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Abstract

High-altitude lakes are exposed to high fluence rates of solar ultraviolet radiation (UVR; 290—400 nm) and
contain low concentrations of dissolved organic carbon (DOC). While in most lowland lakes, DOC can be used to
predict UV transparency with sufficient accuracy, current models fail to estimate UVR in clear apine lakes. In
these lakes, phytoplankton may contribute significantly to the UV attenuation either as particles or as a source of
chromophoric dissolved organic matter (CDOM) with distinctive properties. We investigated a series of 26 lakesin
the Alps and Pyrenees, situated at elevations ranging from 422 to 2,799 m above sea level and having DOC
concentrations ranging from 0.2 to 3.5 mg L-*. CDOM, as measured by the absorptivity of filtered lake water,
explained most of the variability in the attenuation of underwater UVR among lakes (r2 = 0.94, P < 0.001).
However, within-lake variation in the UV attenuation revealed a significant contribution from phytoplankton in
deeper waters (UV attenuation increasing with chlorophyll a concentration; r2 = 0.97, P = 0.002), only apparent
when DOC concentrations were low (~0.3 mg L=*). The DOC-specific absorptivity (a,*) was aso important for
characterizing the optical conditions in this series of lakes. Epilimnetic values of a;* were significantly lower in
lakes located at high elevations (with low allochthonous CDOM inputs from the catchment), compared to lakes
surrounded by trees and meadows. Moreover, a;* was generally lower in surface waters than in deeper water layers,
suggesting the influence of photobleaching on UV transparency. The slope S of the exponential regression between
CDOM absorptivity and wavelength did not show clear patterns, such as found in marine systems, and often
presented lower values in the epilimnetic waters (in association with lower a,*). Collectively, our results suggest
that in transparent apine lakes, the dynamics of the CDOM pool and phytoplankton production will have a strong
effect on temporal changes in UV underwater attenuation.

Solar ultraviolet-B radiation (UVB; 290—320 nm) has in-
creased during the last 15 yr over many Earth’s locations as
a consequence of the degradation of the stratospheric ozone
layer. Beside Antarctica, where the increment is notorious,
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some studies have demonstrated that a moderate increase in
UVB also occurred in the northern hemisphere, for example,
in the Arctic (Von der Gathen et al. 1995) and in the Swiss
Alps (Blumthaler and Ambach 1990). Within these fragile
environments, an increase in UVB radiation is an additional
stress for organisms that already have to cope with high solar
UV radiation (UVR; 290—400 nm), a short growing season,
low temperature, and low nutrient inputs. The effects of am-
bient levels of UVR on the biota of alpine lakes and other
aspects of UV photobiology have been recently addressed
(Cabrera et a. 1997; Halac et al. 1997, Sommaruga et al.
1997, 1999b; Vinebrooke and L eavitt 1998; Sommaruga and
Garcia-Pichel 1999). These studies have shown that UVR
can ater both planktonic and benthic communities, but large
differences in the sensitivity among species or groups exist.
Furthermore, the impact of UVR has been related to other
important environmental changes affecting high-latitude and
high-altitude lakes, like acidification and climatic warming
(Schindler et al. 1996; Yan et a. 1996; Vinebrooke and
Leavitt 1998; Sommaruga et al. 1999a).

Because the biological response of aquatic organisms to
UVR is highly variable and nonlinear across the UV wave-
band (Vincent and Roy 1993), detailed information on UV
exposure as a function of wavelength and depth is needed
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to estimate the effects of UVR in natural environments. In
remote alpine lakes, direct measurements of UVR are some-
times difficult to accomplish. Therefore, the identification of
the factors controlling the attenuation and spectral compo-
sition of UVR in these lakes must be achieved with simple
though meaningful and reliable measurements.

Several authors have attempted to model the relationship
between the attenuation of UVR and different optical vari-
ables measured in a variety of lakes (Scully and Lean 1994;
Morris et al. 1995; Laurion et a. 1997), specificaly: dis-
solved organic carbon (DOC) concentration, absorptivity
(ay), and fluorescence (F,) of chromophoric dissolved or-
ganic matter (CDOM or Gelbstoff) at specific wavelengths,
transmittance of a collimated beam of 660 nm light, chlo-
rophyll a concentration (Chl a), and particulate material.
Dissolved organic matter (DOM) was identified as the main
factor explaining the variation in UV attenuation among
those lakes, and DOC was found to be a good estimator of
UV transparency. However, the uncertainty of predicting K
with these empirical models increases in clear lakes due in
part to the variable DOC-specific absorptivity (Morris et a.
1995). In the open ocean and in clear-water systems such as
polar (Vincent et al. 1998b) and apine lakes (Sommaruga
and Psenner 1997) concentrations of DOM are significantly
reduced. For example, a survey of 48 alpine lakes in the
Austrian Alps (lakes not fed by glaciers; atitudes ranging
between 1,970 and 2,890 m above sea level or asl.) re-
vealed an average DOC concentration of 0.7 mg L~* (Som-
maruga et al. 1999a). Therefore, the importance of DOM on
the control of UV attenuation in these ecosystems and the
involvement of other UV-absorbing components deserve to
be examined.

In transparent marine and freshwater systems, phytoplank-
ton was suggested to be an important component in UV at-
tenuation (Smith and Baker 1981; Kirk 1994). Phytoplank-
ton can be a source of low molecular weight carbohydrates,
proteins, and lipids that are transformed abiotically or mi-
crobialy into DOM (Hedges 1988; Tranvik 1993). The re-
lease of organic matter by phytoplankton is considered a
major source of DOM in the ocean (L ee and Henrichs 1993),
and increases in DOC have often been observed following
a phytoplankton bloom (e.g., Holmes et al. 1967; Norrman
et al. 1995). However, organic substances produced in situ
are characterized by a lower aromaticity than DOM of ter-
restrial origin (Carder et al. 1989; McKnight et al. 1994).
Marine and lake phytoplankton can also synthesize different
UV-absorbing compounds (e.g., Xiong et al. 1997; Hannach
and Sigleo 1998; Sommaruga and Garcia-Pichel 1999) that
may affect UV attenuation, particularly when algae are con-
centrated in layers or form blooms (Vernet and Whitehead
1996; Kahru and Mitchell 1998). The importance of phyto-
plankton cells per se for the attenuation of near-UV and blue
light has been recognized (with in vivo spectra; Yentsch and
Phinney 1989); however, measurements of in situ algal ab-
sorption of UVR (and its importance relative to DOM) are
limited. Sommaruga and Psenner (1997) measured light at-
tenuation in an alpine lake during the formation of the deep
Chl a maximum and suggested that phytoplankton and/or
phytoplankton-derived organic substances were important
for the UV attenuation in lakes with low DOC content.
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Photodegradation of DOM can also affect its optical and
chemical properties (Kieber et al. 1990; Allard et al. 1994;
Zepp et a. 1995), thus leading to an increase of UV trans-
parency. Exposure of freshwater DOM to natural sunlight
reduces its absorptivity of UV and visible radiation (Morris
and Hargreaves 1997; Reche et al. 1999) at rates that depend
on sunlight incident doses, lake chemical conditions, and
mixing regime (Reche et a. 1999; Whitehead et al. 2000).
Exposure of DOM to sunlight is also known to increase its
lability and enhance biodegradation (Wetzel et al. 1995) that
may accelerate nutrient remineralization (Moran et al. 1999
and references therein). Furthermore, formation of strong ox-
idants during photodegradation of DOM (singlet oxygen, su-
peroxide, hydrogen peroxide) may have acute and chronic
toxic effects on aquatic organisms (Palenik et al. 1991; Xen-
opoulos and Bird 1997). The spectral shape of the CDOM
absorption curves (i.e., the slope S of the exponential re-
gression between CDOM absorptivity and wavelength; Jer-
lov 1968) as well as the carbon-specific absorptivity have
been used to study photodegradation processes (Morris and
Hargreaves 1997; Vodacek et a. 1997; Twardowski and
Donaghay 1998; Whitehead et al. 2000).

In this study, our objectives were (1) to evaluate which
optical variables control the underwater UV attenuation in
the water column of mountain lakes, especially the impor-
tance of phytoplankton in waters with low-DOM content,
(2) to provide an empirical model to estimate the UV atten-
uation coefficients in these systems, and (3) to describe the
optical conditions regarding atitude gradients, differences
within the water-column, and seasonal changes. We ad-
dressed these objectives by means of profiles of optica pa-
rameters in a broad suite of mountain lakes from several
locations in Europe.

Materials and methods

Sampling sites—A total of 26 lakes in the Tyrolian Alps
(Austriaand Italy) and in the Pyrenees (Spain) were sampled
in 1998 (Table 1). Two lakes located in the prealpine region
east of Salzburg (Mondsee and Traunsee located below 500
m a.s.l.) and two in Tyrol (Achensee and Piburgersee located
at 929 and 913 m as.l., respectively) were sampled for com-
parison, all others are situated above 1,480 m as.l. Lake
elevation in the Alps ranged from 913 to 2,799 m as.l. and
in the Pyrenees from 1,900 to 2,400 m as.l. The treeline is
situated approximately at 2,000 m in this region of the Alps
and at 2,200 m in the Pyrenees. Most lakes in the Alps were
sampled twice in July and in October (Mondsee and Traun-
see sampled in November only), and lakes in the Pyrenees
were sampled once in September. This series of lakes was
separated in three categories according to the dominant
catchment vegetation: lakes above the treeline with a poor
soil cover or with less than 5% of sparse pine trees (hereafter
exposed rock category; n = 11), lakes at high altitudes but
surrounded by alpine meadows (hereafter meadows; n = 5),
and lakes with forested catchments (hereafter trees;, n = 10).
The geology of the area is characterized by crystaline or
calcareous bedrock, and the dominance of the different geo-
logical structures is reflected in the lake-water pH (range of
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Table 1. Latitude, longitude, altitude, maximum lake depth, lake and caichment area, and pH
(not measured at sampling; represents one to severa years averages) of each lake.

Maximum
Latitude Longitude Altitude lake depth Lake area  Catchment
Lake* N E (masl.) (m) (ha) area (ha) pH
Exposed rock
BAR p 42°36' 00°59’ 2,360 13 35 9 6.7
DRA 47°02' 10°56’ 1,874 24 45 188 82
GKS 47°13' 11°00 2,417 9.9 17 30 6.9
GRA p 42°36' 00°59’ 2,345 25 7 166 6.7
MPL 47°12' 11°03' 2,317 5.7 1.6 8 5.9
NEG p 42°32' 01°01 2,320 70 32 178 7.0
OPL 47°12' 11°02’ 2,344 75 21 97 6.7
RED p 42°38' 00°45’ 2,240 73 24.5 155 6.5
ROT 47°14' 11°00 2,485 55 0.9 33 7.6
SOs 46°57' 10°56' 2,799 18 35 18 55
TOR p 42°33' 01°03' 2,310 24 9.8 666 6.9
Meadows
KLA 46°58' 12°07’ 2,258 3 11 67 82
LIC 47°01' 11°24' 2,104 6.6 0.8 11 75
LLA p 42°35' 00°38’ 2,125 45 28.7 736 7.3
OBR 46°53' 12°12' 2,016 26.7 12.9 210 na
PJO 46°39’ 11°39’ 2,231 17.2 0.6 4.2 7.3
Trees
ACH 47°27 11°42' 929 133 680 10,500 83
ANT 46°53' 12°10' 1,640 38 433 1,906 7.3
DUR 46°44' 11°25' 1,560 13 12.4 2,787 6.8
MON 47°48' 13°21’ 481 68 1,378 24,720 7.9
OBB 46°59’ 11°24' 1,590 15 12 1,163 82
PIB 47°11 10°53' 913 24.6 134 265 7.2
PRA 46°41' 12°05' 1,489 36 31 2,664 82
SEE 47°21' 10°56’ 1,650 14 6.4 na na
SMA p 42°35' 01°00’ 1,905 25 25 2,209 7.2
TRA 47°48' 13°26' 422 191 2,435 142,200 82

*

ACH, Achensee; ANT, Antholzer See; BAR, Estany Barbs, DRA, Drachensee; DUR, Durnholzer See; GKS,

Gossenkollesee; GRA, Estany Gran d Amitges; KLA, Klammsee; LIC, Lichtsee; LLA, Estany Llauset; MON,
Mondsee; MPL, Mittlere Plenderlesee; OPL, Oberer Plenderlesee; PJO, Pfitscher Joch See; NEG, Estany
Negre; OBB, Obernbergersee; OBR, Obersee; PIB, Piburger See; PRA, Pragser Wildsee; RED, Estany Redo;
ROT, Rotfelssee; SEE, Seebensee; SMA, Estany Sant Maurici; SOS, Schwarzsee ob Solden; TOR, Estany
Tort; TRA, Traunsee; p, Lakes in the Pyrenees, all others are in the tyrolian Alps, except MON and TRA that

are in the pre-Alps east of Salzburg; na, not available.

5.5-8.4; Table 1). In calcareous catchments, precipitation of
carbonates (whitening) was sometimes visible in lakes where
photosynthetic activity raised the pH (eg., ACH, ANT,
OBB, PRA; the three-letter abbreviations represent lakes as
defined in Table 1).

Optical and other water column measurements—A PUV-
500A radiometer (Biospherical Instr.) provided a measure of
downwelling irradiance at 305, 320, 340, and 380 nm (full
bandwidth at half maximum is 8-10 nm), and of downwell-
ing photosynthetically active radiation (PAR, 400—700 nm).
The instrument also recorded depth, temperature, and up-
welling radiance centered at 683 nm (naturally induced fluo-
rescence). Profiles were made on sunny days or with stable
cloud conditions, and within 3 h of solar noon. The diffuse
attenuation coefficients of downwelling UVR (K,) were cal-
culated as the slope of an exponentia regression between
radiation and depth. When K, changed through the water

column, the portion of the curve where the change occurred
was excluded from calculations. Irradiance values approach-
ing the sensor detection limit were also eliminated before
calculations (using values greater than two orders of mag-
nitude above the noise equivalent irradiance given by the
manufacturer; a dark correction was not performed but the
temperature effect on zero-offset values was controlled).
The lake water was sampled at one to five discrete depths
with a 5-liter Schindler—Patalas sampler in the Alps or a
Ruttner bottle in the Pyrenees and was kept in the dark until
processed in the laboratory. The selection of sampling depths
was based on profiles of light and Chl a fluorescence. A
Backscat I-Fluorometer (Haardt, model 1101.1; excitation
380-540 nm, emission 685 nm) was used in most cases to
locate the depth of the degp Chl a maximum. For Chl a
measurements, 0.6-3.5 liters of lake water were filtered onto
glass fiber filters (Whatman GF/F). Pigments were extracted
with 90% acetone for 24 h in the dark at 4°C. Filters were
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briefly sonicated with atip sonicator (1 min) and the extracts
cleared using a 0.1-um pore size Anodisc filter (Whatman).
The extracts were scanned in a spectrophotometer (double-
beam Hitachi U-2000; scans between 400 and 750 nm)
against an acetone reference and using 5-cm glass cuvettes.
The optical density measured at 664 nm always remained
above 0.03, and in most cases was more than one order of
magnitude higher than the optical density at 750 nm. The
equations of Jeffrey and Humphrey (1975) were used to cal-
culate the concentration of pigments.

The direct contribution of the UV-absorbing compounds
to the attenuation of UVR was estimated by measuring the
total concentration of mycosporine-like amino acids (MAAS)
in phytoplankton. For this, 0.8-4.85 liters of lake water were
filtered onto glass fiber filters (Whatman GF/F). The filters
were frozen at —80°C until subsequent extraction (within 4
months). MAAs were extracted in 20% aqueous methanol
(v:v) for 24 h a 4°C, followed by a 2-h extraction in a
water bath at 45°C (Sommaruga and Garcia-Pichel 1999).
Filters were sonicated and the extracts cleared and scanned
as above (scans between 250 and 750 nm; 5-cm Suprasil |
quartz cuvette), to determine the presence of UV-absorbing
compounds. The extracts were subsequently dried under vac-
uum in 2-ml cryovials, using a SpeedVac concentrator (Sa-
vant) at 45°C. The air in the cryovials was replaced with
argon, and the samples were stored at —80°C for further
characterization using high-performance liquid chromatog-
raphy (HPLC).

The concentrated extracts were resuspended in 0.5-2 ml
of 55% agueous methanol (v:v). When the concentration in
this solution was too high, a small portion was subsampled
for further dilution. MAAs were separated by reverse-phase
isocratic HPLC, injecting 30-ul aliquots in a Brownlee RP-
8 column (Spheri-5; 4.6 mm inner diameter X 25 cm) pro-
tected with an RP-8 guard column, using an agueous mobile
phase containing 55% methanol plus 0.1% acetic acid (Car-
efoot et al. 1998). The MAAs in the eluate were detected by
online UV spectroscopy. Peak measurement was carried out
at 313 and 340 nm (Karentz et a. 1991). The MAAS were
identified by comparison with published retention times, by
the ratio of peak areas determined at 313 and 340 nm, and
by cochromatography with authenticated standards (obtained
from Dr. E Garcia-Pichel) or with secondary standards pre-
pared from invertebrate extracts (Aplysia dactylomela eggs
obtained from Dr. D. Karentz, and Anthopleura sp. and Pal-
ythoa sp. obtained from Dr. M. Shick). The total content of
specific MAASs in each sample was calculated from HPLC
peak areas using published extinction coefficients (see Som-
maruga and Garcia-Pichel 1999). The extinction coefficient
for asterina-330 has not been reported in the literature. The
extinction coefficient of palythinol, a nearly identical chro-
mophore, was consequently adopted for asterina-330 quan-
tification (Dunlap et al. 1989). Total MAA concentrations
were used in this paper as an additional explanatory variable
for the variation in UVR attenuation; a more detailed anal-
ysis of these results will be presented elsewhere.

The DOM characteristics at each sampling site were de-
termined by measurements of DOC concentration, spectral
absorptivity (a,), and fluorescence (F,) of filtered lake water.
In addition, the CDOM absorptivity at 320 nm was normal-
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ized to the DOC concentration (a,*). For these analyses, the
lake water was filtered on the same day (within 6 h) through
glass fiber filters (Whatman GF/F; precombusted for 1 h at
450°C, rinsed with 20 ml of Milli-Q water and 10 ml of lake
water) and stored in clean, precombusted glass bottles (Tef-
lon-capped) in the dark at 4°C until subsequent analysis
(within 24 h for DOC, within 48 h for a, and within 2 weeks
for F,). Glass fiber GF/F filters were used instead of 0.2-um
filters because they can be precombusted to avoid contami-
nation (Yoro et a. 1999). Hence, in this paper, DOM is de-
fined as the matter passing through GF/F filters, DOC is a
simple bulk measure of DOM, CDOM refers to the chro-
mophoric fraction of DOM, and the expression ‘‘optical
properties of CDOM” refers to F, a,, a,*, and S as mea-
sured in filtered lake water. Filtration was done by hand with
an acid-washed syringe and filter holder, directly over the
bottle to avoid contamination. The DOC was measured with
a high temperature catalytic oxidation method (Shimadzu to-
tal organic carbon [TOC] analyzer model 5000). The instru-
ment is equipped with a Shimadzu platinized-quartz catalyst
for high sensitivity analysis (Benner and Strom 1993). Three
to five injections were analyzed for each sample and blanks
(Milli-Q water). Blank values (0.03-0.05 mg DOC L) were
subtracted from the average DOC values of the samples.
Standardization of the instrument was done with potassium
hydrogen phthalate (four points calibration curve). The TOC
analyzer used participates regularly in the intercomparisons
organized by the Norwegian Institute for Water Research
(NIVA) for 57 laboratories.

Absorption by CDOM was determined by spectrophotom-
etry (same instrument as above; scans between 250 and 750
nm) using an acid-cleaned 10-cm quartz cuvette (Suprasil 1)
prerinsed two times with the sample. These measurements
were referenced against 0.22-um membrane-filtered Milli-Q
water (DOC = 0.05 mg L%, F; < 0.002 nm™?). The ab-
sorptivity at 750 nm, which can be used to correct for the
presence of particulate matter in the cuvette, was generally
low and in several cases was negative. This was likely
caused by the temperature dependency of pure water ab-
sorption when the sample is cooler than the reference (Pegau
and Zaneveld 1993). Hence, we used a, at 690 nm (where
the temperature dependency is near zero) to correct the UV-
absorptivity values. Fluorescence emission spectra were
measured in a spectrofluorometer (Hitachi F-4500) at high
voltage sensitivity (excitation at 355 nm, dlit width of 5 nm
on both monochromators) using a clean 1-cm quartz cuvette
(Suprasil I) prerinsed two times with the sample. The fluo-
rescence signal at 450 nm (peak height) was normalized to
the Raman signal area to give F, in Raman units (nm~?).
The fluorescence signal at 450 nm was also referred to as
quinine sulfate units (QSU), where 1 QSU = 1 ug L~* of
quinine sulfate dissolved in 0.1 N H,SO, (Shao et al. 1993).

Calculation of the slope parameter —Irregularities on the
absorption spectra of filtered lake water were found that may
have important effects on the calculation of S depending on
the waveband chosen (Fig. 1). First, a peak found at ap-
proximately 275 nm may affect the estimation of S if we
assume the exponential model describing a, (Jerlov 1968,
the dashed line in Fig. 1 represents the exponential fit over
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Fig. 1. Examples of CDOM absorption spectra with defined
peaks at ~275 and 334 nm (MPL was sampled in July at 4 m depth;
OBB, in October at 2 m depth). The dashed line represents the
exponentia fit used to get the slope parameter S. The dotted lines
represent the limits of the waveband used to calculate S.

the waveband 295-400 nm used to calculate S). The pres-
ence of this peak might be associated with the absorption by
proteins and nucleic acids (Bidigare 1989). In addition, in
some cases, absorption by CDOM showed a peak at ap-
proximately 334 nm, representing up to 20% of a, at this
wavelength. This peak was relatively common (detectable in
ca. one third of the lakes) but had small effects on the es-
timation of S (up to 6% difference compared to the esti-
mation of S without the peak). Values presented in Table 2
were calculated after removing the peak (310-370 nm). This
peak was likely caused by the presence of MAAS in the
filtered water. In many of the lakes sampled in this study,
phytoplankton showed high concentration of MAAs (Table
2) that can eventually be exuded or released during cell lysis.
MAAs have already been found in the DOM pool during a
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dinoflagellate bloom (Vernet and Whitehead 1996). Al-
though care was taken in using low pressure during filtration
to avoid cell damage, we cannot totally exclude the possi-
bility of release of MAAs from fragile forms during this
process.

Some authors have demonstrated the sensitivity of S on
the method of calculation, the wavelength range, and the
type of optical measurements (Twardowski and Donaghay
1998; Markager and Vincent 2000). As recommended by
these authors, a, values were not transformed to natural log-
arithms before applying the regression fit, to maintain equal
weighting for each data point. Moreover, we always used the
same waveband to calculate S. The slope parameter was ad-
ditionally calculated between 370 and 500 nm (Table 2), a
waveband that was less affected by irregularities. Although
this variable does not relate directly to the waveband con-
cerned by this study (290-400 nm), it further characterizes
CDOM. Humic acids are responsible for absorption by
CDOM in the visible range and present a lower slope pa-
rameter than the low molecular weight fulvic acids (Carder
et al. 1989). The selection of the waveband is likely to affect
the meaning of S In agreement with previous studies
(Blough et al. 1993; Green and Blough 1994), S was lower
at higher wavelengths (average of 13.9 um-* compared to
16.6 um~* for the 290—400 nm waveband), but both S were
correlated (r = 0.737, P < 0.001).

Data treatment—To address the first objectives of the
study that were to evaluate which optical variables control
the underwater UV attenuation in mountain lakes and to pro-
vide an empirical model to estimate the UV-attenuation co-
efficients in these systems, we selected the epilimnetic data
(when possible, the value in the first meter was not sel ected).
To investigate the relation between K, and each variable
measured in the water, simple correlations and regressions
were performed using SigmaStat software. A redundancy
analysis (RDA) was aso performed on this data set using
the CANOCO software (ter Braak 1988). The significance
of the first axis and of the whole analysis was tested by
means of a Monte Carlo permutation test, with 999 permu-
tations (ter Braak 1995). To investigate the effect of catch-
ment type, depth, and season on CDOM optical character-
istics, t-tests or Pearson correlations were performed using
SigmaStat.

Results

Characteristics of the lakes—The data series comprises
lakes with maximum depths ranging from 3 to 191 m, lake
areas from 0.6 to 2,435 ha, and catchment areas from 4 to
142,200 ha (Table 1). However, the catchment-to-lake area
ratio was <30:1 in more than half of the lakes. The series
of lakes offered a great variability in optical conditions (the
epilimnetic values are presented in Table 2; the whole data
set is available on request). DOC concentrations ranged from
0.2to 3.5 mg L* (mean = 0.97 mg L %), with the lowest
concentrations found in the exposed rock category, followed
by meadows and trees categories (mean of 0.54, 1.08 and
1.33 mg L%, respectively). Epilimnetic Chl a concentrations
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Table 2. Water optical properties:. DOC, Chl a, total MAA concentration (MAAS), fluorescence of chromophoric dissolved organic
matter (F,, excitation at 355 nm, emission at 450 nm, given in Raman units and quinine sulfate units), absorptivity of CDOM (a,) at 320
and 440 nm, DOC-specific a, (a,*) at 320 nm, and spectral slope S of the exponential regression of a, calculated on the wavebands 295—

400 nm and 370-500 nm.

Sam- a,* 320
pling (L mg S S
Date depth Chl a MAAs DOC F, a,320 a,440 DOC-* (295-400)(370-500)
Lake (1998) (m (ugLl?) (ugL®) (mgL?) (mM*[QU]) (M) (mY) m?H)  (um?) (um?)
Exposed rock
BAR 10 Sep 2 0.77 0.49 0.98 0.044 (3.66) 0.94 0.16 0.97 12.8 9.5
DRA 22 Jul 1 0.39 0.36 0.38 0.013 (0.92) 0.46 0.09 1.20 12.8 7.2
GKS 23 ul 4 0.96 2.63 0.35 0.014 (1.03) 0.41 0.02 117 194 13.0
06 Oct 2 1.96 131 0.52 0.009 (0.62) 0.32 0.05 0.62 17.5 149
GRA 10 Sep 2 0.87 0.71 0.66 0.034 (2.67) 0.58 0.07 0.88 14.8 104
MPL 21 Jul 1 2.40 11.46 0.56 0.020 (1.46) 0.58 0.05 1.02 13.3 13.0
10 Oct 2 2.83 0.97 0.67 0.014 (0.96) 0.48 0.05 0.72 15.1 10.6
NEG 09 Sep 2 0.30 0.43 0.62 0.028 (2.07) 0.41 0.05 0.67 16.4 13.2
OPL 21 Jul 1 0.75 274 0.21 0.019 (1.34) 0.41 0.00 1.96 185 17.7
10 Oct 2 1.38 0.17 0.22 0.007 (0.54) 0.21 0.00 0.95 18.0 17.3
RED 08 Sep 2 1.08 5.56 0.80 0.031 (2.43) 0.48 0.07 0.60 15.0 6.1
ROT 23 ul 25 244 0.92 0.26 0.026 (1.94) 0.37 0.02 141 18.8 189
06 Oct 2 2.50 5.79 0.57 0.012 (0.78) 0.28 0.02 0.48 19.2 149
SOS 30 Jul 25 1.36 4.69 0.29 0.010 (0.74) 0.25 0.02 0.88 17.1 11.3
TOR 09 Sep 2 1.35 3.00 0.97 0.048 (3.84) 177 0.28 1.82 14.9 131
Meadows
KLA 18 Jul 15 121 0.50 0.71 0.033 (2.54) 1.01 0.21 1.43 10.8 7.1
14 Oct 2 0.34 0.20 0.44 0.036 (2.85) 154 0.16 351 15.9 145
LIC 15 Jul 1 2.69 2.00 131 0.048 (3.96) 152 0.21 1.16 155 14.0
09 Oct 2 3.61 0.24 1.99 0.044 (3.19) 3.13 0.46 157 13.6 14.8
LLA 12 Sep 2 0.58 0.04 1.05 0.042 (3.00) 1.04 0.12 0.99 15.7 125
OBR 17 dul 1 0.59 0.57 0.75 0.028 (2.02) 117 0.09 157 18.0 155
13 Oct 2 1.09 215 0.67 0.027 (2.05) 0.90 0.12 135 16.6 13.9
PJO 24 Jul 15 7.97 13.35 171 0.017 (1.23) 0.74 0.14 0.43 13.7 10.6
Trees
ACH 11 Jul 3 1.10 0.33 3.50 0.060 (4.82) 272 0.25 0.78 18.8 17.1
12 Oct 1 0.49 0.03 1.23 0.066 (5.17) 2.35 0.23 191 18.6 16.8
ANT 17 dul 1 154 0.07 1.04 0.034 (2.61) 117 0.14 1.13 16.2 129
13 Oct 2 3.30 0.52 0.53 0.036 (2.98) 0.48 0.05 0.91 15.8 13.8
DUR 19 ul 1 0.38 Traces 0.43 0.036 (2.85) 111 0.18 2.59 13.7 132
15 Oct 2 0.25 0.00 0.66 0.030 (2.28) 134 0.14 2.02 16.8 15.7
MON 05 Nov 2 3.52 0.05 244 0.121 (10.1) 3.62 0.44 1.48 17.8 155
OBB 15 Jul 1 1.08 0.03 0.42 0.032 (2.38) 0.83 0.09 1.96 17.1 131
09 Oct 2 0.60 0.06 0.42 0.025 (1.83) 0.99 0.07 234 17.9 154
PIB 11 Jul 1 1.74 1.23 2.66 0.061 (5.16) 2.60 0.30 0.98 18.1 15.8
16 Oct 2 2.03 0.37 2.36 0.063 (4.96) 2.86 0.32 121 175 155
PRA 18 Jul 1 131 1.09 1.02 0.060 (4.98) 1.06 0.09 1.04 19.9 17.1
14 Oct 2 2.65 0.23 0.91 0.094 (8.27) 1.66 0.14 1.82 18.2 17.0
SEE 08 Oct 2 1.60 0.44 0.48 0.026 (2.00) 0.53 0.02 1.10 194 15.7
SMA 14 Sep 2 1.00 0.22 0.97 0.042 (3.31) 2.03 0.28 2.09 14.6 14.7
TRA 06 Nov 2 1.05 Traces 214 0.162 (12.6) 4,58 0.53 214 17.3 16.8

varied from 0.2t0 7.8 ug L=t (mean = 1.6 ug L~%). In most
cases, Chl a concentration was higher in the bottom layers
(range = 0.51t0 99 ug L% mean = 3.2 ug LY. Tota
concentration of MAAs in phytoplankton of epilimnetic wa-
ters ranged from O to 134 ug L=* (mean = 1.6 pug LY,
while in deeper layers ranged from 0 to 8.6 ug L=* (mean
= 1.0 ug LY.

Underwater irradiance—The study sites encompassed a
broad range of transparencies in the PAR waveband with K

values ranging from 0.08 to 0.65 m~* (epilimnetic values).
More than 1% of surface irradiance at 305 nm reached the
deepest part of the lake in four cases (GKS, MPL, OPL, and
ROT). Moreover, OPL and ROT had the entire lake bottom
exposed to more than 10% of surface UVB (at 305 nm). In
six other clear water lakes (DRA, GRA, NEG, RED, SEE,
and SOS), an important portion of the water body (5-13 m)
was exposed to more than 1% of surface UVB radiation (at
305 nm). In these lakes, K, at 305 nm ranged between 0.23
and 0.88 m~* (Table 3). Lakes below 2,000 m had on average
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Table 3. Diffuse attenuation coefficients (K,) at 305, 320, 340, and 380 nm, and for PAR with
corresponding depth ranges for calculation.

Date Depth Kys305 Ky320 K340 K,;380 K,PAR
Lake (1998) range (m) (m) (m) (m) (m) (m)
Exposed rock
BAR 10 Sep 0.1-8 112 0.94 0.77 0.49 0.25
DRA 22 ul 0.5*-3.7 0.42 0.23 0.19 0.09 0.12
5-7 0.84 0.56 0.43 0.29 0.22
GKS 23 Jul 2.1-6 0.23 0.17 na 0.05 0.08
06 Oct 0.6*-8 0.33 0.24 0.19 0.14 0.13
GRA 10 Sep 0.1-12 0.70 0.55 0.42 0.28 0.16
12-15 na 1.13 0.83 0.53 0.24
MPL 21 Jul 0.1-4.3 0.75 0.65 0.52 0.29 0.26
10 Oct 0.1-22 0.61 0.50 0.47 0.32 0.30
NEG 09 Sep 0.1-12 0.53 0.38 0.28 0.16 0.11
13-20 1.16 0.86 0.65 0.36 0.14
OPL 21 Jul 0.1-5.7 0.27 0.19 0.13 0.10 0.16
10 Oct 1513 0.26 0.18 0.13 0.10 0.17
RED 08 Sep 0.1-114 0.34 0.28 0.22 0.15 0.13
14-24 0.71 0.49 0.39 0.26 0.15
ROT 23 Jul 1.8-32 0.31 0.22 0.17 0.11 0.19
06 Oct 1832 0.36 0.24 0.21 0.14 0.09
SOS 30 Jul 0.1-4 041 0.33 0.30 0.20 0.18
8-10 0.65 0.47 na 0.32 0.20
TOR 09 Sep 0.1-3 3.46 2.50 1.98 1.20 0.48
Meadows
KLA 18 Jul 0.1-2.1 217 1.65 na 0.94 0.49
14 Oct 0.1-2 1.86 1.50 121 0.77 0.10
LIC 15 Jul 0.1-5.6 313 215 1.78 1.04 0.30
09 Oct 0.1-5.2 5.62 4.34 3.73 2.38 0.52
LLA 12 Sep 0.1-4.8 1.39 1.07 0.81 0.47 0.23
OBR 17 Jdul 0.1-18.2 1.16 0.87 0.66 0.39 0.19
13 Oct 1*-25 141 1.09 0.90 0.56 0.21
PJO 24 Jul 0.1-2 161 1.45 1.02 0.79 0.54
Trees
ACH 11 Jul 0.1-6.5 3.69 2.64 1.93 1.07 0.37
12 Oct 0.1-18 3.53 224 1.77 0.94 0.22
ANT 17 Jdul 0.1-25 241 1.89 1.60 1.19 0.65
13 Oct 0.1-5 124 0.97 0.82 0.60 0.36
DUR 19 Jul 0.1-8.7 2.02 1.69 0.98 0.89 0.35
15 Oct 0.1-10.5 1.78 1.36 1.08 0.65 0.24
MON 05 Nov 0.1-8 6.32 441 3.08 1.82 0.43
OBB 15 Jul 0.1-1.7 2.03 164 152 112 0.62
09 Oct 0.1-84 1.07 0.84 0.67 0.43 0.23
PIB 11 Jul 0.1-6.9 397 2.80 1.99 1.09 0.34
16 Oct 0.1-6.5 4.76 3.32 253 1.43 0.38
PRA 18 Jul 0.1-4.8 1.90 1.37 0.95 0.56 0.32
14 Oct 0.1-6 3.19 2.01 1.62 1.06 0.50
SEE 08 Oct 1.8*-6.5 0.88 0.60 0.43 0.22 0.12
SMA 14 Sep 0.1-81 2.77 221 1.67 0.98 0.27
TRA 06 Nov 0.2-7 na 5.73 4.22 231 0.49

* Data above this depth were removed from the regression because of irregularitiesin cloud conditions.

T Data above this depth were removed from the regression because of irregularities caused by profiling from an
ice hole (ice thickness = 2-3 cm).

na, not available.

2.2 m of the water column exposed to more than 1% UVB

(range of 0.7-5.2 m).

Correlation between UV attenuation and water optical
properties—The attenuation coefficient of UVR at 320 nm

was chosen to illustrate the relationship between UV trans-
parency and the optical properties of lake water. The other
nominal UV wavelengths measured with the PUV radiom-
eter lead to similar conclusions. We found a strong positive
correlation between K, and the absorptivity of CDOM at 320
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Fig. 2. Plots of diffuse attenuation coefficients measured at 320 nm (K,320) against (A) CDOM
absorptivity at 320 nm (a,320), (B) DOC, (C) CDOM fluorescence (F,), and (D) Chl a concentra-

tion.

nm (r2 = 0.94, P < 0.001, n = 39; Fig. 2A). Other variables
such as DOC (Fig. 2B) and fluorescence of CDOM (F; Fig.
2C) gave weaker correlations (r2 = 0.59 and 0.72, respec-
tively; P < 0.001). Chlorophyll a (Fig. 2D) and total MAA
concentrations were not significantly correlated with the at-
tenuation coefficients of UVR (P > 0.05). However, Chl a
showed a weak but significant correlation with K, for PAR
(r2 = 0.174; P = 0.008). Part of the residual variahility in
K, might be associated with inorganic particles. For exam-
ple, in Obernbergersee (OBB), DOC was only 0.4 mg L
while K, reached 1.64 m~* at 320 nm. This lake had a char-
acteristic whitish color (like ACH, ANT, or PRA), most like-
ly coming from precipitates of carbonates that may contrib-
ute to the elevated light attenuation (high scattering).

A redundancy analysis of the optical variables was also
performed with other nonoptical variables used as explana
tory variables (epilimnetic-water data set; Fig. 3, Table 4).
The overall test and the first two axes were significant (P =
0.002), but most of the variability was explained by the first
axis (72%) that was characterized by UV attenuation (K,),
a, and F, (Table 4). The explanatory variables associated
with this axis were the DOC concentration, the elevation and
the categorical variable exposed rock (Table 4). A second
source of variation, associated with the second axis, was
characterized by a * that was positively correlated with the
catchment-to-lake area ratio and negatively with Chl a.

CDOM optical properties—The DOC-specific absorptiv-
ity (a,*) varied from 0.43 to 3.51 L mg~* m~* (at 320 nm,
mean = 1.36 L mg~* m). The slope parameter S ranged
between 10.8 and 20.9 um-* and 6.1 and 18.9 um-* in the
wavebands 295-400 nm and 370-500 nm, respectively. To
test the influence of DOM sources (autochthonous versus
allochthonous) on CDOM optica properties, we compared
a,* and Sin the lakes located at high elevations and having
low allochthonous CDOM inputs from the catchment (ex-
posed rock category) to the lakes influenced by allochthon-
ous inputs (meadows and trees categories pooled). When
comparing epilimnetic values, a;* (at 320 nm) in lakes with
low allochthonous inputs were significantly lower than in
lakes influenced by allochthonous inputs (average of 1.02 L
mg~* m~* compared to 1.56 L mg~* m~?, respectively; P =
0.009). However, when the deep values were compared, no
significant difference was found between the two groups of
lakes (average of 1.63 and 1.52 L mg~* m~1, respectively;
P = 0.652). On the other hand, S (range 370-500 nm) was
dlightly but not significantly lower (P = 0.067) in lakes from
the exposed rock category than in lakes surrounded by
meadows or with forested catchments (an average of 12.7
compared to 14.5 um-*, respectively). The same comparison
for S calculated in the range 295-400 nm did not yield sig-
nificant differences (using epilimnetic or deeper water data
sets).



1282 Laurion et al.
+1
Chla
PIOg 4
MPLo ANTo DOC
. ///'
MAAS’ | PiBo Pt
RED @, ® ACHo o
S ; Uco e° .~ Lake depth

] NEG@ . / =“MON

Exposed rock ~ / Lo PPt @ _ACH
1 - MP RN / ANT L . ’La Fy K

T ,_\so;GKSo.GRA “BRAGQ® * 751 e -- a
pLoi:ﬁAE.:;; ":/ G S [T [ e > N 8
ROT@ > -==- N Ca
———————— - : Gks oe® @) ®1rp

| L S RA OBRO@NBR T

Elevation e & % Trees
i roT® .

OBB@ \ pH
OBBo @
v *
Ca/La a4
-1 . _

-1 +1

Fig. 3. RDA ordination biplot of the optical variables. The numerical results are given in Table
4. Each lake is represented by a black dot (the lakes sampled a second time in October have the
letter o at the end of the abbreviation). Solid arrows represent the independent variables (or optical
variables) and the dotted arrows, the explanatory variables.

To test the influence of photobleaching on UV attenuation,
we examined the vertical and seasonal change in a;* and S
The DOC-specific absorptivity at 320 nm was found to be
significantly lower in surface compared to deeper water lay-
ers (averages of 1.34 and 1.56 L mg—* m-1, respectively; P
= 0.017). When the data from July and October were ana-
lyzed separately, significant differences were found in Oc-
tober (P = 0.009) but not in July (P = 0.432). On the other
hand, one third of the lakes showed higher S at the surface,
one third lower S, and one third showed no difference. Fur-
thermore, half of the 13 lakes sampled two times during the
year showed lower S in October than in July (comparing
surface values), while the other half showed no change or
had higher values (Table 2).

Within-lake variation in UV attenuation—In some of the
lakes studied, K, changed significantly with depth. Deep
penetration of UVR and sensitive instruments are indispens-
able conditions to observe such changes. These clear and
deep lakes offer an opportunity to relate changes in UV at-
tenuation coefficients with vertical gradients in phytoplank-
ton concentration or with changes within the DOM pool
(caused by autochthonous processes or photobleaching).
These examples are illustrated by Schwarzsee ob Solden
(SOS) in the Alps and Estany Redo (RED) in the Pyrenees.

SOS (2,799 m a.s.l., maximum depth of 18 m) was highly

transparent to UVR, with more than 10 m of the water col-
umn exposed to more than 1% of surface radiation at 320
nm. The lake was stratified on 30 July (thermocline at 5 m;
Fig. 4) with a Chl a concentration lower than 2 ug L= in
the epilimnion (Table 5). Yet, Chl a and total MAAS in-
creased with depth (up to 85 and 7.1 ug L=t at 13.5 m,
respectively), whereas DOC, F, a,, and a,* showed no sig-
nificant vertical changes (P > 0.05). However, K, at al
wavelengths significantly increased with depth (e.g., at 320
nm; r2 = 0.97; P = 0.006).

In RED, the seasonal thermocline was found a 14 m
depth (Fig. 5). The epilimnion was well mixed and the deep
Chl a maximum was located at approximately 29 m, as in-
dicated by the peak in naturally induced fluorescence (nor-
malized to PAR and given in relative units). The lake water
was sampled at 2, 10, 25, and 35 m depth (Table 6). Intense
rainfall before sampling likely explains the higher DOC con-
centration found in surface waters (0.80 and 0.66 mg DOC
L-* at 2 and 10 m, respectively; same tendency for a, and
Fy, while no significant change in K, was found in the
whole epilimnion. However, all K s for UVR increased sig-
nificantly in the hypolimnion (an increase of 78% relative to
the epilimnetic value at 320 nm), while K, for PAR did not
change. This increase in K s was accompanied by the in-
crease of Chl a concentration (from ~1 to 2.3 ug L) and
in a, and a;* (ca. two and three times higher, respectively)
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Table 4. Results of the redundancy analysis: variance explained
by the first two axes (eigenvalues), eigenvectors for the optical var-
iables (solid arrows in Fig. 3), and correlations of the explanatory
variables with the first two axes (dashed arrows in Fig. 3).

Axis 1 AXis 2
Eigenvalues 0.720 0.075
Optical variables
a, (320 nm) 0.902 0.041
Kq (320 nm) 0.903 0.064
g 0.775 0.080
a,* (320 nm) 0.412 —0.703
Sl (295-400 nm) 0.139 0.028
< (370-500 nm) 0.410 —0.043
Explanatory variables
Elevation —0.753 —0.072
Lake depth 0.477 0.203
Ca 0.485 —0.004
La 0.576 0.076
CalLa 0.168 —-0.575
pH 0.426 —-0.177
Chl a 0.078 0.490
MAAs —0.300 0.272
DOC 0.761 0.331
Exposed rock —0.693 0.088
Meadows 0.163 —0.001
Trees 0.552 —0.086

but not by significant changes in DOC or F, (DOC actually
decreased, and F increased at 35 m only). Finally, the total
MAA concentration decreased drastically in the hypolimnion
(Table 6). In lakes GRA and NEG, similar results were ob-
served, except that the changes in DOC and F, coincided
with the changes in a, and a,* (data not shown).

Discussion

Underwater irradiance—The lowest attenuation of UVR
in our series of lakes (e.g., at 305 nm K; = 0.23 m~* in
GKYS) was comparable to the lowest values reported in the
literature: 0.19 m~* at Laguna Negra (Cabrera et a. 1997),
0.17 m~* at Lake Schmoll (Morris et al. 1995), and 0.08 m~*
at Lake Vanda, in Antarctica (Vincent et al. 1998b). Almost
al lakes in the exposed rock category had an important por-
tion of the water column exposed to significant UVR (i.e,
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Fig. 4. Depth profile of temperature (circles) and Chl a concen-
tration (diamonds) in Schwarzsee ob Solden. Insert: plots of diffuse
attenuation coefficients at 305 and 380 nm versus Chl a concentra-
tion in water sampled at five depths. For other water column mea-
surements, refer to Table 5.

exposed to more than 1% of surface irradiance). Alpine lakes
clearly offer reduced UV refuges for many aquatic organ-
isms (Williamson et al. 1996; Sommaruga et a. 1999b). Un-
derstanding the factors that control the attenuation of UVR
in these systems will help to estimate the consequences of
ozone depletion and climatic warming.

Correlation between UV attenuation and water optical
properties—Both the individual correlations obtained be-
tween UV attenuation and the measured optical properties
of lake water, and the redundancy analysis integrating all
measured variables clearly showed that CDOM explains
most of the variability in the attenuation of UVR among
lakes, even under low DOC concentrations. The estimation
of UV attenuation by measurements of filtered lake-water
absorption can be useful when direct measurements are not
possible. DOC has often been used to estimate UV trans-
parency in lowland lakes, but our series of data shows cases
where the attenuation is higher or lower than the DOC con-
centration would predict. Moreover, CDOM fluorescence

Table 5. Schwarzsee ob Solden: water optical properties (Chl a, MAAs, DOC, F,, a,, and DOC-specific a, at 320 nm) and K, values
calculated in water slices of 1-3 m corresponding to the five depths where the water was sampled. Values in italics were calculated on

irradiance values approaching the detection limit of the instrument.

*

(L mg K, (M)

Depth Chla MAAs DOC F, a, DOC* d
(m  (ugLYH (gL (mgL-? (nm-1%) (m-Y) m-1) 305nm  320nm 340 nm 380 nm PAR
0.5 1.33 3.70 0.29 0.011 0.25 0.86 0.41 0.32 0.29 0.26 0.22
25 1.36 4.69 0.29 0.010 0.25 0.88 0.41 0.33 0.30 0.20 0.18
5 214 8.75 0.28 0.013 0.21 0.75 0.48 0.42 0.39 0.25 0.20
9 4.42 8.80 0.29 0.012 0.21 0.72 0.65 0.47 0.43 0.32 0.20
135 8.50 7.13 0.30 0.014 0.28 0.91 0.96 0.68 0.65 0.49 0.30
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Fig. 5. Depth profile of temperature (circles) and naturaly in-
duced fluorescence (diamonds, NF/PAR* = upwelling radiance
centered at 683 nm divided by PAR and normalized to 1 at 45 m)
in Estany Redo. For water column measurements, refer to Table 6.

that is known to be more sensitive than DOC measurements
and that was found to predict K, with great accuracy in a
series of Canadian subarctic lakes (r2 = 0.98; Laurion et al.
1997) only explained 72% of K, variability in our study.
These results suggest that the nonchromophoric fraction of
DOC was variable, and that photochemical processes may
have influenced the optical properties of CDOM. The fluo-
rescence (F,) per unit absorption (a, at 320 nm) was highly
variable (coefficient of variation of 41%) and significantly
higher in lakes from the exposed rock category than in lakes
from the meadows and trees categories (P = 0.036). This
ratio has been used as an indicator for the composition and
the molecular weight distribution of the DOC (Hautala et al.
2000 and references therein). Lake water pH that varies sig-
nificantly in our series of lakes is known to influence the
guenching of fluorescence due to metal complexation (Laane
1982) and might account for these variations (Donahue et
al. 1998).

Chlorophyll a and total MAA concentration per se were
not good predictors of UVR attenuation in epilimnetic waters

Laurion et al.

of these mountain lakes. The variability in phytoplankton
composition, self-shading (cell size distribution), and accli-
mation state may, at least partly, explain this low correlation.
Although MAAs showed a low correlation with both axes
of the RDA, they were found in higher concentration in lakes
with low K, and located at high elevation (see Fig. 3), sug-
gesting a photoprotection response to high UV exposure. On
the other hand, it seems that the phytoplankton had some
influence on the lake optical conditions through its influence
on the DOC-specific absorptivity of CDOM (see below).
Furthermore, the contribution of phytoplankton to the atten-
uation of UVR became apparent in clear lakes (e.g., SOS)
when analyzing the changes in the water column (see With-
in-lake variation in UV attenuation).

The linear regression fit between K, and a, (at 320 nm)
was. K, = 1.22 a, — 0.06 (SE for the slope is 0.05; for the
intercept, 0.08). In a study of seasonal variations of lake UV
transparency, this relationship gave similar results: K, =
1.27 a; + 0.3 (Morris and Hargreaves 1997, use of 0.2-um
pore size filters for DOM; K, range between 0.3 and 20 m—?1).
However, in alarge data set of 65 lakes in North and South
America, Morris et al. (1995) obtained the following rela-
tionship: K, = 1.51 a, — 0.12 (r2 = 0.84; K, ranges between
0.14 and 67 m~1). These empirical equations are likely to
differ between different types of environments and conse-
quently should be used with caution. Moreover, the changes
of K, in the water column (e.g., caused by the presence of
alga layers) can have important consequences on the esti-
mation of UVR reaching the benthic communities. There-
fore, the application of this model is limited to the epilim-
netic waters. The estimation of K, as a function of
wavelength can also be obtained from empirical exponential
models (as in Morris et a. 1995; Laurion et a. 1997; Mar-
kager and Vincent 2000), but such extrapolations may be
subject to errors.

CDOM optical properties—To characterize CDOM opti-
cal properties, different authors have used the absorption and
fluorescence of CDOM (excitation/emission matrix, fluores-
cence efficiency; Coble et al. 1990; Hautala et al. 2000) and
the shape of the absorption spectra (the slope parameter S).
The DOC-specific absorptivity provides an additional means
for distinguishing the sources and types of CDOM (Blough
and Green 1995 and references therein). The spectral slope
parameter has been related to the source (freshwater versus
marine or allochthonous versus autochthonous; Blough et al.

Table 6. Estany Redo: water optical properties (Chl a, total MAAs, DOC, F,, a, and DOC-specific a, at 320 nm) and K, values
calculated in water slices of 2-5 m corresponding to the four depths where the water was sampled. Values in italics were calculated on

irradiance values approaching the detection limit of the instrument.

ag*
(L mg K, (m)

Depth Chla  MAAs  DOC Fy a, DOC* d
(m (gL (ugL?YH (mgL-? (nm~1) (m™9) m-1) 305nm 320nm 340 nm 380 nm PAR
2 1.08 5.56 0.80 0.031 0.48 0.60 0.34 0.27 0.25 0.15 0.16
10 0.94 4.25 0.66 0.029 0.35 0.52 0.34 0.29 0.23 0.17 0.13
25 211 0.20 0.53 0.028 0.92 175 0.79 0.48 0.39 0.25 0.14
35 257 0.16 0.49 0.051 0.71 147 — — 0.51 0.29 0.15
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1993), the composition (fulvic versus humic acids; Carder
et al. 1989), and the photochemical transformation of
CDOM (photobleaching; Morris and Hargreaves 1997; Vod-
acek et al. 1997; Whitehead et a. 2000).

The values of a,* found in our study fall within the range
of values reported in Morris et al. (1995; a;* at 320 nm =
0.20-2.66 L mg—* m~*) for a similar range of DOC concen-
trations (n = 40; average of 1.46 mg L~—%). We observed that
the DOC-specific absorptivity was significantly lower in
lakes influenced by autochthonous sources (as assumed for
those in the exposed rock category) than in lakes influenced
by allochthonous sources (meadows and trees categories).
For example, the lowest value of a* was found in PJO, a
lake at high elevation partially surrounded by meadows, with
a catchment-to-lake area ratio of 7, and showing high Chl a
concentration (7.8-9.9 mg L—*). DOM derived from autoch-
thonous sources is known to be less aromatic and to contain
a lower fraction of fulvic acids than the allochthonous DOM
and consequently has lower DOC-specific absorptivity
(McKnight et al. 1994; Morris et al. 1995). In the RDA, a
second source of variation within this lake series was asso-
ciated with a;* (7% of total variance) that was negatively
correlated with Chl a and positively with the catchment-to-
lake area ratio. This ratio can be considered as an index of
the contribution of allochthonous material to the DOM pool,
while Chl a represents the autochthonous contribution. On
the other hand, the difference in a;* when deep values were
compared (exposed rock category versus meadows + trees
categories) was not significant. Because the Chl a concen-
tration was generally higher in deeper waters, the influence
of the algal CDOM source on a,* was expected to be larger
in these layers; especialy when the inputs from the catch-
ment are not dominant. Therefore, it is difficult to attribute
the differences found in surface waters exclusively to
CDOM sources.

In the marine environment, the lower aromatic carbon
content of DOM is associated with higher S values caused
by decreased levels of chromophores having extended aro-
matic systems (i.e.,, absorbing at higher wavelengths; see
Blough and Green 1995 for an extended discussion on these
aspects). In our series of lakes, a comparison of Sin lakes
with different dominance in catchment vegetation does not
support this observation, because we did not obtain signifi-
cant differences between lakes with low versus high allo-
chthonous influence (the averaged epilimnetic S value for
the waveband 370-500 nm was actually lower in lakes with
low allochthonous influence; P = 0.067). In our series of
lakes, S varied greatly, a variability also reported for low-
DOM systems (Markager and Vincent 2000). In addition,
there were cases where S was particularly low at the lake
surface (e.g., Estany Redo with 6.1 um-* and Drachensee
with 7.2 um1), i.e., below the range given in the review by
Markager and Vincent (2000) for lakes (9.2-36.2 um~1) or
marine waters (11.5-18 um-2).

Lakes at high elevation are exposed to higher fluence rates
and have deeper penetration of UVR than lowland lakes. The
lower values of epilimnetic a;* found in lakes situated at
higher elevations is in agreement with an increased role of
photobleaching in these transparent systems. This is sup-
ported by the fact that the same comparison (i.e., between
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exposed rock and meadows + trees) of a,* in deep layers,
i.e., of waters less influenced by photolysis, did not show
significant differences. Furthermore, for all categories
merged, surface values of a,* were significantly lower than
in deep layers. However, the same comparison for S did not
yield any significant differences to support this hypothesis.
Vodacek et a. (1997) have shown that photobleaching of
marine coastal waters causes an increase in S, while Twar-
dowski and Donaghay (1998) showed increases in S as a
function of radiation dosage. These authors suggested that
the increase in Sis caused by a shift in the absorption spec-
trum to lower wavelengths when large humic complexes are
broken down. On the other hand, Morris and Hargreaves
(1997) dso found a correlation between UV doses and
CDOM properties in lake systems, but these authors found
lower S values in surface waters and a declining S during
summer (Swas calculated over awider range: 280—700 nm).
These contrasting results underline the complexity of factors
and processes involved in the accumulation and decompo-
sition of organic matter. Most likely, the signature left by
photobleaching is continually altered by the input of fresh
CDOM. For example, the difference found between surface
and deep a,* values is no longer significant when data in
July are tested separately. The input of fresh CDOM to sur-
face waters during snowmelt in July likely explains the high-
er values of a;, and a;* sometimes found in the upper first
meter of the water column and the absence of a clear depth
gradient caused by photobleaching. The contrasting mixing
and flushing rates in such a series of lakes create a variety
of scenarios that may preclude finding any consistent rela-
tionships between S UV exposure, and the source of
CDOM. Whitehead et al. (2000) recently demonstrated the
importance of mixing rates on CDOM absorbance losses,
with larger absorbance losses in fast mixing systems. More-
over, a recent study showed how the ionic conditions may
influence photobleaching rates (Reche et a. 1999). Their re-
sults indicate that humic substances are more susceptible to
photobleaching in alkaline lakes. The varying pH in our lake
series indicates another source of variability in the relation-
ships between a,*, S, catchment type, and UV exposure.

Within-lake variation in UV attenuation—The deep pen-
etration of UVR in two stratified lakes gave us the oppor-
tunity to relate in-lake differences in UV attenuation with
the optical water properties. These examples highlight the
importance of considering phytoplankton and/or photo-
bleaching when evaluating UV exposure in mountain lakes.
For instance, phytoplankton was shown to contribute signif-
icantly to UV attenuation in SOS, alake with very low DOM
concentration. In this lake, UV attenuation and Chl a con-
centration clearly increased with depth, while no changes
were observed in any of the filtered lake-water measure-
ments (DOC, F,, and a,). Moreover, high concentrations of
UV-absorbing compounds were found in phytoplankton of
SOS (3.7-8.8 ug MAAs L%, Table 5). These results suggest
that the phytoplankton biomass was responsible for this in-
crease in UV attenuation. However, the use of tota MAA
concentration (as extracted in a solvent) is not appropriate
to estimate K, (the correlation between K, and MAAs was
not significant). In GKS, Sommaruga and Psenner (1997)
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also observed that the increase in UV-attenuation coefficients
at depth was accompanied by the formation of a deep Chl
a maximum. A study of 48 apine lakes of the same region
showed that Chl a concentration was indeed correlated to
total phytoplankton biomass (r2 = 0.94, P < 0.001; Som-
maruga et a. 1999a). SOS is an example where the esti-
mation of UV attenuation using DOC (or any other filtered
water properties) would lead to a large overestimation of the
radiation reaching deeper waters.

We also found evidence of the importance of photobleach-
ing on UV attenuation. In RED, the lower K, values in the
epilimnion were accompanied by lower a, and a,*. The lake
was sampled in September, when the whole epilimnion was
well mixed and exposed to more than 1% of surface UVB
(at 305 nm). Bulk measurements of DOC did not provide
information on the behavior of UVR despite the large dif-
ference observed in K,. Moreover, the lower concentration
of Chl a in the epilimnion (a difference of ~1 ug Chl a
L-1) seems insufficient to explain such differencesin K. In
addition, the concentration in UV-absorbing compounds
(MAASs) was two orders of magnitude higher in the epilim-
nion. In a clear lake of northeastern Pennsylvania (Morris
and Hargreaves 1997), K, in the epilimnion decreased by
midsummer to 24% of the spring value. Likewise, in the
study of Vodacek et al. (1997), up to 70% of the CDOM
absorption and fluorescence was lost through photobl eaching
from the river mouth to the outer shelf. Hence, aloss of 40—
50% in UV transparency seems reasonable for a severa
week exposure to high fluence rates (stratification began in
July). Interestingly, in our case, S was lower in the epilim-
nion compared to deeper water values (6.1, 10.5, 15.2, and
18.8 um=t at 2, 10, 25, and 35 m depth, respectively) that
do not support the results obtained in marine waters (Vod-
acek et al. 1997; Twardowski and Donaghay 1998).

Implications of climatic changes for alpine lakes—The
penetration of UVR in alpine lakes is comparable to values
found in the open oligotrophic ocean (Smith and Baker
1981) and is among the highest reported for lake environ-
ments (Kirk 1994; Morris et a. 1995; Vincent et a. 1998b).
Especially in clear water lakes, a small change in CDOM
would likely lead to major changes in water column UVB
and UVA radiation (Williamson et al. 1996) and in the bi-
ologically important UVR/visible spectral balance (Laurion
et al. 1997). Changes in climate, lake hydrology, acid de-
position, and other environmental factors can alter DOM
concentrations in lakes (declining DOM; Schindler et al.
1996; Yan et al. 1996; Schindler and Curtis 1997) and may
be more important than stratospheric ozone depletion in con-
trolling UV exposure (Williamson et al. 1996; Vincent et al.
1998a; Gibson et al. 2000). However, the quantity and di-
rection of changes in climate are expected to be site specific
(Sommaruga-Wograth et al. 1997). Alpine lakes are highly
responsive to climatic warming (Sommaruga-Wograth et al.
1997). In these systems, the export of DOM and nutrients
from the catchment to the lakes is expected to increase with
climatic warming (increased UV protection by CDOM, in-
creased phytoplankton biomass), but the earlier disappear-
ance of the lake ice and snow cover in spring may increase
the accumulated UV exposure during the ice-free season

Laurion et al.

(Sommaruga et al. 1999a). The importance of CDOM in
controlling the variability in UV radiation experienced by
the aguatic biota emphasizes the need to better understand
its sources and fate.

Conclusion

With this study, we demonstrated that the variability in
UV attenuation among lakes situated on an altitudinal gra-
dient is controlled by CDOM, despite the large variability
in the source and nature of their organic carbon inputs. The
absorption of filtered lake water was found to be the best
predictor of UV attenuation in epilimnetic waters of alpine
|akes. However, phytoplankton cells contributed significantly
to the attenuation of UVR in deeper waters, when the algal
biomass was important and the DOM concentration was |ow.
However, variations in the community composition, the
abundance of UV-absorbing compounds, and the photoac-
climation state most likely will affect the absorption prop-
erties of phytoplankton and the relationship between UV at-
tenuation and phytoplankton biomass.

Our results aso indicate that CDOM photobleaching can
become important in certain cases, and needs to be consid-
ered carefully in apine lakes. High incident flux and deep
penetration of UVR in these lakes, in combination with ther-
mal stratification, can have profound effects on UV trans-
parency. Especially in shallow mountain lakes (like GKS,
MPL, OPL, and ROT), the impact of photobleaching on UV
transparency and its positive feedback action may exacerbate
the damaging effects of UVR. The differing importance of
photobleaching might explain the differences between em-
pirical models on UV attenuation found in the literature. In
this study, DOC-specific absorptivity was shown to vary
considerably among and within lakes. We suggest that the
great variability in CDOM optical properties found in moun-
tain lake systems depends on differing sources and biotrans-
formation of CDOM but also on varying UV exposure, light
history, lake-water pH, mixing regimes, and flushing rates.
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