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Abstract. Bioassays with UV-irradiated surface waters from two humic localities revealed a consistent 
pattern with phytoplankton production being stimulated at moderate doses (1.1 .-5.4 J cm -2, 312 nm), 
but with a transition to severe growth inhibition at increasing doses (>10 J cm-2). Phytoplankton 
(Selenastrum capricornutum) was inoculated after the irradiation treatment, and the observed growth 
response gave support to the hypothesis of long-lasting algicidal effects induced by UV-radiation. 
High UV-doses apparently also liberated nutrients and metals (A1) complexed by humus. Since the 
applied UV312-doses corresponded to mid-summer solar intensity, the results suggest both chemical 
and ecological implications, and that these effects have a non-linear response on UV-dose. Conversely 
no effects were detected on dark respiration or during corresponding bioassays with the crustacean 
zooplankton Daphnia magna. 

Introduction 

A large number of freshwater localities in coniferous areas of the northern hemi- 
sphere are influenced by humic substances. Also coastal waters may be temporarily 
influenced by humic matter from riverine inputs. Such waters have a strong absorp- 
tion of short-wavelength light, and the retention of photons and energy in the upper 
few centimeters of such lakes may be pronounced during periods of high irradiance. 
These properties, combined with the high concentrations of allocthonous organic 
carbon, promote the formation of strong oxidants like free radicals, singlet oxygen 
and peroxides (Copper et al., 1989). The formation of these photoproducts is asso- 
ciated with the presence of organic matter (Zepp et al., 1977; Wolff et al., 1981, 
Cooper et al., 1989). Most of these photoproducts are unstable and short-lived. 
However, they may induce more long-lived secondary photoproducts. In a recent 
paper, Gjessing and Kfillqvist (1991) demonstrated toxic effects on phytoplankton 
after intensive UV-radiation (125 W, medium-pressure mercury lamp) of humic 
water. These effects persisted for several weeks after irradiation. If toxic effects 
of radiation may persist for longer periods, and even accumulate under continuous 
radiation, new questions arise concerning the old controvery of UV-radiation as a 
potential hazard in drinking water treatment. 

While there is some understanding of the photochemical effects of UV- radiation 
in water, the biological effects of photoproducts are poorly known. UV-radiation, 
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however, has several possible impacts on the biota of natural surface waters. The 
oxidation of organic compounds is a well recognized phenomenon, and for surface 
layers of humic lakes a considerable share of allocthonous carbon is converted to 
CO2 by photo-oxidation. In acidic lakes with low CO2-concentrations, this may 
in fact stimulate primary production. UV-exposure also promotes breakdown of 
complex organic macromolecules (DeHaan, 1993) and, by increasing the pool 
of available organic carbon, stimulates the production of heterotrophic bacteria. 
Enhanced microbial utilization of humus DOC would be particularly important 
since this represents a key process for the whole ecosystem (Hessen et al., 1990). 
Radiation could also promote the release of nutrients, in particular iron or phospho- 
rus bound or adsorbed to humus (Jones et al., 1988), thus stimulating both primary 
and bacterial secondary production. 

On the other hand, there may also be a set of negative feedbacks on the biota, 
primarily from the free radicals and oxidants, which are strongly deleterious to 
biological membranes, proteins and DNA (cf. Halliwell and Gutteridge, 1989). If 
the oxidants and their products are shortlived (< few hours), they would not be 
able to accumulate, and would only affect the top few centimeters of the lake. 
If, on the other hand, toxic effects may persist for weeks, there will be a gradual 
mixing of toxic compounds over the epilimnion. Another property of humic sub- 
stances is the complexation of metals. Compared with acidic clearwater lakes, fish 
and zooplankton show improved survival in humic lakes with corresponding pH, 
primarily owing to the complexation of toxic aluminum compounds (Hobaek and 
Raddum, 1980, Skogheim et al., 1987). The extent to which UV-radiation weakens 
such complexes will certainly also influence the survival of aquatic organisms. 
Photo-'activation' of both aluminum and other metals by UV has been proposed 
as a potential hazard also for marine plankton communities (Palenik et al., 1991). 

Thus, depending on intensity and period of UV-radiation, and probably prop- 
erties of the humic compounds, there may be a trade-off between positive and 
negative effects on various compartments of the aquatic biota. In the present study, 
we have tested the effects on planktonic compartments of humic waters exposed 
to UV-doses corresponding to natural, solar irradiance. 

Materials and Methods 

We performed measurements of UV-intensity both in a humic lake and in air. These 
UV-intensities were used for calibrating doses in the laboratory experiments, to get 
'realistic' surface doses representing a nordic mid-summer situation. The mid- 
summer UV-penetration in humic lake Skjervatjern (summer TOC in the range 4-8 
mg C 1-1 , summer average water color of 80 mg Pt 1-1) was measured with a LI- 
COR underwater spectroradiometer LI 1800UW with a 2 nm resolution from 300 to 
800 nm. Diurnal light intensities in air were also measured with a Vilber-Lourmat 
VLX-3W Radiometer, with peak sensitivity at 312 nm. The UV312-doses recorded 
by this instrument were somewhat higher than those measured with the LI-COR 
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TABLE I 

Physio-chemical characteristics in HH-water and LH-water 
after various exposure times under 15 W UV312 and 15 min 
exposure to a 125 W medium pressure mercury lamp. Color 
and TOC as mg L - l .  Nitrogen, phosphorus and aluminum 
fractions as #g L -1. R-A1 denotes reactive aluminum, L-A1 
denotes monomeric labile aluminum and IL-A1 denotes the 
illabile aluminum. All fractionations according to RCgeberg 
and Henriksen (1985) 

Locality 

HH-water Control 10 hr 100 hr 125 W/15 

pH 4.22 4.28 4.38 4.29 

Color 160 170 200 161 

UV-abs. 0.84 0.96 1.02 0.93 

TOC 21.3 

TotN 460 485 512 430 
NO3-N 4 7 12 4 

TotP 10 10 12 10 

PO4-P 1 2 3 1 

R/A1 342 334 456 315 

IL/AI 252 252 272 292 

L/AI 90 82 184 23 

LH-water Control 10 hr 20 hr 125 W/15 

pH 7.08 7.46 7.17 7.26 

Color 53.4 59.3 61.2 45.3 

UV-abs 0.30 0.31 0.31 0.20 

TOC 5.87 

TotN 543 584 618 515 
NO3-N 20 20 25 17 

TotP 8 10 15 5 
PO4-P 1 2 5 1 
R/AI 33 30 25 37 

IL/AI 23 20 20 32 

L/AI 10 10 5 5 

spect roradiometer ,  s ince  the former  integrates  some radia t ion on  both sides of  312 

nm.  

For  the labora tory  exper imen t s ,  surface water  was col lec ted  in late Oc tober  1992 

f rom two b r o w n - w a t e r  lakes,  Ovre  Setert jern,  a smal l  seepage lake su r rounded  by  
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Fig. 1. Example of mid-summer UV312 irradiance at Oslo measured by a selective 312 nm radiometer. 
Measurements at 24. June under bright sun. 
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bogs, and a small bog pond in Hellerudmyra. Both waters are located in the vicinity 
of Oslo, Norway. The bog pond of Hellerud is the same as the Nordic HS-standard 
is based on. The main characteristics of the two waters are given in Table I. The 
first locality is moderately influenced by humic substances, and thus is termed LH 
(low humus), while water from Hellerudmyra is highly stained and accordingly is 
termed HH (high humus). We irradiated 750 ml water samples in a flat beaker, with 
a max. depth of 4 cm of the water column. A Vilber-Lourmat VL- 115 M, 15 W 
Lamp, with peak irradiance at 312 nm was used as the UV source. Light intensity 
was measured with a Vilber-Lourmat VLX-3W Radiometer. We used a standard 
intensity of 0.30 m W cm -2 or 0.018 J cm -2 min -1, corresponding to maximum, 
mid-summer irradiance (Figure 1). 

For each of the two water samples, we used exposure periods of 1, 5, 10 hr as 
well as 20 hr for the LH water and 100 hr for the HH water, representing doses of 
1.1, 5.4, 11, 22 and 111 J cm -2 respectively. Untreated water was kept as a control. 
At the end of the exposure period, 50 mL of water were added to 100 mL rounded 
Pyrex bottles, inoculated with the green alga Selenastrum capricornutum, strain 
NIVA CHL 10 (Skulberg and Skulberg, 1990), and incubated on a shaking table at 
20 ~ Illumination was provided with cool-white fluorescent tubes (70 #E m -2 
sec -1) at a 14:10 h L:D-cycle. The LH water was near neutral, while HH water 
from Hellerudmyra was acidic (pH: 4.2) with very low natural concentrations of 
nutrients. Hence this water was enriched with nitrogen (NaNO3) and phosphorus 
(K2HOP4) to final concentrations of 200 #g N and 20 #g P 1-1, and pH was adjusted 
to 6.7 by adding 4 drops of 0.1 N NaOH to 50 mL of water for the algal bioassays 
(cf. Gjessing and K~illqvist, 1991). All incubations were performed in triplicate. 
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Each day, during 6 days, the number of algae were counted by an electronic counter 
(Coulter Counter) of which the aperture diameter was adjusted to the diameter of 
Selenastrum. 

For toxicity tests on the crustacean zooplankton Daphnia magna, 25 mL of irra- 
diated and untreated water were added to small beakers. Water from Hellerudmyra 
for the zooplankton tests was also adjusted to pH 6.7 by NaOH. For each treatment, 
as well as for the control, 5 juvenile Daphnia from a laboratory clone were added 
to each of 5 replicates. Numbers of dead or inactive animals were counted daily. 

Oxygen consumption was measured by titratrion in the most humic water (HH) 
in controls and samples irradiated for 5 and 10 hr. Samples were incubated in 
darkness in 250 mL sealed bottles. For each series, the O2 concentration was 
measured in one pretreated sample, and then 24, 164 and 164 hr after irradiation. 

As a control, we also performed biological tests after a radiation experiment 
as described by Gjessing and Kfillqvist (1991), with a 1 L water sample irradiated 
for 15 min with a 125 W medium pressure mercury lamp, emitting both visible 
light and UV-light. For the HH water, this experiment was performed in parallel to 
the other treatments, while for the LH water, this was performed as an additional 
experiment after a storage time of three weeks. We thus ran a separate control for 
this test. 

All chemical analyses were performed by routine methods at the Norwegian 
Institute for Water Research (NIVA). TOC was measured by total combustion to 
CO2 and subsequent analysis by an infrared gas-analyzer, total P was determined 
by the molybdate blue method, while total N was determined after reaction with 
cadmium, diazotation and coupling to naphthylethylene-diamine. Soluble molyb- 
date reactive phosphorus was determined on membrane-filtered samples, as was 
dissolved inorganic N. Both total P and total N was determined after persulfate 
digestion. Aluminum was determined after R~geberg and Henriksen (1985). 

Results 

The air measurements of UV312 showed a peak irradiance of 0.6 mW cm -2, 
or 0.04 J cm -2 min -1 (Figure 1). These measurements were performed at the 24. 
June under bright sun, i.e. at maximum summer irradiance. This was approximately 
twice the dose applied in the laboratory experiments. The in situ measurements 
on UV-transparency in lake Skjervatjern on 1. July, confirmed the strong selective 
absorbance of shorter wavelengths (Figure 2) in this humic locality, which with 
respect to humic content is intermediate between the LH and the HH water. In 
the UV-B, there was an almost complete absorbance within the upper 10 cm, and 
almost no light < 400 nm was found below 0.5 m depth. This result implies that 
the irradiation regimes and intensities in the experiments would only be relevant 
for the top few centimeters of the water column. 

Although the two localities were both considered 'humic', they had markedly 
differing chemical properties (Table I). The HH water had initially a total organic 
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Fig. 2. Mid-summer spectral distribution of light in humic lake Skjervatjern in south-western Norway 
(TOC: 8 mg L - l ,  Color: 80 mg Pt L -1) at surface and depths 0.1, 0.5 and 1.0 m. Measurements 
performed at 1. July, 11.30 p.m. at bright sun. 

carbon (TOC) exceeding 20 mg L-  t, compared to less than 6 in the LH water. These 
different TOC concentrations were reflected in the water colors (160 vs. 53 mg Pt 
L -1) and UV- absorbances at 257 nm (0.84 vs 0.30). The HH water was strongly 
acidic with a pH of 4.2, contrary to 7.1 in the LH water. Aluminum contents of 
various fractions were ten-fold higher in the HH water. Thus differences in chemical 
and biological responses to UV-radiation between these two quite different humic 
waters could be ascribed to a number of parameters. For the HH water, the most 
pronounced effect of long term UV-radiation was a change in the Al-pools, with 
an increasing share of total A1 allocated into the reactive pool (termed R-AL in 
Table I). This reallocation resulted in a doubling of the highly toxic pool of labile 
A1 (termed L-AL). In the LH water, no effects were detected in the Al-pool (which 
was very low). There was, however an apparent increase both in total and dissolved 
fractions of N and P, suggesting increased growth potential for algae. 

The phytoplankton bioassays revealed an interesting pattern, indicating a transi- 
tion between stimulating and inhibitory effects as UV-exposure time increased. For 
the HH water, phytoplankton growth was stimulated at low and medium UV-doses, 
while negative effects were induced at higher doses (Figure 3 and Table II). Growth 
rates ranged from 1.03 (:t: 0.1) d -1  in the control to a maximum of 1.33 (4- 0.08) 
d - t  at 5 hr irradiation, declining to 0.42 (4- 0.07) d -1 at 100 hr irradiation (Table 
II). The 15 min treatment with the 125 W lamp yielded a growth rate of 0.47 (:t= 
0.09 d-i) .  Corresponding, but less pronounced effects were found with LH water 
(Figure 3 and Table II). Growth rate ranged from 0.80 (-4- 0.12) in the control, to a 
maximum of 0.90 (4- 0.12) at 5 hr exposure, but declining to 0.74 (4- 0.08). The 
15 min treatment with the 125 W lamp also resulted in a 25% reduction in growth 
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Fig. 3. Phytoplankton bioassays as In cell number at the various treatments. The control is 
non-radiated water. 1-100 hr denotes hours of radiation by a 312 nm Vilber-Lourmat VL-115 M, 15 
W lamp, while 125 W denotes 15 min radiation with a 125 W UV-lamp used for comparison with 
previous experiments (see text). Each point represents the average of 3 replicates, with max and min 
indicated as bars for the last 3 days. HH- water is highly humic water (upper panel) and LH-water is 
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TABLE II 
Growth rate (/z, d -1) in Sele- 
nastrum capricornutum in the 
various treatments. Mean of 
three replicates with SD in 
parenthesis 

HH-water # SD 

Control 1.03 (0.10) 
1 hr 1.15 (0.05) 
5 hr 1.33 (0.08) 
10 hr 0.60 (0.09) 
10 hr 0.40 (0.07) 
125 W 0.47 (0.09) 

LH-water 
Control 0.80 (0.12) 
1 hr 0.88 (0.10) 
5 hr 0.90 (0.12) 
10 hr 0.74 (0.08) 
Control II 0.60 (0.07) 
125 W 0.45 (0.06) 

rate relative to the control (Control II). 
For the 3 last days of incubation (days 4, 5 and 6), significance levels (ANOVA, 

95% levels at Scheffe's) between treatments are given in Table IV. For the HH- 
water, all treatments became significantly different, with the exeption of the 1 and 
5 hr irradiations. For the LH-water, the 10 hr treatment differend significantly from 
1 and 5 hr at all tested dates. Since the 125 W lamp was tested in a separate 
experiment, this treatment can only be compared with its control (Control II). Also 
here, we recorded significant differences at all dates. 

It should be noted that cell numbers, as reported in Figure 3, are given on a 
logarithmic scale. Actual differences are thus more pronounced than what could 
be read from these growth curves. The most striking difference is the transitional 
effects between 5 and 10 hr irradiation. This may be seen in Table III, where cell 
numbers for the last three days are given relative to the control. For the HH-water, 
cell numbers in the 5 hr treatment were 5.9 times that of the control after 6 days, 
while those in the 10 hr treatment were 0. i 2. Cell numbers in the 5 hr treatment 
were thus 48 times that of the 10 hr treatment (average 1.5 • 106 vs. 3.2 x 104 cells 
mL- l ) ,  and 171 times that of the 100 hr treatment (8.9 • 103 cells mL-1). Thus 
the reduction in cell numbers must be considered dramatic. In the LH water, the 
same trend was found, but the effects were less dramatic, probably due to nutrient 
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TABLE III 

Mean algal cell numbers as fraction of the control 
during the last three dates of the bioassays 

Day 1 hr 5 hr 10 hr 100 hr 125 W 

HH-water 

4 0.43 0.75 0.15 0.06 0.12 

5 1.78 2 . 6 1  0.13 0.05 0.07 

6 2.84 5.90 0.12 0.03 0.07 

LH-water 

4 1.17 1 . 4 8  1.50 0.55 

5 1.35 1 . 7 2  0.75 0.51 
6 1.63 1 . 7 7  0.98 0.58 

limitation towards the end of the experiment. 
Conversely, no lethal effects were detected on Daphnia in any treatment. Even 

at the highest UV-doses and HH water, the survival of Daphnia was the same as 
in the controls (Figure 4). Although an apparently higher survival was found at 
high irradiation doses, the differences were never statistically significant. Daphnia 
was not fed during these assays. Though Daphnia suffered from severe starvation 
after 4 days in the LH water, it survived well for more than 10 d, and started 
reproduction in the HH water, probably owing to the higher amounts of particulate 
detritus and presumably bacteria, serving as food for the zooplankton. UV-exposure 
and a subsequent formation of more easily degradable substrate might add to this. 

While dark respiration in the 10 hr irradiation treatment gave a close fit with the 
control, respiration was apparently slightly lower in the 5 hr treatment (figure 5). 
The measured respiration rates would, however, be the net effect of an expected 
increased availability of organic carbon and an inhibiting effect caused by direct 
irradiation of the bacteria. 

Discussion 

The results first of all indicate that UV-radiation may give different responses in 
waters with different humic content, and that various mechanisms probably are 
involved. In spite of this, the results from the two localities were quite consistent. 
A transient effect was found on primary production, where moderate UV-exposure 
apparently stimulated phytoplankton growth, while longer exposure or a higher 
dose initiated growth inhibition. Although the algae themselves were not irradiated 
before inoculation, the negative effects at long exposure times persisted during the 
period of incubation (6 days). In line with the findings of Gjessing and K~tllqvist 
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T A B L E  IV 

A N O V A  with  Scheffe 's  compar i son  be tween  treat- 

ments  at the las t  three days  of  the phytoplankton 

bioassays.  As te r i sk  denote  s ignif icant  difference at 

the 95% level ,  NS is not s ignif icant  

Day 4 I hr 5 hr 10 hr 100 hr 125 W 

HH-water 

Control NS NS * * * 

1 hr NS NS * * 

5 hr NS * * 

10hr * * 

100 hr * 

Day 5 1 hr 5 hr 10 hr 100 hr 125 W 

Control NS NS * * * 

1 hr NS NS * * 

5hr  * * * 

10hr * * 

100 hr * 

Day 6 1 hr 5 hr 10 hr 100 hr 125 W 

Control * * * * * 

1 hr NS * * * 

5hr  * * * 

lOhr * * 

100hr * 

Day 4 1 hr 5 hr 10 hr 125 W 

LH-water 

Control NS * NS 

1 hr NS * 

5h r  * 

Control II 

Day4  l iar  5hr  10hr 125W 

Control * * NS 

1 hr NS * 

5h r  * 

Control II * 

Day4  l h r  5h r  10hr 125W 

Control NS * NS 

1 hr NS * 

5hr  * 

Control II 
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(1991), this result indicates that toxic or inhibitory effects of UV-exposure might be 
quite persistent. It is not reasonable that initial effects may propagate over 10 days 
for an organism with such fast doubling time. It is not obvious whether the apparent 
positive effect of moderate irradiation represents a real stimulus or just an initial 
stress response. It is well Ion_own that small doses of toxic compounds may promote 
growth in organisms (Stebbing, 1992), probably as a transient stress response. For 
the LH water, where no nutrients were added, this could be inferred as an increased 
availability of mineral nutrients. The chemical analysis gave no support for this 
in the LH water. For the HH water, there was, however, an increased availability 
of nutrients upon radiation, but here nutrients were added to all treatments in 
excess. Release of micronutrients and essential metals (like iron) by UV breakdown 
of humus chelators could also be anticipated, and this could in fact stimulate 
phytoplankton growth. At higher light intensities, concentrations of free metals 
could be detrimental. The observed increase in total N and P is remarkable however, 
and could indicate that routine analysis may not detect all the humus-associated N 
and P. The concentrations reported here is well above the analytical precision (0.5 
#g P L -1 and 1.0/zg N L-l) .  

The properties of humic compounds as sensitizers promote the formation of 
radicals and strong oxidants. The low pH of humic lakes may further stimulate 
formation of some radicals like singlet oxygen (Zepp et al., 1981). Half-lives of 
these photoproducts are usually very short (msec - sec), although the occurrence 
of more long lasting chain-reactions has been proposed (Gjessing and K~illqvist, 
1991). If, however, biological anti-oxidants like extracellular catalase are major 
scavengers on strong oxidants, biological inactivation induced by a radiation treat- 
ment would promote longer half-lives. All bioassays were performed after irradi- 
ation, and would thus actually test the indirect, long-term effects. Bioassays under 
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continuous Uu would probably have offset more dramatic effects, but 
it would then be impossible to separate direct effects from the indirect effects 
caused by toxic properties of the water. Corresponding direct doses on Daphnia 
are totally lethal within 24 hr (Hessen, 1994). The heterotrophs were apparently 
not affected in short-term assays by these UV-doses. It should be noted however, 
that a crude survival test is far less sensitive than a growth rate assay, and sublethal 
effects (decreased feeding rates, increased egg or juvenile mortality) would not be 
detected in this test. Moreover, the cladoceran Daphnia magna might be far more 
tolerant compared with other members of the planktonic community. Concentra- 
tions exceeding 100 #g labile A1, as we recorded after long term irradiation of the 
HH water, would normally be considered injurious to most zooplankton species 
(Havas, 1985; Havens and Heath, 1991). 

Somewhat surprisingly, we did not find any effect on community dark res- 
piration. UV-exposure may, however, give contrasting effects on the microbial 
community. First, it is well known that heterotrophic bacteria are susceptible to 
UV, and thus increasing UV-exposure would be expected to reduce microbial acti- 
vity and respiration. On the other hand, UV-exposure might promote breakdown 
of organic macromolecules, increase their accessibility to heterotrophic degrada- 
tion and thus stimulate microbial activity. The net effect of these two antagonistic 
effects will depend on a number of factors such as UV-intensity versus exposure 
time, composition of the humic compounds, and microbial community. The relative 
importance of these expectedly antagonistic effects is not easily assessed, and the 
apparent zero net effects in these experiments need a closer examination before 
any conclusions can be made. Recent experiments (Lund and Hongve, 1993), indi- 
cate long-lasting negative effects on bacteria exposed to UV-radiated humic water, 
corresponding to those we here report for algae. 

The ultimate cause of the observed inhibitory effects on phytoplankton growth 
is not straightforward. While short term effects undoubtly may be caused by photo- 
oxidants, increased bioavailability of metals may contribute to the long term effects. 
It could also be that under short exposure time, increased availability of metals 
and/or nutrients could dominate over toxic effects from more long-lived oxidants 
like H202, wile at longer exposure this dominance may be reversed, The main 
conclusion is, however, that natural doses of UV-radiation may promote inhibitory 
effects on primary producers, suggesting that significant toxic effects may accumu- 
late over some days with bright sun, underlining the potential hazard of increased 
UV-radiation. The 'halflife' of the effects would thus be a key factor for the ecosys- 
tem effects. If, as indicated by our data and the previous experiments by Gjessing 
and K/~llqvist (1991), eventually toxic effects may persist for weeks, effects induced 
in the upper few centimeters might gradually influence a larger part of the water 
column by mixing processes. Although no direct effect was found on zooplankton 
in the bioassays, the increased labile Al-levels would be expected to cause effects 
at the ecosystem level. Also the effects on primary production would propagate 
through the food chain and cause effects also on the heterotrophic production. 
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