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ABSTRACT: We evaluated the influence of UV radiation exposure time on abiotic transformations of
leachates from 2 aquatic macrophytes: Phragmites australis and Hydrocaris morsus-ranae. In addi-
tion, we studied the influence of phototransformations of DOM on bacterial growth. Sterile filtered
leachates were exposed to UV radiation for 5, 10, 24, 48, 72 and 120 h or kept in the dark. Dissolved
inorganic carbon (DIC), hydrogen peroxide and low molecular weight carboxylic acids (oxalic,
formic, malonic and acetic acids) were measured. After UV or dark treatment, the leachates were
inoculated with bacteria and incubated in the dark. Based on the observed DIC and hydrogen per-
oxide formation rates, we concluded that phototransformations are initially more rapid in H. morsus-
ranae DOM than in P. australis DOM. On the other hand, production of DIC after more than 48 h of
UV exposure was strongly reduced for H. morsus-ranae DOM, whereas DIC production was only
slightly reduced for P. australis DOM. The differences in the photoreactivity between DOM from P.
australis and H. morsus-ranae DOM were also reflected in the bacterial growth response to DOM
phototransformations. The lowest bacterial growth efficiencies (BGE) were found in the irradiated
leachate of P. australis exposed for more than 48 h and in the irradiated leachate of H. morsus-ranae
exposed for 10 h, which coincided with the highest concentrations of hydrogen peroxide for both
types of leachates.
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INTRODUCTION

One of the largest fluxes of carbon, in almost any
ecosystem, is that from the pool of organic matter into
microorganisms, which subsequently respire a large
part of the substrate (Cole 1999). Recently, solar radia-
tion has been recognized as a significant cause of min-
eralization of dissolved organic matter (DOM) in sur-
face waters (Granéli et al. 1996). Thus, photooxidation
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of dissolved organic matter mediates some of the trans-
formation of organic carbon into inorganic forms.

Besides dissolved inorganic carbon (DIC), several
low molecular weight organic molecules are produced
upon exposure of DOM to UV irradiation. Examples of
such compounds are acetaldehyde, acetate, acetone,
citrate, formaldehyde, formate, glyoxalate, levulinate,
malonate, methylglyoxal, oxalate, propanal, pyruvate
(see review in Moran & Zepp 1997). Irradiation of
DOM has also been shown to stimulate subsequent
bacterial growth on this material (Geller 1986, Lindell
et al. 1995, Bertilsson et. al. 1999).
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UV irradiation of natural DOM may also produce
highly reactive reduced oxygen species, among which
hydrogen peroxide is the most abundant because of its
relatively long turnover time in natural waters (Lean
1998). There may also be counteractive radiation-
driven mechanisms that decrease the biodegradability
of certain fractions of the total DOM (Keil & Kirchman
1994). A third mechanism that may affect the bioavail-
ability of total DOM is the direct photooxidation of
labile compounds into inorganic forms. Bertilsson &
Tranvik (1998) demonstrated, using *C-labeled trac-
ers, that oxalic acid (a photoproduced low molecular
weight carboxylic acid) could rapidly be further pho-
tooxidized into CO,. On the other hand, no further
photooxidation was detected for the other organic
acids tested by the authors (malonic, formic and acetic
acid). In conclusion, the effects of UV radiation on
bacterial growth are variable and occur at the same
time in natural ecosystems. Furthermore, phototrans-
formations of DOM occurring at the surface of lakes
and oceans can most likely lead to both an increased
and a decreased pool of substrates available for bacte-
rial growth, and the net outcome might be related to
the initial source and characteristics of bulk DOM
(Anesio et al. 1999, Bertilsson 1999). These photo-
chemical transformations might have a profound influ-
ence on the carbon flux in aquatic systems.

The higher concentration of DOM in freshwater
systems, compared to marine waters, results from a
higher primary production, often associated with
aquatic macrophytes (Wetzel 1992). DOM from these
plants can enter aquatic ecosystems through the ex-
cretion of photosynthates or through the leaching of
plant material (Mann & Wetzel 1996). Leachates from
aquatic macrophytes are considered a substantial
source of DOM to many inland waters (Wetzel 1992),
but few studies have addressed the effects of solar UV
radiation on these leachates. Wetzel et al. (1995) exam-
ined the photolysis of recalcitrant DOM leached from
Juncus effusus and Typha latifolia and observed only
subtle changes in bulk DOM. However, there was a
substantial production of several low molecular weight
organic acids and the radiation treatment also resulted
in a slight stimulation of bacterial growth, relative to
growth on dark-treated leachates. On the other hand,
Anesio et al. (1999) observed an inhibition of bacterial
growth on Phragmites australis leachates after expo-
sure to UV radiation.

Despite a substantial increase in studies related to
solar UV effects on DOM transformations, there is rel-
atively little information about the influence of expo-
sure time or amount of irradiated energy received by
the DOM on transformations of DOM bulk. In this
study, we evaluated the influence of the duration of
artificial UV irradiation on abiotic transformations of

leachates from 2 aquatic macrophytes: Phragmites
australis and Hydrocaris morsus-ranae. In addition, we
assessed the influence of these DOM phototransforma-
tions on bacterial growth.

MATERIAL AND METHODS

Experimental design. Dead leaves of Phragmites
australis (Cav.) Trin. ex Steudel were collected in Lake
Krankesjon (southern Sweden) in March 1996. Leaves
were dried at room temperature and stored until the
experiment. Senescent leaves of Hydrocaris morsus-
ranae L. were collected in River Kavlinge (southern
Sweden) in October 1998, and washed with deionized
water. Macrophyte leaves were soaked in Milli-Q wa-
ter in a refrigerator for 48 h (Anesio et al. 2000). DOM
leached from the leaves was then filtered through a
GF/F filter (Whatman). The filtrate was diluted with
Milli-Q water to a final concentration of 10 mg C 171,
Immediately before the start of UV exposure, the di-
luted leachate solutions were filtered through Vacu-
Cap™ sterile filters (0.2 pm, Gelman Sciences).

Leachate from each plant was poured into 56 quartz
tubes (28 larger tubes of 190 ml and 28 smaller tubes of
40 ml). The tubes were incubated at 22°C in a temper-
ature-controlled room. Quadruplicates of both sizes of
tubes were irradiated with artificial UVA + UVB radia-
tion for 0, 5, 10, 24, 48, 72 and 120 h. Controls consisted
of leachates in 56 Pyrex glass tubes (28 tubes of 190 ml
and 28 tubes of 40 ml) kept in the dark. Dark treat-
ments were achieved by wrapping the tubes with alu-
minum foil. The UV radiation source consisted of 8 flu-
orescent tubes (UVA-340, Q-Panel Co., USA) emitting
UVA (11.4 W m™?), UVB (1.09 W m~?), and negligible
amounts of PAR (<5 W m?). After 120 h, the total
amount of energy received externally by the tubes
corresponded to ~5670 KJ m~2. After incubation, DIC,
DOC, hydrogen peroxide concentration and ab-
sorbance at 250, 365 and 430 nm were measured in the
leachates incubated in the larger tubes. Approximately
20 ml from each tube were collected in acid rinsed
plastic vials for analysis of oxalic, malonic, formic and
acetic acids. Samples of each tube were also fixed with
formalin (final concentration, 3.7 %) in 8 ml sterile plas-
tic vials to check for possible bacterial contamination.
Tubes with bacterial numbers higher than 10° cells
ml2 were discarded. Incubations were started at dif-
ferent times, so that all exposures were terminated
simultaneously.

After UV irradiation/dark treatment, each tube was
inoculated with bacteria (5% final concentration of
inoculum). The inoculum was prepared by filtering
water from a pond through a GF/F filter to avoid fla-
gellate contamination. Together with the inoculum,



Farjalla et al.: Photochemical reactivity of aquatic macrophyte leachates 189

nitrogen (NH,NOg, final concentration 50 tM N) and
phosphorus (KH,PO,, final concentration 5 pM P) were
added to each tube to ensure that bacteria would not
be limited by N or P. Tubes were incubated at 22°C in
a temperature-controlled room in dark conditions.
After 48, 72 and 96 h, samples from each of the 190 ml
tubes were fixed with formalin in 8 ml sterile plastic
vials for bacterial counts. At 96 h, DIC, as an index of
bacterial respiration, was measured in the 40 ml tubes.
These tubes had no headspace during the incubation.
Therefore, we could measure bacterial respiration as
DIC accumulation. For all tubes, initial DIC concentra-
tions were subtracted from bacterial respiration.

Analytical procedures. DOC measurements were
made by Pt-catalyzed, high-temperature combustion
using a Shimadzu TOC-5000 total carbon analyzer,
equipped with an ASI-5000 auto sampler. Inorganic
carbon was removed by sparging with CO,-free air for
5 min after acidifying the sample with HCI (2 M, final
pH ~2). For each tube, at least 3 replicate injections
were made, resulting in a coefficient of variation of less
than 2% (Granéli et al. 1996). Photooxidation was ana-
lyzed through measurements of DIC production. The
water for DIC measurements was injected from the
bottom of each quartz tube through Teflon tubing di-
rectly into the IC-port of the Shimadzu TOC-5000 total
carbon analyzer. DIC analyses were done immediately
after irradiation (photooxidation measurements) and
after the incubation with bacteria was finished (respi-
ration). For each sample, a minimum of 3 replicate in-
jections was made, resulting in a CV of less than 2 %.

Absorbance measurements were done as an indi-
cation of photochemical transformations of DOM.
Absorbance was measured at 430 nm (water color),
and at 365 and 250 nm, using a Beckman DU®650
spectrophotometer.

Hydrogen peroxide concentrations were measured
as described in Tranvik & Kokalj (1998). A working
solution was prepared by mixing 25 pl of N-acetyl-3, 7-
dihydroxyphenoxanine (1 mg in 1 ml of DMSO), 1 ml of
Milli-Q water and 2 ml of horse radish peroxidase
(Sigma Type VI, 50 units ml~! in a 0.25 M Tris buffer,
pH 7.2). Immediately after irradiation, 30 pl of the
working solution were added to a 1 ml sample. After ca
5 min, fluorescence was measured on a Shimadzu RF-
1501 spectrofluorometer, with excitation at 570 nm and
emission at 585 nm.

Carboxylic acids were measured using capillary
electrophoresis (Bertilsson & Tranvik 1998). Briefly,
samples were spiked with a concentrated internal
standard solution (molybdate) and octanesulfonate
was added to a final concentration of 70 pM. A Quanta
4000 capillary electrophoresis system (Millipore)
equipped with an 80 cm fused silica capillary with an
inner diameter of 75 pm was used for the analysis.

Samples were injected by a 45 s electromigrative pre-
concentration at 5 kV. The mobile phase was a 5 mM
1,2,4,-Benzene tri-carboxylic acid buffer (pH 8.0) with
0.5 mM of an electroosmotic flow modifier (OFM-BT,
Waters). A separation voltage of 15 kV was applied
with the anode located at the capillary outlet on the
detector side. Detection of carboxylic acids was accom-
plished by universal indirect UV detection at 254 nm.
Standard curves and peak identifications were accom-
plished by spiking selected samples with small vol-
umes of concentrated carboxylic acid stock solutions.

Bacterial abundance was measured using a Becton
Dickinson FACSort flow-cytometer according to
methodology proposed by del Giorgio et al. (1996).
Syto 13 stain (50 pM final concentration, Molecular
Probes) and Fluoresbrite™ Carboxy YG Microspheres
(& = 1.58 um, ca 3 x 10° ml? final concentration, Poly-
sciences) were added to 1 ml subsamples. The cytome-
ter was controlled with the CellQuest 1.2 software.
Bacterial cells and microspheres were separated in a
log-log scattergram of green fluorescence intensity
(FL1) and side scatter (SSC). Samples were run for
1 min or until 10000 cells were counted. The concen-
tration of bacteria in the samples was calculated using
the microspheres as an internal standard. The con-
centration of added microspheres was analyzed by
epifluorescence microscopy. Bacterial biomass was
estimated by measuring bacterial biovolume in an epi-
fluorescence microscope connected to a CCD-camera.
Bacterial samples were previously stained with DAPI,
according to Porter & Feig (1980). Images were cap-
tured with the ImageGrabber-24 software (Neotech)
and processed with IPLab Spectrum 3.la software
(Signal Analytics). At least 150 bacteria on 3 separate
images were analyzed for each sample, and the cell
volumes were calculated using the formula proposed
by Fry (1988). The conversion factor of 308 fg C pm3
was used to convert the bacterial biovolume to bacter-
ial biomass (Fry 1988).

Statistical analyses. Differences in abiotic variables,
bacterial growth curves, biovolume, and respiration
between UV and dark treatments were analyzed with
ANOVA and t-tests using the SYSTAT software.

RESULTS

UV exposure time influenced the intensity of abiotic
transformations of bulk DOM. In addition, we ob-
served differences in DOM response to UV irradiation
between Phragmites australis and Hydrocaris morsus-
ranae leachates for the different exposure times. The
rate of DIC accumulation for P. australis leachates was
lower than for H. morsus-ranae, and the accumulation
was linearly related to time (y = 0.0024x + 0.0413, R? =



190 Aquat Microb Ecol 24: 187-195, 2001

0.99, where y is the concentration in mg C I'! and x is
the time in hours) reaching 0.35 mg C 1"! after 120 h of
exposure. The accumulation of DIC from H. morsus-
ranae leachate increased linearly up until 72 h of expo-
sure (y = 0.0054x + 0.032, R? = 0.96), after which no fur-
ther DIC production was observed (Fig. 1). Total
production of DIC after 120 h was similar for both
macrophyte leachates, accounting for approximately 3
to 4 % of initial DOC. In dark treatments, there was no
measurable DIC production. Decrease in absorbance
was observed for both macrophyte leachates (Fig. 2).
Absorbance fading was lowest at 250 nm and de-
creased with time of irradiation.
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Fig. 1. Photoproduction of dissolved inorganic carbon from

leachates of Phragmites australis and Hydrocaris morsus-
ranae as a function of irradiation time. Mean + SD, n =4
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Fig. 2. Absorbance fading due to UV irradiation of Phragmites
australis and Hydrocaris morsus-ranae leachates

After 120 h of UV exposure, the concentration of
hydrogen peroxide was 8.5 pM in Phragmites australis
leachate and 2.0 pM in Hydrocaris morsus-ranae
leachate (Fig. 3). There was no production of peroxide
in dark-treated leachates and background concentra-
tion was ca 0.02 pM H,O,. The concentration of hydro-
gen peroxide in H. morsus-ranae irradiated leachate
reached a maximum of ca 4.0 pM already after ca 10
to 24 h of exposure, and then decreased slightly. The
concentration of hydrogen peroxide in P. australis
leachate, increased continuously, and approached an
asymptotic value of 8.5 pM.

The total concentration of the 4 carboxylic acids
measured in this study was significantly higher in irra-
diated leachates after 72 h of UV exposure (the longest
exposure time analyzed for carboxylic acids) compared
to dark-treated leachates (p < 0.01, t-test). Prior to the
irradiation treatment the total concentration of the 4
acids was around 5 times higher in Hydrocaris morsus-
ranae leachate than in Phragmites australis leachate
and constituted as much as 6.8 % of total DOC. Some
differences in the photoproduction of individual car-
boxylic acids were observed between P. australis and
H. morsus-ranae leachates (Table 1). A general finding
was that formic and acetic acid accumulated with
increasing exposure time for both types of leachates,
while oxalic acid decreased significantly during the
irradiation. Still, particularly for H. morsus-ranae,
there was also a substantial increase in the amount of
carboxylic acids (primarily acetic acid) in the dark-
incubated leachates (Table 1). At the end of the incu-
bation, acetic acid alone constituted close to 10% of
total DOC in both dark-treated and irradiated leachates.

We analyzed the total accumulation of bacterial
numbers in bioassay cultures. The growth curves all
had similar shapes in the different incubations (i.e. an
exponential growth phase and a stabilization of accu-
mulating biomass in a plateau phase, Fig. 4). After 96 h
of incubation, all cultures had reached the plateau
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Fig. 3. Photoproduction of hydrogen peroxide from leachates
of Phragmites australis and Hydrocaris morsus-ranae as a
function of the irradiation time. Mean + SD, n=4
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phase, and reported bacterial numbers Table 1. Carboxylic acid concentrations at different times of UV exposure of

leachates of Phragmites australis and Hydrocaris morsus-ranae. Results are in

at this point are therefore direct indi-
cators of the total amount of easily

ng C I''. Mean values fo 4 replicates. Coefficient of variation was always less

. . than 30 %
available growth substrates, while an ’
bacterial numbers after 48 h of growth
are probably more sensitive to initial Oh 10h 48 h 72h
e . Dark UV Dark UV Dark uv
inhibition of growth from hydrogen
peroxide and other reactive species. P. australis
For Phragmites australis, growth of Oxalic 18.0 17.6  23.1 1727 16.0 17.2 8.0
bacteria at the end of the bacterial Malonic 41.0 72.5 522 70.0 504 69.4  54.6
incubations (i.e. after 96 h) was lower Formic 22.1 25.9  47.2 282667 26,6 91.9

. A Acetic 32.9 66.3 57.8 40.0 58.6 25.6 87.7

on all irradiated leachates compared Sum 1140  182.2 180.2 155.9 191.6 138.7 242.3
to non-irradiated ones after irradiation H. morsus-ranae
times of 48 h and longer (p < 0.05, Oxalic 1154 86.5 94.9 117.9 66.5 126.1 65.6
paired t-test; Fjg, 5). For Hydrocaris Malopic 17.6 18.7 22.6 36.3 55.0 35.6 62.1
morsus-ranae, the tendency of inhibi- Formic 95.2 39.2 51.3 61.5 82.0 163.6  209.6
t 1 bvi Fi 4 &5). N Acetic 488.6 466.0 538.0 746.8 763.5 850.8 925.7
ion was less obvious (Figs. 4 & 5). No Sum 676.8 6104 706.8  962.5 967.0  1176.1 1262.9
differences were found in individual

biovolume of bacteria growing on irra-

diated or non-irradiated P. australis or

H. morsus-ranae leachates (p > 0.1, t-test). Hence, radi-
ation-induced differences in bacterial biomass were
directly related to bacterial numbers.

There were no significant differences in bacterial
respiration between irradiated and non-irradiated
Phragmites australis or Hydrocaris morsus-ranae
leachates for most leachate exposure times. Exceptions
were the P. australis leachates that were exposed for 72

P. australis H. morsus-ranae
:E 25 Exposure time 0 h 4.0 ; Exposure time 0 h
S
: 1.5 NS NS 2.0 NS /NS NS
2 05 NS
g > 0.0 ¢
= Exposuretime 10h Exposuretime 10 h
Eogs, 7 407 P el
T3 NS NS 20 -
_;r: 0.5 *
B o 0.0 &
v Exposuretime 72h Exposuretime 72 h
& 25 p 3 40
~ . * %
=15 20 * NS
»
2 05 0.0 &
° 0 40 80 120 0 40 80 120
Incubation time (h) Incubation time (h)
—4— Dak —0— UV

Fig. 4. Bacterial growth curves on the Phragmites australis and

Hydrocaris morsus-ranae leachates which were exposed to UV

radiation or kept in dark for 3 different times (0, 10 and 72 h).

Mean + SD, n = 4. NS is not significant and * is p < 0.05 in paired
t-tests

and 120 h and the leachates of H. morsus-ranae that
were exposed for 10 h, where bacterial respiration was
higher in the irradiated leachates.

Bacterial growth efficiency (BGE) was calculated
from values of bacterial respiration and biomass accu-
mulation. Bacterial carbon utilization (sum of respira-
tion and biomass accumulation) appeared to be similar
in UV-exposed leachates and dark controls. On the

contrary, BGE was lower in irradiated leachates of
Phragmites australis exposed for more than 48 h
and in irradiated leachates of Hydrocaris morsus-
ranae exposed for 10 h (Fig. 6) when compared to
BGE in dark-treated leachates of both plant spe-
cies.

DISCUSSION
Leachate photoreactivity

Photochemical transformations can be of signif-
icance for the removal of allochtonous DOM from
the surface of lakes (Granéli et al. 1996) as well as
in the ocean (Miller & Zepp 1995). Photooxidation
of organic material has been demonstrated in sev-
eral studies and seems to be ubiquitous for all
types of DOM. Hence, photooxidation does not
only affect bulk DOM and dissolved humic matter
in aquatic ecosystems, but also DOM derived from
aquatic macrophytes as shown in the present
study.

The amount of energy absorbed by DOM or the
time of DOM exposure to UV radiation affects
photoproduction of DIC. For both leachates tested
in this study, DIC production rates were initially
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Fig. 5. Percentage of change of biomass on the Phragmites
australis and Hydrocaris morsus-ranae leachates exposed to
UV radiation in relation to the dark treatments. Bacterial bio-
mass in dark treatments is 0.99 ng C 1" for P. australis and
1.80 pg C 1"t for H. morsus-ranae leachates. Mean + SD, n = 4

higher than after exposure times longer than 48 h
(Table 2). Elevated initial DIC photoproduction may
partly be due to a high initial absorbance that is subse-
quently reduced by bleaching during the irradiation,
but may also indicate that some portion of the DOC is
photolyzed rapidly, whereas the remainder undergoes
a less efficient transformation (Miller & Zepp 1995).
The differences in absorptivity probably also reflect
differences in chemical composition between the 2
leachates, which in turn responds to radiation in differ-
ent ways (see Table 1, Fig. 2). During the first 48 h of
UV exposure, Hydrocaris morsus-ranae DOM was
more easily photolyzed than Phragmites australis

Table 2. Chemical modifications by UV irradiation of leachates from

Phragmites australis and Hydrocaris morsus-ranae

W 48 h of growth
[] 96 h of growth

P. australis

m Carbon
utilization

o BGE

H. morsus-

20 1 ranae

10

% of change from the dark

5 10 24 48 72 120

Exposure time (h)

Fig. 6. Total carbon utilization and bacterial growth efficiency

(BGE) of UV-treated leachates of Phragmites australis and

Hydrocaris morsus-ranae as percentage of activities of dark-
treated leachates

DOM. On the other hand, further DIC production
between 48 and 120 h was strongly reduced for H.
morsus-ranae DOM, whereas DIC production was only
slightly reduced for P. australis DOM (Table 2).
Hydrogen peroxide formation was higher for Hydro-
caris morsus-ranae DOM during the first hours of irra-
diation, but then decreased relative to production from
Phragmites australis DOM (see Fig. 3, Table 2). Based
on the results of DIC and hydrogen peroxide rates of
formation, it is thus reasonable to say that phototrans-
formations of H. morsus-ranae DOM are initially more
rapid than phototransformations of P. australis DOM. A
better chemical characterization of leachates than that
used in this and other studies is needed to determine
the factors that influence photoreactivity of DOM. One
such factor may be the oxygen concentration in the
leachates. Oxygen availability can limit photooxida-
tion of DOM (Lindell & Rai 1994, Lindell et al.
2000), which may explain the decrease in
the photoreactivity of H. morsus-ranae DOM
with time. However, we previously measured

P. australis H. morsus- abiotic oxygen consumption due to UV irra-
ranae diation for several types of leachates, using
identical radiation sources as in this study
DIC production 0-48 h 3.3 6.5 (data not shown). Oxygen concentrations de-
(ng C1'hY 48-120 h 24 0.7 o
. creased on average only 5% after 24 h expo-
Hydrogen peroxide 0-48h 157 72 o . o
production (nM h-1) 48-120 h 20 _18 sure (100% saturation at the beginning).
Absorbance fading 0-48 h 0.44 0.35 Thus, it is not likely that oxygen should limit
(250 nm % h™!) 48-120 h 0.29 0.18 the photoreactions in H. morsus-ranae DOM
already after 48 h of UV exposure.
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Differences in the bacterial availability of Phrag-
mites australis and Hydrocaris morsus-ranae DOM
were observed. H. morsus-ranae DOM had a much
higher initial amount of low molecular weight (LMW)
carboxylic acids and showed lower absorbance at
250 nm than DOM of P. australis. Based on bacterial
growth curves obtained in the dark-treated leachates,
H. morsus-ranae DOC supports more than 2-fold
higher bacterial biomass per mg C, compared to P. aus-
tralis DOC, which indicates that H. morsus-ranae DOC
is more available to bacterial utilization than P. aus-
tralis DOC (Fig. 4).

Many studies have compared photobleaching of
DOM and DIC production from different types of water
(Granéli et al. 1996, Bertilsson et al. 1999, Reche et al.
1999, Bertilsson & Tranvik 2000). However, both the
amount and quality of irradiation used in these studies
varied, making comparisons between different studies
difficult. Our study shows that different types of DOM
can behave differently with respect to radiation, and
that the amount of irradiation/length of incubation is
important. Therefore, great care should be taken when
photoreactivity of different types of water is compared.
Labile DOM exposed to UV radiation during a short
period can be highly reactive, while other fractions of
DOM undergo less efficient transformations during
longer exposures.

Effects of UV radiation on leachate bioavailability

Differences in the photoreactivity between Phrag-
mites australis and Hydrocaris morsus-ranae DOM
were also reflected in the bacterial response to photo-
transformed DOM, which, in general, was negative for
both types of DOM. This conclusion is based on lower
bacterial biomass production and lower BGE of UV-
treated DOM. Photoproduction of bioavailable mole-
cules (such as LMW carboxylic acids) is the common
explanation for a net bacterial increase in UV-treated
DOM batch cultures, compared to cultures based on
dark-incubated DOM (Moran & Zepp 1997, Bertilsson
& Tranvik 1998). A photochemically induced net de-
crease in bacterial growth can be explained by a pho-
tooxidation to DIC of bioavailable substrates (Ber-
tilsson & Tranvik 1998), production of inhibitory
compounds (reviewed by Karentz et al. 1994) and/or
formation of refractory material from labile compo-
nents (Keil & Kirchman 1994, Kieber et al. 1997, Tran-
vik & Kokalj 1998).

DIC is a major photoproduct of DOM oxidation
(Miller & Zepp 1995, Moran & Zepp 1997), and a
reduction in bacterial production could be due to the
loss of growth substrates that were photomineralized
during UV exposure. Since bacterial substrates can be

photochemically oxidized, it has been suggested that
radiation and bacteria can compete for the same sub-
strate (Benner & Biddanda 1998). Bertilsson & Tranvik
(1998) demonstrated a photooxidation of oxalic acid, a
photochemically produced LMW carboxylic acid. In
agreement with their study, we found a photoinduced
net decrease of oxalic acid with time in both types of
DOM. However, we also observed a quantitatively
dominant net accumulation of other LMW carboxylic
acids, especially formic and acetic acids from Phrag-
mites australis DOM and malonic, formic and acetic
acids from Hydrocaris morsus-ranae DOM. It must be
acknowledged that we only analyzed a limited number
of LMW compounds while a wide range of other LMW
compounds, including vitamins, may also be affected
by photochemical processes.

Another probable explanation for a decrease in bac-
terial growth after UV irradiation of the leachates is
photoproduction of refractory material from the labile
fraction of DOM. Solar radiation has been identified as
one of the causes of abiotic transformation of labile dis-
solved protein into more refractory compounds (Keil &
Kirchman 1994). The fact that most existing papers
have shown a strong positive effect of UV irradiation
on bioavailability of DOM does not contradict the cur-
rent study. Most of the earlier studies have been per-
formed in humic waters with a high content of highly
aromatic and complex high molecular weight DOM,
while there are only few studies performed using
plant- or algae-derived DOC of more recent origin.
Indeed, many of the latter studies have indicated that
solar UV may actually decrease the bioavailability of
the DOM (Benner & Biddanda 1998, Tranvik & Kokalj
1998, Anesio et al. 1999, 2000, Obernosterer et al.
1999). Photooxidation of unsaturated fatty acids (long
chain carboxylic acids with hydrocarbons that have
double or triple bonds) generates aldehydes and car-
bonyls on one of the chains, which in turn have a sig-
nificant role in the formation of marine humic sub-
stances (Kieber et al. 1997). It should be noted that
leachates are likely to be more available to bacteria
than bulk DOM of a lake. The LMW DOM may then be
partially degraded/condensed into refractory high
molecular weight compounds by UV radiation. One
way to demonstrate changes in DOM quality upon UV
irradiation is through the absorptive characteristics of
DOM. Fading of DOM absorption and changes in the
relative absorbance at different wavelengths was
observed upon UV irradiation. However, this informa-
tion does not reveal if bioavailability increases or not.
Additional information about the chemical composi-
tion of different types of DOM in different diagenetic
stages is needed for a better understanding of the bac-
terial response to photochemical transformations of
DOM.



194 Aquat Microb Ecol 24: 187-195, 2001

Bacterial production is greatly inhibited by high con-
centrations of peroxides in lake water (Xenopoulos &
Bird 1997). Highly reactive species, such as superoxide
and hydroxyl radicals, can oxidize virtually any
organic compound in the cell (Brock 1997). Hydrogen
peroxide may for example react with iron to produce
hydroxyl radicals (OH*), which are powerful oxidants
(Scheck & Frimmel 1995). Surface H,0, concentration
in aquatic ecosystems usually ranges from 11 to
350 nM (Kieber & Helz 1995). We detected high hydro-
gen peroxide production from both aquatic macro-
phyte leachates (Fig. 3). The impact of peroxide on
bacteria in this study was expected to be severe due to
the high peroxide concentrations, especially during
the first hours after bacterial inoculation. However, it is
not likely that high concentrations of hydrogen perox-
ide would be found in the end of bacterial incubations
(i.e. after 120 h), since hydrogen peroxide decay is fast.
Tranvik & Kokalj (1998) monitored both production
and decay of hydrogen peroxide in UV-exposed DOM,
using the same method to detect H,O, as we used, and
found that hydrogen peroxide had a half-life of about
5.5 h. Bacterial growth curves in our experiments
reached stationary phase of growth using both irradi-
ated and non-irradiated leachates. Therefore, a nega-
tive impact of hydrogen peroxide would only cause a
delay in the growth response of bacteria, but would not
affect the final value. During the first 48 h after inocu-
lation, bacterial biomass was lower in UV-irradiated
DOM than in the dark-treated DOM for nearly all radi-
ation time exposures. However, in some cases, bac-
terial biomass in cultures prepared from irradiated
leachates did eventually reach similar levels as corre-
sponding dark controls (Fig. 4). It is worth noting that
the overall carbon utilization by bacteria was not sig-
nificantly affected by UV irradiation of DOM from
either leachate. However, BGE was significantly dif-
ferent between bacteria using dark-treated substrate
and UV-irradiated DOM. Bacterial utilization of DOM
from Phragmites australis UV irradiated for more than
48 h resulted in more substrate being diverted to res-
piration, relative to utilization of dark-treated DOM
(Fig. 6). The lowest values of BGE coincided with the
exposure time at which the highest concentrations of
hydrogen peroxide were detected. The most likely
explanation for the lower BGE in UV-treated exudates
is the fact that the UV exposure typically results in the
oxidation of organic compounds. The most commonly
observed photoproducts (organic acids) are highly oxi-
dized and, although they are readily available for bac-
terial utilization, the bacterial growth efficiency on
such compounds is low compared to other more re-
duced compounds, for energetic reasons. This would
be particularly pronounced if a large fraction of the
more reduced photorectants are already LMW bio-

available compounds such as amino acids, sugars,
aldehydes etc. Lower BGE and higher bacterial respi-
ration values in the UV-exposed leachates could also
be due to DIC produced through the remaining perox-
ide in the water. Therefore, residual hydrogen perox-
ide could have resulted in the overestimation of the
measured respiration. However, even if we assume (as
a worst case) a 1:1 molar ratio of accumulated hydro-
gen peroxide to produced CO,, which is probably a
substantial overestimation, this does not alter the
obtained bacterial respiration.

CONCLUSIONS

UV radiation induced more intense phototransforma-
tions of Hydrocaris morsus-ranae leachates compared
to Phragmites australis leachates. However, when UV
exposure time was increased, phototransformations in
P. australis DOM increased in proportion to exposure,
while no additional changes could be detected in the H.
morsus-ranae DOM upon further UV irradiation. Ac-
cordingly, the negative response of bacteria due to UV
irradiation of DOM was more intense after a short ex-
posure (10 h) of H. morsus-ranae leachate, while nega-
tive bacterial responses to irradiation of P. australis
leachate were more intense after 48 h exposure. Aging
of leachates might be the cause for lower bacterial
growth on DOM subject to prolonged irradiation rela-
tive to dark controls. The same effect has also been
described in Anesio et al. (1999). Further studies will be
conducted to elucidate the exact role of photoproduced
hydrogen peroxide on the aging of DOM. While the
exposure to UV of leachates created presumably labile
organic materials such as carboxylic acids, the bacterial
assimilation of this liberated material was impacted by
the simultaneous production of hydrogen peroxide,
which acted to inhibit bacterial growth and prevent the
utilization of the released compounds. A possible cross-
interaction between hydrogen peroxide and photo-
produced LMW DOM is a natural part of the total
photoreactivity of the leachates and, probably, occurs
under in situ conditions.
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