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Effects of DOM photochemistry on bacterial metabolism
and CO, evasion during falling water in a humic
and a whitewater river in the Brazilian Amazon
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Abstract In the Amazon river system, the source of
the large quantity of CO, evading from river surfaces
remains unidentified. Photochemical transformation
of dissolved organic matter (DOM) into dissolved
inorganic carbon (DIC) and low molecular weight
organic acids (LMWOAs) is a promising candidate.
Few studies in the Amazon river system, and river
systems in general, have attempted to quantify the
contribution of these specific photoproducts to CO,
evasion. We conducted photochemical degradation
and '*C addition experiments to measure the rate of
production and the impact on bacterial metabolism,
respectively, in the black water Rio Negro and in the
white water Rio Solimdes during low water. We
found statistically significant production of both
photoproducts in the Rio Negro and none in Rio
Solimdes. We also found that two photochemically
produced LMWOAs—acetic and formic acid—may
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play a significant role in bacterial metabolism in both
rivers. Based on our experimental results, we estimate
that photochemically produced CO,, acetic acid and
formic acid alone contribute to only 0.5% of the CO,
evading from the Rio Negro. Due to our experimental
set-up, analytical methods and time of sampling, we
caution that our estimate is very conservative. More
extensive research is needed before drawing conclu-
sions on the contribution of photochemistry to CO,
evasion from river surfaces of the Amazon basin.

Keywords Dissolved organic matter -
Photochemical degradation - Photomineralization

Introduction

A common thread among almost all river systems is
that river water is supersaturated with CO, (Cole and
Caraco 2001). High CO, concentrations result from
the following inputs: (1) CO, from soil respiration
and mineral weathering imported into river channels
from terrestrial environments by subsurface waters,
(2) CO, derived from in situ respiration of organic
matter (OM) within the river channel, (3) CO, from
respiration of macrophytes growing in river channels,
or (4) CO, produced as a result of the interaction of
sunlight with riverine OM in the river channel. For a
large river system such as the Amazon, the relative
strength of each source will vary spatially with river
sizes ranging from small streams to kilometer-wide
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river channels (River Continuum concept, Vannote
et al. 1980) and through time over the hydrologic year
as water levels rise, inundate floodplains and drain
back into channels (Flood Pulse concept, Junk et al.
1989).

The Amazon river releases more than 10 times the
amount of carbon by CO, evasion from water
surfaces than is exported to the ocean as TOC and
DIC combined (Richey et al. 2002). In the Amazon
(Mayorga et al. 2005; Richey et al. 2002) and in other
river systems (Cole and Caraco 2001; Mulholland
et al. 2001), the high CO, concentrations driving this
evasive flux have been attributed to in situ respiration
of organic carbon. In the Amazon, Ellis et al.
(in review) recently demonstrated that respiration of
in situ OM fuels 15-35% of the CO, evasive flux in
the Rio Negro and 80-100% in the Rio Solimdes.
However, the organic substrates fueling respiration in
these rivers remains unresolved.

Basin-wide surveys of the lignin (Hedges et al.
1986; Ertel et al. 1986) and carbohydrate and amino
acid (Hedges et al. 1994) compositions of riverine
OM show that a large component of the OM pool in
Amazonian waters is highly degraded and resistant to
biological mineralization. This precludes in situ
respiration of a large component of the OM pool in
these rivers. However, collection methods used in
these OM compositional studies (ultrafiltration and
adsorption onto XAD resins) exclude 25-40% of
mostly hydrophilic, low molecular weight DOM from
compositional analyses. Thus, the bioavailability of a
significant fraction of the total dissolved OM pool is
unknown. There are clearly unmeasured carbon
substrates fueling respiration within these river
channels (Richey et al. 1990; Mayorga et al. 2005).

Photochemistry is a promising candidate for
addressing both the questions of unmeasured dis-
solved carbon substrates fueling in situ respiration
and of unresolved CO, sources to these rivers. The
role of photochemistry in producing biologically
labile substrates from refractory dissolved organic
matter (DOM) became widely recognized with the
work of Geller (1986). Many different classes of
photoproducts have been measured over the past two
decades, with DIC and low molecular weight organic
acids (LMWOAs) recognized as most dominant
(see review by Moran and Zepp 1997). About 60%
of identified biolabile organic photoproducts are
LMWOAs, with low molecular weight keto-acids
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making up the remainder (Zepp et al. 1995). In
terrestrial aquatic systems, LMWOAs are a rapidly
cycling, yet poorly studied, pool of organic com-
pounds composing about 75% of the total biolabile
pool (Kaplan and Newbold 2003). In the Amazon
river system, photochemically produced LMWOAs
may be part of the unmeasured carbon substrates
fueling in situ respiration. In addition to the produc-
tion of biologically labile DOM, direct photochem-
ical production of DIC from DOM has also been
recognized (Granéli et al. 1996) and may contribute
directly to CO, evasion from Amazonian waters.

Most studies that quantify photoproduction rates of
DIC and LMWOAs, and subsequent effects on
bacterial metabolism, have been carried out in
estuaries and lakes. In estuaries, photochemistry is
thought to play a role in the loss of terrestrial OM
from the ocean (Mopper and Kieber 2002; Miller and
Zepp 1995; Mopper et al. 1991) and its products as a
substrate for bacteria (Miller and Moran 1997). In
lakes, the interaction of sunlight with terrestrially
derived, humic DOC has been recognized as major
source of both DIC (Prairie 2008) and biologically
labile substrates for bacteria (Bertilsson and Tranvik
1998; Bertilsson and Tranvik 2000). Granéli et al.
(1998) measured DIC photoproduction rates ranging
from 1,300 to 24,000 nM C/h in Swedish and
Brazilian lake waters varying from clear to humic-
rich. In a survey of 38 Swedish lakes covering a large
range of DOC concentrations, Bertilsson and Tranvik
(2000) measured DIC photoproduction rates of
40-13,000 nM C/h.

Quantitative studies of DIC and LMWOA photo-
production are less common in rivers. Bertilsson et al.
(1999) measured the photoproduction rates of
LMWOAs (100-2,200 nM C/h) and DIC (500-
1,000 nM C/h) in groundwater and stream water
from two small boreal catchments. Data from a study
by Pullin et al. (2004) on the Parker River in the
northeastern US yield LMWOA photoproduction
rates of about 500 nM C/h. Gao and Zepp (1998)
measured direct CO, photoproduction rates of
22,000 nM C/h in the humic-rich Satilla river in
Georgia, USA. In a clear water lake and stream with a
relatively low humic content, Amado et al. (2006)
found DIC photoproduction rates ranging from 200 to
500 nM C/h at various stages of the hydrograph.
Miller et al. (2002) found that production rates of
biologically labile photoproducts in a humic river in
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the southeastern US ranged from about 1,000 nM C/h
for UV-B wavelengths to about 100 nM C/h for
visible light.

Other studies of DOM photochemistry in rivers
have measured decreases in DOC or TOC concen-
trations as a whole. In the humic-rich waters of the
Rio Negro, Amon and Benner (1996) found DOC loss
rates of 4,000 nM C/h due to photochemical con-
sumption and that at least 15% of Rio Negro DOC is
photoreactive. In a humic-rich boreal stream in
northern Sweden, where 95% of the total organic
carbon (TOC) pool is DOC, Kohler et al. (2002)
found a mean TOC loss rate of 3,700 nM C/h due to
photochemical processes. Data from the Parker River
study by Pullin et al. (2004) yield DOC loss rates of
about 2,000 nM C/h.

The diverse rivers of the Amazon basin provide an
ideal environment for answering major questions
regarding the impact of photochemistry on aquatic
ecosystem metabolism and CO, outgassing. The large
river channels of the Amazon represent an array of
chemically diverse water types. In addition, com-
pared to other biomes, the ecological significance of
photochemistry may be most apparent in the tropics.
At these latitudes, solar zenith angles are small year-
round and the percent contribution of UV light to the
solar spectrum is relatively high (Whitehead et al.
2000). It is a well-known that DOM interacts strongly
with the UV portion of the sunlight spectrum (Miller
et al. 2002; Kirk 1994; Keiber et al. 1990).

Despite this, the Amazon and tropical river
systems in general are understudied with respect to
DOM photochemistry and there has been little to no
focus on the specific contribution of the two dominant
photoproducts—DIC and LMWOAs—to CO, eva-
sion. Photochemistry may directly contribute to CO,
evasion from rivers through mineralization of DOM
to DIC. Photochemical production of LMWOASs can
contribute indirectly to CO, evading from these rivers
and this will depend on the relative bacterial utiliza-
tion of these compounds as substrates for in situ
respiration versus incorporation into biomass.

In this study, we estimate the contribution of DOM
photochemistry to CO, evasion in two diverse water
types of the Amazon basin by performing photo-
chemical experiments using filtered water from the
Rio Negro (blackwater) and the Rio Solimdes
(whitewater). We hypothesize that DOM photochem-
istry is a significant CO, production mechanism that

operates in these river channels that results in both
the direct addition of CO, (photomineralization) and
the addition of biologically labile photoproducts
(photodegradation), which are subsequently respired
to CO,. To evaluate this hypothesis, we (1) measured
the production rates of LMWOAs and DIC during in
situ photochemical experiments and (2) measured the
bacterial utilization rates (respiration versus bacterial
production) of '*C-labeled LMWOAs during dark
incubations. We then used these experimental rates to
estimate the relative contribution of DOM photo-
chemistry to overall published CO, evasion rates
measured in these rivers.

Methods
Field sites

Samples for all photochemical and bacterial uptake
experiments were collected from October 1, 2007 to
October 7, 2007 at main channel field sites on the Rio
Negro (03°05’S, 60°06'W) and the Rio Solimdes
(03°15’S, 60°00'W) during the falling water stage of
the hydrograph. With its low suspended sediment and
dissolved ion concentrations, and high concentrations
of tea-colored dissolved humic substances, the Rio
Negro is classified as a blackwater river (Sioli 1950,
1951, 1956) and drains primarily the Caatinga forests
of northern Brazil (Sioli 1984). According to the
same Sioli classification system, the Rio Solimdes is
a whitewater river. This sediment-laden river is fed
by numerous tributaries flowing from the Andean
Cordillera. As a result, it has high dissolved ion
concentrations and moderate concentrations of dis-
solved humic substances.

Photochemical experiments

In order to examine photodegradation and photomin-
eralization of DOM, a total of four in situ photochem-
ical experiments were carried out during the first week
of October in 2007. Two identical experiments were
conducted on the Rio Negro with Rio Negro river water
on two different days: N1 (October 2, 2007) and N2
(October 6, 2007). A similar experiment was con-
ducted on the Rio Solimdes with Rio Solimdes water:
S1 (October 5, 2007). In order to compare the
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photodegradation and photomineralization of Rio
Negro and Rio Solimdes DOM under a similar light
regime, one experiment was conducted in which Rio
Solimdes DOM was incubated under the Rio Negro
light regime: NS2 (October 7, 2007). For each
experiment, a fresh sample of river water was collected
using a submersible pump from a depth of 2 m.
Samples were stored on ice and in the dark until the
start of each experiment.

In preparation for each photochemical experiment,
river water was filtered through two stacked glass
fiber filters (Whatman® GF/F, 0.7 um pore size, pre-
combusted at 500°C for 4 h) to remove particulate
material and bacteria. Removal of bacteria was to
insure that photodegradation and photomineraliza-
tion, rather than bacterial processes, were the pro-
cesses breaking down DOM during the course of the
photochemical experiments. Troussellier et al. (1997)
found that two stacked GF/F filters removed 99% of
bacteria from marine and freshwaters. However, it
should be noted that at the average temperatures of
these Amazonian waters (27°C), the 1% of remaining
bacteria may have multiplied rapidly enough to
significantly impact water chemistry during the
incubations. Therefore, our acetic and formic acid
photoproduction rates are likely underestimates.

Immediately following filtration, the filtered river
water was transferred to a 90 ml quartz test tube
(Quartz Scientific Inc., Vancouver, WA, USA) and
sealed with an acid-washed silicone stopper. Each
test tube was then positioned horizontally in a
floating test tube rack and secured with a single zip
tie. Six river water replicates and three dark controls
covered in tin foil were placed in the floating test tube
rack. Four HOBO® Temperature/Light data loggers
(Onset Computer Corporation, Bourne, Massachu-
setts, USA) were secured along side the quartz test
tubes in the floating test tube rack. A sample for
initial LMWOA and DIC concentrations was col-
lected at the beginning of each experiment. The rack
was deployed approximately 2.5 cm beneath the
water surface under natural sunlight. Incubation time
was dependent on travel conditions on the rivers and
ranged from 7 to 22 daylight hours. For example,
during the S1 experiment there was a violent storm at
the end of the sampling day such that samples could
not be retrieved until early afternoon of the next day.
However, mean total sunlight received at 2.5 cm
depth during each experiment was calculated from
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data collected by four (n = 4) HOBO data loggers
placed in each corner of the floating test tube rack.

At the end of each experiment, river water in each
test tube was sub-sampled for LMWOAs and DIC for
the determination of photodegradation and photo-
mineralization rates, respectively. Immediately after
opening each test tube, 20 ml of water was with-
drawn with a 60 cc plastic syringe for DIC analysis.
Samples were stored in the syringes and kept cold
until arrival in the laboratory at the Instituto Nacional
de Pesquisas da Amazonia (INPA) in Manaus. Water
for LMWOA analyses was poured into a 20 ml
NALGENE Sterile PETG media bottle (Thermo
Fisher Scientific, Rochester, NY, USA), preserved
with thymol (Gillett and Ayers 1991) in the field and
placed in a freezer upon return to the laboratory. Prior
to collecting the samples, bottles were washed once
with carbon-free NaOH detergent soap, once with
1 N HCI and three times with UV-treated Nanopure
water. Samples were kept frozen until analysis.

To determine DIC concentration, samples were
injected directly from the collection syringe into a
Shimadzu TOC Analyzer (Model V-CHP) within 24 h
of field collection. After injection into the instrument,
the sample was automatically acidified and the CO,
was measured in a non-dispersive infrared detector.
Concentrations were obtained by comparison with
external Shimadzu NaHCO; standards, which were
cross-checked with Trois-96 freshwater standards
(Canadian Water Research Institute). For both stan-
dards and samples, 3-5 injections were made per
sample resulting in a coefficient of variation of less
than 0.5%.

LMWOA concentrations were analyzed by a
reverse-phase high pressure liquid chromatography
method adapted from Albert and Martens (1997). The
pyridine buffer, N, bubbling and KOH addition steps
used by Albert and Martens (1997) for marine
sediments were omitted. Because of high background
concentrations of acetic acid, the 2-nitrophenylhydr-
azine (NPH) used in the derivatization step was
purified by recrystallization. The solid NPH was
dissolved in 1 1 of Nanopure water, heated to 95°C
and filtered through a pre-combusted GF/F filter. The
filtrate was cooled in an ice bath and then vacuum-
filtered through a pre-combusted GF/F filter for 8 h to
remove as much water as possible. After derivatiza-
tion, we ran our samples on Shimadzu SCL-10A with
a Gilson 231 Autosampler, a Shimadzu SPD-10A
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UV-VIS detector, a Spheri-5 RP-8 analytical column
(Alltech), a NewGuard RP-8 guard column (Alltech)
and a PRP-1 Guard column (Hamilton) as the
concentrator column in place of a sample loop in a
Rheodyne 6-port injection valve. For both standards
and samples, five injections were made per sample
resulting in an average peak area coefficient of
variation of 1.5% for acetic acid and 2.0% for formic
acid.

!4C bacterial utilization experiments

Bacterial utilization rates and bacterial growth effi-
ciencies (BGEs) for acetic and formic acids were
determined for both water types using '*C-labeled
compounds. Samples for these experiments were
collected once from each water type during two of the
four photochemical experiments (N1 and S1). Sam-
ples were collected from 2 m depth using a
submersible pump and transported back to the
laboratory at INPA in a 10 1, acid-washed carboy.
Experiments were initiated within 4 h immediately
upon return to the laboratory.

The experimental set up based on the work of
Yager and Deming (1999) which was adapted from
the original closed-system method developed by
Hobbie and Crawford (1969). Prior to the addi-
tion of river water, each vial was pre-loaded with
4C.labeled acetic or formic acid so that, when the
20 ml of river water was added, the '“C-labeled
acetic acid concentration in each vial would be 500,
1,000 and 1,800 nM C and the formic acid concen-
tration 250, 500 or 900 nM C. The radiolabeled
acetic acid (specific activity: 56 mCi/mmol; radioac-
tive concentration: 1.0 mCi/ml) and formic acid
(specific activity: 53 mCi/mmol; radioactive concen-
tration: 1.0 mCi/ml) were purchased from MP Bio-
medicals (Irvine, CA, USA). Incubations for acetic
and formic acid were run in separate vials. For each
acid, three replicate incubations were analyzed.
One formaldehyde-killed control was incubated for
each type of sample. Accurate formic acid ambient
concentrations in the river waters studied here were
known beforehand by preliminary HPLC analyses.
However, accurate acetic acid concentrations were
not know prior to the *C utilization experiments due
to high acetic acid background concentrations at the
time of preliminary HPLC analyses (see previous
section). Therefore, the acetic acid concentrations

were purposefully set up to cover a larger range.
Units were converted to nM C for both acids in order
to calculate the BGE, defined as BP/(BP 4+ BR)
where BP, bacterial production, is nmol of carbon
incorporated into biomass and BR, bacterial respi-
ration, is nmol of carbon respired. The denominator,
BP + BR, is the total utilization.

For each sample, 20 ml of unfiltered river water
was added to a 40 ml amber EPA glass vial (Cole-
Parmer, Vernon Hills, IL, USA). The vials are
certified as pre-cleaned to meet the United States
Environmental Protection Agency (EPA) standards
for more than 60 volatile organic acids, including
acetic and formic acids. After the water was added,
the vial was immediately capped with a rubber septa.
Samples were incubated for 1 h in the dark in a water
bath kept at river water temperature (27°C) on an
orbital shaker at 90-95 rpm. After 1 h, samples were
killed by adding formaldehyde through the septa of
each vial to a final concentration of 2% using a 10 cc
syringe and needle. Next, 1 ml of 1 N NaOH (CO,
scrubber) was added directly into a 10 x 75 mm
open glass test tube already in the vial through the
septa of each 40 ml vial using a 1 cc syringe and
needle. The NaOH-filled open test tube served as a
CO, collector. The CO, added to the vial due to
respiration occurring during the incubation is trapped
in the test tube when it dissolves in the NaOH and is
converted to carbonate (CO;3;), preventing CO,
outgassing from the vial. Recoveries of CO, in
blanks averaged 85 & 3%. Then, 0.4 ml of 4 N
H,S0, was added through the septum of the vial with
a 1 ml syringe and needle. The acid was added gently
against the side of the vial to prevent splashing. The
H,SO, served to drive the CO, out of solution and
into the headspace of the vial, where it was collected
in the NaOH-filled test tube. The vials were allowed
to sit for 2 weeks to give time for respired CO, to be
driven out of solution and captured by the NaOH.

After 2 weeks, each vial was opened and all of the
NaOH from the test tube was transferred to a
scintillation vial containing 10 ml of Ecolume Scin-
tillation Cocktail. This sample was used to calculate
the respiration rate of each acid. The remaining 20 ml
sample in each vial was filtered onto a separate
0.2 um cellulose-acetate membrane filter. Each filter
was added to a separate scintillation vial along with
10 ml of Ecolume. This sample was used to calculate
the incorporation rate of each acid. Radioactivity of
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the respired and incorporated '*C-labeled compounds
was estimated by liquid scintillation counting.
Respiration and incorporation rates determined
from these experiments for both LMWOAs were
adjusted to account for the quantity of formic and
acetic acid already in river water. The "*C-incubations
were run on river water collected during the N1 and
the S1 photochemistry experiments; therefore, the
initial concentrations for the N1 and S1 photochem-
istry experiments were used (Table 1) to calculate
the experimental concentration ('*C-labeled + non-
labeled) of acetic and formic acid for each incubation.
In this type of '“C-incubation experiment, where the
quantity of '*C-labeled compounds added is the same
order of magnitude as the non-labeled compounds
present in the natural water being tested, it is assumed
that the uptake of '*C-labeled and non-labeled
compounds is nondiscriminate (i.e. '*C-labeled acetic
acid and non-labeled acetic acid are utilized and
processed at the same rate). As a result of this
assumption, the respiration and incorporation rates
obtained from liquid scintillation counting of '*C-
labeled compounds were doubled to account for the
equivalent uptake of non-labeled compounds.

Statistical analyses

For the purposes of all statistical analyses, outliers
were excluded using the Q-test, which compares the

difference between the suspected outlier and its
nearest neighbor relative to the overall data range.
Data were assessed for normality using the Kol-
mogorov—Smirnov test. Differences among sample
types in the photochemical experiments were tested
using ANOVA (o = 0.05), with post-hoc Scheffe
tests to determine which pair-wise comparisons were
significant when the ANOVA indicated that differ-
ences existed among groups. In order to determine
photodegradation and photomineralization rates, we
first determined if there was a statistically significant
difference among the initial, the irradiated sample
and the dark control concentrations. If there was a
statistically significant difference between the irradi-
ated and initial concentrations, and between the
irradiated and dark controls, then photoproduction
was statistically significant. The change in concen-
tration due to photodegradation or photomineraliza-
tion was calculated by subtracting the concentration
in the dark controls from the concentration in the
irradiated samples.

Depth-integrated photodegradation
and photomineralization rates

UV-B wavelengths are thought to be the dominant
wavelength responsible for DOM photochemistry
(Keiber et al. 1990; Miller et al. 2002). We did not
have the instrumentation (i.e. a radiometer) required

Table 1 Concentrations and rates from photodegradation and photomineralization experiments for Rio Negro (N1, N2) and Rio

Solimdes (S1, NS2) waters

N1 (6.6 h?) N2 (6.8 h¥) S1 (44.3 h%) NS2 (23.3 h¥)
Initial (nM C)
Acetic 1,970 + 3,000 (n = 2) 1,800 + 100 (n = 3) 2,200 £ 100 (n = 3) 1,200 £ 100 (n = 3)
Formic 790 £ 130 (n = 3) 690 £ 80 (n = 3) 930 £ 30 (n = 3) 820 + 120 (n = 3)
DIC 10,000 £ 2,000 (n = 3) n.d. n.d. n.d.
Change (nM C)
Acetic 900 £ 400 500 £ 540%* —400 + 2,500* 700 £ 780%*
Formic 890 + 480 1,190 + 320 —20 £+ 140* 280 £ 450%*
DIC 16,000 £ 7,000 15,000 £ 3,000 3,000 + 10,000* 1,000 £ 3,000%*
Hourly rate (nM C/h)
Acetic 140 £ 60 78 £ 80* —9 £ 60* 30 £ 30%
Formic 135 £ 70 175 £ 50 0.5 &+ 3* 12 £ 30*
DIC 2,400 £ 1,000 2,200 £ 400 70 £ 200* 40 £ 130*

Initial is the concentration in the river water during the time of sampling and at the start of each experiment. Change is the difference
in concentration between the dark control and the irradiated sample. Numbers for each sample type are the mean =+ standard
deviation of n samples. * Time of exposure to sunlight. * Not statistically significant
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to directly measure the UV-Visible spectra of our
two water types. Therefore, we estimated the diffuse
attenuation coefficients (k) for UV-B light in these
waters using measured Secchi disc depth (zgp) and
empirically derived relationships between k and zgp
(Calkins 1975). Secchi disc depth was recorded on
each day that a fresh sample was collected.

Photochemical production of LMWOAs and DIC
occur at the surface, whereas bacterial metabolism of
these compounds occurs throughout the water col-
umn. Thus, in order to estimate the contribution of
photodegradation and photomineralization to bacte-
rial metabolism and overall CO, evasion rates in
these rivers, we used our experimental rates to
calculate mean daily depth-integrated rates for 03°S
latitude over the course of a typical year. Depth-
integrated rates were estimated for the Rio Negro
only because there was no detectable photochemical
production of LMWOAs or DIC during the Rio
Solimdes experiments (see Results).

For a range of natural waters, Calkins (1975)
derived the following relationship between k and zgp:
k = 9/zgp. Using the Beer—Lambert law (Kirk 1977)
to model the vertical attenuation of light in water with
depth and our measured Secchi disc depth for the Rio
Negro (52.5 &£ 3.5 cm), this k corresponds to a 90%
attenuation depth of about 15 cm for UV-B light.
Therefore, we integrated over a depth of 20 cm. In
order to integrate over this depth, we needed to know
the amount of light incident on the water surface (/)
and this was not directly measured during our field
experiments. However, we did measure light intensity
at 2.5 cm (I, 5) depth using the HOBO Temperature/
Light data loggers. Thus, to get an estimate of I during
the course of our experiments, we used the mean /5 5
measured during each Rio Negro experiment.

For our overall production estimate, we calculated a
daily production rate for each experiment by multiply-
ing hourly rates by 12 h of daylight and then normal-
ized to light intensity using the calculated /. The daily
production rate for an average day at this latitude was
then calculated by multiplying this value by a mean
daily irradiance of 4.21 £ 1.46 Mlux/day, which was
obtained from multi-year, daily irradiance data col-
lected at an LBA tower site in Santarem, Ceara State,
Brazil (5°10'S, 39°40'W) from July 2000 to March
2004. The daily mean value of 4.21 £ 1.46 Mlux was
determined by transforming tower irradiance data in
W/m? to Mlux based on the spectral distribution of

sunlight. We integrated our volumetric daily produc-
tion rates over the top 20 cm of the water column to
obtain depth-integrated, areal daily production rates.
We conducted a single-factor sensitivity analysis of
our calculation by varying three input values that are not
well-constrained. We determined the effect of varying
these three values on the mean sum of the acetic acid,
formic acid and DIC production rates for the two Rio
Negro photochemical experiments. As noted above,
Calkins (1975) found a mean coefficient of 9 for a range
of natural waters for the following relationship between
Zsp and k: k = 9/zgp. This coefficient ranged from
values as high as 25 for humic waters to as low as 2 for
turbid waters. Therefore, the k coefficients values
bounding this range were used to calculate k. The mean
daily irradiance was also varied in the calculations
because the amount of light, and especially UV-B light,
incident at the water surface varies with atmospheric
conditions such as solar angle and cloud cover. We
varied daily irradiance using the 4-year maximum
(6.91 Mlux) and minimum (0.02 Mlux) irradiance val-
ues from the Santarem tower site data set. Finally, the
depth over which the experimental rates were integrated
was also varied because the k values used in the
calculations are for UV-B light only. UV-A and some
visible wavelengths of light also contribute to DOM
photochemistry (Granéli et al. 1998). UV-B light has the
shortest wavelength of all three types and will be
attenuated at the shallowest depths, whereas visible light
has the longest wavelength and will penetrate the
deepest. Poole and Atkins (1929) derived a mean slope
of 1.7 for a plot of zgp versus 1/k for visible light in a
range of natural waters, which corresponds to 90%
attenuation of visible light at a depth of about 70 cm. The
highest slope of 25 found by Calkins (1975) for UV-B
light corresponds to a 90% UV-B light attenuation depth
of 5 cm. Therefore, the depth of integration was varied
from 5to 70 cm to cover all depths to which wavelengths
important to DOM photochemistry may penetrate.

Results

Photochemical degradation
and photomineralization experiments

With the exception of acetic acid in the Solimdes 1

sample set, all data sets passed the Kolmogorov—
Smirnov test for normality with significance values
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greater than 0.05, indicating a non-significant result
and evidence for a normal distribution. For both acetic
and formic acid in the Rio Negro, there was a
statistically significant difference in concentration
between the irradiated samples and the initial samples,
and between the irradiated samples and the dark
controls (Table 1). For the S1 and NS2 experiments,
there was no statistically significant difference among
the three sample types (Table 1).

There was a statistically significant difference in
concentration between the irradiated samples and the
initial samples, and the irradiated samples and the
dark controls, for the N1 photomineralization exper-
iment (Table 1). No initial sample was taken for the
N2 experiment, but there was a statistically signifi-
cant difference between the irradiate samples and the
dark controls. There was no statistically significant
production of DIC in either the S1 or NS2 experi-
ments. However, due to the high background DIC
concentrations in the Rio Solimdes, photochemical
DIC production that may have occurred may not have
been detectable by our methods.

Bacterial utilization of acetic and formic acids

Across all experimental concentrations and water
types, formic acid utilization rates were almost
always less than acetic acid (Fig. 1). In the Rio
Negro incubations, the formic acid incorporation
rate (Inegra) reached saturation at 12 nM C/h and
at a formic acid concentration of approximately
1,200 nM C (Fig. 1b). The formic acid respiration
rate (Rneg,ra) did not reach saturation over the range
of experimental concentrations, but it began to level
off (Fig. 1b). For all experimental concentrations,
more formic acid was respired than incorporated
(Fig. 1b). At ambient formic acid concentrations in
the Rio Negro (Table 1), Ryeg pa is four times that of
Inegra (Table 2). Neither Rio Negro acetic acid
incorporation (Ineg aa) nor respiration (Ryeg a4) rates
reached saturation over the range of experimental
concentrations (Fig. 1a). For all concentrations, much
more acetic acid was incorporated into biomass than
was respired. At ambient acetic acid concentrations in
the Rio Negro (Table 1), Ineg ana is four times that of
Ryeg aa (Table 2).

In the Rio Solimdes incubations, formic acid
uptake rates did not reach saturation within the range
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of experimental concentrations and the formic acid
respiration rate (Rgo;ra) Was higher than the incor-
poration rate (Iso; ra) (Fig. 1d). As in the Rio Negro,
at ambient formic acid concentrations in the Rio
Solimdes, Rgopa 1s four times Igo pa (Table 2). The
acetic acid uptake rates also did not reach saturation
in the Rio Solimdes incubations over the range of
experimental concentrations (Fig. 1c). The acetic
acid incorporation rate (Iso; 4a) Was higher than the
respiration rate (Rgoaa). At ambient acetic acid
concentrations, Igyaa is about 2.5 times Rgoaa
(Table 2).

We estimated the contribution of formic and acetic
acid respiration to the total CO, evading from the two
water types studied here using the BGE calculated
from our experimental data (Table 2). In the Rio
Negro incubations, the formic acid BGE increased
with concentration until formic acid uptake neared
saturation at about 1,200 nM C/h and there was a
slight decrease between the second and third exper-
imental concentration (Fig. 1b). At ambient concen-
trations, BGE for the Rio Negro was about 0.20
(Table 2). This implies that 80% of utilized formic
acid in the Rio Negro is respired. For acetic acid in
this river, there was a slight increase in BGE with
concentration (Fig. 1a) and at ambient concentrations
BGE was 0.80 (Table 2). This implies that about 20%
of acetic acid in the Rio Negro is respired. Acetic
acid BGE was four times higher in this river than
formic acid BGE (Table 2).

For Rio Solimdes formic acid, BGE increased with
experimental concentration (Fig. 1d) and at ambient
concentrations was 0.20 (Table 2). Acetic acid BGE
in the Rio Solimdes also increased with increasing
experimental concentration (Fig. 1¢c). At ambient
concentrations, the acetic acid BGE was 0.73
(Table 2), implying that 27% of acetic acid is
respired in this river. Acetic acid BGE in the Rio
Solimdes was 3.5 times higher than formic acid BGE
(Table 2).

Depth-integrated photodegradation
and photomineralization rates

The depth-integrated acetic acid, formic acid and DIC
photoproduction rates are shown in Table 3. The
results of the sensitivity analysis are shown in Fig. 2.
The mean sum of the acetic acid, formic acid and
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Fig. 1 Results of bacterial
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B Bacterial Metabolism: Rio Negro, Formic Acid
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Table 2 Respiration (BR) and incorporation rates (BP), and BGEs, for both acids at ambient concentrations in both rivers

BP (nM C/h) BR (nM C/h) Total utilization BGE
(nM C/h)

Negro
Acetic acid 20+ 3 5+1 25+ 3 0.80
Formic acid 1 +0.03 4+1 5+1 0.20
Solimoes
Acetic acid 8§+ 1 3+05 11+1 0.73
Formic acid 2+ 0.1 8§+ 1 10 £ 1 0.20

DIC production rates (XNeg) for the two Rio Negro
photochemical experiments for the original depth
integrated calculations was 260 £ 140. At higher
k coefficients than that used in our calculation
(k coefficient = 9), XNeg is up to 2.5 times lower
than the value that we calculated based on our
assumptions. Over the range of possible daily irradi-
ance values used in the sensitivity analysis, XNeg
changes linearly and over two orders of magnitude.
Given the k coefficient value that we used in our
calculation, XNeg is most sensitive to shallow
integration depths of about 20 cm or less.

Discussion

Photochemical degradation
and photomineralization experiments

Given the diversity of aquatic ecosystems composing
the 700,000 km? basin drained by the Rio Negro,
DOM used in our photochemical experiments is
likely a mixture of DOM derived from lakes, stream,
wetlands and macrophytes. This is supported by the
fact the our acetic and formic acid relative production
rates (Table 1), which are equivalent within the
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Table 3 Depth-integrated photoproduction rates calculated from Rio Negro photodegradation and photomineralization experimental

data
N1 (6.6 h) N1 (6.6 h) N1 (6.6 h) DIC N2 (6.8 h) N2 (6.8 h) N2 (6.8 h) DIC
acetic formic acetic formic
Production rate (nM C/h) 140 + 60 135 £ 70 2,400 £+ 1,000 78 £ 80* 175 £ 50 2,200 + 400
Irradiance at water surface, 3.1 £03 3.1 +£03 3.1 £03 3.0+£03 3.0+£03 3.0+£0.3

Iy (Mlux)?

Daily production rate (nM 2,200 + 1,200 2,200 £ 1,400 39,000 £+ 21,000 1,200 £ 1,400* 3,000 £+ 1,600 37,000 £ 15,000

C/day)

Depth-integrated production
rates (nmol C/cm? day)

10£5 10 £5

200 £ 100

10 £+ 5% 20 £ 10 200 £ 100

* Not statistically significant
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Fig. 2 Results of the single-factor sensivity analysis

calculated error, fall within range of the relative rates
of several studies in which OM from specific aquatic
environments was photochemically degraded. Irradi-
ation studies of water from humic-rich lakes, streams,
and wetlands and from macrophyte leachate demon-
strate formic acid:acetic acid photoproduction rate
ratios that range from 2 to 4 times higher (Bertilsson
and Tranvik 1998; Bertilsson et al. 1999; Dahlén
et al. 1996) to five times lower (Wetzel et al. 1995),
and the ratio has been found to vary in sign
depending on the species of macrophyte (Farjalla
et al. 2001).

Photo-oxidation rates are correlated with DOC
concentration (Granéli et al. 1996). Thus, in order to
compare our absolute photoproduction rates for the Rio
Negro to other studies of similarly Fe-rich, low pH,
humic waters, we normalized our hourly production
rates to the DOC concentration of the Rio Negro
(10 mg/1, Ertel et al. 1986). This yielded DOC-normal-
ized production rates of 11 nM C/h for acetic acid,
16 nM C/h for formic acid and 230 nM C/h for DIC.
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Slightly higher DOC-normalized photodegradation
rates for acetic acid (30 nM C/h) and formic acid
(60 nM C/h) were found by Bertilsson and Tranvik
(1998) in a humic lake in Sweden. At a similar latitude
in humic streams, Bertilsson et al. (1999) found a range
of DOC-normalized photoproduction rates of acetic
(640 nM C/h) and formic (7-50 nM C/h) acids. Our
values fall within these ranges. Dahlén et al. (1996) also
find photoproduction rates of acetic (3 nM C/h) and
formic (17 nM C/h) acid in a humic lake that are
comparable to our Rio Negro rates. A key different
between these studies and ours is that, due to the more
turbulent nature of water in river channels, we incubated
our samples at 2.5 cm depth and these other studies
incubated their samples at the water surface. In humic
waters, UV-B light is attenuated to 10% of the surface
irradiance values within the first 0.5-2.5 cm (Granéli
et al. 1998). Therefore, very little UV-B reached our
samples at 2.5 cm depth. In a survey of 38 lakes,
Bertilsson and Tranvik (2000) found that 80% of the
variability in photoproduction rates among four car-
boxylic acids could be explained by the total absorbed
radiation energy. Thus, due to our deeper incubation
depths, our rates are likely underestimates of the actual
photoproduction of acetic and formic acid in the Rio
Negro.

Our Rio Negro DIC production rates are lower than
rates determined for similar waters. Rates determined
by Granéli et al. (1998) for the Rio Negro (980 nM C/h,
DOC-normalized) are almost an order of magnitude
greater than the DOC-normalized DIC production rates
determined in our experiment. Bertilsson and Tranvik
(2000) found DOC-normalized DIC production rates
ranging from 2 to 900 nM C/h for 38 chemically
diverse lakes. The lower rate in our experiment may be
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due to our incubation depth of 2.5 cm compared to the
water surface for these studies.

In addition to being underestimates of actual
photoproduction rates at the water surface, the
relative amounts of LMWOAs versus DIC produced
may also be inaccurate in our study. In the Rio Negro,
the LMWOA production rate was about 10% of the
DIC production rate. In other studies of humic waters,
LWMOA photoproduction rates are a much larger
percentage. In a survey of 38 lakes, Bertilsson and
Tranvik (2000) found that LMWOA production was
about 34% of the median DIC production rate. The
higher values reported in this study may be another
consequence of our incubation depth (2.5 cm versus
the water surface). Keiber et al. (1990) found no
production of LMW carbonyl compounds when
UV-B light was excluded. For DIC photoproduction,
UV-A and PAR wavelengths are more important than
UV-B (Granéli et al. 1998). Therefore, it may be that
the lower percentage of LMWOAs produced at
2.5 cm depth in our study, relative to DIC, may be
due to the exclusion of most UV-B light at this depth
combined with a higher proportion of wavelengths
important in DIC production.

DOM photochemistry comparison
between the Rio Negro and Rio Solimdes

The lack of detectable LMWOA and DIC production
in the Rio Solimdes may be a result of water
chemistry and the availability of photolabile DOM.
DOM is more photochemically reactive in lakes with
lower pH, alkalinity and conductivity (Bertilsson and
Tranvik 2000). The Rio Negro has a low pH (4.0),
zero alkalinity and low conductivity (15 pS) relative
to the Rio Solimdes (7.0, 400-900 peq/1, and 70 pS,
respectively) (Devol et al. 1995). Another difference
is the dissolved Fe concentrations in the Rio Negro
(3 uM) and in the Solimdes (1 puM) (Aucour et al.
2003). Photoproduction rates of DIC and other DOM
photoproducts increase in the presence of Fe (Gao
and Zepp 1998; Miles and Brezonik 1981). Bertilsson
and Tranvik (2000) found a positive correlation
between DIC photoproduction and dissolved Fe
concentrations.

Differences in the photolability of DOM itself may
also explain the differences in DOM photochemistry
between the Rio Negro and the Rio Solimdes. The
concentration of dissolved humic substances (DHSs)

in the Solimdes (1.5 mg C/1) is lower than that of the
Rio Negro (5.8 mg C/1) (Ertel et al. 1986). Lindell
et al. (2000) found that both DIC and LMWOA
photoproduction rates were eight times higher in
humic lakes compared to clear water lakes with low
concentrations of DHSs. In addition to lower DHS
concentrations, DOM in the sediment-laden Rio
Solimdes may be protected from photodegradation
by mineral sorption. Tietjen et al. (2005) found that
DHSs are preferentially sorbed by clay minerals.

It is important to note that our study considered
only the dissolved OM pools. The removal of
particulate organic matter (POM) during filter-steril-
ization of Rio Solimdes water prior to our photo-
chemical experiments may have removed a source of
photoreactive organic matter. Mayer et al. (2006)
demonstrated the loss of 2 mg OC/l of POM from
rivers in the lower Mississippi basin during irradia-
tion. This corresponds to a loss rate of almost
2,000 nM C/h and is comparable to our DIC
production rates in the Rio Negro. Mayer et al.
(2006) suggest photodissolution, or the desorption of
OM from clay mineral surfaces, as the major
mechanism of photochemical POM loss. Therefore,
in addition to releasing bioavailable DOM (Baldock
and Skjemstad 2000; Keil et al. 1994), photodisso-
lution may also release DOM that can be further
degraded by sunlight since photolabile DOM is also
preferentially sorbed (Tietjen et al. 2005).

Bacterial utilization of acetic and formic acids

Depending on experimental concentration, total uti-
lization rates of acetic acid were 3—7 times faster than
formic acid for the Rio Negro and 2-3 times faster for
the Rio Solimdes. These results are consistent with a
similar '*C-labeled substrate experiment by Bertils-
son and Tranvik (1998). Acetic acid is used by
bacteria in many metabolic reactions (Gottschalk
1986), possibly due to the different molecular ther-
modynamic energy contents (Eiler et al. 2003), while
formic acid is not.

One major difference in formic acid total utiliza-
tion between the two water types is that the formic
acid total utilization rate reached or approached
saturation within the range of experimental concen-
trations for the Rio Negro, whereas total utilization
rates did not reach a maximum in the Rio Solimdes.
These trends may be a function of a positive
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correlation between bacterial abundance and pH
(Ellis et al. in review). In the Rio Negro (mean pH
of 4), formic acid total utilization rates may be
limited by the number of bacterial cells present. The
Solimdes mean pH is 7.

In both rivers, Rgp was 2-3 times higher than the
Ira and this has been observed in other studies
(Bertilsson and Tranvik 1998). It may be that the
bacteria are not actually using formic acid during
respiration. Rather, they may be converting the
formic acid to CO, by some other means, such as
mineralization to CO, by the extracellular enzyme
formadehydrogenase (Gottschalk 1986).

In both water types and for both LMWOAs, except
for formic acid in the Rio Negro where incorpora-
tion rate leveled off (Fig. 1b), BGE increased
with experimental concentration. This increase with
increasing concentration may be a result of increased
bacterial growth with increased bioavailable substrate
concentrations (acetic and formic acid). Eiler et al.
(2003) found that BGE increased with increasing
bulk DOC concentration. The higher BGE found for
acetic acid at ambient concentrations in both rivers
is consistent with other studies of the uptake of
“C-labeled compounds (Bertilsson and Tranvik
1998). Higher acetic acid BGEs relative to formic
acid might be explained by the frequent incorporation
of acetic acid into metabolic reaction pathways
(Gottschalk 1986).

BGE for formic acid at ambient concentrations
was similar in the Rio Negro and the Rio Solimdes;
however, acetic acid BGE was slightly higher in the
Rio Negro. Bacteria need a source of reduced organic
or inorganic nitrogen for growth. Compared to the
Rio Solimédes, dissolved NO; ™ is lower in the Negro
and NH," is low in both rivers (Richey et al. 1990).
This contradicts other studies in which a neutral
response or a negative response of BGE was observed
with the addition of biolabile organic substrates
(Abboudi et al. 2008; Reche et al. 1998). Rio
Solimdes bacteria may be using fine particulate
organic carbon (FPOC) as a substrate and, therefore,
do not need to rely as much on acetic acid (Ellis et al.
in review). FPOC concentrations are twice as high in
the Solimdes as in the Negro (Hedges et al. 1994).
Bulk BGEs range from 0.04 to 0.55 for a variety of
whitewater and blackwater rivers in the Amazon
basin (Benner et al. 1995). Our acetic acid BGEs are
much higher, whereas our formic acid BGEs fall on
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the low end of this range. However, our compound-
specific BGE values cannot be directly compared to
this range, which is for a mixture of 1000s of
molecules composing the carbon pool of these rivers.

Using data collected from previous studies of
bacterial metabolism in these rivers, we can assess
the role of these compounds in bacterial metabolism.
Mean bacterial production for total organic carbon
(DOM + POM) is about 100 nM C/h for both the
Negro and Solimdes (Benner et al. 1995). Using our
total utilization rates at ambient concentrations
(Table 2), bacterial incorporation of acetic and for-
mic acid accounts for about 20% of the total BP in the
Rio Negro and 10% in the Solimdes. The lower
contribution of acetic acid to total BP in the Solimdes
may be a result of the use of other substrates (FPOC,
Ellis et al. in review). Despite the nutrient limitation
in the Rio Negro (Benner et al. 1995), more growth
may be fueled by acetic acid compared to a wider
range of substrates in the Solimdes (i.e. acetic acid
and FPOC). Based on our measured rates, formic and
acetic acid respiration rates make up a significant
percentage of bulk respiration rates: Rio Negro =
100 nM, Rio Solimdes = 300 nM C/h (Ellis et al. in
review). Thus, acetic and formic acid respiration
together account for 10% of total respiration in the
Rio Negro and 5% in the Rio Solimdes.

Effects of DOM photochemistry on bacterial
metabolism

Using our depth-integrated acetic and formic acid
production rates from the Rio Negro, we assessed the
role of photochemically produced acetic and formic
acid in bacterial metabolism. For most of its course,
the depth of the Rio Negro is about 10 m during low
water (Richey, J.E., unpublished data). Integrating
our bacterial utilization rates over this depth, we
obtain depth-integrated daily rates for total utilization
(720 nmol Cl/em? day), respiration (144 nmol C/em?
day) and incorporation (528 nmol C/cm? day) of
acetic and formic acid combined. Comparing these
rates to our depth-integrated photodegradation rates,
we find that photoproduction of these acids in the Rio
Negro may fuel as much as 3% of total utilization,
17% of respiration and 5% of incorporation of these
compounds. The Rio Negro can reach up to 50 m
depth and, assuming similar bacterial uptake rates of
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these acids during high water, photochemically
produced acetic and formic acids may play a much
smaller role in bacterial metabolism at that stage of
the hydrograph.

Other studies in the Amazon river basin have
looked at the effect of photochemistry on bacterial
metabolism at various stages of the hydrograph.
During high water and at the same locations as our
study, Amon and Benner (1996) used leucine and
thymidine incorporation rates to measure the effect of
photochemically produced substrates on bacterial
metabolism. However, they suggest that their results
are inconclusive due to a faulty experimental design.
Amado et al. (2006) used measured bacterial pro-
duction and respiration in a clear water lake and
stream located in the Brazilian Amazon basin. They
found varying degrees of photochemical stimulation
of bacterial production and respiration at different
stages of the hydrograph. Thus, seasonal differences
in the impact of DOM photochemistry on bacterial
metabolism may have been missed in our study (low
water) and by Amon and Benner (high water).

Effect of DOM photochemistry on CO, evasion
in the Rio Negro

The overall contribution of DOM photochemistry to
CO; evading from water surfaces in the Rio Negro is
a combination of the direct production of CO, by
photomineralization of DOM and the addition of
biolabile substrates produced by photodegradation
that are subsequently respired to CO,. An average of
45 pmol C/cm? day as CO, evades from the Rio
Negro (Alin et al. in review). Comparing this to our
depth-integrated photomineralization rates (Table 3),
photochemically produced CO, contributes 0.5% to
CO, evasion from this river. We used the average
depth-integrated acetic (10 nmol C/cm? day) and
formic (15 nmol C/cm? day) acid photoproduction
rates and BGEs of 0.80 and 0.20, respectively, to
calculate the percent contribution of the respiration
and found that photochemically produced acetic and
formic acid collectively contribute <0.05% to CO,
evasion.

Accounting for direct (photomineralization) and
indirect (photodegradation) addition of CO, resulting
from the interaction of sunlight with DOM, our
measurements show that photochemically produced
DIC, acetic acid and formic acid collectively

contribute about 0.5% of CO, evasion in the Rio
Negro. Amon and Benner (1996) found a DOC loss
rate due to photochemical degradation of 4,000 nM
C/h. Integrating this rate over the top 20 cm of the
water column, we find a depth-integrated DOC loss
rate due to photochemistry of about 2,000 nmol C/
cm?” day. This value is about 10 times our combined
depth-integrated rates for DIC and LMWOA photo-
production (200 £ 80 nmol C/em?® day). Our com-
pound-specific production rates are consistent with,
although an order of magnitude lower than, the DOC
loss rate measured by Amon and Benner (1996).
Amon and Benner (1996) caution that their DOC loss
rates should be considered conservative due to the
use of Pyrex glass, which absorbed 20% of UV-A
and 50% of UV-B irradiance, rather than quartz
containers during their photochemical degradation
experiments.

Because of the assumptions made in our calcula-
tion, these numbers should be viewed with caution.
The results of the sensitivity analysis show that
depth-integrated rates would be up to 2.5 times lower
if the k coefficient used in the calculation were
higher. The highest k coefficient used as the upper
bound for this analysis (25) was that found for humic
waters (Calkins 1975). In addition, the calculation is
very sensitive to integration depths <20 cm, below
which production rates decrease exponentially. If the
k coefficient of 25 is more accurate for the Rio Negro,
then integration depth would be much shallower
because a k coefficient of 25 corresponds to a 90%
UV-B attenuation depth of about 5 cm. However,
UV-B light is not the only wavelength of importance,
especially for DIC photoproduction (Granéli et al.
1998).

Impact of photochemical processes on CO,
evasion from Amazonian waters

Conclusions drawn from this study regarding the
overall contribution of photochemistry to CO, eva-
sion in the Amazon river system should be tentative.
There are several reasons why our DIC and LMWOA
photochemical production rates may be conservative.
First, samples were incubated under natural sunlight
at 2.5 cm depth and this incubation depth may
exclude photochemically important wavelengths
(i.e. UV-B). Second, we measured only two of the
many possible biolabile photoproducts formed from
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the degradation of DOM. Sixteen specific compounds
and two major compound classes (amino acids and
carbohydrates) have been measured as photoproducts
in a range of water types and using analytical
methods (Moran and Covert 2003). Also, the bulk
DOM remaining after photochemical interaction may
be rendered more biolabile (Moran and Zepp 1997)
and this was not assessed here. Third, the importance
of photochemistry in the Rio Solimdes is not
conclusive without the assessment of POM photo-
chemistry, as demonstrated by Mayer et al. (2006) in
the Mississippi river. Finally, our photochemical
experiments were conducted during falling water, but
rivers may be loaded with more photochemically
reactive OM during rising and high water (Smith
et al. 1997; Suhett et al. 2007; Lindell et al. 2000;
Rodriguea-Zuniga et al. 2008). During identical trial
experiments conducted on the Rio Negro in April
2007 (rising water), a combined acetic and formic
acid photoproduction rate of about 600 nM C/h was
measured. This hourly photodegradation rate is twice
the hourly photodegradation rate measured in Octo-
ber 2007 during falling water (Table 1). During the
April 2007 experiments, DIC production was not
measured and light sensors were not deployed;
however, assuming a similar increase in DIC pro-
duction and a comparable light regime, DOM pho-
tochemistry may contribute up to 20% of CO,
evasion in this river during rising water from
photochemical production of DIC, acetic acid and
formic acid alone. Future studies of DOM photo-
chemistry in the Amazon should be seasonal.

Conclusions

Our results suggest that photochemical degradation of
OM to DIC, acetic acid and formic acid contributes a
small (0.5%) fraction of the CO, evading from water
surfaces in the Rio Negro during falling water.
However, our estimate of photochemical contribution
to CO, evasion is uncertain and likely an underes-
timate due to the extinction of UV wavelengths at our
incubation depth, other photochemically produced
compounds that may have been present but were not
measured, and the exclusion of POM and seasonal
dynamics. In the Rio Negro, there are likely signif-
icant CO, sources other than respiration and photo-
chemistry. In the future other sources of CO, and
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biolabile substrates to this river, such as anaerobic
“hotspots” (hyporheic zones, mid-channel sandbars
and macrophyte beds) and precipitation (from pho-
todegradation of isoprenes in the atmosphere emitted
by trees), should be investigated. The percent contri-
bution of respiration to CO, evasion in the Rio
Solimées (80-100%, Ellis et al. in review) and POM
loss rates determined by Mayer et al. (2006) suggest
that water column respiration and photochemistry
may be able to account for all of the CO, evading
from water surfaces in this river. The accurate
quantification of photochemical and other processes
adding CO, to these rivers will be necessary to better
constrain the sources of the CO, evading from river
surfaces in the Amazon basin.

Acknowledgments This work was supported by the NASA
LBA program (DEB-0213585). We thank Alex Krusche,
Reynaldo Victoria and all of our colleagues at the Centro de
Energia Nuclear na Agricultura in Piracicaba, Sdo Paulo state,
Brazil for logistical and laboratory support. Hilandia Brandao
da Cunha, Jonismar Souza and colleagues at the Insituto
Nacional de Pesquisas da AmazOnia in Manaus, Brazil
provided logistical support in the field, laboratory equipment
and office space. We thank Anthony Aufdenkampe, Simon
Alin and Gordon Holtgrieve for commenting on the
manuscript.

References

Abboudi M, Jeffrey WH, Ghiglione JF et al (2008) Effects of
photochemical transformations of dissolved organic mat-
ter on bacterial metabolism and diversity in three con-
trasting coastal sites in the northwestern Mediterranean
Sea during summer. Microbiol Ecol 55:344-357

Albert DB, Martens CS (1997) Determination of low-molec-
ular-weight organic acid concentrations in seawater and
pore-water samples via HPLC. Mar Chem 56:27-37

Amado AM, Farjalla VF, Esteves FA et al (2006) Compli-
mentary pathways of dissolved organic carbon removal
pathways in clear-water Amazonian ecosystems: photo-
chemical degradation and bacterial uptake. FEMS Microb
Ecol 56:8-17

Amon RMW, Benner R (1996) Photochemical and microbial
consumption of dissolved organic carbon and dissolved
oxygen in the Amazon River system. Geochim Cosmo-
chim Acta 60(10):1783-1792

Aucour AM, Tao FX, Moreira-Turcq P (2003) The Amazon
River: behaviour of metals (Fe, Al, Mn) and dissolved
organic matter in the initial mixing at the Rio Negro/Rio
Solimdes confluence. Chem Geol 197:271-285

Baldock JA, Skjemstad JO (2000) Role of the soil matrix and
minerals in protecting natural organic materials against
biological attack. Org Geochem 31:697-710



Biogeochemistry (2011) 105:185-200

199

Benner R, Opsahl S, Chin-Leo G et al (1995) Bacterial carbon
metabolism in the Amazon River System. Limnol Ocea-
nogr 40(7):1262-1270

Bertilsson S, Tranvik LJ (1998) Photochemically produced
carboxylic acids as substrates for freshwater bacterio-
plankton. Limnol Oceanogr 43(5):885-895

Bertilsson S, Tranvik LJ (2000) Photochemical transformation
of dissolved organic matter in lakes. Limnol Oceanogr
45(4):753-762

Bertilsson S, Stepanauskas R, Cuadros-Hansson H et al (1999)
Photochemically induced changes in bioavailable carbon
and nitrogen pools in a boreal watershed. Aquat Microb
Ecol 19(1):47-56

Calkins J (1975) Measurements of the penetration of solar
UV-B into various natural waters. In: Impacts of Climate
Change on the Biosphere, CIAP Monographs, U.S.
Department of Transportation, Report No. DOT-TST-
75-55, National Technical Information Service, Spring-
field, Virginia

Cole JJ, Caraco NF (2001) Carbon in catchments: connecting
terrestrial carbon losses with aquatic metabolism. Mar
Freshw Res 52:101-110

Dahlén J, Bertilsson S, Pettersson C (1996) Effects of UV-A
irradiation on dissolved organic matter in humic surface
waters. Environ Int 22(5):501-506

Devol AH, Forsberg BR, Richey JE et al (1995) Seasonal
variation in chemical distributions on the Amazon (Sol-
imoes) River: a multiyear time series. Global Biogeochem
Cycles 9(3):307-328

Eiler A, Langenheder S, Bertilsson S et al (2003) Heterotrophic
bacterial growth efficient and community structure at
different natural organic carbon concentrations. Appl
Environ Microbiol 69(7):3701-3709

Ertel JR, Hedges JI, Devol AH et al (1986) Dissolved humic
substances of the Amazon River System. Limnol Ocea-
nogr 31(4):739-754

Farjalla VF, Anesio AM, Bertilsson S et al (2001) Photo-
chemical reactivity of aquatic macrophyte leachates:
abiotic transformations and bacterial response. Aquat
Microb Ecol 24(2):187-195

Gao H, Zepp RG (1998) Factors influencing photoreactions of
dissolved organic matter in a coastal river of the southeast-
ern United States. Environ Sci Technol 32(19):2940-2946

Geller A (1986) Comparison of mechanisms enhancing bio-
degradability of refractory lake water constituents. Limnol
Oceanogr 31(4):755-764

Gillett RW, Ayers GP (1991) The use of thymol as a biocide in
rainwater samples. Atmos Environ 25A(12):2677-2681

Gottschalk G (1986) Bacterial metabolism. Springer, New
York

Granéli W, Lindell M, Tranvik L (1996) Photo-oxidative
production of dissolved inorganic carbon in lakes of dif-
ferent humic content. Limnol Oceanogr 41(4):698-706

Granéli W, Lindell M, de Faria MB et al (1998) Photopro-
duction of dissolved inorganic carbon in temperate and
tropical lakes—dependence on wavelength band and dis-
solved organic carbon concentration. Biogeochemistry
43(2):175-195

Hedges JI, Clark WA, Quay PD et al (1986) Compositions and
fluxes of particulate organic matter in the Amazon River.
Limnol Oceanogr 31(4):717-738

Hedges JI, Cowie GL, Richey JE et al (1994) Origins and
processing of organic matter in the Amazon River as
indicated by carbohydrates and amino acids. Limnol
Oceanogr 39(4):743-761

Hobbie JE, Crawford CC (1969) Respiration corrections for
bacterial uptake of dissolved organic compounds in nat-
ural waters. Limnol Oceanogr 14:528-532

Junk WJ, Bayley PB and RE Sparks (1989) The flood pulse
concept in river-floodplain systems. In: Dodge DP (ed)
Proceedings of the international large river symposium
(LARS). Canadian Special Publication of Fisheries and
Aquatic Sciences, Canada

Kaplan LA, Newbold JD (2003) The role of monomers in
stream ecosystem metabolism. In: Findlay SEG, Sinsab-
augh RL (eds) Aquatic ecosystems: interactivity of dis-
solved organic matter. Academic Press, London

Keiber RJ, Zhou X, Mopper K (1990) Formation of carbonyl
compounds from UV-induced photodegradation of humic
substances in natural waters: fate of riverine carbon in the
sea. Limnol Oceanogr 35(7):1503-1515

Keil RG, Montlucon DB, Prahl FG (1994) Sorptive preserva-
tion or labile organic matter in marine sediments. Nature
370:549-552

Kirk JTO (1977) Attenuation of light in natural waters. Aust J
Mar Freshw Res 28:497-508

Kirk JTO (1994) Light and photosynthesis in aquatic ecosys-
tems. Cambridge University Press, Cambridge

Kohler S, Buffam I, Jonsson A, Bishop K (2002) Photochem-
ical and microbial processing of stream and soil water
dissolved organic matter in a boreal forested catchment in
northern Sweden. Aquat Sci 64:269-281

Lindell MJ, Graneli H, Bertilsson S (2000) Seasonal photore-
activity of dissolved organic matter from lakes with con-
trasting humic content. Can J Fish Aquat Sci 57(5):875-885

Mayer LM, Schick LL, Skorko K (2006) Photodissolution of
particulate organic matter from sediments. Limnol Ocea-
nogr 51(2):1064-1071

Mayorga E, Aufdenkampe AK, Masiello CA (2005) Young
organic matter as a source of carbon dioxide outgassing
from Amazonian rivers. Nature 436(7050):538-541

Miles CJ, Brezonik PL (1981) Oxygen consumption in humic-
colored waters by a photochemical ferrous-ferric catalytic
cycle. Environ Sci Technol 15:1089-1095

Miller WL, Moran MA (1997) Interaction of photochemical
and microbial processes in the degradation of refractory
dissolved organic matter from a coastal marine environ-
ment. Limnol Oceanogr 42(6):1317-1324

Miller WL, Zepp RG (1995) Photochemical production of
dissolved inorganic carbon from terrestrial organic matter:
significance to the oceanic organic carbon cycle. Geophys
Res Lett 22(4):417-420

Miller WL, Moran MA, Sheldon WM et al (2002) Determination
of apparent quantum yield for the formation of biologically
labile photoproducts. Limnol Oceanogr 47(2):343-352

Mopper K, Kieber DJ (2002) Photochemistry and the cycling
of carbon, sulfur, nitrogen and phosphorous. In: Hansell
DA, Carlson CA (eds) Biogeochemistry of marine dis-
solved organic matter. Academic Press, New York

Mopper K, Zhou X, Kieber RJ et al (1991) Photochemical
degradation of dissolved organic carbon and its impact on
the oceanic carbon cycle. Nature 353:60-62

@ Springer



200

Biogeochemistry (2011) 105:185-200

Moran MA, Covert JS (2003) Photochemically mediated
linkages between dissolved organic matter and bacterio-
plankton. In: Findlay SEG, Sinsabaugh RL (eds) Aquatic
ecosystems: interactivity of dissolved organic matter.
Academic Press, London

Moran MA, Zepp RG (1997) Role of photoreactions in the
formation of biologically labile compounds from dis-
solved organic matter. Limnol Oceanogr 42(6):307-1316

Mulholland PJ, Fellows CS, Tank JL et al (2001) Inter-biome
comparison of factors controlling stream metabolism.
Freshw Biol 46(11):1503-1517

Poole HH, Atkins WRG (1929) Photo-electric measurements
of submarine illumination throughout the year. J Mar Biol
Assoc UK 16:297-324

Prairie YT (2008) Carbocentric limnology: looking back,
looking forward. Can J Fish Aquat Sci 65:543-548

Pullin MJ, Bertilsson S, Goldstone JV, Voelker BM (2004)
Effects of sunlight and hydroxyl radical on dissolved
organic matter: bacterial growth efficiency and production
of carboxylic acids and other substrates. Limnol Oceanogr
49:2011-2022

Reche I, Pace ML, Cole JJ (1998) Interaction of photoble-
aching and inorganic nutrients in determining bacterial
growth on colored dissolved organic carbon. Microb Ecol
36:270-280

Richey JE, Hedges JI, Devol AH et al (1990) Biogeochemistry
of carbon in the Amazon River. Limnol Oceanogr
35(2):352-371

Richey JE, Melack JM, Aufdenkampe AK (2002) Outgassing
from Amazonian rivers and wetlands as a large tropical
source of atmospheric CO,. Nature 416:617-620

Rodriguea-Zuniga UF, Pereira Milori DMB, Lopes da Silva
WT et al (2008) Changes in optical properties caused by
UV-irradiation of aquatic humic substances from the
Amazon River basin: seasonal variability evaluation.
Environ Sci Technol 42(6):1948-1953

Sioli H (1950) Das wasser in Amazonasgebiet. Forsch Fortschr
26:274-280

Sioli H (1951) Zum alterungesprozess von flussen, und flus-
stypen in Amazonasgebiet. Arch Hydrobiol 43:267-283

Sioli H (1956) Die nature und der mensch im brasilianischen
Amazonasgebiet. Erdkunde 10:89-109

@ Springer

Sioli H (1984) The Amazon: limnology and landscape ecology
of a mighty tropical river and its basin. Junk Publishers,
Dordrecht

Smith DG, Davies Colley RJ, Knoef J et al (1997) Optical
characteristics of New Zealand rivers in relation to flow.
J Am Water Resour Assoc 33(2):301-312

Suhett AL, Arnado AM, Enrich-Prast A et al (2007) Seasonal
changes of dissolved organic carbon photo-oxidation rates
in a tropical humic lagoon: the role of rainfall as a major
regulator. Can J Fish Aquat Sci 64(9):1266-1272

Tietjen T, Vahatalo AV, Wetzel RG (2005) Effects of clay
mineral turbidity on dissolved organic carbon and bacte-
rial production. Aquat Sci 67(1):51-60

Troussellier M, Bouvy M, Courties C et al (1997) Variation of
carbon content among bacterial species under starvation
conditions. Aquat Microb Ecol 13:113-119

Vannote RL, Minshall GW, Cummings KW et al (1980) The
river continuum concept. Can J Fish Aquat Sci 37:130-137

Wetzel RG, Hatcher PG, Bianchi TS (1995) Natural photolysis
by ultraviolet irradiance of recalcitrant dissolved organic
matter to simple substrates for rapid bacterial metabolism.
Limnol Oceanogr 40(8):1369-1380

Whitehead RF, de Mora S, Demers S et al (2000) Interactions
of ultraviolet-B radiation, moving, and biological activity
on photobleaching of natural chromophoric dissolved
organic matter: a mesocosm study. Limnol Oceanogr
45(2):278-291

Alin SR, Rasera MFFL, Salimon CI et al (in review) Envi-
ronmental controls on carbon dioxide transfer velocity and
flux in tropical river systems. J Geophys Res Biogeosci

Ellis EE, Richey JE, Aufdenkampe AK et al (in review) An
investigation of the factors controlling aquatic respiration
and itsrole in fueling CO, gas evasion in rivers of the central
and southwestern Amazon Basin. Limnol Oceanogr

Yager PL, Deming JW (1999) Pelagic microbial activity in an
Arctic Polynya: testing for the temperature and substrate
interactions using a kinetic approach. Limnol Oceanogr
44:1882-1893

Zepp RG, Callaghan TV, Erickson DJ (1995) Effects of
increased solar ultraviolet radiation on biogeochemical
cycles. Ambio 24:181-187



	Effects of DOM photochemistry on bacterial metabolism and CO2 evasion during falling water in a humic and a whitewater river in the Brazilian Amazon
	Abstract
	Introduction
	Methods
	Field sites
	Photochemical experiments
	14C bacterial utilization experiments
	Statistical analyses
	Depth-integrated photodegradation and photomineralization rates

	Results
	Photochemical degradation and photomineralization experiments
	Bacterial utilization of acetic and formic acids
	Depth-integrated photodegradation and photomineralization rates

	Discussion
	Photochemical degradation and photomineralization experiments
	DOM photochemistry comparison between the Rio Negro and Rio Solimões
	Bacterial utilization of acetic and formic acids
	Effects of DOM photochemistry on bacterial metabolism
	Effect of DOM photochemistry on CO2 evasion in the Rio Negro
	Impact of photochemical processes on CO2 evasion from Amazonian waters

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


