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ABSTRACT

The objective of the present study was to evaluate the influence of UV radiation on photosynthe-
sis rate, in situ and in laboratory incubations, on size fractionated natural algal assemblages (pico-
plankton: 0.2–2µm, nanoplankton: >2µm) and whole water (total organic carbon TOC). Near sur-
face samples from a mesotrophic high mountain lake (LCD: L. Cadagno, Swiss Alps, Switzerland,
1923 m a.s.l.) and from the oligotrophic pre-alpine L. Lucerne (LLU: Swiss Alps, Switzerland, 
434 m a.s.l.) were both incubated at a depth of 30 cm (50% of surface UV at 323 nm ) in L. Cadagno.
At the same time, biological weighting functions for UV inhibition of photosynthesis (BWFs) were
determined for the autotrophic picoplankton and whole fraction in a spectral incubator. Photo-
synthetic assimilation of the pico- and nanoplanktonic algal communities as well as the assimilated
total organic carbon (TOC) was estimated separately by 14C uptake under three irradiance con-
ditions: PAR (photosynthetically active radiation), PAR + UVA and PAR + UVA + UVB. UV
radiation reduced significantly photosynthesis rate in samples from both lakes (LLU: P = 0.0012;
LCD: P = 0.0001). It appears that UVA plus UVB significantly affect the algal assemblage in both
lakes; however most of the effect is due to UVA (Mann Whitney U test, two tailed: P = 0.0022).
The natural assemblages from LLU transplanted to LCD were more inhibited by UV than the
autochthonous assemblages of LCD. Photosynthetic rates of picoplankton from LLU and LCD
under full UV exposure was reduced by 73% and 55% respectively relative to PAR only. A higher
sensitivity of autotrophic picoplankton to the UV radiation, with respect to the nanoplankton, was
observed in the biological weighting functions. However this difference was not statistically signi-
ficant for the in situ incubations.
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There is disagreement among phycologists as to whether the degree of photosyn-
thesis inhibition by ultraviolet radiation (UVR, 280–400 nm) depends on the size 
of the phytoplankton (Karentz et al., 1991; Helbling et al., 1992; Milot-Roy and 
Vincent, 1994; Halac et al., 1997; Bertoni and Callieri, 1999). These conflicting
results come from a variety of approaches and methods used to assess the response
of phytoplankton (mainly short and long term incubations) under natural or arti-
ficial UV exposure. For example, in a subarctic lake, Laurion and Vincent (1998)
showed that cell size is not a good index of UV sensitivity and that the smallest
phytoplankton cells are relatively resistant to UVR while Bertoni and Callieri
(1999) found by artificially increasing the UV irradiance in Lago Maggiore, a sub-
alpine oligotrophic lake, that picocyanobacteria were more affected by ultraviolet-
B (UVB, 280–320 nm) than nanoplankton. More recently, Kasai et al. (in press)
obtained evidence of a higher vulnerability of smaller algae to UVR and that ultra-
violet-A (UVA, 320–400 nm) radiation has a higher damaging effect on phyto-
plankton communities. 

During the working group on aquatic productivity (GAP) workshop, held in
September 1999 in Switzerland, two experiments were conducted to measure the
sensitivity of different size fractions to spectral UV radiation treatments. During the
first experiment, in situ incubations under different screening treatments were car-
ried out to measure photosynthesis rate (mgC m–3 h–1) of pico- and nanoplanktonic
algae as well as whole communities. Natural algal assemblages sampled at 6 :00 h,
from Lake Lucerne (LLU: 434 m a.s.l., central Switzerland) and Lake Cadagno
(LCD: 1923 m a.s.l., Val Piora, Swiss Alps) were incubated at 30 cm in L.Cadagno
for 4 hours (11:00 h – 15:00 h CEST). Phytoplankton carbon assimilation (total and
particulate) was measured in duplicates using the 14C (12.5 µCi NaH14CO3) method
under three spectral treatments: quartz tubes (PAB: PAR+UVB+UVA), quartz
tubes wrapped with Mylar D (PA: PAR+UVA), quartz tubes wrapped with Ultra-
phan (P: effects of PAR). Mylar D film (cut off filter <320 nm) and Ultraphan film
(cut of filter <395 nm) had a transmittance of 90% above their respective cut-off
wavelength. The autotrophic carbon fixation was determined by post incubation
differential filtration (Fahnenstiel et al., 1994) using 2 and 0.2 µm Nuclepore poly-
carbonate filters. Algae larger than 20 µm were not removed as their biomass was
negligible in both lakes as determined by a microscopical inspection, the samples
were however prefiltered through a 126 µm mesh to remove grazers. Total organic
carbon assimilated (TOC) was determined using the acid bubbling technique
(Gächter and Mares, 1979). Total inorganic carbon was estimated by pH and
alkalinity measurements. Chlorophyll a was measured by HPLC on the pico- and
nano fraction at the beginning of the incubation.

In a second set of experiments, laboratory measurements of the spectral sensiti-
vity of the algal community was studied using a photoinhibitron (2500 W Xenon
lamp with 72 spectral treatments, see Neale et al., 2001b, this issue). One hour 14C
incubation of a picoplankton and unfractionated (whole) sample were conducted
under 72 spectral treatments (8 spectra ¥ 9 intensities) to measure the total organic
carbon incorporation. The picoplanktonic fraction was filtered through a 2 mm
(Nuclepore) before the incubation. Biological weighting functions (BWFs) for the
inhibition of photosynthesis were estimated using the principal component analysis
method (see Cullen and Neale, 1997; Neale et al., 2001a; and Neale et al., 2001b, this
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issue). Profiles of photosynthetically active radiation (PAR, 400–700 nm) were
measured by an underwater sensor LI-192 SA and LI-COR 250 datalogger and
underwater UV penetration by Satlantic Inc. multichannel radiometer (STOR-
DAT with 6 channels OCI-200 head 323, 338, 380, 443, 490 and 555 nm). Incident,
above surface, UV and PAR irradiance were monitored during the incubation using
MACAM broadband sensors. For more information on the assessment of radiation
and limnological conditions in the Lakes Lucerne and Cadagno during the GAP
workshop, see Bossard et al. (2001) and Neale et al. (2001c), this issue.

Statistical analysis was performed using a two-way ANOVA test (treatments
against fractions) for each lake.

The results of the in situ experiments show UVR inhibition of photosynthesis in
the PAB and PA treatments relative to the PAR only tubes (P) for all the fractions
in both lakes (Fig.1). The photosynthetic and chlorophyll a specific photosynthetic
rates were both significantly lower in respect to the tubes with PAR only. Differ-
ences in absolute photosynthetic rate were significant (two-way ANOVA, Table 1)
for both LLU and LCD if tested for all the treatments together, similar results were
obtained using data for the chlorophyll specific rates (Table 1). Nevertheless PAB
and PA were not significantly different in both lakes, while PA and P were different.
Differences between the fractions are also shown in Table 1. Differences between
the PAB and P treatments are statistically significant for absolute photosynthetic
rates but not significant for chlorophyll a specific rates. As it is common in most
lakes (Stockner et al. 2000), picoplankton are less productive than nanoplankton in
both lakes Lucerne and Cadagno. However photosynthetic efficiency, estimated as
chlorophyll a specific photosynthetic rate, is similar or even higher (though not sta-

Table 1. Results of two-way ANOVA test on the differences of photosynthetic rate (mgC m–3 h–1)
and chlorophyll specific photosynthetic rate (mgC (mg Chl)–1 h–1) between treatments (PAB, PA,
P: see definition in the text), for LLU and LCD. Interaction between treatments and fractions was
not significant in LLU and significant in LCD. The differences between the two fractions (0.2–
2 µm, > 2 µm) was tested at the two most significant treatments PAB and P

mgC m–3  h–1 Lake Lucerne Lake Cadagno

PAB, PA, P **  P = 0.0012 *** P < 0.0001
PAB, PA n.s. n.s.
PA, P * P = 0.0189 *** P = 0.0001

mgC (mg Chl)–1  h–1

PAB, PA, P ***  P = 0.0004 *** P < 0.0001
PAB, PA n.s. n.s.
PA, P ** P = 0.0061 *** P = 0.0001

mgC m–3  h–1

0.2–2 µm, >2 µm ** P = 0.0075 *** P = 0.0009

mgC (mg Chl)–1  h–1

0.2–2 µm, >2 µm n.s. P = 0.0599 n.s. P = 0.0697
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tistically significant) than that of nanoplankton comparing the PAB and P treat-
ments (Fig.1).  

To compare the inhibition of photosynthesis by UV on pico- and nanoplankton
we calculated the successive differences between treatments, i.e. UVA effect is 
P-PA, UVB effect is PA-PAB, and UVA+UVB effect is P-PAB (Fig.2). It appears
that UVA plus UVB significantly affect the algal assemblage in both lakes; however
most of the effect is due to UVA (Mann Whitney U test, two tailed: P = 0.0022). In
both lakes picoplankton were inhibited primarily by UVA. We calculated the 
ratios PAB:P and PA:P of pico- and nanoplankton to evaluate hypothetical differ-
ence of photosynthesis inhibition. From bio-optical theory smaller cells should be
more vulnerable to UV than larger cells as accumulation of sunscreens is not an
effective protection against UV radiation, due to short cell radii (Garcia-Pichel,
1994). The Mann-Whitney U test (non parametric test) revealed no significant dif-
ferences between pico and nanoplankton photoinhibition when all data from LCD
and LLU were pooled together. Nevertheless, in the laboratory, under controlled
conditions, the results of the biological weighting functions show a greater sensi-
tivity of the picoplanktonic assemblage (Fig. 3). Although for LCD the BWFs are
identical at <320 nm and >380 nm they show that the autotrophic picoplankton
photosynthesis is more sensitive to UV than photosynthesis in the whole water por-
tion between 330 to 360 nm (Fig. 3). Using the approach of Neale et al. (2001b, this

Figure 1. Photosynthetic rate (left panels) and chlorophyll specific photosynthetic rate (right
panels) of the pico- (0.2 – 2 mm) and nanoplankton ( >2 mm) and total carbon (TOC), under 
the three different treatments (see explanation in the text), of samples from L.Cadagno and 
L. Lucerne
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issue), the BWFs for picoplankton and whole were applied to in situ spectral irra-
diance at 30 cm (results not shown). The percent decrease in photosynthesis is 
predicted to be 50% in the picoplankton versus 35% in the whole sample. This 
difference could have been hidden during the in situ incubation due to the limited
numbers of replicates and large variability between replicates. Alternatively, the
disagreement could be more methodological, since incubation results were ob-
tained with post-incubation and the BWF was conducted on filtrate obtained with
pre-incubation. If the picoplankton were damaged during filtration, they may be-
come more sensitive to subsequent UV exposure.

Conflicting results have been obtained in previous studies of differences in UV
vulnerability between picoplankton and nanoplankton algae. Although we obtain-

Figure 2. Inhibition of chlorophyll specific photosynthethic rate by UVA, UVB and UVA + UVB
on the autotrophic picoplankton (0.2–2 µm), nanoplankton (>2 µm) and total carbon (TOC) in 
L. Cadagno and L. Lucerne, on 14 september 1999
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ed somewhat different results in the incubations and in situ experiments, the con-
trast between fractions is in any case not large, ranging between 2–9% in situ and
15% based on the BWF (relative to PAR only). In LCD the percent decrease of
chlorophyll specific phothosynthetic rate is 55% and 57% and in LLU 73% and
65% in pico and nano fractions respectively. Although small cells receive greater UV
exposure, the potentially greater damage may be counteracted through such mecha-
nisms as greater concentrations of antioxidants and enhanced repair capability.

The results from the spectral treatments are however clear: UVA was by far the
most inhibiting radiation under the conditions tested. The higher effect of UVA on
algae with respect to UVB has been found both in marine (Helbling et al., 1994) and
freshwater environments (Bühlmann et al., 1987; Kim and Watanabe, 1993; Villafañe
et al., 1999). In Lake Titicaca (Villafañe et al., 1999) photosynthetic inhibition by
UVA accounted for 60% and UVB for 20%. Indirect evidence for a strong effect of
UVA on the activity of natural picoplanktonic assemblages has been also shown in a
another subalpine Italian lake (Bertoni and Callieri, 1999). 

Nevertheless we know from literature (reviewed by Karentz et al., 1994) and
from the laboratory experiments where the UVR radiant exposure at different
spectral irradiance can be regulated, that the UVB radiation usually has the most
deleterious effects on the organisms (Cullen et al., 1992; Cullen and Neale, 1994) on
a per photon basis. The BWFs for L. Cadagno and L. Lucerne also show very high
sensitivity to UVB (Fig. 3, and Neale et al., 2001b, this issue). The negligible impact
of UVB on LCD algae in situ could be due to the lower weighted irradiance brought
about by the high Kd at short wavelength (Table 2) and low incident flux, whereas
in the UVA the weighted irradiance is higher due to a greater incident flux and

Figure 3. Biological weighting functions (mW m–2)–1 for inhibition of photosynthesis for L. Cada-
gno picoplankton (blue line) and whole assemblage (red line) on September 13, 1999. Broken lines
show estimated 95% confidence interval for individual coefficient estimates
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lower Kd. This conclusion is supported by the application of the measured BWFs to
in situ irradiance spectra: UV in the 290–315 nm region accounts for only 15% of
total weighted irradiance (Neale et al., 2001b, this issue).

ACKNOWLEDGEMENTS

This study was carried out during the 7th International GAP Workshop, held on 9–17 Sept. 1999
in Zürich, Switzerland, and supported by the Swiss National Science Foundation (SNF), the Swiss
Academies of Natural and Technical Sciences (SANW and SATW), the Swiss Society of Hydrolo-
gy and Limnology (SGHL), by EAWAG, Zürich Water Supply and the University of Zürich, as
well as by Hoffmann-La Roche, Lonza, Novartis, Canberra Packard S.A, Millipore AG and Faust
Laborbedarf AG.

We acknowledge all the colleagues of the UV GAP group and in particular P. Bossard for the
support data on chemistry and for the coordination of the experiments, V. Montecino for the pre-
paration of samples for chlorophyll a analyses and comments on the manuscripts, and C. Sobrino
who provided the Ultraphan sheets.

REFERENCES

Bertoni, R. and C. Callieri, 1999. Effects of UVB radiation on freshwater autotrophic and
heterotrophic picoplankton in a subalpine lake. J. Plankton Res. 21: 1373–1388.

Bossard, P., S. Gammeter, C. Lehmann, F. Schanz, R. Bachofen, H.R. Bürgi, D. Steiner, and U.
Zimmermann, 2001. Limnological description of the Lakes Zürich, Lucerne, and Cadagno.
Aquat. Sci 63/3: 225–249.

Bühlmann, B., P. Bossard and U. Uehlinger, 1987. The influence of longwave ultraviolet radiation
(UVA) on the photosynthetic activity (14C assimilation) of phytoplankton. J. Plankton Res. 9:
935–943.

Cullen, J. J. and P. J. Neale, 1997. Biological weighting functions for describing the effects of ultra-
violet radiation on aquatic systems, pp. 97-118. In: D.-P. Häder (ed.) Effects of ozone depleti-
on on aquatic ecosystems. R. G. Landes.

Cullen, J.J., P.J. Neale and M.P. Lesser, 1992. Biological weighting function for the inhibition of
phytoplankton photosynthesis by ultraviolet radiation. Science. 258: 646–650.

Cullen, J.J. and P.J. Neale, 1994. Ultraviolet radiation, ozone depletion, and marine photosynthe-
sis. Phot. Res. 39: 303-320.

Fahnenstiel, G.L., D.G. Redalje and S.E. Lohrenz, 1994. Has the importance of photoautotrophic
picoplankton been overestimated? Limnol. Oceanogr. 39: 432–438.

Table 2. Attenuation coefficients (Kd) for UV and visible for Lake Lucerne and Lake Cadagno;
depths with 1% of surface radiation at different wavelengths; percentage of radiation at the depth
of incubation in Lake Cadagno

Wavelength Lake Lucerne Lake Cadagno Lake Cadagno Instrument
Transparency used

Kd 1% depth Kd 1% depth at 30 cm
nm m–1 m m–1 m %

305 1.65 3.19 40 PUV
323 1.16 4.0 2.31 2.0 47 Satlantic
338 0.90 5.1 1.98 2.3 56 Satlantic
380 0.49 9.4 1.21 3.8 70 Satlantic
PAR 0.35 15 0.47 10 87 LI-COR



Gächter, R. and A. Mares, 1979. Comments on the acidification and bubbling methods for deter-
mining phytoplankton production. Oikos. 33: 69–73.

Garcia-Pichel, F., 1994. A model for internal self-shading in planktonic organisms and its implica-
tions for the usefulness of ultraviolet sunscreens. Limnol. Oceanogr. 39: 1704–1717.

Halac, S., M., Felip, L., Camarero, S., Sommaruga-Wögrath, R., Psenner, J., Catalan and R. Som-
maruga, 1997. An in situ enclosure experiment to test the solar UVB impact on plankton in a
high-altitude lake. I. Lack of effect on phytoplankton species composition and growth. J.
Plankton Res. 19: 1671–1686.

Helbling, E.W., V.E. Villafañe, M. Ferrario and O. Holm-Hansen, 1992. Impact of natural ultra-
violet radiation on rates of photosynthesis and of specific marine phytoplankton species. Mar.
Ecol. Prog. Ser. 80: 89–100.

Helbling, E.W., V.E. Villafañe and O. Holm-Hansen, 1994. Effects of ultraviolet radiation on Ant-
arctic marine phytoplankton photosynthesis with particular attention to the influence of
mixing, 207–227. In: S. Weiler and P. Penhale, (eds), Ultraviolet radiation in Antarctica: mea-
surements and biological effects. American geophysical Union, Washington.

Karentz, D., M.L. Bothwell, R.B. Coffin, A. Hanson, G.J. Herndl, S.S. Kilham, M.P. Lesser, M.
Lindell, R.E. Moeller, D.P. Morris, P.J. Neale, R.W. Sanders, C.S. Weiler, and R.G. Wetzel,
1994. Impact of UV-B radiation on pelagic freshwater ecosystems: Report of working group on
bacteria and phytoplankton. Arch. Hydrobiol. Beih. 43: 31–69.

Karentz, D., F.S. McEuen, M.C. Land, and W.C. Dunlap, 1991. Survey of micosporine-like amino-
acid compounds in Antarctic marine organisms: potential protection from ultraviolet ex-
posure. Mar. Biol. 108: 157–166.

Kasai, F., M.J. Waiser, R.D. Robarts, and M.T. Arts, (in press) Size dependent UVR sensitivity in
Redberry lake phytoplankton communities. Ver. Int. Verein. Limnol. 27.

Kim, D.S. and Y. Watanabe, 1993. The effect of long wave ultraviolet radiation (UV-A) on the pho-
tosynthetic activity of natural population of freshwater phytoplankton. Ecol. Res. 8: 225–234.

Laurion, I. and W.F. Vincent, 1998. Cell size versus taxonomic composition as determinants of UV-
sensitivity in natural phytoplankton communities. Limnol. Oceanogr. 43: 1774–1779.

Milot-Roy, V. and W.F. Vincent, 1994. UV radiation effects on photosynthesis: the importance of
near-surface thermoclines in a subartic lake. Arch. Hydrobiol. Beih. 43: 171–184.

Neale, P.J., J.J. Fritz and R. F. Davis, 2001a. Effects of UV on photosynthesis of Antarctic phyto-
plankton: Models and application to coastal and pelagic assemblages. Revista Chilena de
Historia Natural. 74: 445–454.

Neale, P.J., E. Litchman, C. Sobrino, C. Callieri, G. Morabito, V. Montecino, Y. Huot, P. Bossard,
C. Lehmann and D. Steiner, 2001b. Quantifying the response of phytoplankton photosyn-
thesis to ultraviolet radiation: Biological weighting functions versus in situ measurements in
two Swiss lakes. Aquat. Sci 63/3: 265–285.

Neale, P.J., P. Bossard and Y. Huot, 2001c. Incident and in situ irradiance in Lakes Cadagno and
Lucerne: A comparison of methods and models. Aquat. Sci 63/3: 250–264.

Stockner, J., C. Callieri and G. Cronberg, 2000. Picoplankton and other non-bloom forming 
cyanobacteria in lakes. 195–238. In: B. Whitton and M. Potts, (eds.): Ecology of Cyano-
bacteria: Their Diversity in Time and Space, Kluwer Academic Publishers. 

Villafañe, E.V., M. Andrade, V. Lairana, F. Zaratti and W. Helbling, 1999. Inhibition of phyto-
plankton photosynthesis by solar ultraviolet radiation: studies in Lake Titicaca, Bolivia. Fresh-
water Biol. 42: 215–224.

Received 30 May 2001;
revised manuscript accepted 6 July 2001.

Photosynthetic response of algae to UV radiation 293


