry and Photobiology a-Chemistry 114, 37-44.

Rozentsvet, O.A., Saksonov, S.V., Dembitsky, V.M., 2002. Hydrocarbons, fatty acids,
and lipids of freshwater grasses of the Potamogetonaceae family. Biochemistry-
Moscow 67, 351-356.

Saliot, A., Mejanelle, L., Scribe, P., Fillaux, ]., Pepe, C., Jabaud, A., Dagaut, J., 2001.
Particulate organic carbon, sterols, fatty acids and pigments in the Amazon
River system. Biogeochemistry 53, 79-103.

Schmidt, G.W., 1982. Primary production of phytoplankton in the three types of
Amazonian waters. V. Some investigations on the phytoplankton and its
primary productivity in the clear water of the lower Rio Tapajés (Par4, Brazil).
Amazoniana 7, 335-348.

Schomburg, G., 1987. Gas chromatographie Grundlagen - Praxis - Kapillartechnik,
2nd ed. Wiley, VCH.

Scribe, P., Fillaux, J., Laureillard, J., Denant, V., Saliot, A, 1991. Fatty acids as
biomarkers of planktonic inputs in the stratified estuary of the Krka River,
Adriatic sea - relationship with pigments. Marine Chemistry 32, 299-312.

Sicko-goad, L., Simmons, M.S., Lazinsky, D., Hall, J., 1988. Effect of light cycle on
diatom fatty-acid composition and quantitative morphology. Journal of
Phycology 24, 1-7.

Silva, T.S.F., Costa, M.P.F., Melack, J.M., 2009. Annual net primary production of
macrophytes in the Eastern Amazon floodplain. Wetlands 29, 747-758.

Silva, T.S.F., Costa, M.P.F., Melack, J.M., 2010. Spatial and temporal variability of
macrophyte cover and productivity in the eastern Amazon floodplain: a remote
sensing approach. Remote Sensing of Environment 114, 1998-2010.

Sioli, H., 1984. The Amazon, Limnology and Landscape Ecology of a Mighty Tropical
River and its Basin. Junk, Dordrecht.

Stallard, R.F., Edmond, ].M., 1983. Geochemistry of the Amazon. 2. The influence of
geology and weathering environment on the dissolved load. Journal of
Geophysical Research-Oceans and Atmospheres 88, 9671-9688.

Teranes, J.L., Bernasconi, S.M., 2000. The record of nitrate utilization and
productivity limitation provided by §'°N values in lake organic matter - a
study of sediment trap and core sediments from Baldeggersee, Switzerland.
Limnology and Oceanography 45, 801-813.

Townsend-Small, A., McClain, M.E., Brandes, J.A., 2005. Contributions of carbon and
nitrogen from the Andes Mountains to the Amazon River: evidence from an
elevational gradient of soils, plants, and river material. Limnology and
Oceanography 50, 672-685.

Vainshtein, M., Hippe, H., Kroppenstedt, R.M., 1992. Cellular fatty acid composition
of Desulfovibrio species and its use in classification of sulfate-reducing bacteria.
Systematic and Applied Microbiology 15, 554-566.

Vander Zanden, M.J., Rasmussen, ].B., 2001. Variation in §'°N and §'3C trophic
fractionation: implications for aquatic food web studies. Limnology and
Oceanography 46, 2061-2066.

Waichman, AV, 1996. Autotrophic carbon sources for heterotrophic
bacterioplankton in a floodplain lake of central Amazon. Hydrobiologia 341,
27-36.

Xu, Y., Jaffe, R., 2007. Lipid biomarkers in suspended particles from a subtropical
estuary: assessment of seasonal changes in sources and transport of organic
matter. Marine Environmental Research 64, 666-678.



	Fatty acid and stable isotope (δ13C, δ15N) signa
	1 Introduction
	2 Material and methods
	2.1 Study area
	2.2 Sample collection and preparation
	2.3 FA extraction and analysis
	2.4 Stable isotopes
	2.5 Data analysis

	3 Results
	3.1 FAs in macrophytes
	3.2 FAs in plankton from Várzea (i.e. 63µm and 20µm)
	3.3 FAs in Várzea sediments
	3.4 FAs in Amazonian soil
	3.5 FAs in SPOM from Várzea
	3.6 Stable isotope signature of OM in Várzea
	3.7 FAs in SPOM from rivers
	3.8 Stable isotopes in SPOM from rivers

	4 Discussion
	4.1 OM sources
	4.2 Seasonal contrasts
	4.3 Connectivity between Várzea and the Amazon River

	Acknowledgements
	Appendix A Supplementary material
	References


