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INTRODUCTION

Whether the Amazon is a modern sink or source of
carbon to the global atmosphere is still uncertain.
The ongoing debate on this question has led to a
series of investigations into the role of natural and

anthropogenic processes in Amazonian ecosystems
in the regional carbon balance (Nepstad et al. 1994,
Fearnside 1997, Engle & Melack 2000, Kemenes et
al. 2007, Houghton et al. 2009). Most aquatic envi-
ronments in the Amazon have been shown to be
supersaturated in CO2, resulting in a regional emis-
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ABSTRACT: Photodegradation of dissolved organic carbon (DOC) can generate labile substrates
readily available for microbial consumption, thus increasing DOC removal, especially in fresh -
water humic ecosystems. While a few studies have evaluated the effects of sunlight on DOC
removal and CO2 production in aquatic environments, none have investigated the seasonal varia-
tion and interaction of photodegradation and microbial metabolism of DOC in a large tropical
black-water river system. We present the results of experiments designed to evaluate the rates of
photodegradation and subsequent microbial metabolism of DOC in the Negro River and an asso-
ciated floodplain lake (Lake Tupé) in the central Brazilian Amazon Basin. Water samples collected
in both environments at different phases of the river hydrological cycle were filtered and exposed
to natural sunlight to estimate photodegradation; they were then inoculated with natural bacteria
and incubated in the dark to evaluate bacterial metabolism. Changes in incident solar radiation
and in DOC concentration and quality throughout the hydrological cycle directly affected the
DOC photodegradation rates and microbial metabolism. Total DOC mineralization (photodegra-
dation plus bacterial consumption) was more intense in the falling water period. DOC photodegra-
dation generally stimulated further microbial DOC degradation, enhancing total DOC removal in
samples exposed to solar radiation in both ecosystems. While direct photodegradation repre-
sented only a small part of the total DOC mineralization (6.7% in the high water period in the
Negro River), the combined effect of photodegradation and stimulus of bacterial metabolism could
account for a significant part of the CO2 production in Amazonian black water ecosystems.
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sion of ~500 Tg C yr−1 to the atmosphere, an order of
magnitude higher than the annual export of organic
carbon to the ocean (Richey et al. 2002). These high
concentrations of dissolved CO2 are apparently
derived from the bacterial respiration (BR) of young
organic matter (Mayorga et al. 2005), but the contri-
bution of photodegradation and other oxidative pro-
cesses is yet to be evaluated.

The Negro River is the largest black water tribu-
tary of the Amazon River, contributing ~14% of the
total discharge and 36% of the Amazon’s total dis-
solved organic carbon (DOC) flux to the ocean
(Richey et al. 1990). Its watershed contains a high
density of hydromorphic podzols, which lead to a
continuous input of humic-rich DOC to the river sys-
tem and associated floodplain lakes (Leenheer 1980,
Franzinelli & Igreja 2002). The Negro River main
channel and most of its tributaries are considered
black-water rivers (Sioli 1984), characterized by high
amounts of dissolved humic carbon (up to 90% of
DOC; Moreira-Turcq et al. 2003).

Particularly in humic-rich waters, DOC photo -
degradation and BR are the main DOC mineraliza-
tion processes in the water column. Jonsson et al.
(2001) reported that microbial respiration and DOC
photodegradation together accounted for 70% of
total DOC mineralization in a temperate humic lake.
Similar results were reported by Farjalla et al. (2009)
for tropical humic freshwater ecosystems. Besides
mineralizing DOC directly, photodegradation also
stimulates microbial respiration in humic lakes, sug-
gesting that these processes are complementary or
linked pathways to DOC mineralization (Amado et
al. 2007). In the Negro River, Amon & Benner (1996)
pointed out that at least 15% of the DOC pool was
photoreactive, and Remington et al. (2011) observed
high rates of CO2 photoproduction in this same sys-
tem. Neither study evaluated the seasonal variations
of DOC photodegradation and BR as related to the
annual hydrological cycle.

Seasonal variations of large Amazon Rivers are
mostly driven by the annual flood pulse (Junk et al.
1989). The flood pulse of the Negro River basin is
caused by the seasonal variation in precipitation in
its watershed and is characterized by 4 distinct
hydrological periods: high water, falling water, low
water and rising water (Junk et al. 1989). The water
level fluctuation from the low water to high water
periods in the Negro River main channel can reach
up to 15 m (Latrubesse & Franzinelli 2005). This
hydrological variation affects the biogeochemistry of
carbon, resulting in seasonal changes in DOC con-
centration and composition (Moreira-Turcq et al.

2003, Rodríguez-Zúñiga et al. 2008). Solar radiation
also varies seasonally in the Negro River basin, with
the highest levels observed in the dry season (Huete
et al. 2006), which corresponds to the falling water
period in the hydrological cycle. These seasonal
changes in carbon biogeochemistry and incident
sunlight may influence the rates of DOC photodegra-
dation and its interaction with microbial metabolism,
thus affecting total DOC mineralization rates. The
aims of the present study were (1) to estimate the
potential production of dissolved inorganic carbon
(DIC) by DOC photodegradation under natural sun-
light exposure, (2) to estimate the consumption of
DOC by heterotrophic bacteria and (3) to investigate
the response of bacterial metabolism to DOC pho-
todegradation throughout the hydrological cycle in
Negro River and an associated floodplain lake (Lake
Tupé). Our main hypothesis was that DOC degrada-
tion processes, mediated by solar radiation and bac-
teria, change throughout the hydrological cycle,
altering their relative contribution to total DIC gener-
ation and total DOC removal.

MATERIALS AND METHODS

Study site and sampling

This research was carried out in the lower course
of Negro River and an adjacent floodplain lake
(Lake Tupé), ~26 km northwest of Manaus, Brazil
(3° 2’ 36” S, 60° 15’ 18” W). The Negro River and Lake
Tupé belong to the Negro River watershed and are
classified as black water ecosystems. Both water bod-
ies are characterized by low suspended sediment
levels and high concentrations of DOC with a pre-
dominance of humic substances, which impart a
brownish color to these waters (Sioli 1984).

Both sampling sites are subject to an annual flood
pulse cycle, characterized by a 10 to 15 m water level
fluctuation (Latrubesse & Franzinelli 2005). In the
high water period, the Negro River floods the sur-
rounding ‘igapó’ forest and the associated lakes,
resulting in a high level of connectivity between
these ecosystems (Rai and Hill 1981). The maximum
depth of Lake Tupé varies seasonally from 4.5 to
15 m, and its area ranges between 66.9 ha at the low
water and 68.0 ha at high water. Though low, this
areal variation causes a volume variation as high as
56%, which is a typical phenomenon for ‘ria’ lakes
located in valleys (Rai & Hill 1981).

Water samples were collected in September 2008,
during the falling water period, December 2008 in
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the low water period, April 2009 in the high water
period and finally in September 2009 during the
falling water period. The water levels were similar in
the 2 falling water samplings (Fig. 1). It should be
noted that the water level of the Negro River near the
sampling stations has been monitored daily since
1903 by the ‘Sociedade de Navegação Portos e
Hidrovias, Manaus, AM’ and that the highest water
level ever recorded was registered in 2009 (Fig. 1).
Water samples were collected in acid-rinsed poly -
ethylene bottles from the subsurface in the middle of
the Negro main channel near Lake Tupé and at the
deepest point in Lake Tupé.

In the laboratory, samples were pre-filtered through
pre-combusted (450° to 500° for 1 h) glass fiber filters
(Macherey-Nagel GF-5 filters, of 0.7 μm nominal
pore size) and then filtered through 0.2 μm VacuCap
membrane filters (Gelman Science) to eliminate bac-
teria and other microorganisms. The filtered water
was collected in borosilicate bottles (1 l), which were
previously cleaned with HCl (10%), washed in Milli-
Q water, autoclaved (120°C, 1 atm) and stored in a
refrigerator (4°C) until the next day, when the exper-
iments were conducted.

Experimental design

For each ecosystem and sampling period, 20 quartz
tubes (100 ml capacity) filled with filtered water were
exposed to natural sunlight. Prior to exposure, the

tubes were carefully filled with the 0.2 μm filtered
water and then sealed, avoiding headspace and bub-
bles. Because the method used here to evaluate the
DOM photodegradation is destructive (see below),
we divided the 20 tubes into 2 sets: 10 tubes were
used for exclusively evaluating DOC photo de gra da -
tion, and the other 10 were used to evaluate the
effects of DOC photodegradation on DOC consump-
tion by bacteria. Two treatments were established for
each set of tubes: exposed tubes (n = 5) and control
tubes (n = 5); the latter were covered with aluminum
foil to exclude the sunlight effects. The quartz tubes
were cleaned and sterilized as de scribed in the previ-
ous section for the borosilicate bottles.

All tubes were incubated in a water bath under
natural sunlight exposure for 6 h around noon. The
temperature of the water bath was kept at ~29°C
(median annual temperature of the main Amazonian
large rivers; see Alin et al. 2011) through constant tap
water flow. The total UV-VIS radiation incident on
samples (240 to 700 nm) was estimated by the satel-
lite Radar-GOES at 30 min intervals during incuba-
tion time. Irradiance data were provided by the
 Centro de Previsão de Tempo e Estudos Climáticos -
Instituto Nacional de Pesquisas Espaciais Brazil
(CPTEC-INPE) and integrated over the exposure
time.

Initial DOC concentration and water color were
evaluated before sunlight incubations. We used
water color as an indicator of the amount of humic
substances in a water sample (for review, see Vähä-
talo 2009). After incubations, aliquots for analysis of
DIC were collected from the control and exposed
treatments, fixed with HgCl2 (0.01%, final concentra-
tion) to stop occasional biological activity and kept
refrigerated until analysis. To avoid DIC losses by
diffusion, we used a syringe connected to silicone
tubing. The tip of the syringe was placed at the bot-
tom of the vial (capacity 25 ml); the water samples
were slowly poured into the vial and each vial was
filled to overflowing with at least 3 times its volume.
All ana lyses were performed within 1 wk of the sun-
light incubations.

The bacterial batch cultures were set up in 500 ml
borosilicate bottles separated by control and exposed
treatment for each ecosystem (1 bottle per treatment/
ecosystem). In each bottle, we combined the volume
of control or exposed quartz tubes and added a bac-
terial inoculum. The bac terial inoculum consisted of
GF-5 filtered water from each ecosystem (10% of
total culture volume). Nitrogen (50 μM N-NH4NO3)
and phosphorus (5 μM P-KH2PO4) were added to the
cultures to avoid nutrient limitation of bacterial
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Fig. 1. Variation in the water level (m) of the Negro River,
Amazon Basin, Brazil. Solid line: historical monthly mean of
water level measured from 1903 and 2007; dashed line:
monthly water level of 2008; dotted line: monthly water level
of 2009. (m) the samplings in 2008 (falling water and low wa-
ter); (n) the samplings in 2009 (high water and falling water)
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growth and to ensure that bacteria responded pre-
dominantly to changes in DOC characteristics. The
cultures were divided into replicated tubes (n = 5,
70 ml each) per treatment for bacterial density and
biomass measurements at 0, 48, 72 and 96 h of incu-
bation and into a set of 24 ml vials (n = 5) for the
determination of BR. The tubes and vials were kept
in the dark for 96 h at constant temperature (~28°C).
Aliquots for bacterial density and biomass measure-
ments were taken from the tubes at each incubation
time and fixed with buffered formalin (3.7% final
concentration). The set of 24 ml vials was fixed at
96 h as described above for DIC measurements. BR
was estimated from DIC accumulation between 0
and 96 h as in Amado et al. (2006). We assumed that
cumulative BR was linear for calculations of further
bacterial parameters.

Analytical methods

DIC and DOC analyses were performed with a
total carbon analyzer that has a 0.01 mg l−1 analytical
precision (TOC-VPN, Shimadzu). At least 3 replicate
injections were made for each sample, yielding aver-
age values with a coefficient of variation (CV) < 2%.
DIC photoproduction rates were calculated from the
difference between the DIC concentrations in ex -
posed and control samples. We assumed that DOC
photodegradation occurred only for 6 h per day (the
incubation time used). This is a conservative ap -
proach because we are probably underestimating
the process in the Amazon region.

Water color was estimated by the absorbance at
430 nm and expressed as the absorption coefficient
calculated according to Hu et al. (2002). The samples
were analyzed using a Beckman Du 80 spectro -
photometer in a 1 cm quartz cuvette, using distilled
water as a blank. To characterize the amount of DOC
that was reactive to sunlight, we calculated DOC-
specific absorbance expressed as the quotient be -
tween water color and DOC concentration measured
in each period sampled.

We used the methods proposed by Hobbie et al.
(1977) and Fry & Austin (1988) for obtaining bacterial
density and biomass data. Samples stained with acri-
dine orange (final concentration 0.01%) were filtered
through 0.2 μm pore size polycarbonate black mem-
branes (Nucleopore, Whatman), and bacteria were
counted and measured using an  epifluorescence
microscope (Olympus BX 41) equipped with a digital
analysis system. Ten pictures were randomly taken
at the central portion of each filter. All bacteria in

each picture were counted using the software Image
Pro Plus® 6.1 analysis system (Media Cybernetics).
For biomass estimation, we first measured and evalu-
ated the area of 100 cells from the pictures. Then, the
cumulative CV was plotted against the number of
counted cells, and the point where CV stabilized
defined the number of cells to be counted for each
sample (Massana et al. 1997). According to this
method, we measured 50 cells in each sample using
the software Image Pro Plus®. The biovolume was
est imated as proposed by Fry (1990) and was con-
verted to biomass using the conversion factor of
105 fg C μm−3 proposed by Theil-Nielsen & Sønder-
gaard (1998) for bacterial batch cultures.

The evaluated bacterial parameters were the
 maximum bacterial abundance achieved in the batch
cultures (MBA), bacterial production rate (BP), bac -
terial respiration rate (BR), bacterial DOC removal
rate (DOCREM), DOC bioavailability (DOCL) and bac-
terial growth efficiency (BGE). BP was estimated as
the rate of bacterial biomass accumulation during
the exponential growth phase. BR was measured
based on the DIC accumulation after incubation for
96 h. DOCREM was calculated as the sum of BR
and BP. DOCL was calculated as the percentage of
initial DOC that was removed (DOCREM/DOC × 100).
BGE was calculated as the percentage of DOCREM

that was incorporated into bacterial biomass (BP/
DOCREM × 100).

To estimate the potential DIC production by each
process (photodegradation and BR), we calculated
rates for 4 d. We calculated the potential DOC photo -
degradation rate (DOCP) for 96 h by multiplying the
daily rates by 4, to be comparable to BR. BR was the
total BR in 96 h measured in control samples and the
amount of BR enhanced by photodegradation pro-
cess in the same incubation time.

DOC photodegradation integrated over depth

We calculated depth-integrated rates of DIC photo -
production for Negro River and Lake Tupé based
on the vertical attenuation of sunlight in the water
column. We assumed that DIC photoproduction by
each wavelength band (UV-B, UV-A and PAR) at a
given depth was a fraction of the rates measured
in the tubes and was proportional to the extant
fraction of incident radiation present at the given
depth. First, the measured DIC photoproduction
rates were partitioned by each waveband according
to the proportional contributions reported by Wang
et al. (2009) for humic DOC: 31.8, 32.6 and 25.6%
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for UV-B, UV-A and PAR, respectively. As we did
not measure light attenuation throughout the water
column, we estimated attenuation coefficients for
each waveband from water color data, according to
regression equations derived from data by Granéli
et al. (1998) for aquatic ecosystems over a wide
water-color range. Integrated DIC photoproduction
rates (Pint) were then calculated for each waveband
and summed up, yielding an area-based rate for
each ecosystem and sampling period, according to
the following equation:

(1)

where Px is the share of photoproduced DIC by
waveband x (in μM d−1), kx is the estimated attenua-
tion coefficient for waveband x, e is the basis of the
natural logarithm, and z is the depth in meters. The
rates were vertically integrated to the depth where
99% of the incident radiation had been attenuated.
Pint is given in mmol C m−2 d−1.

We estimated the contribution of photodegradation
to total CO2 evasion by comparing the Pint for the
Negro River in the high water period in 2009 to total
CO2 efflux calculated after rates measured by Rasera
(2010) for the same period, which was the only meas-
urement found for such comparison. Efflux values
were calculated for 6 h to be comparable with DIC
photoproduction incubation times. We assumed that
all DIC is CO2, due to the low pH values of Negro
River waters.

Statistical analysis

The effects of sunlight exposure on DOC were
tested by comparing each response variable in ex -
posed versus control tubes/flasks with non-paired t-
tests. The same procedure was used to test the effects

of DOC alteration by sunlight on MBA, BP and BR.
Variables were log-transformed to conform to the test
assumptions whenever necessary. A significance
level of α = 0.05 was used to determine statistical dif-
ferences. All non-paired t-tests were performed
using the R language (www.r-project.com) using the
package ‘nlme’.

RESULTS

DOC photodegradation and CO2 photoproduction

DOC concentration, water color, DOC-specific absor -
bance, the amount of solar radiation during incuba-
tions, CO2 photoproduction and precipitation changed
seasonally in Negro River and Lake Tupé (Table 1).
For both ecosystems, we observed the highest values
of water color, DOC-specific ab sorb ance and solar ra-
diation during the falling water period in 2009, with
the highest values re gistered in Negro River, with the
exception of DOC-specific absorbance. In Lake Tupé,
DOC concentration varied seasonally by ~80%, rang-
ing from 451 μM C at low water to 816 μM C at high
water, while this variation was only 10% in Negro
River (737 to 826 μM C), with the highest value
recorded during the falling water period in 2009
(Table 1). The maximum precipitation was registered
in the falling water period in 2008 and the lowest in
the falling water period in 2009. The highest level of
solar radiation was registered during the falling water
period in 2009, 45% higher than the lowest level,
recorded in the low water period in 2008 (Table 1).

CO2 concentration in exposed samples was consis-
tently higher (t-test, p < 0.05) compared to controls in
Lake Tupé and Negro River for all sampling periods.
CO2 photoproduction varied from 19.4 to 151.3 μM C
d−1 in Negro River and from 10.0 to 106.2 μM C d−1 in
Lake Tupé, with the lowest values recorded in the
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Period DOC Water color DOC-specific DIC Integrated DIC Total Precipitation
(μM C) (a430) absorbance photoproduction photoproduction sunlight in (mm mo−1)

(a430:[DOC]) (μM C d−1) (mmol m−2 d−1) 6 h (J cm−2)
                              NR   LT     NR    LT          NR       LT             NR                LT               NR      LT

Falling water 08   737   nd     20.0   7.4       0.027     nd       29.0 (1.8)     14.2 (1.8)           5.8      4.7             918               59.4
Low water 08       757   451     8.8    1.8       0.012   0.004  19.4 (0.18)   10.0 (0.7)           5.9      4.9             829               34.4
High water 09       815   816    11.8  10.8       0.015   0.013    42.0 (7.1)     44.0 (1.6)         11.4    12.4             876               40.9
Falling water 09   826   563    22.8  20.6       0.028   0.037    151.3 (5.9)   106.2 (11.2)       27.9    20.9           1203               3.1

Table 1. Dissolved organic carbon (DOC), water color, DOC-specific absorbance, dissolved inorganic carbon (DIC) photopro -
duction, solar radiation and monthly precipitation throughout the hydrological cycle in the Negro River (NR) and Lake Tupé (LT),
Brazil, in 2008 and 2009. We assume that all DIC is CO2, due to the low pH of Negro River waters; note that CO2 is used in the
 discussion of the values presented in this table. Values in parentheses represent the standard deviations; nd: not determined
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low water period and the highest values recorded in
the falling water period in 2009 for both sampling
sites (Table 1). CO2 photoproduction rates were simi-
lar in both environments at high water: 42.0 μM C d−1

for Negro River and 44.0 μM C d−1 for Lake Tupé. It is
worth noting that the same trend was recorded for
water color and DOC concentration (Table 1). When
integrated over depth, CO2 photoproduction rates were
quite similar between falling water (Negro River:
5.8 mmol C d−2; Lake Tupé: 4.7 mmol C d−2) and low
water (Negro River: 5.9 mmol C d−2; Lake Tupé:
4.9 mmol C d−2) in 2008 for both environments
(Table 1). However, integrated CO2 photoproduction
rates were twice as high at high water (Negro River:
11.4 mmol C d−2; Lake Tupé: 12.4 mmol C d−2) and
5-fold higher during falling water (Negro River:
27.9 mmol C d−2; Lake Tupé: 20.9 mmol C d−2) in 2009
compared to those measured at low water (Table 1).

Microbial response to DOC photodegradation and
the combined contribution to CO2 production

Sunlight stimulated the increase of bacterial abun-
dance in Negro River and Lake Tupé in all sampling
periods, except for the high water period in 2009 in

Negro River (t-test, p < 0.05, Table 2). Sunlight
increased MBA in Negro River by 94% to >200% rel-
ative to dark controls in the falling water period in
2008 and the high water period in 2009, respectively
(Table 2). In Lake Tupé, MBA was 76% greater in
exposed samples at high water and 50% greater at
low water (Table 2).

BP in Negro River was enhanced by DOC photo -
degradation only in the falling water period in 2008
(84% increase in relation to control samples, t-test,
p < 0.05, Table 2), while BR was stimulated in the
falling water and in the low water periods of 2008
(t-test, p < 0.05, Table 2). In Lake Tupé, BP was not
affected by DOC exposure to sunlight in any period,
while BR increased in all sampling periods, except
for the high water period in 2009 (t-test, p < 0.05,
Table 2). In general, for Negro River, BGE was higher
in exposed samples than in controls, except for the
low water period, when prior exposure of DOC to
sunlight decreased BGE by ~67% (Table 2). In con-
trast, BGE was lower in exposed samples in relation
to controls in Lake Tupé, except in the high water
period, when an increment of 21% was re gistered in
BGE in exposed samples in relation to controls.

Bacterial DOC removal (BP + BR) and DOC avail-
ability (DOCL) were stimulated by photodegradation
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Location Treatment MBA BP BR DOCREM DOCL BGE
Period ( 1010 cells l−1) (μM C h−1) (μM C h−1) (μM C 96 h−1) (%) (%)

Negro River
Falling water 08 Control 0.58 (0.28)A 0.25 (0.05)A 0.58 (0.42)A 79.2 11 30

Exposed 1.13 (0.23)B 0.46 (0.14)B 0.81 (0.46)B 121.4 17 36
Low water 08 Control 0.68 (0.11)A 0.33 (0.24)A 0.10 (0.01)A 34.0 5 76

Exposed 2.07 (0.31)B 0.20 (0.12)A 0.27 (0.01)B 41.2 5 25
High water 09 Control 1.03 (0.27)A 0.67 (0.30)A 1.48 (0.03)A 206.3 26 31

Exposed 1.23 (0.13)A 0.89 (0.20)A 1.56 (0.01)A 235.6 30 36
Falling water 09 Control 0.74 (0.07)A 0.64 (0.45)A 2.06 (1.50)A 259.7 33 24

Exposed 1.55 (0.25)B 1.04 (0.49)A 3.04 (1.50)A 392.0 54 26

Lake Tupé
Falling water 08 Control 0.53 (0.01)A 0.27 (0.30)A 0.19 (0.05)A 44.6 nd 59

Exposed 1.24 (0.29)B 0.40 (0.24)A 0.44 (0.05)B 80.2 47
Low water 08 Control 0.37 (0.12)A 0.18 (0.09)A 0.12 (0.02)A 29.3 7 60

Exposed 0.73 (0.09)B 0.21 (0.07)A 0.21 (0.03)B 40.8 9 50
High water 09 Control 1.97 (0.27)B 1.31 (0.42)A 1.44 (0.05)A 263.7 29 48

Exposed 2.58 (0.86)A 1.76 (1.06)A 1.28 (0.03)A 292.0 36 58
Falling water 09 Control 0.56 (0.08)A 0.27 (0.07)A 0.78 (0.50)A 100.3 17 26

Exposed 0.64 (0.10)B 0.48 (0.18)A 1.49 (1.25)B 184.3 33 22

Table 2. Maximum bacterial abundance (MBA), bacterial production rates (BP), bacterial respiration rate (BR), bacterial DOC
removal (DOCREM), percentage of bulk DOC available to bacterial consumption (DOCL) and bacterial growth efficiency (BGE)
estimated for the Negro River and Lake Tupé bacterial cultures (sunlight exposed and control) during the 4 sampling periods
(falling water 2008, low water 2008, high water 2009 and falling water 2009) of the hydrological cycle. Values in parentheses
represent the standard deviations. Different capital letters (A, B) indicate significant differences between exposed and control 

samples; nd: not determined
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in all sampling periods in both ecosystems (Table 2),
except for DOCL in Negro River, which presented the
same value (5%) in exposed and control samples dur-
ing the low water period. The largest increments of
bacterial DOC removal by photodegradation stimu-
lation were registered in the falling water periods,
being 53% in 2008 and 50% in 2009 for Negro River
(Table 2) and 80% in 2008 and 84% in 2009 for Lake
Tupé (Table 2). The same trend was observed for
DOCL, with an increase of 55% in exposed samples
in the falling water in 2008 and 63% during falling
water in 2009 for the Negro River. For Lake Tupé, a
94% increment was observed in DOCL during the
falling water period in 2009.

Potential CO2 production (DOCP + BR) differed
seasonally in both ecosystems (Fig. 2). The highest
total CO2 production was registered in the falling
water period in 2009 followed by the high water
period in Negro River and Lake Tupé. DOCP was
responsible for the majority of CO2 production
(>60%) in almost all sampling periods in Negro
River, except for the high water period, when total BR
and DOCP had similar participation in total CO2 pro-
duction (Fig. 2A). In Lake Tupé, DOCP accounted for
75% of total CO2 production in the falling water
period in 2009 and 67% in the low water period. The
contribution of total BR to CO2 production (Fig. 2B) in
the high water period and in the falling water of 2008
was similar (43% and 44%, respectively). Finally,
the CO2 photoproduction integrated over depth

(11.4 mmol m−2 d−1) accounted for 6.7% of the total
CO2 efflux (168.4 mmol m−2 d−1) from Negro River to
the atmosphere at the high water period in 2009.

DISCUSSION

The results reported here corroborate our hypothe-
sis that changes in the incidence of solar radiation
and DOC concentration and quality throughout the
hydrological cycle directly affect the DOC photo -
degradation rates and the microbial metabolism in
this Amazonian black-water ecosystem. In general,
DOC photodegradation stimulated posterior micro-
bial DOC degradation, enhancing the total DOC
removal in samples exposed to solar radiation for
both ecosystems. Thus, even though depth-inte-
grated CO2 photoproduction was proportionally low
(6.7% of the total CO2 efflux in the high water period
in the Negro River), the combined effect of pho-
todegradation and stimulus of bacterial metabolism
could account for a significant part of the CO2 pro-
duction in these black-water environments.

DOC photodegradation and CO2 photoproduction

It is well established that humic substances are
reactive to photodegradation (Bertilsson & Tranvik
2000, Farjalla et al. 2009), and the DOC from the
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Fig. 2. Photoproduced DIC (DOCP), bacterial respiration (BR) and bacterial respiration enhanced by photodegradation (BRP) in
(A) Negro River and (B) Lake Tupé during the 4 sampling periods (falling water 2008, low water 2008, high water 2009 and
falling water 2009). All values were estimated for 4 d, based on 24 h per day for BR and 6 h per day for DOCP. For this calcula-
tion, we only considered the subsurface water, where the photochemistry is not altered by attenuation of sunlight in the water
column. Values above the bars are the total DIC (μM C) produced in 4 d. Percentages are representative for the total DIC 

values in each period
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Negro River and Lake Tupé is predominantly com-
posed of very photoreactive humic substances (Ertel
et al. 1986, Hedges et al. 1994, Amon & Benner 1996,
Rodríguez-Zúñiga et al. 2008). A positive relation-
ship between DOC photodegradation rates and the
intensity of incident radiation is usually observed (de
Haan 1993, Bertilsson & Tranvik 2000, Farjalla et al.
2001). Seasonally, in a highly humic coastal lagoon,
the highest DOC photodegradation rates were
recorded when the incidence of solar radiation was
maximal and water color values were the highest
(Suhett et al. 2007). Therefore, it is not surprising that
the highest DOC photodegradation rates observed
here were recorded in the falling water period
(2009), when both incident radiation and water color
were the highest among the sampling periods. These
factors may have interacted, resulting in atypically
high photodegradation rates (151.3 and 106.2 μM C
d−1 for Negro River and Lake Tupé, respectively) only
comparable to rates found in other tropical humic
ecosystems (>80 μM C d−1; for review, see Farjalla et
al. 2009).

The flood pulse determines the major sources of
organic carbon and the connectivity between Ama-
zonian aquatic ecosystems (e.g. Farjalla et al. 2006),
and those factors regulate the differences in the abi-
otic conditions and DOC photodegradation rates.
The input of allochthonous, humic-rich carbon from
the watershed increases during the annual flood,
while the production of autochthonous carbon is
usually greater in the low water period (Farjalla et
al. 2006). For example, Rai & Hill (1981) observed
the maximum chlorophyll a concentrations in Lake
Tupé in the low water period, due to an increase in
water transparency. Humic DOC is more available
to photodegradation than algal DOC (Tranvik &
Bertilsson 2001, Amado et al. 2006). Thus, it is not
surprising that we observed the highest DOC photo -
degradation rates in Lake Tupé during the annual
flood and the lowest ones during the low water
period (Table 1). A similar pattern was not found in
the Negro River (Table 1), possibly due its turbulent
regime that reduces the development of phyto-
plankton communities. Also, the increased connec-
tivity during the annual flood homogenizes the abi-
otic conditions (Rai & Hill 1981) and the potential
DOC photodegradation. In the high water period,
water color, DOC concentration and DOC photo -
degradation rates were similar between environ-
ments (Table 1), showing that they have similar
water characteristics and potential for photodegra-
dation. In contrast, the greatest differences of water
color, DOC concentration and DOC photodegrada-

tion rates between Negro River and Lake Tupé
were observed in the low water period (Table 1),
when the connectivity between the ecosystems was
low and they were subjected to different structuring
forces.

The differences in photodegradation rates be -
tween the falling water periods in 2008 and 2009
seem to reflect annual differences in the hydrologi-
cal cycle. The 2009 flood was atypically high (the
highest ever recorded for Negro River; Fig. 1). Pos-
sibly, a greater amount of photoreactive DOC was
carried from the floodplain through both ecosystems
compared to the flood in 2008. Furthermore, the
difference registered in solar incidence (31%
greater in 2009) was more determinant of the re -
corded CO2 photoproduction rates in the falling
water periods than water color was; water color
values were comparable for falling water in both
sampled years. We also highlight the fact that both
volume-based and integrated photodegradation
rates showed very similar patterns for both envi-
ronments (Table 1). This means that the potential of
more colored DOC to increase sunlight attenuation
down the water column was not sufficient to cause
considerable changes (even inversions) in the pat-
terns observed for volume-based rates when they
were depth-integrated.

Microbial response to DOC photodegradation and
the combined contribution to CO2 production

There is usually a synergism between DOC photo -
degradation and bacterial DOC consumption in
humic ecosystems, due to the photochemical release
of labile molecules to bacteria (Bertilsson & Tranvik
2000, Farjalla et al. 2009). This pattern was particu-
larly remarkable during the falling water periods of
2008 and 2009, in which both ecosystems showed the
highest increments of BP and/or BR in exposed sam-
ples (Table 2). The falling water period in the flood
pulse is characterized by high concentrations of
humic DOC (see Table 1 and Moreira-Turcq et al.
2003) and the highest DOC photodegradation rates
(Table 1). DOC photodegradation greatly stimulates
the subsequent bacterial metabolism in humic sys-
tems, through the release of labile carbon molecules
from the refractory bulk DOC (Tranvik & Bertilsson
2001). Therefore, the highest DOC photodegradation
rates associated with the dominance of humic com-
pounds in the bulk DOC resulted in the highest rates
of bacterial metabolism after sunlight exposure in the
falling water periods.
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No clear effect of DOC photodegradation on bacte-
rial processes was observed for Negro River or Lake
Tupé during the high water period (Table 2), when
the input of allochthonous humic carbon was high
and we would expect a positive relation between
both processes. A similar pattern was previously
found in the region; this was attributed to limitations
of the experimental design used or to methodological
problems related to the use of Pyrex bottles, which
block most UV radiation (Amon & Benner 1996).
Here, we used quartz tubes for the light incubations,
and we found similar results, excluding the hypo -
theses of methodological issues. We suggest that the
absence of a bacterial response to DOC photodegra-
dation at high water could reflect the greater avail-
ability of fresh DOC from the flooded igapó forest
and the watershed at this time (Junk et al. 1989, Ben-
ner et al. 1995). In this period, we observed higher
values of DOCL for Negro River and Lake Tupé com-
pared to the falling water and low water periods in
2008 (Table 2). Furthermore, in a similar study in
Negro River with addition of glucose (a labile sub-
strate for microbial metabolism), the authors reported
no stimulus in bacterial metabolism either in exposed
samples or in controls, indicating that the availability
of labile carbon was not limiting bacterial metabo-
lism in the high water period in the Negro River
(Amon & Benner 1996). It is important to highlight
that bacterial degradation could conversely affect
DOC susceptibility to DOC photodegradation (e.g.
Obernosterer & Benner 2004, Amado et al. 2007), but
this aspect was not covered by our experimental
design. Nevertheless, we believe this was not a major
limitation of our experiments because this kind of
effect is less relevant in humic ecosystems, where
DOC is intrinsically photoreactive and less labile to
bacteria than in systems dominated by algal DOC
(see Amado et al. 2007).

BGE indicates the importance of bacteria as a sink
or source of carbon to higher trophic levels, i.e. if
BGE is high, a greater part of the DOC assimilated by
bacteria is converted into bacterial biomass, while if
BGE is low, more of the DOC assimilated by bacteria
is converted into CO2 through BR. BGE was stimu-
lated by DOC photodegradation in all sampling peri-
ods in the Negro River, except at low water, when a
decrease in BGE values was recorded after sunlight
exposure (Table 2). In contrast, BGE declined follow-
ing DOC photodegradation in all sampling periods in
Lake Tupé, except at high water, when Lake Tupé
was greatly influenced by the Negro River (Table 2).
It appears that the photodegradation of humic-rich
DOC stimulates BP more than BR, resulting in an

increase in BGE (Anesio et al. 2005), but the opposite
pattern might occur when the proportion of labile
carbon compounds in the DOC pool increases
(Amado et al. 2006). The decreases registered in BGE
values for Lake Tupé could be due to the formation of
reactive oxygen species as a by-product of DOC
photo degradation reactions (e.g. hydrogen perox-
ide), which could impair bacterial growth, increasing
more BR than BP (see Pullin et al. 2004). Jardim et al.
(2010) reported that there is more hydrogen peroxide
available in Negro River in the low water period,
which is the only period when we did not record
increases in BGE after DOC photodegradation. This
could explain the reduction in BP observed and the
greater increase in BR in exposed samples. However,
changes in BGE after sunlight exposure are difficult
to predict since BP and BR may be simultaneously
stimulated or inhibited by sunlight exposure, de -
pending on the relative contribution of labile and
refractory carbon compounds to the bulk DOC
(Amado et al. 2007).

We found seasonal differences in total DIC produc-
tion by photodegradation and microbial respiration
(Fig. 2). For instance, total DIC production during the
falling water period in 2009 was 8-fold higher than in
the low water period in Negro River and 5-fold
higher than in the falling water period in 2008, when
the water level was the same and the water color was
as high as that recorded in 2009 (Fig. 2). These sea-
sonal and inter-annual differences in photodegrada-
tion and microbial respiration rates were explained
by differences in the amount of solar radiation, water
color and DOC concentration and quality among
sampling periods (see ‘DOC photodegradation and
CO2 photoproduction’).

Our estimate of 6.7% of total CO2 evasion due to
photodegradation of DOC (high water period, 2009)
was 2-fold higher than the 3% value reported by
Amon & Benner (1996) for the same period and
~15-fold higher than the 0.5% contribution of DOC
photo degradation to total DOC mineralization meas-
ured in the Negro River in the low water period
(Remington et al. 2011). Although DOC photodegra-
dation represents a small part of total DOC mineral-
ization, its subsequent stimulation of bacterial DOC
removal could be extensive and more relevant than
was previously thought.

It should be noted that the volume-based photo -
degradation rates in our experiments were potential
ones because they do not account for light attenuation
down the water column. Therefore, the relative im-
portance of photochemical and bacterial mineraliza-
tion to total DOC mineralization (depicted in Fig. 2) is
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certainly overestimated. A more accurate estimate of
the actual relative contributions of each process to
DOC mineralization would be extremely complex for
such systems, for several reasons. For instance, we do
not know how the photoalteration of DOC lability to
bacteria would act at varying depths and how this
would affect BR due to photodegradation (BRP) along
the water column. Also, the turbulent regime of the
Negro River probably leads to a constant mixing of
DOC (including photoaltered DOC) into deeper
layers of the water column, altering DOC lability irre-
spective of light penetration. However, with this
analysis, we aimed primarily at observing how the
potential roles of these processes to mineralize DOC
changed over the hydrological cycle.

We assumed that DOC photodegradation is a linear
process to make comparisons with bacterial DOC
degradation over 4 d (96 h). This might imply overes-
timated photochemical DOC removal rates because
we did not measure total DOC photoreactivity over
96 h. However, DOC from the Negro River is very
photoreactive, maintaining high rates of DOC photo -
degradation for a 3 d incubation under natural solar
radiation exposure (Amon & Benner 1996). Also, the
constant mixing of the water column due to turbu-
lence and wind action would constantly deliver
photo reactive DOC from higher depths to the sur-
face, allowing potentially high, volume-based, photo -
degradation rates at the surface. Thus, the seemingly
high rates of DOC photochemical mineralization for
96 h are likely valid for the intended comparison
made here but should be viewed with caution as
actual  estimates of ultimate carbon mineralization for
these systems.

Finally, the highest flood recorded in 2009 was a
 result of a La Niña event that occurred in 2008, when
atypically higher values of precipitation were re -
corded (e.g. falling water 2008, Table 1). Integrated
DOC photodegradation rates were >2-fold higher in
the falling water period in 2009 than in the high water
period in 2009 (Table 1), which should have resulted
in a greater contribution of this process to the total
DIC production in the water column. In this period, an
atypically high level of solar radiation occurred due to
a severe dry season caused by an El Niño event. This
result suggests that the frequency and intensity of
global climate events, such as El Niño, may deeply in-
fluence the DOC removal processes and DIC produc-
tion in Amazonian aquatic ecosystems. It is important
to report that our temporal resolution is limited, not
covering more than one complete hydrological cycle,
but that it was enough to show a trend in the impor-
tance of the high water period as a ‘reset’ period, dur-

ing which substrates for DOC photodegradation and
microbial degradation are renewed.

CONCLUSIONS

This seasonal investigation provides considerable
insights into the interaction of light and bacteria with
DOC degradation in Amazonian black water ecosys-
tems. We confirmed our hypothesis that DOC degra-
dation processes mediated by solar radiation and
bacteria change throughout the hydrological cycle,
altering their relative contribution to total DIC gener-
ation and total DOC re moval. We conclude that tem-
poral changes in the climate and in situ abiotic condi-
tions associated with the flood pulse regulate the
intensity of DOC photodegradation and its interac-
tion with bacterial DOC removal (BP and BR).
Besides its direct effect on DIC production in black
water aquatic ecosystems, photodegradation was
shown to have an extensive indirect effect on DIC
production through stimulating BR. Together, these
photo-induced biotic and abiotic processes may sig-
nificantly impact the carbon dynamics of these sys-
tems. Better estimates of these processes which take
spatial and temporal variations in this and other
Amazonian freshwater ecosystems into consideration
are needed to evaluate their overall contribution to
the regional carbon balance. The high rates of total
DOC mineralization (photo- and bacterial degrada-
tion) found during a severe El Niño event indicate
the sensitivity of these systems to climate change and
the need for long-term studies of these effects.
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