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Seasonal photoreactivity of dissolved organic
matter from lakes with contrasting humic content

Mans J. Lindell, H. Wilhelm Granéli, and Stefan Bertilsson

Abstract: We studied seasonal variability in photodegradation of dissolved organic carbon (DOC) resulting from artifi
cial ultraviolet-A (UV-A) and UV-B irradiation. Water samples were taken approximately monthly from the surface lay
ers of two oligotrophic lakes with contrasting humic content, situated in southern Sweden. Lake water was filter-
sterilized (0.2um) and exposed to artificial UV radiation in quartz tubes. Potential DOC photodegradation, measured as
a photoproduction of dissolved inorganic carbon (DIC) and oxalic, malonic, formic, and acetic acid in irradiated sam
ples, was observed throughout the sampling period. In addition, exposure to UV radiation resulted in a decrease in
DOC, absorbance, and humic substance fluorescence. The photoproduction of DIC and the low molecular weight
(LMW) organic acids varied seasonally, being generally higher in winter and spring (December—May), while BOC ap
peared to become less photoreactive after the extensive exposure to solar radiation during summer. Production rates of
both DIC and LMW organic acids were approximately eight times higher in the humic lake despite that the DOC con
centration was only two times higher than in the clearwater lake. This is most probably due to the high input of
allochthonous DOC and the resulting higher absorbance to DOC ratio in the humic system. Furthermore, the fonger hy
draulic residence time in the clearwater system could have resulted in an accumulation of residual DOC, recalcitrant to
further photodegradation.

Résumé: Nous avons étudié la variabilité saisonniere de la photodégradation du carbone organique dissous (COD)
causée par le rayonnement artificiel UV-A et UV-B. Des échantillons d’eau ont été prélevés a intervalle d'un mois en-
viron dans les couches superficielles de deux lacs oligotrophes a teneur humique différente situés dans le sud de la
Suéde. L'eau des lacs a été stérilisée par filtration (@ et exposée a un rayonnement UV artificiel dans des tubes a
quartz. La photodégradation potentielle du COD, mesurée en termes de photoproduction de carbone inorganique dissous
(CID) et d’acides oxalique, malonique, formique et acétique dans les échantillons irradiés, a été observée tout au long
de la période d'échantillonnage. De plus, I'exposition au rayonnement UV a provoqué une baisse du COD, de
I'absorbance et de la fluorescence des substances humiques. La photoproduction de CID et des acides organiques a
faible poids moléculaire (FPM) variait selon la saison, et elle était généralement plus élevée en hiver et au printemps
(déc. — mai), tandis que le COD semblait moins photoréactif aprés une longue exposition au rayonnement solaire pen-
dant I'été. Les taux de production de CID et d’acides organiques (SPM) étaient environ 8 fois plus élevés dans le lac
humique, malgré le fait que la concentration de COD vy était seulement 2 fois plus élevée que dans le lac aux eaux
claires; cela est trés probablement di a I'apport élevé de COD allochtone et aux rapports plus élevés de I'absorbance
au COD qui en résultent dans le systéme humique. De plus, le temps de séjour hydraulique plus long dans le systéme
aux eaux claires peut avoir provoqué une accumulation de COD résiduel, résistant a toute autre photodégradation.

[Traduit par la Rédaction]

Introduction molecular weight (LMW) organic pool (Fenchel and Black

Hiah lecul iaht (MW . lecules h burn 1979; Chrost and Faust 1983). This view has recently
igh molecular weight ( ) organic molecules have poqn revised, since some HMW organic compounds exhibit

previously been considered to have long turnover times i, qyer times comparable with those of biolabile LMW

aquatic ecosystems compared with the rapidly utilized IOWmoIecuIes (Tranvik 1990; Amon and Benner 1996).

Sunlight, and especially ultraviolet (UV) radiation (wave
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tion of bacterial substrates (Lindell et al. 1995; Wetzel et altance of UV-B and UV-A radiation, respectively, we used a Mylar

1995). film to exclude wavelengths below 318 nm (Fig. 1). Two experi
Many recent discussions on photooxidation are based off€nts were performed. In the first experiment, two lakes were

the assumption that DOC exhibits similar photosensitivity toS2mpled monthly. Changes in the production of DIC and four

S ) : . . LMW carboxylic acids, as well as the decrease in fluorescence,
solar radiation, independent of past light history (Valem'neabsorbance, and DOC upon exposure to UV radiation, were fol

and Zepp 1993; Scully et al. 1996; Graneéli et al. 1998)., e in order to describe seasonal trends in potential DOC photo
These studies demonstrate similarities in DOC photOeactivity. The second experiment was a test of the methodology
degradability on a spatial scale but disregard the potentialsed in the first experiment, as well as being a detailed study of
for changes on a temporal scale. The photodegradability abIC production and @consumption during prolonged exposure of
DOC by solar radiation may decrease with prolonged lightwater samples to UV radiation. DIC is here defined as the sum of
exposure (Geller 1986; Kulovaara and Backlund 1993dissolved CQ, H,CO; HCO;57, and CQ?~ and does not include CO.
Lindell et al. 1995), resulting in the accumulation of photo ~ Two lakes of contrasting humic content were sampled in the sea
recalcitrant DOC (Thomas and Lara 1995; Naganuma et afonal study, Lake Fiolen (clear water) and Lake Skarshultsjon
1996). Geller (1986) observed a photochemical stimulatiof?umic) (Table 1). The lakes are situated in the region of the South
of bacterial growth potential on dissolved organic matter>"/edish highlands, close to the limnological field station at
(DOM) from lake water sampled during winter but not for Aneboda (the Einar Naumann Laboratory, 5787 14°34E),

. about 30 km north of the city of Vaxjo. Both lakes are oligotrophic
samples from the summer period. The decreased phOt%nd have a low acid-buffering capacity with a few minor creeks en

reactivity potential during summer noted by Geller (1986),tering the lakes. Lake Fiolen has a comparatively long hydraulic
as well as by other authors (Kulovaara and Backlund 1993ecidence time (4 years), a high transparency (Secchi depth 5—
Lindell et al. 1995), may be explained by a limited capacity6é m), clear water (10 mg Pt-}), and a median DOC content of
for photochemical production of biologically labile DOC 5.5 mg-L% In contrast with Lake Fiolen, Lake Skarshultsjon may
from HMW organic matter. Still, DOC may continue to-de be characterized as a humic lake with a short retention time
grade upon further light exposure, forming less bioavailabld? months), a Secchi depth of less than 2 m, brown water (80 mg Pt-
end products and potentially causing an accumulation of ) @nd a DOC content of approximately 12 mg(Meili 1992).
Soidbie BOC (Kl and chman 1950 Aleaal. 11 5% Fae P ben v n ot sudes of DoC
there could be a cgmplete phOtOOX'daFlon of DOC into Inor'1998; Granéli et al. 1998). Sampling was lperformed approximately
ganic forms (Granéli et al. 1996). In this case, depth and hy,qnhiy (every 3-5 weeks) during more than a year (May 1995 to
draulic residence time of the lake, as well as the input ofseptember 1996).
DOC to the system, could be key factors regulating the DOC  veteorological data (solar radiation per month, mean air tem-
photosensitivity by affecting the mean exposure time of theperature, and total precipitation per month) were obtained from the
DOC to solar radiation (Schindler et al. 1997). Swedish Meteorological and Hydrological Institute at the nearby
We hypothesized that the potential for epilimnetic lakeVéxjo airport, 30 km southeast from the lakes (SMHI 1995, 1996).
DOC to undergo photochemical reactions changes season-Lake water was taken from the epilimnion at the deepest part of
ally and depends on the previous exposure of the organigach lake using a 2-m-long, 50-mm inside diameter Plexiflas
material to solar radiation. Two oligotrophic lakes of con- tube, which was emptied into a 10-L polyethylene container. The
trasting humic content were sampled monthly and the abilit})"’ater was stored cold (+4°C) in the dark until measurements of

2 s photooxidation were performed (within 1-7 days). Water was-pres
of artificial UV radiation to produce DIC and some LMW sure filtered stepwise through 142-mm Gelman A/E andp®n2-

carboxylic acids was. assessed. Two different 'rrad_'at'or}nembrane filters (Supor-208, Gelman Sci.) into 10-L Pyrex bot
treatments were used in order to evaluate the relative impOkjes. Finally, the water was filter-sterilized under low vacuum
tance of short-wavelength UV radiation (UV-B, 280- (<300 mbar (30 kPa)) directly into quartz or borosilicate tubes (in
320 nm) relative to long-wavelength UV radiation (UV-A, side diameter = 40 mm, length = 200 mm, volume = 190 mL) us
320-400 nm) in this aspect. We hypothesized that the photang 0.2um VacuCapV filters (Gelman Sci.). Before use, tubes
oxidation potential would be high in winter and early spring, were first washed in dilute hydrochloric acid (1:10) and then thor
since DOC present in the lake at that time would have beegughly rinsed in deionized water and either autoclaved or heat-
largely protected from solar radiation during winter. In addi sterilized overnight at 140°C. Borosilicate tubes were wrapped in
tion, photolabile DOC could have entered the lake from thefluminium foil and were used as dark controls. ,
drainage area and from the hypolimnion during lake turn QNe dusck?vered th?t the smlc_one stoppers L"Ase‘.jl fgr Sza"“flgége
over (Salonen and Vahatalo 1994). Consequently, potentié\é es on the seven first sampling occasions (April-October 1995)

hot idati Id be | in lat d fall wh leased LMW carboxylic acids (acetic and formic acids) and also
photooxidaton wou e lowIn late summer and 1all When . ,seq a production of DIC upon exposure to UV radiation. We

the epilimnetic water has been extensively exposed t0 solahade several tests to evaluate the degree of contamination.-We in
radiation during summer, while input of hypolimnetic water cupated sterile filtered water from both lakes in quartz glass test
and water from the drainage area would have been preventedbes with stoppers made of both silicone and glass under the same
due to the stratification. intensity of UV-B and UV-A radiation as was used in the experi
ments, both in short- (1 day) and long-term (up to 5 days) expo
sures. Based on these tests, the results of the seven first sampling
Methods occasions for DIC and LMW carboxylic acids have been corrected
for a silicone contamination approximately corresponding 1033
Photochemical reactivity of lake water DOC was studied in filter- C-L":-ir! as DIC and 2ug C-L™*-h* as LMW carboxylic acids in
sterilized samples incubated in UV-transparent quartz tubes unddrake Fiolen (constituting 30 and 50%, respectively, of photo
an artificial radiation source. These lamps emitted UV radiationoxidation of DOC into DIC and LMW carboxylic acids in Lake
with intensities close to that observed at noon on a clear summefFiolen). We could not detect any release of organic molecules or
day in southern Sweden (Fig. 1). To evaluate the relative imporDIC production from silicone stoppers in dark controls. For Lake

© 2000 NRC Canada
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Fig. 1. Spectral characteristics of the artificial light source used Sterile filtered water (0.22m) for analysis of DOC was trans
(dashed line) in comparison with natural solar radiation (solid ferred into acid-rinsed, precombusted (+500°C overnight) glass vi
|ine) in Lund (Southern Sweden) at noon close to summer sol als with Teflon-lined Screw Cap.s,_Stored at 4°C, and analysed no
stice. The transmission spectrum of the Mylar foil used to screerfcna?;‘leyts';” ﬁgdr?lt’s rr?;t:rrattrtlﬁelrrcegjr;agﬁsrl[ioaorﬁem?daﬂgilzgeg bSyhitrr:]zg;J
out UV-B radiation is also shown (dashed-dotted line). TOC-5000 total carbon analyser (Granéli et al. 1996).

1.00 100 The concentrations of some LMW carboxylic acids (acetic; for
mic, malonic, and oxalic acids) were measured in frozen- sub
samples using a previously described capillary ion electrophoresis

- 80 based method (Bertilsson and Tranvik 1998). Duplicate subsamples

were analysed on a Quanta 4000 capillary electrophoresis system

(Millipore) equipped with a fused silica capillary (18n inner d

ameter). The mobile phase was a 1,2,4,-benzene tricarboxylic acid

buffer (pH 7.9) with an electroosmotic flow modifier (0.5 mM). An
electrokinetic preconcentration at 5 kV was used to inject samples,

and a separation voltage of 15 kV was applied. These settings di

rected both the electroosmotic flow of the buffer and the flow of

analytes towards the capillary outlet, where analytes were detected
by universal indirect UV detection at 254 nm. Molybdate was
added to all samples as an internal standard, and standard curves

(linear regression;2 > 0.99,n > 4) were obtained by spiking se

0 lected samples with a concentrated mixed standard solution-to ob

! ! ! T tain final concentrations exceeding maximum concentrations in
280 300 320 340 360 380 400 experimental incubations.

0.80 -

0.60 - L 60

0.40 - - 40

Irradiance (W-m=2 -nm-!)
Transmission (%)

0.20 - - 20

0.00

Aliquots of water from the irradiated water and dark controls
were used for meairements of absorbance at 250 nm using a Beck
man DUY650 spectrophotometer equipped with a 1-cm quartz cuvette.

Skarshultsjon water, no significant photorelease from silicone stop- Humic substance fluorescence was measured using a Shimadzu
pers to the water phase could be verified (probably due to the higiRF-1501 spectrofluorometer equipped with a 10 x 10 mm quartz
photodegradation rates of DOC in water from Lake Skérshultsjén)cuvette, with excitation at 355 nm and emission at 455 nm (band-
Still, LMW carboxylic acids and DIC have been corrected aswidths = 10 nm). For each series of measurements, fluorescence
above. We changed to glass stoppers on the eighth sampling ocogas calibrated against a 0.01 M quinine sulphate solution in
sion (November 1995) and onward, and we strongly recommengulphuric acid.
that silicone not be used in any experimental setup exposed to light \jean production rates of DIC and the measured LMW
if, for example, organic molecules, DIC, or bacteria are to be studied.carhoxylic acids for each treatment were calculated. Observed dif-
_The tubes with lake water were exposed horizontally at 19 ferences between light and dark treatments were interpreted as
1°C, 30 cm beneath eight lamps (UV-A-340, Q-Panel Co.) emittingynotochemical DIC or LMW carboxylic acid production from
both UV-B and UV-A radiation. The UV-B radiation (1.91 W) poc. The difference between full radiation and Mylar-covered
was similar to the natural solar radiation at noon during clear-sumyeatments was considered to reflect the effect from UV-B radiation.
mer conditions in southern Sweden (1.5-2.0 Whnbut the UV-A The second experiment was performed on sterile filtered water
radiation (23 W-rm?) was slightly lower than natural solar radiation from the two lakes sampled in August 1996. The water was contin

(35 W-n1?) due to low emission in the longer UV-A wavelength L :

/ . S . uously exposed to the same UV radiation source as above (Fig. 1)
bands (Fig. 1). The tubes also emit radiation in the Photo ¢, 74,91 days (261 h) in order to follow an extended photo
synthetically active radiation (PAR) wavelength band but at low in degradation of DOC. The radiation dose for this period was UV-B
tensities (<5 W-Imf). Incubations lasted for2+ 2 h. An exposure at 1800 kJ-1m? and UV-A at 18 900 kJ-rR. The total exposure pe

of 24 h is equal to UV-B radiation of 170 kJ-frand UV-A radia : : :
tion of 200(? kJ.IT? (total UV radiation of 2170 kJ-TR), approxi riod corresponded to appro_><|mately 30 de_lys_ of summertime UV-B
' and 40 days of corresponding UV-A irradiation under natural sun

mately corresponding to 7 days of UV-B radiation and 4 days of;; . .
UV-A radiation during summer in southern Sweden. It should alsoIIght in southern Sweden. Duplicate samples from each lake and

be noted that the PAR component of solar radiation is active in thérgl?lgn;eat ;ll\ijeorfesa(l:r:j:gzein?jvgrbysgret})(;?]r::% g?)ésfgrmlalc, DOG, dis

photodegradation of DOC (Granéli et al. 1998). Spectral irradiance .

of the radiation source was measured with a spectroradiometer P!/C analyses were performed as described above, and tubes
(model 752, Optronics Lab.) at the beginning of the study (Fig. 1)Were then immediately sampled for dissolved @Vinkler fitra-
Any changes in radiation intensities due to ageing of light tubedion)- Water was aspirated with a 50-mL syringe connected to-a sil

were followed throughout the study by using a radiometer (IL-'CON€ tubing that reached almqst to the bottom.of the.quartz tube.
1400A, International Light Inc.) connected to broad-band UV-A OXygen reagents were added into the filled syringe with cannulae
and a UV-B sensors. Four light tubes were replaced during the pettached to automatic micropipettes. Dissolvedi@s analysed af
riod to maintain constant radiation emission from the lamps. Ond€' dissolution of the precipitate using automatic potentiometic i
set of samplesn(= 5) from each lake was exposed to full radiation, tration (Granéli and Granéli 1991).
a second set was covered with Mylar foil (Du Pont de Nenmf&urs ~ Potential growth of microbes in the tubes during the experi
quality Mylar D™, cutoff at 318 nm) excluding UV-B radiation ments was monitored by flow cytometric analyses (Becton
(Fig. 1), and a third set of tubes was covered with aluminium foil Dickinson FACSort) of samples preserved in 2% formaldehyde.
for use as dark controls. Cells were stained with the nucleic acid stain SYTC8 (Molecu
After incubation, the tubes were first used for DIC analysis. Atlar Probes, Eugene, Oreg.), and a standard solution containing flu
least three DIC measurements were made for each tube, resulting inc&escent beads was used as reference (del Giorgio et al. 1996).
coefficient of variation of less than 2% (see Granéli et al. 1996). DIC Statistical analyses were performed on log-transformed data. We
was calibrated using standard solutions of carbonate in serum bottlesapplied ANOVA with Fisher's PLSD post hoc test and linear re

Wavelength (nm)
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Table 1. Characteristics of the two studied lakes during May 1995 to August 1996.

Fiolen Skérshultsjon

Lake area (k)2 (% of catchment) 1.58 (31%) 0.36 (5%)
Catchment area (kfj? 5.05 8

Forest (%) 50 90

Agriculture (%) 13 5

Pastures (%) 6 1

Bogs (%) 0 4
Retention time (theoreticdl) 4 years 7 months
DIC (mg-L) 0.7 (0.5-1.6) 0.4 (0.2-1.9)
DOC (mg-L7Y 5.5 (4.1-6.5) 11.9 (8.2-13.6)
Absorbance at 430 nm (cr) 0.005 (0.003-0.008) 0.031 (0.024-0.042)
pH P 6.5 5.5
Fluorescence (QSU) 3.4 (1.2-5.5) 18.8 (5.7-29.2)
Secchi depth (nf) 5.5 1.8
Water color (mg Pt-th)P 5 90

Note: Values are medians (maximum and minimum values for the sampling period given in parentheses).
*From Bengtsson et al. (1965) and Meili (1992).
°From Granéli et al. (1996).

gression, unless otherwise stated. Each tube was considered-to cqsamples exposed to full radiation) varied between 3.5 and

stitute one independent sample. 8.9ug-L~1-h! (median 6.51g-L=- 1Y), and the corresponding
rates for Lake Skarshultsjon were between 28.5 and

Results 56.7 ug-L1-it (median 47.2ug-L71-iY) (Table 2; Fig. 4).
The production in UV-A-irradiated water from Lake Fiolen

Meteorological conditions and DOM in situ corresponded to 57% (median) of DIC production in sam-

Spring in 1995 was rainy, with a following summer (July ples expgsed to _tpe total radiation (range 41-73%), while for
and August) characterized by hot, sunny weather with littleL@ke Skarshultsjon water, the median was 74% (range 62—
precipitation (Fig. 2). At the end of August, solar radiation 83%). Thus, for the radiation source used, UV-B radiation
decreased and remained low (about 20% of summer value¥jas responsible for 43 and 26% of total DIC production in
from the end of October 1995 until February 1996. The solafvater from Lakes Fiolen and Skarshultsjon, respectively.
radiation from April through August (spring and summer) DIC production was positively related to initial DOC con-
constituted approximately 75% of the total radiation per cal-€nt, fluorescence, and absorbance at 250 pm 0.005) in
endar year. The ice cover lasted for 5 months (NovembePOth lakes and for both irradiation treatments (UV-A+B and
1995 until April 1996) due to an unusually cold, dry, and UV-A alone).
long winter. The solar radiation increased in spring, with a The decrease in DOC could not be measured with the
sunny April, but May 1996 was cloudy with little radiation same precision as the increase in DIC (cf. Granéli et al.
and high precipitation. The radiation reached normal valued996). In water from Lake Fiolen, we rarely found any-sig
at the end of July and remained so through August, but gemificant decrease in DOC after light exposure, and there was
erally, the summer of 1996 was relatively rainy and coldno significant correlation between irradiation-induced DIC
with low sunlight intensities compared with the previous production and changes in DO@ ¢ 0.05). We did not ob
summer (Fig. 2). serve any correlation between DIC production and decreased

DOC in Lake Fiolen varied from 4.1 to 6.5 mgi(me-  fluorescence or absorbance at any of the measured-wave
dian 5.5 mg-tY) and in Lake Skérshultsjon from 8.2 to lengths p > 0.05). On the other hand, the DOC concentra
13.6 mg-* (median 11.9 mg-t!) (Table 1). DOC-specific tions differed significantly between the UV-irradiated
absorbance (at 250 nm) was rather constant for each indiviéamples and the dark controls in water from Lake
ual lake during the complete sampling period but was apSkéarshultsjong < 0.001). There were rarely any significant
proximately twice as high in the humic lake compared withdifferences between the two types of irradiation (UV-A+B

the clearwater lake (Fig. 3). and UV-A alone). DIC production was positively related to
the decrease in DOC in water from Lake Skarshultsjir (
Treatment effects 0.0001) as well as to loss of fluorescenge< 0.005) and

Generally, samples from the three different treatmentdoss of absorbance at 250 nm € 0.005) for this lake.
(UV-A+B, UV-A, and dark) differed significantly in DIC The pooled concentrations of the four analysed carboxylic
concentration, fluorescence, and absorbanees (0.0001). acids (oxalic, malonic, formic, and acetic acids) differed sig
These differences were observed for both lakes and for eadfificantly between dark controls and the two irradiation
individual sampling occasion, with the exception of sometreatments for water from both Lakes Fiolen and
sampling occasions in Lake Fiolen, where no significartt dif Skarshultsjong < 0.0001). Generally, the pooled concentra
ferences in DIC concentration could be found between UV4ion of these acids in dark controls was less than 10% of the
A+B-exposed and UV-A-exposed samples (see Fig. 4)concentration observed in water exposed to full radiation.
Photooxidative DIC production in water from Lake Fiolen Among the four analysed carboxylic acids, formic and acetic

© 2000 NRC Canada
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Fig. 2. Solar radiation measurements at Vaxjo airport, situated 30 km southeast from the two sampled lakes, lakes Fiolen and

Skarshultsjon. Global radiation represents energy from the complete solar spectrum (300-3000 nm), while sun hours represent the number

of hours per month with total solar radiation of more than 120 W-summertime, normally between 09:00 and 17:00). Arrows indicate
approximate date of sampling. Solid lines, 1995-1996; broken lines, average for 1983-1994. (Data from SMHI 1995, 1996.)
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Fig. 3. DOC-specific absorbance of surface water during the
sampling period in Lakes Skarshultsjén (squares) and Fiolen

acids were the major intermediates produced (Table 3).
Combined, they accounted for approximately 80% of the to
tal carbon retrieved in the four analysed compounds for both
Lakes Fiolen and Skarshultsjon (median throughout the sam
pling period). The pooled production of the four carboxylic
acids in water from Lake Fiolen ranged between 1.7 angi@.7
C-L'th! (UV-A+B-exposed samples), while for Lake
Skarshultsjon, corresponding production rates were between
6.2 and 21.41g C-L"%h! (Table 2). UV-A radiation alone
explained 49% (median) (range 19-83%) of the production
in Lake Fiolen water and 62% (median) (range 48-79%) in
water from Lake Skéarshultsjon.

Seasonal variations in DOC photoreactivity

Photooxidative DIC production and photoproduction of
the four measured LMW carboxylic acids varied with sam
pling occasion for both Lakes Fiolen and Skarshultsjor: (
0.0001). DIC production was lowest in late summer for both
lakes, while this rate was higher in winter and early spring
(Fig. 4A). This pattern was also observed for carboxylic acid
production in Lake Skarshultsjon, while no such strong sea
sonal pattern was observed for Lake Fiolen (Fig. 5A). DOC-
normalized DIC production was 3.2 times higher (median)
in Lake Skarshultsjon water compared with water from Lake

© 2000 NRC Canada
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Fig. 4. (A) Potential DIC production rates in samples exposed to an artificial light source during May 1995 to August 1996, (B) DOC-
normalized rates, and (C) absorbance-normalized (250 nm) rates. Open symbols indicate samples exposed to both UV-A and UV-B ra
diation, and half-solid symbols indicate Mylar-covered samples (i.e., exposed only to UV-A). The interval for silicone stoppers has
been corrected for silicone contamination (see text). Error bars indicate 95% confidence intervals (fell within symbols) of arithmetric
means ( = 5).
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Fiolen (Fig. 4B). The DOC-normalized, pooled production DOC-specific absorbance did not change markedly in any of
of oxalic, formic, malonic, and acetic acids was approxi the lakes during the experimental period (Fig. 3), seasonal
mately 2.7 times higher in water from the humic Lake Skar trends in DOC- and absorbance-normalized photoproduction
shultsjon compared with water from the clearwater Lakeof DIC and pooled carboxylic acids were rather similar (cf.
Fiolen (median through the period) (Fig. 5B). Since theFigs. 4 and 5). The normalization for absorbance did, how
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Table 2. Rates of photochemical DIC production, LMW carboxylic acid release, and DOC consumption
in UV-A+B-exposed samples of the two investigated lakes during May 1995 to August 1996.

Fiolen Skarshultsjon
DIC production jig C-L"%-hY) (n = 15) 6.5 (3.5-8.9) 47.2 (28.5-56.7)
LMW carboxylic acid productionig C-L"t-i%) (n = 8) 2.1 (1.7-3.7) 12.9 (6.2-21.4)
DOC consumptiony(g C-L™%-h%) (n = 15) 5 (—25-18) 50 (9.5-93)

Note: Values are medians (ranges for the sampling period are given in parentheses).

Table 3. Photoproduction of some LMW carboxylic acids in UV-A+B-exposed samples of the
two investigated lakes during May 1995 to August 1996.

Fiolen Skarshultsjon
Formic acid g C-L"2-hh) 0.97 (0.56-1.86, 41%) 5.86 (2.50-9.98, 46%)
Acetic acid ig C-L"-h?) 0.92 (0.54-1.86, 39%) 3.72 (1.68-7.97, 29%)
Malonic acid (g C-L™%-h%) 0.35 (0.14-0.48, 15%) 2.69 (1.66-3.73, 21%)
Oxalic acid ig C-L™-h?) 0.11 (0.00-0.34, 5%) 0.51 (0.28-0.79, 4%)

Note: Values are medians (minimum—-maximum range and percentage of total carboxylic acid production for
the sampling period are given in parentheses).

ever, even out the differences in photoreactivity between théor fluorescence and absorbance, respectively). No further

two lakes. bleaching of optical properties occurred at the low cn
centrations obtained after some 100 h of irradiation of Lake
Long time exposure Skarshultsjon water (Fig. 7). For dark controls, changes in

In the long time exposure, DIC increased, while dissolvedabsorbance and fluorescence were small compared with irra-
0, decreased with increasing light exposure (Fig. 6). Fodiated samples.
water from Lake Fiolen, DIC had increased by 0.58 mg-L At the end of the 11-day incubation, we observed small
at the end of the 11-day incubation, while DOC had de-numbers of bacteria in the dark controls. No such growth of
creased by 0.71 mg-L Corresponding figures for irradiated bacteria could be observed in irradiated treatments. The
water from Lake Skarshultsjon were 3.2 and 3.4 mg &-L numbers of bacteria were always less than 100 000 celtd;mL
Approximately 13 and 25%, respectively, of the initial DOC and the counted cells were also very small and had a signal
content in the samples from Lakes Fiolen and Skarshultsjoglose to the detection limit of the flow cytometer. Final cell
had been photooxidized to DIC after 11 days. These ar@umbers in the seasonal 24-h incubations were always lower
probably not maximal values for DOC photooxidation to compared with the 11-day experiment. Both DIC angi®
DIC, since DIC increased continously for the Lake Fiolencreased somewhat in dark controls in the long time expo-
samples during the course of the incubation, albeit with gure, contrary to what would have been expected if bacterial
decreasing rate (Fig. 6). On the other hand, DIC accumularespiration had been significant. The increase in DIC apd O
tion ceased abruptly for water from Lake Skéarshultsjon aftecould be due to a small diffusion of gases into the tubes dur
some 100 h of UV exposure, which was likely due tg O ing the course of the long incubation.
limitation (Fig. 6). Dissolved ©never decreased below 80%
saturation in Lake Fiolen, while a 25%,Qaturation was PDiscussion
reached after 100 h of exposure in Lake Skérshultsjon (equal
to 8700 kJ-1Y). No additional photooxidation was observed Seasonal trends and differences between lakes
after reaching this low ©concentration. The pooled data Potential of lake water DOC to undergo photodegradation
sets from the two lakes were used for comparison betweewvaried throughout the 16-month-long sampling period of the
DIC production and @ consumption, since the linear rela present study. Seasonal changes in potential photo
tionship between these parameters did not differ between theeegradation were more noticeable for the humic than for the
systems {(test of slopesp > 0.05). The loss of dissolved,O clearwater lake. Furthermore, photochemical DIC and
after irradiation was linearly correlated with DIC production carboxylic acid formation rates were about eight and six
for the pooled data sep(< 0.0001). The molar ratio of £ times higher, respectively, in the humic lake. These differ
consumption to C®evolution was close to 1 (slope = 0.86, ences can only partially be explained by the twofold higher
r2 = 0.974). Changes in DIC and,@oncentrations in the DOC concentration in Lake Skarshultsjon. In addition, the
dark controls during the 261-h exposure were small comquality of the organic matter and in particular the DOC-
pared with changes in irradiated tubes (Fig. 6). specific UV absorbance would be a plausible regulator of
For both lakes, fluorescence and absorbance at 250 nphotochemical reaction rates, since the absorption of pho
decreased markedly with irradiation time, while changedons is a prerequisite for photochemical reactions to occur.
were small in dark controls (Fig. 7). For the pooled data setAccordingly, a normalization for absorbance at 250 nm de
a significant correlation was observed between loss otreased the apparent differences in photochemical reactivity
absorbance at 250 nm and loss of fluorescemce 0.005, between Lakes Skarshultsjon and Fiolen markedly, even if
r? = 0.92). Furthermore, both of these parameters were coiseasonal variations were not affected to any major extent. In
related with DIC productiong< 0.0001,r2 = 0.99 and 0.94 conclusion, neither DOC nor absorbance could satisfactorily
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Fig. 5. (A) Potential production rates of pooled oxalic, malonic, formic, and acetic acids in samples exposed to an artificial radiation
source during May 1995 to August 1996, (B) DOC-normalized rates, and (C) absorbance-normalized (250 nm) rates. Open symbols in
dicate samples exposed to both UV-A and UV-B radiation, and half-solid symbols indicate Mylar-covered samples (i.e., exposed only
to UV-A). Error bars (occassionally hidden in the symbols) are 95% confidence intervals of aritmetric mead3. (Note that only

every second sampling occassion has been analysed.
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explain within-lake changes in photochemical reactivity po sensitivity, not only between systems of different humic
tential but could be useful for evaluation of cross-systemcontent but also during a season within a single lake, is in
differences. accordance with Clair and Sayer (1997), who observed-simi

The observation that DOC may have variable photo lar seasonal trends in chromophoric groups in DOC from
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Fig. 6. DIC and dissolved @for samples from lakes Fig. 7. Absorbance at 250 nm and fluorescence for long-term-
Skarshultsjon and Fiolen in relation to duration of continuous  incubated samples under continous UV radiation. Squares-repre
long-term irradiation. Squares represent DIC concentrations and sent data points for Lake Fiolen samples, and circles retresent
circles dissolved @ Solid symbols represent dark-incubated data for Lake Sk&rshultsjon samples. Solid symbols represent
samples and open symbols represent samples incubated in UV- dark-incubated controls and open symbols represent samples in
A+B radiation. Dashed lines were drawn by eye, while continouscubated in UV-A+B radiation. Dashed lines were drawn by eye,

lines were best fits (linear or second-order polynomial). while continous lines were best fits (linear).
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Canadian lakes. One possible reason for the observed variaxidation rates in Lake Fiolen, Lake Skarshultsjon, and
tion in photoreactivity could be that a prolonged exposure tasome other lakes of varying humic content. They found that
solar radiation might result in a gradual increase in the-fracdepth-integrated DIC production was similar among most
tion of more photorecalcitrant DOC (Thomas and Larastudied lakes, irrespective of humic content. This may seem
1995), presumably of low bacterial availability (Geller 1986; contradictory given the lower DOC-specific photoreactivity
Lindell et al. 1995). Hence, the longer the hydraulic resi reported for the oligohumic lake in the present study. How
dence time, the longer the exposure of each individual orever, the results in the present study only consider surface
ganic molecule to solar radiation. The consequences foprocesses, while the study of Granéli et al. (1996) involved
Lake Fiolen, which has a relatively long hydraulic recidencein situ incubations at several depths during a whole summer
time (4 years), would be a low DOC-specific photoreactivity day, thus taking into account the vertical attenuation of sun
in the surface layer. This is in agreement with the results oblight, which is not the focus of the present study. The lower
tained in the present study. This is also in accordance withate of photooxidation at the surface of the clear lake is
earlier studies in some Canadian lakes, where long residena®mpensated for by a much deeper layer of photooxidation.
times were correlated with a decrease in DOC-specific
absorbance and fluorescence (Curtis and Schindler 1997IC production and O, consumption
Still, the suggested importance of hydraulic residence time In the extended exposure experiment, photochemigal O
in the present study is based on results from no more thaoonsumption was proportional to DOC content, and the mo
two lakes, and we do not highlight other potentially impor lar O, consumption to C@ evolution ratio was close to 1
tant variables, such as differences in DOC origin as well ag0.84). This is in agreement with earlier studies (Miles and
the more detailed quality of the organic material. Brezonik 1981; Lindell and Rai 1994). In Lake Skar
Granéli et al. (1996) measured depth-integrated photoshultsjon, DIC production and fOconsumption continued
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until dissolved Q concentration reached 25% of saturation.labile LMW organic substances could be assimilated before
Below 25% saturation, no photooxidation could be detectedbeing further photooxidized to DIC.
Oxygen availability appears to be a limiting factor for The analysed acids are readily available substrates for
photodegradation of DOC (Miles and Brezonik 1981;heterotrophic bacterial utilization in pelagic environments
Lindell and Rai 1994). This could explain the observed de (Robinson et al. 1973; Wetzel et al. 1995; Bertilsson and
crease in photoproduction of DIC for Lake Skarshultsjon af Tranvik 1998), and a significant photochemical production
ter the prolonged exposure in experimental enclosureof these compounds could positively influence bacterial ac
However, such an ©depletion effect would not influence tivity and abundance. In contrast, the photochemical ferma
the photoreactivity rates obtained in the seasonal study ttion of DIC could represent a removal of potential substrates
any larger extent, since employed incubation times in thdrom the organic carbon pool, with an associated negative ef
seasonal study were significantly shorte2 @2 2 h). fect on bacterial growth. Thus, bacterial growth response to
solar radiation might be a complex interaction between sev
) _ ) eral concurrent photoreactions.

Photoproduction of LMW carboxylic acids

The average pooled photoproduction of oxalic, malonic,Re|ative importance of spectral wavelength bands
formic, and acetic acids in water from Lakes Fiolen and The relative effects of UV-B irradiation on photooxidation
Skarshultsjon was close to 30% of the DIC photoproductiorand photoproduction of LMW carboxylic acids varied-be
(in carbon units). Thus, photooxidation of DOC to DIC tween 25 and 50% (Figs. 4 and 5). This production is-con
(Salonen and Vahatalo 1994; Granéli et al. 1996) appears t§derable, taking into account the low total energy in UV-B
be a quantitatively dominant process compared with photocompared with UV-A radiation. These results are consistent
production of biologically labile LMW substrates. Still, the with the findings of Granéli et al. (1998), who reported that
amount of LMW substrates produced relative to DIC was30u of total UV-mediated DIC production could be related
probably an underestimate, since we only measured thg UV-B in waters exposed to natural solar radiation. How
photoproduction of four different LMW carboxylic acids ever, none of these calculations include the effects of PAR,
(oxalic, malonic, formic, and acetic acids). Several addi-which, together with UV-A, may account for more than 80%
tional LMW organic acids, as well as other LMW organic of the photochemical oxidation of DOC into DIC in lake wa-
molecules, are also likely to be formed photochemicallyter under natural sunlight (Granéli et al. 1998). Indeed, PAR
(Kieber et al. 1990; Wetzel et al. 1995; Corin et al. 1996;alone may account for roughly twice the photochemical DIC
Moran and Zepp 1997). Therefore, the reported quantities ofroduction originating from UV-B irradiation. UV-B radia-
photochemically produced LMW organic substances arejon was more important for photochemical DIC production
likely underestimates. in water from Lake Fiolen compared with Lake Skér-

The production of LMW carboxylic acids was generally shultsjon (average 43 and 26%, respectively, of total produc-
highest in spring with a lower photoreactivity potential dur- tion), which could be due to a higher proportion of relatively
ing the summer season. These results support previously rphotorecalcitrant DOM in Lake Fiolen. Such DOM may
ported observations of an irradiation-induced stimulation ofneed the more energy-rich UV-B photons to become photo-
bacterial secondary growth in lake water collected duringoxidized compared with the relatively “fresh” and thus
early summer, while no such effects could be observed latgphotoreactive DOM in Lake Skarshultsjon, which may be
in the season (Geller 1986). Lindell et al. (1995) observed @hotooxidized by the less energy-rich UV-A photons.
strong increase in bacterial growth potential after exposing
humic lake water to artificial UV radiation. However, a pla Conclusions
teau in the bacterial growth response was reached after a Our findings have several implications for the assessement
prolonged exposure, with no further increase in growth poof the importance of photochemical reactions occurring in
tential. According to Wetzel et al. (1995), these combinedakes. We showed that the potential for complete photo
findings may be explained by an initially high but rapidly di oxidation and photochemical carboxylic acid production var
minishing photorelease of LMW organic substances, potenies seasonally, being highest in late winter and spring (cf.
tially involving a sequential, further photooxidation of Figs. 4 and 5). We also showed that the carbon-specific
formed LMW substances into inorganic forms. Indeed,-pho photoreaction potential of DOC in a humic lake was higher
tochemically produced oxalic acid can easily be oxidizedcompared with a clearwater lake. The systems differed in
further into DIC (Kulovaara and Backlund 1993; Bertilssonthat the humic system had a considerably shorter retention
and Allard 1996; Bertilsson and Tranvik 1998). In the pres time and a higher input of allochthonous organic material.
ent study, oxalic acid generally comprised less than 5% ofVe therefore suggest that the origin of DOC as well as the
the total carbon retrieved in the analysed LMW carboxylicpast light history are two important regulators of the peten
acids. The samples were exposed far#22 h, aperiod that tial of DOC to undergo photoreactions. Thus, solar radiation
could be long enough for a complete oxidation of photo could be a significant regulator of the recalcitrance of DOC,
chemically released oxalic acid (Bertilsson and Tranvikand such an effect would be most pronounced in clear waters
1998). The detailed study of such a process was beyond theith long retention times and an associated extensive light
scope of the present study, but it should be acknowledgetteatment of DOC in situ.
that such further photooxidation processes might influence
measured photoproduction rates of LMW organic substance
relative inorganic forms (Moran and Zepp 1997). If bacteriaﬁgkm)WIedgements
were present during the exposure, a fraction of such photo Financial support from the Swedish Natural Science Re
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