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Abstract

We conducted studies with high-molecular-weight (HMW) and low-molecular-weight (LMW), hydrophobic, and
hydrophilic dissolved organic matter (DOM) from an oligotrophic alpine river, the Tagliamento River (Italy), to
assess the effect of light on DOM utilization by riverine bacterioplankton. Immediately after the exposure of the
DOM fractions to simulated or natural sunlight, short-term (1 h) bacterial utilization of all DOM fractions decreased
by up to 80%, compared with the uptake of the corresponding nonirradiated fractions. The addition of scavengers
suggests that reactive oxygen species caused this bacterial growth inhibition. After the long-term growth of bacteria
on irradiated DOM, uptake was unchanged for HMW DOM, considerably lower for LMW and hydrophilic DOM,
and much higher for hydrophobic DOM, compared with the nonirradiated fractions. These results suggest that the
phototransformation of HMW, LMW, hydrophobic, and hydrophilic DOM results in contrasting effects on their
bioavailability. Size-exclusion chromatography showed that bacteria preferably used the larger molecular sizes of
all nonirradiated fractions. Light induced no significant shifts in the apparent molecular weight distribution of the
four DOM fractions. However, the highly bioavailable LMW DOM (especially the portion ;5 kDa) was no longer
taken up after irradiation. We conclude that light overall leads to a strong decrease in microbial DOM transformation
during hydrological transport in the Tagliamento River.

DOM represents a major reactive reservoir of organic car-
bon on Earth (Schlesinger and Melack 1981) and an essential
energy resource for all microbial processes (Wetzel 1992).
River systems are fundamental to global carbon cycling be-
cause they receive, produce, transport, and transform organic
material and therefore integrate terrestrial and marine envi-
ronments (Meybeck 1981; Hedges et al. 1997; Raymond and
Bauer 2001).

In the past two decades, the importance of photochemical
transformations on the cycling of organic carbon in aquatic
systems has been recognized and intensively studied (Kieber
et al. 1989; Benner and Biddanda 1998). Some of these stud-
ies have described the net effect of solar radiation on bac-
teria–dissolved organic matter (DOM) interactions. They
showed that the photocleavage and photooxidation of high-
molecular-weight (HMW) DOM led to a release of readily
bioavailable low-molecular-weight (LMW) compounds that
indirectly stimulated bacterioplankton activity and thus en-
hanced the turnover of DOM (Kieber et al. 1989; Wetzel et
al. 1995). Other work proved that light leads to contrasting
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effects on DOM, transforming bioavailable into biorecalci-
trant compounds and vice versa (Benner and Biddanda 1998;
Obernosterer et al. 1999). In surface marine waters and hu-
mic lakes, sunlight has also been found to abiotically
remineralize a large portion of DOM to carbon monoxide/
carbon dioxide and inorganic nutrients such as phosphate
and ammonium (Cotner and Heath 1990; Bushaw et al.
1996; Johannssen and Miller 2000). Some studies have char-
acterized light-induced changes in DOM bulk chemical com-
position using 13C nuclear magnetic resonance (NMR) spec-
troscopy (Wetzel et al. 1995; Clair and Sayer 1997). Opsahl
and Benner (1998) investigated light-induced changes in the
dissolved lignin composition, with lignin being an important
biomarker for terrestrial organic biomass transported by riv-
ers to the marine environment. Although the literature pro-
vides ample information on DOM phototransformations in
lake and surface ocean environments, we lack knowledge on
the effect of sunlight on riverine carbon cycling (Amon and
Benner 1996).

Rivers carry high amounts of particulate and colloidal iron
that they receive through the weathering of minerals (e.g.,
biotite) in the catchment area and the oxidative precipitation
of Fe(II). In iron-rich surface waters, light-induced redox
cycling of iron and DOM photo-oxidation are strongly cou-
pled. Iron can catalyze DOM photo-oxidation via ligand-to-
metal charge transfer reactions of Fe(III)-DOM complexes
and through DOM oxidation by the hydroxyl radical (HO●)
formed in the Fenton reaction (Miles and Brezonik, 1981;
Voelker et al. 1997). The direct photooxidation of DOM (i.e.,
electron transfer from triplet-excited functional groups of
DOM to ground-state molecular oxygen) yields superoxide
(O ), which reacts to H2O2 by (iron-catalyzed) dismutation●2

2

(Blough and Zepp 1995; Voelker et al. 1997). In addition,
oxidation of Fe(II) by oxygen and subsequent reactions also
produce transient species O , H2O2, and HO● (e.g., Moffet●2

2
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and Zika 1987; Emmenegger et al. 1998). Major sinks of
O are oxidation and reduction of iron and copper species,·2

2

and reaction with DOM (Goldstone and Voelker 2000). In
addition to H2O2, long-living organic peroxides also are pro-
duced in photochemical and subsequent thermal reactions of
DOM (von Sonntag and Schuchmann 1997).

Reactive oxygen species (ROS), such as O , H2O2, and●2
2

HO●, organic peroxyl radicals (RO2
●), and organic peroxides,

resulting from photochemical and subsequent thermal reac-
tions of DOM and iron, have been shown to severely damage
the cell structure and physiology of aquatic microorganisms
(Fridovich 1986). For example, reactive species initiate the
oxidation of chlorophyll and the peroxidation of lipids and
inhibit carbon fixation and the motility of dinoflagellates.
However, we still know little about their effect on bacterial
activity. As a defense against active forms of oxygen, mi-
croorganisms have developed various biochemical antioxi-
dants, quenchers, and scavengers (Chow 1988), such as to-
copherols, carotinoids, ascorbate, urate, and enzymes.

In the Tagliamento River, light may significantly penetrate
the water column because of low turbidity and shallow depth
of the water bodies and be absorbed by DOM or iron-DOM
complexes. Therefore, one important question is how well
cells can use DOM that has been exposed to sunlight in this
alpine river system. To increase our understanding of the
overall effect of light on bacterial DOM utilization, we stud-
ied different fractions of DOM. Over .1 yr, we collected
water bimonthly in a longitudinal and lateral direction from
the Tagliamento River (Fig. 1). We size and chemically frac-
tionated these water samples to collect HMW, LMW, hydro-
phobic, and hydrophilic DOM. These four fractions were
used for photochemical and bioassay experiments. The pur-
pose of our research was to determine the short- and long-
term effects of the irradiation of DOM fractions on their
utilization by natural bacterioplankton and to relate light-
induced changes in the bioavailability of DOM fractions to
changes in their chemical composition.

Materials and methods

Study area and sample collection—The river corridor of the
Tagliamento River has been extensively studied since 1997
(Ward et al. 1999; van der Nat 2002). The river is classified
as the last large natural river in Europe (northeast Italy)
(Ward et al. 1999), extending over 170 km and flowing un-
restrained from the alpine headwater reaches to the northern
Adriatic Sea (Fig. 1). Its highly complex channel morphol-
ogy is characterized by constrained, braided, and meandering
reaches formed by a dynamic hydrological regime. The Tag-
liamento River experiences two major flood periods each
year (spring and fall), which facilitates the deposition and
mobilization of materials and leads to major changes in or-
ganic matter input and transport.

Water samples for DOM fractionation were collected sea-
sonally from the main channel (MC) in the island-braided
headwater floodplain (R2), in the island-braided lower and
major floodplain (R4), and in the braided-to-meandering
transition floodplain (R5) and from one isolated pool in R4
(Fig. 1). Field sampling took place during March, May, July,

August, October, and November 1999 and April, July, and
August 2000. During sampling, water levels varied from
low- to high-flow conditions (Table 1). Over the year, water
temperatures in the main channel were 10.9 6 2.58C, pH
8.13 6 0.14, and alkalinities 2.8 6 0.5 mmol L21. Water
samples (;200 liters per sampling station) for DOM frac-
tionation were collected with clean 50 L high-density poly-
ethylene carboys and transported to the field laboratory near
the Tagliamento River at R4. Immediately after collection,
water samples were passed through muffled GF/F filters and
0.2-mm Durapore filters (142 mm diameter; Millipore) and
stored in clean 50-L carboys.

DOM fractionation—DOM was either chemically or size
fractionated, except in April 2000, when both methods were
used in parallel. For chemically fractionating DOM into hy-
drophobic- and hydrophilic-type compounds, a Mega Bond
Elute C18 column (C18 loaded silica, 60CC; Varian) was
used after acidification with 32% hydrochloric acid (Supra-
pur) to pH 2.8 (Louchouarn et al. 2000). Before fraction-
ation, the water was acidified. Flow rates ranged 3–5 L h21.
Of the total DOC (DOC ,0.2 mm), 13–54% was recovered
as a sorbed hydrophobic fraction (Table 1), which is com-
parable to other values in the literature (Amador et al. 1990).
A Filtron tangential flow ultrafiltration system with a po-
lyethersulfone membrane (1 kDa nominal weight cutoff) was
used for fractionating bulk DOM into pseudo HMW and
LMW portions, according to the protocol of Benner et al.
(1997). Operating pressures were 137.9–151.7 kPa at the
inlet and 68.9–89.6 kPa at the outlet. Filtration rates ranged
6–8 L h21 using one 0.46-m2 cassette filter (Centrasette; Fil-
tron). Water temperature ranged 20–228C during ultrafiltra-
tion. Recovery was 8–29% of the total DOC (Table 1). For
every sample, a carbon mass balance was established, to
determine whether carbon was lost or gained during frac-
tionation. Mass balance calculations revealed recoveries of
99–144% for ultrafiltration and 100–139% for C18 solid
phase extraction. The percentage of DOC recovered after
fractionation from bulk DOC was calculated as follows: %
DOC retained 5 100 3 (DOCretentate 1 DOCpermeate) 3
(DOC,0.2mm)21, where DOC stands for DOC concentration
and was corrected by the according concentration factor (CF)
(Table 1). The CF was calculated as follows: CF 5 initial
sample volume/retentate volume.

From fractionation, samples were stored at 48C in the dark
and immediately transported to the laboratory in Switzerland
(Swiss Federal Institute for Environmental Science and
Technology). DOM adsorbed onto the C18 phase was eluted
by gentle vacuum filtration using high-purity methanol
(Merck). The methanol was removed from DOM by roto-
evaporation and freeze drying. Next, the extract was redis-
solved in MQ-UV water (Millipore). For further photochem-
ical experiments, hydrophobic and HMW DOM were
rediluted with MQ-UV water to reach final DOC concentra-
tions of ;100 mmol L21 C, which was in the range of total
organic carbon (TOC) concentrations measured from raw
river water.

TOC and DOC measurements—Water samples (20 ml)
were collected directly after fractionation for ultrafiltered



542 Kaiser and Sulzberger

Fig. 1. Catchment of the Tagliamento River with sampling stations marked by gray circles: the
main channel in the headwater floodplain (R2MC), in the major floodplain (R4MC), and in the
transition floodplain (R5MC), and an isolated pool in the major floodplain (R4P). The small inset
shows that the river is located in northeast Italy, Europe.

samples and after freeze-drying and redissolution in MQ-
UV water for solid phase extracted DOM. The samples were
filled in acid-rinsed, precombusted 40-ml EPA glass vials,
sealed with Teflon-lined caps, and stored frozen until anal-
ysis. TOC and DOC concentrations were determined by
high-temperature catalytic oxidation with a Shimadzu 5050A
analyzer (Benner and Strom 1993; Benner et al. 1997).

Size exclusion chromatography (SEC)—Water samples for
SEC were collected in muffled 10-ml ampoules or acid-

rinsed, muffled 40-ml EPA glass vials (Wheaton), sealed
with Teflon-lined caps, and stored frozen until analysis. We
used gel permeation chromatography (TSKHW50S) with
UV absorbance (at 254 nm) and DOC detection to charac-
terize the apparent molecular weight distribution of the
DOM fractions before and after irradiation (Mueller et al.
2000). The detection of DOC was based on the absorption
of infrared light by CO2 from photo-oxidized DOC. The mo-
bile phase was composed of ‘‘carbon-free’’ water (UV–pho-
to-oxidized MQ-UV water; Millipore), 3.6 mmol L21 sodium
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Table 1. Sample descriptions, dissolved organic carbon (DOC) and dissolved iron (DI) concentrations in the individual DOM fractions,
DI as % of bulk DI measured in bulk DOM (,0.2 mm), Fe(II) steady-state concentrations ([Fe(II)]ss as % of DI, and net H2O2 formation.
Data represent averages (6 SE) of seasonal samples (n 5 3–5). DOC concentrations of HMW and hydrophobic DOM are corrected by the
concentrator factor calculated from ultrafiltration and C18-solid phase extraction.

Sampling location,
and DOM fraction

DOC
(mmol L21) DI (nmol L21)

DI as % of
bulk DI

[Fe(II)]ss (nmol L21/
1 mg C L21)

[Fe(II)]ss

(% of DI)

Net H2O2 formation
(nmol L21 4 h21)/

(1 mg C L21)

R2MC
Hydrophobic
Hydrophilic
HMW
LMW

17 6 5
45 6 7
13 6 3
76 6 3

5.0 6 3.0
10.5 6 2.2

2.6 6 0.8
22.2 6 15.8

30 6 14
83 6 31
13 6 1
45 6 10

0.3
7.1 6 6.2
3.4 6 1.6
0.6 6 0.3

2
27 6 24
20 6 11

1

95
257 6 90

6 6 4
248 6 9

R4MC
Hydrophobic
Hydrophilic
HMW
LMW

19 6 7
48 6 8
20 6 4
91 6 14

14.0 6 6.0
35.9 6 9.6
12.8 6 4.6
13.3 6 4.5

44 6 14
49 6 20
38 6 14
23 6 2

0.7 6 0.6
1.2 6 0.8
2.1 6 0.9
0.3 6 0.2

2 6 1
4 6 2
4 6 3
4 6 2

43
282 6 18
83 6 33

201 6 65

R4P
Hydrophobic
Hydrophilic
HMW
LMW

18 6 5
30 6 3
10 6 3
65 6 14

12.0 6 11.0
15 6 5

10.6 6 6.9
9.6 6 2.8

84 6 3
83 6 57
28 6 10
76 6 64

0.7 6 0.4
4.9 6 2.2
3.2 6 1.4
0.5 6 0.2

3.1 6 1
12 6 6
12 6 7

4 6 2

23
431 6 147
88 6 56

293 6 73

R5MC
Hydrophobic
Hydrophilic
HMW
LMW

19 6 8
31 6 4
12 6 3
64 6 11

6.0 6 4.0
12.1 6 3.4

4.9 6 1.1
16.2 6 9.4

32 6 9
59 6 19
40 6 7

104 6 77

nd
12.7 6 10
2.5 6 0.6
0.4 6 0.3

nd
24 6 17
6 6 1
2 6 1

63
315 6 102
101 6 50
133 6 9

MC: main channel, nd: not determined, P: isolated pool in major floodplain, R2: headwater floodplain, R4: major floodplain, R5: lower floodplain.

hydrogen phosphate, and 18.4 mmol L21 potassium hydro-
gen phosphate (pH 6.6). Potassium hydrogen phosphate was
also used for calibration. A variety of organic model sub-
stances were used to describe the size exclusion of different
molecular weight ranges between 200 and 0.1 kDa (Huber
and Frimmel 1992). Humic substances, LMW organic acids,
polysaccharides, proteins, and amphiphilic and hydrophobic
organic substances were used for qualitative interpretations
of chromatograms obtained with the DOM fractions. We cal-
culated the apparent molecular size distribution after Per-
minkova et al. (1998).

Total and dissolved iron ([Fe(II)] and [Fe(III)]) mea-
surements—Before and after DOM fractionation, all water
samples were collected in clean, acid-rinsed 10-ml PP tubes
(Greiner). After acidification to pH ;2 (with cold-distilled
80% HNO3; Suprapur), all samples were stored at 48C for
total and dissolved Fe measurements. Iron was analyzed us-
ing a Perkin-Elmer 5100 GF-AAS with a transverse heated
graphite tube atomizer (THGA). Samples that contained ,20
nmol Fe L21 were preconcentrated three times by injecting
20 ml of the sample and drying for 50 s at 1308C. The de-
tection limit was 3 nmol L21 for the preconcentrated sam-
ples. For every sample, an iron mass balance was established
to determine whether iron was gained or lost during frac-
tionation. The DI concentrations were measured for 0.2 mm
filtered water (Table 1) and for all different DOM fractions
(data not shown). The percentage of DI recovered after frac-
tionation from bulk DI (,0.2 mm) was calculated as follows:

% DI recovered 5 100 3 (DIretentate 1 DIpermeate) 3
(DI,0.2mm)21. The DIretentate concentrations were determined by
using the concentration factors from DOC mass balances.
The DI mass balance calculations revealed recoveries of 45–
180% for ultrafiltration and 89–160% for C18 solid phase
extraction.

Iron(II) was measured during and after irradiation of the
DOM fractions (Figs. 2, 5) by using a flow injection analysis
system with luminol-based chemiluminescence detection
(FeLume) (Emmenegger et al. 2001). Fe(II) samples were
introduced into the flow cell and mixed with an ammonia-
buffered luminol reagent. At pH 9.8, Fe(II) is oxidized by
oxygen on a millisecond timescale that catalyzes the oxi-
dation of luminol and produces blue, chemiluminescence
light.

Hydrogen peroxide (H2O2) measurements—Before and at
the end of the irradiation, DOM fractions were sampled in
duplicates and immediately analyzed. For measuring H2O2,
we used the methods of Miller and Kester (1988) and Em-
menegger et al. (2001) and used a Perkin-Elmer LS-3 fluo-
rescence spectrophotometer. We also found that the potential
light-induced production of organic peroxides did not influ-
ence the H2O2 fluorescence measurements (data not shown).

Bacterial abundance and biomass production—Samples
(10 ml) for microscopy were preserved with a filtered borax-
buffered formaldehyde solution (5% final concentration) and
stored, refrigerated, in the dark. Bacterial abundance was
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Fig. 2. Scheme of photochemical experiments conducted under laboratory and field conditions.

determined within 2 weeks of sample collection by epiflu-
orescence microscopy (Olympus BX50; magnification,
31,000) of 49,6-diamidino-2-phenylindole–stained cells
(Porter and Feig 1980). In the laboratory and field experi-
ments, the bacterial biomass production was estimated from
protein synthesis by adding [3H]leucine (20 nmol L21 final
concentration) to 5-ml samples and incubating them in the
dark at 208C for 60 min (Kirchman et al. 1986). All samples
were measured in triplicate with two formaline-killed (2%
final concentration) blanks. After incubation, the samples
were filtered onto cellulosenitrate filters (0.2 mm pore size,
25 mm diameter, GSWP; Millipore) and rinsed twice with 5
ml of chilled 5% trichloroactetic acid. The filters were placed
in scintillation vials with 10 ml of scintillation cocktail (In-
sta-Gel; Packard) added. Radioactivity was assessed with a
liquid scintillation counter (Packard Tri-Carb 2000) by ex-
ternal standard ratio technique. We used the factor 3.1 mg C
nmol21 leucine for converting leucine incorporation into the
bacterial biomass (Simon and Azam 1989). In the following
text, bacterial biomass production, which was normalized by
bacterial abundance of the individual sample, is used to ex-
press bacterial DOM utilization (or bacterial DOM uptake).

Irradiation experiments—In the laboratory, all DOM frac-
tions were irradiated for 4 h with a 1,000 W Xe-lamp (OS-
RAM; PTI), to simulate a full solar day (Fig. 2). The light
intensity was ;1 kW m22, as determined by ferrioxalate ac-
tinometry (Hatchard and Parker 1956). The light was fo-
cused by two Pyrex lenses (50% cutoff at 305 nm) and a
mirror onto a water-jacketed reactor with a quartz bottom
window. A more detailed description of the experimental
setup is found in Siffert and Sulzberger (1991). During ex-
posure, the sample was continuously stirred, the temperature
was kept constant at 228C, and the pH was determined with
an Orion Ross electrode and an Orion meter calibrated with
National Bureau of Standards (NBS) buffers. Before and af-
ter irradiation, we sampled for TOC, DOC, SEC, H2O2, and
bacterial DOM utilization (Fig. 2). To determine bacterial
DOM utilization, a bacterioplankton inoculum at 1 : 10 di-
lution was added to the irradiated and nonirradiated DOM
fractions, and bacterial abundance and biomass production
were determined (see above). Iron(II) concentrations were
determined in separate irradiation experiments by use of the
FeLume system (see above).

To test the potential effect of ROS on bacterial DOM up-
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Fig. 3. Decrease (% deviation) in bacterial utilization of irradiated
DOM fractions relative to bacterial utilization of nonirradiated
DOM fractions at t0. DOM originated from the main channel in the
(A) headwater, (B) major, and (D) transition floodplain, and (C)
from an isolated pool in the major floodplain. The exposure of the
DOM fractions to simulated sunlight lasted for 4 h. Panel E shows
the decrease in bacterial utilization of DOM factions irradiated for
6 h under in situ conditions in July and August 2000. DOM utili-
zation expresses bacterial biomass production (fg C cell21 d21). Data
from panels A–D represent the annual means of 3–6 experiments;
vertical bars indicate SEs. Data from panel E represent the mean of
2 experiments; vertical bars indicate the mean deviation.

take in irradiated fractions, samples from March 1999 and
April 2000 were split into three aliquots after a 4-h irradi-
ation. Methanol or Trolox C (6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid; Merck) were added to two ali-
quots within 60 s after irradiation (Figs. 2, 4) and the third
aliquot was left untreated as a control. Methanol exclusively
scavenges hydroxyl radicals, and Trolox C, a vitamin E an-
alog, acts as a broadband radical scavenger (Davies et al.
1988). We added methanol to final concentrations of 250–
1,000 mmol L21, depending on the DOC concentration of the

sample. Trolox C was added at the much lower concentration
of 500 nmol L21, which corresponds to the average amount
of H2O2 formed during a 4-h irradiation. Methanol and Tro-
lox C were verified to be nontoxic to bacterial activity in the
concentration range that we used. Within 60 s of the addition
of methanol or Trolox C to each sample, natural bacterio-
plankton was added at 1 : 10 dilution (also to the control
without scavenger), to measure bacterial abundance and bio-
mass production (see above).

For long-term bioassay experiments, DOM from April
2000 was irradiated for 10 h (Fig. 2). As mentioned above,
before irradiation, HMW and hydrophobic DOM were re-
diluted with MQ-UV water to a final DOC concentration of
;100 mmol C L21. Hydrophilic and LMW DOM were not
diluted further and contained DOC concentrations of 27–81
mmol C L21. After the 10-h exposure to simulated sunlight,
the samples were transferred to 500-ml Erlenmeyer flasks.
Nutrients (30 mmol L21 nitrate and 300 nmol L21 phosphate)
were added to the HMW and hydrophobic DOM fractions
to levels that had been detected in 0.2 mm of filtered Tag-
liamento river water (data not shown), followed by the ad-
dition of natural bacterioplankton at 1 : 10 dilution. Except
for irradiation, the dark controls were treated identically. The
flasks were incubated under light/dark (day/night) conditions
at room temperature (228C) and shaken every 2 h, to prevent
nutrient gradient formation. We started to determine bacterial
abundance and biomass production immediately after inoc-
ulation (t0), and we kept sampling every ;12 h up to a
maximum of 100 h. We also sampled for SEC at t0 and
during the steady-state conditions of the bioassay experi-
ments (Figs. 8, 9). Steady-state conditions were estimated
from bacterial abundance measurements.

In the field, DOM fractions were exposed under ambient
conditions to natural solar radiation during July and August
2000 (Fig. 2). For each DOM fraction, one aliquot was used
as a dark control and was placed, bubble-free, in a 120-ml
Winkler flask and wrapped in aluminum foil. The other al-
iquot was placed, bubble-free, in a 120-ml quartz-glass tube
with a N/S glass stopper and sealed with Teflon-tape, para-
film, and some textile tape. The tubes and flasks were fixed
on a floating mesh and incubated submersed (20 cm) in the
surface water of R4 for 6 h (10–16 GMT). During incuba-
tion, the surface and underwater solar radiation levels were
measured every 3 h with UV-B (290–320 nm), UV-A (320–
400 nm), and photosynthetically active radiation (PAR) sen-
sors (SD 104A-COS, SD 104B-COS; Macam) and a LI-COR
1000 data logger. Before and after irradiation, we sampled
for TOC, DOC, iron, and bacterial activity.

Results and discussion

Carbon and iron concentrations in the various DOM frac-
tions—In the Tagliamento River, the dominant form of or-
ganic carbon was DOC, with average concentrations of 10–
91 mmol C L21 (Table 1). DOC and particulate organic car-
bon (POC) concentrations were low and comparable to other
highly oligotrophic surface waters (Benner et al. 1997; Tock-
ner et al. 2002). POC concentrations were calculated as the
difference between TOC and DOC values and increased
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Fig. 4. Effects of methanol and Trolox C on bacterial utilization of irradiated HMW, LMW, and
hydrophobic fractions sampled in April 2000 (A) directly after irradiation and (B) after 2 h in the
dark. Methanol was added at concentrations of 250–1,000 mmol L21 and Trolox C at 500 nmol L21.
DOM utilization is expressed by bacterial biomass production (fg C cell21 d21). The change in
bacterial utilization of irradiated DOM fractions with and without radical scavenger additions is
calculated as % deviation of utilization of nonirradiated DOM. Data points represent the mean of
2–3 measurements; vertical bars indicate the standard error or mean deviation.

from 1% to 10% of the TOC along the main channel. These
percentages are very low relative to stream size (Meybeck
1981). We observed this dominance of DOM throughout the
seasons, even during postflood conditions in August 1999.
Although high loads of inorganic carbon (carbonate and do-
lomite) were transported after flooding, 90% of organic car-
bon was still present as DOC. During the year, only 8–29%
and 13–54% of DOM were retained by ultrafiltration and
C18-solid phase extraction, respectively, comparable to that
reported for oligotrophic marine waters (Amador et al. 1990;
Benner et al. 1997). The major portion of DOM consisted
of hydrophilic, LMW compounds (data not shown).

Iron was abundant in the water column of the Tagliamento
River. In the main channel, 91–94% of iron was present in
the particulate and colloidal phase and did not pass through
a 0.2-mm filter. The remaining 6–9% iron was associated
with DOM. Its distribution compares well to other fresh-
water systems (Emmenegger et al. 2001). In the isolated
pool, located within a large island of the major floodplain,
we found, on average, only 19% of iron in the particulate
and colloidal phase. It seems that massive groundwater up-
welling, infiltration by the carbonaceous substrate (gravel),
and autochthonous algal production may change particle
composition in the pool compared with that in the MC sys-
tem. Over the year, DI concentrations in 0.2-mm filtered river
water samples were 3–57 nmol L21 (data not shown). Con-
cerning the distribution of iron in the different DOM frac-
tions, we found that most of the DI (65 6 4%, average 6
SE, n 5 21) was contained in LMW and hydrophilic DOM

throughout the year. Only in April 2000 was a surplus of
iron associated with HMW and hydrophobic DOM (56 6
8%, n 5 8).

Short-term effect of DOM irradiation on bacterial DOM
utilization—Bacterial biomass production on irradiated
DOM fractions was measured immediately after a 4-h ex-
posure to simulated sunlight. Bacterial cells were incubated
for 1 h with each DOM fraction in the dark. The short-term
DOM utilization of all irradiated DOM fractions decreased
by up to 80%, compared with the short-term uptake of non-
irradiated DOM (Fig. 3). We found the same trend for all
samples from the MC and isolated pool and throughout the
year, which may reflect a minimal spatiotemporal variability
of the chemical composition of DOM in this river (unpubl.
data).

We also found the same level of inhibition during field
studies in July and August 2000 (Fig. 3E). To simulate a full
solar day, we exposed the DOM fractions, submersed (20
cm) in surface river water, to sunlight for 6 h. Surface ir-
radiation levels were comparable to values found in the lit-
erature (Herndl et al. 1993), and, at the maximum, were 5
W m22 for UV-B (290–320 nm), 82 W m22 for UV-A (320–
400 nm), and 461 W m22 for PAR (400–700 nm). In the top
20 cm of the water column, the attenuation of sunlight was
within 25% for UV-B, 23% for UV-A, and 10% for PAR.

Because sunlight may also directly affect bacterioplankton
by damaging cell physiology and DNA (Herndl et al. 1993;
Jeffrey et al. 1996), we additionally tested the direct effect
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Fig. 5. Concentrations of Fe(II) during irradiation and after the
light source was turned off in HMW and LMW DOM and hydro-
phobic and hydrophilic DOM fractions. ‘‘Blank’’ indicates mea-
surement of MQ-UV water at pH ;9 (pH raised by adding a 25%
ammonia solution) before and after sample measurement. Dashed
lines indicate when the simulated sunlight was switched off. Fe(II)
was measured by chemiluminescence detection (FeLume). We used
different calibrations curves for low and higher Fe(II) concentra-
tions.

of solar radiation on bacterioplankton activity. We exposed
raw water samples (DOM and bacteria) and 0.2-mm filtered
samples (only DOM) to simulated sunlight for 4 h, and then
introduced a natural bacterioplankton inoculum to the fil-
tered nonirradiated and irradiated water samples. For both
raw and filtered, irradiated water samples, we measured a
strong decrease in bacterial DOM utilization (relative to non-
irradiated DOM), and the inhibition was only slightly greater
for irradiated raw water samples (data not shown). These
additional experiments indicated that the direct photoinhi-
bition of bacterial cells was negligible, but DOM transfor-
mation and the concomitant production of reactive species
were mostly responsible for the decrease in bacterial DOM
utilization.

To test the effect of ROS on bacterial activity, we con-
ducted experiments with two different scavengers of ROS,
methanol and Trolox C. The scavengers were added to the

DOM immediately after the light source was turned off, fol-
lowed by inoculation of a natural bacterioplankton commu-
nity. Only for HMW DOM was methanol effective at pre-
venting a decrease in DOM utilization (Fig. 4A). On the
basis of this result, we hypothesize that HO● or organic per-
oxyl radicals formed in the Fenton reaction and in subse-
quent thermal reactions of HO● with HMW DOM com-
pounds are responsible for the inhibition in bacterial uptake
of HMW DOM.

To test whether the Fenton reaction could play an impor-
tant role in our systems, we measured ambient Fe(II) con-
centrations in the DOM fractions during and after irradiation.
Irradiation of the DOM fractions led to the formation of
Fe(II), and steady-state concentrations were reached between
1 and 5 min, depending on the individual DOM fraction
(Fig. 5). The highest [Fe(II)]ss levels were detected in irra-
diated HMW DOM, followed by hydrophilic, LMW, and hy-
drophobic DOM (Fig. 5, Table 1). (Note that the numbers
listed in Table 1 are average [6SE] values from seasonally
collected samples). Mean [Fe(II)]ss levels, normalized to
DOC concentration, were higher by a factor of 4.6 in HMW
and hydrophilic than in LMW and hydrophobic DOM (Table
1). The percentages of [Fe(II)]ss from DI contained in the
individual fractions also were generally higher in HMW and
hydrophilic DOM.

Regarding the kinetics of Fe(II) formation and its decay
in the HMW fraction, the following observation was strik-
ing: When we turned off the light, we found that, despite a
pH ;8.1, [Fe(II)]ss only gradually decreased, and a new
Fe(II) steady state was established (Fig. 5A). This phenom-
enon has also been observed in irradiated, unfiltered water
samples from a Swiss lake (Emmenegger et al. 2001). Those
authors were able to get excellent agreement between their
experimental data and mathematical kinetic modeling by in-
volving continuous redox cycling of iron after irradiation,
with Fe(III) being re-reduced by the superoxide radical
(O ) formed in the oxidation of Fe(II) by O2 (Voelker and●2

2

Sedlak 1995; Emmenegger et al. 2001). An alternative ex-
planation for the slow decay of Fe(II) after irradiation would
be stabilization of Fe(II) by an organic ligand contained in
the HMW fraction. The pronounced effect of excess meth-
anol on bacterial utilization of irradiated HMW DOM, how-
ever, suggests continuous formation of HO● after irradiation,
via the Fenton reaction, although with low yields at pH 8.1
(S. J. Hug and O. Leupin unpubl. data).

In the presence of Trolox C, the bacterial uptake of irra-
diated HMW DOM was still much lower than in the non-
irradiated sample (Fig. 4A), although Trolox C is an efficient
scavenger of HO● (the second-order rate constant of reaction
with HO● is ;2.2 3 109 mol21 s21 for Trolox C at pH 7
[Davies et al. 1988] and ;7.9 3 108 mol21 s21 for methanol
[Buxton et al. 1988]). This result may be explained by the
fact that the concentration of Trolox C was too low (see
‘‘Materials and methods’’) to scavenge the total amount of
ROS, including HO●. In the irradiated hydrophobic and
LMW fractions, Trolox C also diminished the inhibition of
bacterial production relative to samples without scavenger
additions. Of interest, methanol showed no effect in these
fractions (Fig. 4A). From this result, we conclude that other
ROS, possibly organic peroxides, may evolve from the pho-
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Fig. 6. Long-term bioassay experiments on irradiated and nonirradiated DOM fractions sampled
during April 2000: (A) HMW, (B) LMW, (C) hydrophobic, and (D) hydrophilic DOM. Bacterial
DOM utilization is expressed by measuring bacterial biomass production (fg C cell21 d21). Changes
in bacterial DOM utilization are calculated as % deviation of utilization of nonirradiated DOM
before long-term incubation.

tochemical transformations of hydrophobic and LMW DOM.
Note that H2O2 at concentrations of 50–400 nmol L21 (Table
1) did not affect bacterial activity (data not shown).

To test the effect of DOM irradiation on bacterial DOM
utilization over longer time periods, we left the irradiated

fractions for 2 h in the dark and then added a bacterioplank-
ton inoculum. In the HMW and hydrophobic fractions, the
inhibition of bacterial DOM uptake had diminished after 2
h, compared with DOM utilization immediately after irra-
diation. However, this did not occur in the LMW fraction
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Fig. 7. Size exclusion chromatograms of nonirradiated (A) HMW, (B) LMW, (C) hydrophobic,
and (D) hydrophilic DOM. Solid lines represent apparent molecular weight distributions after a 10-
h irradiation with simulated sunlight (;1 kW m22).

(Fig. 4A,B). In a further experiment, we added Trolox C to
one of the two irradiated HMW DOM samples, left it for 2
h in the dark, and then measured the bacterial DOM uptake.
As Fig. 4B shows, Trolox C had a positive effect on bacterial
DOM uptake even when it was added 2 h after irradiation.
These results suggest that ROS are formed in the dark, after
irradiation, over longer time periods, but with a decreasing
effect on bacterial DOM utilization. The results shown in

Fig. 4B also indicate that changes of DOM bioavailability
on DOM photo-oxidation are different for different fractions.

Long-term effect of DOM irradiation on bacterial DOM
utilization—To compare long-term bacterial growth on non-
irradiated and irradiated DOM sources, we incubated bac-
terioplankton from the Tagliamento River with nonirradiated
and irradiated HMW, LMW, hydrophobic, and hydrophilic
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Fig. 8. Size exclusion chromatograms of HMW DOM (A) before and (B) after 10 h of irradiation
and LMW DOM (C) before and (D) after 10 h of irradiation with simulated sunlight (;1 kW m22).
The solid lines represent apparent molecular-weight distributions after 75 h of bacterial growth on
(A) nonirradiated and (B) irradiated HMW DOM and after 50 h of bacterial growth on (C) nonir-
radiated and (D) irradiated LMW DOM. The samples were collected from the bioassay experiments
after bacterial growth had reached steady state (see Fig. 6A,B).

DOM. Before inoculation with bacterial cells, the four DOM
fractions were exposed to simulated sunlight for 10 h. In all
bioassays, cell growth (bacterial abundance and biomass
production) was monitored until and after steady-state con-
ditions were reached (Fig. 6). In these experiments, we also
used incubations of 1 h with radioactively labeled leucine to

measure bacterial biomass production, taking measurements
at specific time intervals throughout the bioassay experi-
ments (Fig. 6).

Immediately after the exposure of the DOM fractions to
simulated sunlight (t0 in Fig. 6), bacterial DOM utilization
was strongly inhibited in irradiated fractions. With ongoing
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incubation (over days), this inhibition diminished and bac-
teria grew at different rates in the different fractions. Bac-
terial utilization of irradiated compared with nonirradiated
DOM was similar for HMW DOM after 75 h (Fig. 6A),
considerably higher for hydrophobic DOM after 50 h (Fig.
6C), and severely lower for LMW and hydrophilic DOM
after 65 and 25 h, respectively (Fig. 6B,D). These results
suggest that HMW and hydrophobic DOM, which were
found to be biorecalcitrant in the Tagliamento River (data
not shown), stayed unchanged or became more bioavailable
on exposure to light. To the contrary, LMW and hydrophilic
DOM, which were most abundant and strongly supported
bacterial activity in Tagliamento surface waters (data not
shown), turned highly biorecalcitrant on irradiation. Of in-
terest, we found higher net rates of H2O2 formation (during
a 4-h irradiation) in the LMW and hydrophilic fractions than
in the HMW and hydrophobic fractions, which suggests that
the fractions that turned biorecalcitrant on irradiation are
photochemically more reactive in terms of H2O2 formation.
This trend was independent of the season, with average net
rates of H2O2 formation being 3 times higher in LMW than
in HMW DOM and 5.8 times higher in hydrophilic than in
hydrophobic DOM (Table 1).

To elucidate light-induced transformations of the different
DOM fractions, we measured the molecular weight distri-
butions of the DOM fractions before and after irradiation for
10 h (Fig. 7). As shown in the figure, irradiation did not
result in major shifts in the size spectra. However, for all
fractions, irradiation caused the transformation of com-
pounds with apparent molecular weight distributions peaking
;5–10 kDa to products with lower apparent molecular
weights.

We also measured the molecular weight distribution after
incubation of the fractions with bacterioplankton from the
Tagliamento River (Figs. 8, 9). The size-exclusion chro-
matograms of irradiated and nonirradiated HMW DOM be-
fore and after incubation with bacterioplankton showed that
cells preferred to utilize large compounds (100–10 kDa)
even in the irradiated HMW fraction. This contradicts data
from the literature that report the photochemical release of
bioavailable substrates with lower molecular weights from
recalcitrant freshwater DOM (Wetzel et al. 1995).

Nonirradiated LMW DOM dominantly supported bacterial
activity and exhibited low turnover times (data not shown).
Surprisingly, bacteria only consumed the larger compounds
(10–1 kDa) from this fraction and produced very small com-
pounds, ,0.1 kDa in size (Fig. 8C). On irradiation, this ma-
terial turned highly biorecalcitrant, as reflected by unchanged
size spectrum and signal intensity in the irradiated sample
after 50 h of bacterial growth (Fig. 8D). The inhibition of
bacterial DOM utilization may specifically be associated
with the phototransformations of the 10–1-kDa compounds,
because their uptake ceased after irradiation. Because of high
initial bioavailability and to the very low average C : N ratio
(5) of LMW DOM (unpubl. data), we assume that this frac-
tion contains an abundance of amides, aminosugars, and ol-
igosaccharides. The photodigestion of peptides has already
been shown to result in a decrease in its bioavailability (Na-
ganuma et al. 1996).

Bacterial growth on nonirradiated and irradiated hydro-

phobic DOM caused no change in the molecular weight dis-
tribution of both fractions, but a strong decline in signal
intensity was seen in the irradiated fraction (Fig. 9A,B).
Therefore, nonirradiated and irradiated DOM after bacterial
growth only differed in the extent of decrease in signal in-
tensity. Bacterial activity measurements showed that the
turnover of nonirradiated hydrophobic material was low over
the course of 43 h (Fig. 6C). Because of exposure to light,
this material became more bioavailable, which confirms the
results obtained with the bioassay experiments (Fig. 6C).

Bacterial growth on nonirradiated hydrophilic DOM re-
vealed no discernable removal of this material, but, of in-
terest, a production of very small compounds sized ,0.1
kDa (Fig. 9C). When bacteria utilized irradiated hydrophilic
DOM, they also caused a release of very small compounds
(Fig. 9D). Like LMW material, hydrophilic DOM exhibits a
low average C : N ratio (3.3), which suggests the presence
of proteinaceous matter. We assume that these compounds
were easily hydrolyzed at low pH (required for C18 solid-
phase extraction) and that the smaller products contributed
to the proteinaceous material expected to occur in both frac-
tions. As mentioned above, the photodecomposition of this
material may explain the strong decrease in its bioavailabil-
ity (see Fig. 6D).

Importance of sunlight and iron for riverine carbon cy-
cling—Natural rivers like the Tagliamento River that exhibit
low TOC concentrations (,100 mmol C L21) show low light
attenuation with depth, and the water column receives high
doses of solar radiation over the year. The Tagliamento pre-
serves .60% of its aerial extension in the form of nonper-
turbated still water or slow-flowing water bodies (van der
Nat 2002), which have an average depth of only 0.5 m (un-
publ. data). For this reason, high percentages of sunlight can
penetrate to bottom levels in the majority of different aquatic
habitats in the Tagliamento ecosystem, causing photochem-
ical transformations of DOM and the light-induced redox
cycling of iron. Thereby, ROS are formed that greatly affect
bacterial DOM utilization.

In the Tagliamento River, DOM undergoes severe photo-
chemical transformations that ultimately determine the long-
term growth of bacteria on these phototransformed energy
sources. The chemical reactions involved appear to be
strongly dependent on the chemical composition of riverine
DOM. Previous studies have shown that HMW and hydro-
phobic components likely derive from the leaching of soils
that contain highly altered plant material and prokaryotic
biomass (Kaiser et al. 2003). Its origin helps to explain why
this material behaves in a manner recalcitrant to bacterial
utilization. On the contrary, LMW and hydrophilic compo-
nents potentially derive from the decomposition of ‘‘young,’’
fine particulate organic matter and autochthonous microalgae
biomass. This pool of molecules shows low C :N ratios (3–
5) and may explain why they are highly bioavailable to the
bacterioplankton community (see above). Taking all DOM
fractions, in Tagliamento waters, dominantly large (100–20
kDa) and smaller (;1 kDa), possibly highly diagenetically
altered, compounds exhibit low photoreactivity and therefore
show no change in bioavailability on irradiation. Some con-
stituents of hydrophobic DOM are photoreactive and become
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Fig. 9. Size exclusion chromatograms of hydrophobic DOM (A) before and (B) after 10 h of
irradiation and hydrophilic DOM (C) before and (D) after 10 h of irradiation with simulated sunlight
(;1 kW m22). The solid lines represent apparent molecular weight distributions after 43 h of
bacterial growth on (A) nonirradiated and 23 h of bacterial growth on (B) irradiated hydrophobic
DOM and after 25 hours of bacterial growth on (C) nonirradiated and (D) irradiated hydrophilic
DOM. The samples were collected from the bioassay experiments after bacterial growth had reached
steady state (see Fig. 6C,D).

highly bioavailable on irradiation. Larger components of
LMW and hydrophilic DOM are also photoreactive, how-
ever, becoming highly biorecalcitrant when exposed to light
in surface waters.

We confirm the findings in the literature (Benner and Bid-
danda 1998; Obernosterer et al. 1999) that light can have

contrasting effects on natural DOM, turning bioreactive into
biorecalcitrant compounds and vice versa. Such phototrans-
formations are highly critical for our river system because
they decrease the bioavailability of the major important en-
ergy sources for the bacterioplankton community. As a con-
sequence, this effect measured along the river continuum
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suggests an accumulation of biorecalcitrant compounds and,
hence, increasing nutritional limitation for bacteria with
downstream transport and the diminishing microbial rework-
ing of DOM. For the Tagliamento River system, we therefore
propose a light-induced shift from microbial transformation
processes of bioavailable substrates to the hydrological
transport of photochemically altered and biorecalcitrant
DOM. Others have reported that chemical, physical, and mi-
crobial reworking longitudinally decreases the nutritional
value of DOM (Vannote et al. 1981; Hedges et al. 1994).
Ours is the first study to show how light longitudinally af-
fects the microbial turnover of DOM and continuously con-
tributes to the transformation of organic compounds along
the river continuum. However, many questions still need to
be answered regarding the photochemical transformations of
organic compounds. For future research, it would be highly
rewarding to trace the light-induced structural changes in
specific DOM compounds, such as bioavailable and biore-
calcitrant substrates. The chemical characterization of organ-
ic ligands forming complexes with metals also would be key
for understanding the light-induced redox cycling of metals
in natural waters and their potential relationships with DOM
bioavailability. Elucidating the different reactive species in-
volved would results in a more complete picture of photo-
chemical transformations in freshwater systems.
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