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The optical properties and light climate in the deep and extremely acid Lake Caviahue have been stud-
ied in order to better understand its characteristics and the possible influence upon the phytoplankton
community. The absorption coefficients for the dissolved fraction were maximal in the ultraviolet (UV)
region and the water absorption spectra showed a shoulder around 300 nm, which was attributed to the
concentration of Fe(III). No radiation was detected in the water column below 360 nm. The depth of the 1%
incident radiation was dependent of wavelength, showing its maximum of 13.3 m at 565 nm, compared
to 1.7 m and 4.8 m at 400 nm and 700 nm, respectively. Phytoplankton biomass was low and showed an
almost constant profile with depth despite the relative darkness of the water column. Optical climate of
Lake Caviahue is not typical of high elevation lakes but is more similar to low elevation shallow lakes of
the Andean region. The chemical composition of the water, mainly Fe oxidation state and concentration,
is the responsible for the high attenuation of the UV radiation (UVR). Living organisms are protected of
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UVR because Lake Caviahue waters are a shield against UV-B.

© 2013 Elsevier GmbH. All rights reserved.

Introduction

The quantity and quality of light within an aquatic ecosystem is
a very important physical variable with profound implications on
the biological communities. For example, a direct effect of this vari-
able is the depth distribution, abundance and primary production
of photoautotrophs in the water column, while an indirect effect is
the bacterioplankton enhanced production as a consequence of the
photobleaching of dissolved organic matter (DOM) (Lindell et al.,
1996; De Lange et al., 2003; Engelhaupt et al., 2003).

The underwater light field is affected by the properties of the
incoming irradiance and those of the aquatic medium. The spectral
dimension of light in a water body can be studied by examining
optical properties of water which can be classified as: inherent
properties, that depend on the nature and composition of par-
ticles and dissolved substances in the medium (e.g. absorption
coefficient, scattering coefficient, etc.) and apparent properties,
that depend on the medium and on the geometrical structure of
light (e.g. the angular distribution of the underwater radiation)
(Maritorena and Guillocheau, 1996; Van Duin et al., 2001; Kirk,
2011).

In order to characterize the radiation within an aquatic system
the apparent optical property, diffuse attenuation coefficient (K;) is
calculated based on the measurement of the downward irradiance
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flux at different depths (Kirk, 2011). The attenuation coefficient
will vary spatially and temporally with the chemical and physical
characteristic of the medium. Besides the water itself, dissolved
and particulate matter in the water play a role in the attenu-
ation of ultraviolet (UV) and photosynthetically active radiation
(PAR) (Morris et al., 1995; Bracchini et al., 2004). Light attenua-
tion in most fresh waters is dominated by organic chromophores
or algal biomass. Chromophoric DOM (CDOM) absorption decreases
exponentially with decreasing wavelength. Therefore the short
wavelength visible and UV radiation (UVR) is most highly attenu-
ated (Kirk, 2011). Understanding the depth profile of solar UVR and
its underwater spectral composition is essential, for example, when
evaluating exposure to harmful doses of UVR to aquatic organisms
in their habitats (Huovinen et al., 2003). Alpine lakes (lentic ecosys-
tems located above tree line) and organisms inhabiting them have
been cited to be more sensitive to increased UVR as a consequence
of their elevation and their low content of DOM (e.g. Sommaruga,
2001; Vinebrooke and Leavitt, 2005).

Strongly acidic aquatic environments (pH <4) originate either
naturally (volcanic springs, peat bogs, natural acid rock drainage)
or through anthropogenic activities (acid mine drainage, acidifica-
tion of lakes and ponds) (Geller et al., 1998). Both situations can
lead to similar results: water with low pH often accompanied by
high metal concentrations (particularly iron). Iron-rich lakes of nat-
ural origin are few and in consequence less studied than human
acidified lakes. Lessmann et al. (2000) reported that the light envi-
ronment in acidic lakes is different than in normal lakes because
attenuation of wavelengths <600 nm is enhanced due to the Fe(III)


dx.doi.org/10.1016/j.limno.2013.03.003
http://www.sciencedirect.com/science/journal/00759511
http://www.elsevier.com/locate/limno
mailto:bafficogd@comahue-conicet.gob.ar
mailto:gbaffico@gmail.com
dx.doi.org/10.1016/j.limno.2013.03.003

476 G.D. Baffico / Limnologica 43 (2013) 475-481

in the water. Koschorreck and Tittel (2002) studied benthic pho-
tosynthesis in an acid mine lake with high iron content and stated
that iron-rich waters create an unusual spectral profile, but did not
show the profile. Gémez et al. (2007) found that the presence of
high concentrations of soluble ferric iron in Rio Tinto river (Spain)
protects acidophilic algae from UV radiation in the 200-315 nm
range.

In the present study, absorption coefficients (inherent optical
properties) of acid Lake Caviahue were investigated, and spectral
attenuation coefficients (apparent optical properties) were deter-
mined in order to know the underwater optical climate present
in the lake. The aim of the study was to arrive at a more detailed
understanding of the light climate in a high elevation, deep, natu-
rally acidic, iron-rich lake and its possible effects on the biomass of
the phytoplankton community.

Materials and methods
Study area

Lake Caviahue is located at 1600m a.s.l. in the Copahue-
Caviahue Provincial Park (37°53’ S; 71°02’ W), in the Andean area
of Neuquén Province, Patagonia, Argentina. The lake has two arms
(North and South), an area of 9.2km?, and a maximum depth of
93 m. It is naturally acidified by the acidic waters of the Upper
Agrio River (pH<2) (Pedrozo et al., 2001; Baffico et al., 2004;
Varekamp, 2008), one of the main inflows of the lake, as a con-
sequence of the close location of the river sources to the crater of
the active Copahue Volcano (2965 m a.s.l.). The water of the lake
has a pH<3, high concentrations of sulphate (S042~), iron (Fe),
and aluminium (Al) (Pedrozo et al., 2001; Gammons et al., 2005;
Varekamp, 2008), and low dissolved organic carbon (DOC) con-
centrations (0.2-1.6 mg/l, Beamud et al., 2010). Thermal, chemical,
and biological characteristics of the lake have been described pre-
viously in detail (Pedrozo et al., 2001, 2002; Beamud et al., 2007,
2010; Varekamp, 2003, 2008). The phytoplankton community has
very low diversity and is dominated by Keratococcus raphidioides
(Hansgirg) Pascher (Chlorophyta) accounting for >90% of the total
biomass (Pedrozo et al., 2001; Beamud et al., 2007). The zooplank-
ton community is dominated by the rotifer Philodina sp. (Pedrozo
etal., 2001).

The vegetation on the basin of the lake is mainly composed
of herbaceous steppes with important percentage of naked soil
(between 20 and 60%) below 2000 m a.s.l., and light forest of Arau-
caria araucana trees until 1800 m a.s.l. (Martin et al., 1988). Above
2000 m a.s.l. there are no vegetation on the basin of the lake.

Field methods

The lake was sampled during the warm season in different
years (2000, 2004, 2005, 2007-2011). Samples were obtained at
a central sampling point located at the deepest part of the North
Arm (93 m). Water samples were obtained with a Van Dorn bot-
tle at different depths in order to measure optical properties of
the water and the phytoplankton biomass. Sampling depths were
selected as O (first 20 cm of the water column), 2, 5, 10, 20, 30, 50
and 80 m. The samples were transferred to acid-washed polypro-
pylene containers which were kept in darkness and immediately
taken to the laboratory. Vertical profiles of downward irradiance
for the UV range (290-400 nm, 1 nm resolution) and the visible
range (400-750 nm, 1 nm resolution) were measured using a spec-
troradiometer (USB2000, Ocean Optics; grating #2, UV2/OFLV-4
detector, L2 lens, 25 pum slit) during the 2009 sampling campaign.
UV measurements were made at 0, 10, 20, 40, 60 and 100 cm depth,
while visible measurements were made at 0, 0.1, 0.2, 0.5, 1, 2, 3

and 4 m depth. The equipment was calibrated against tungsten and
mercury reference lamps following the procedure defined by the
manufacturer, in order to give measurements in irradiance units.
The spectral vertical attenuation coefficient for downward irradi-
ance (K, ) was obtained from the slope of the linear regression of
the natural logarithm of measured irradiance versus depth. Since
the distance to the depth where the irradiance falls below the
detection limit was very short, only a few centimetres at UV, the
estimates of K, at these wavelengths are less precise, or in some
cases could not be determined.

Laboratory methods

For the determination of the optical properties, lake water was
filtered with a 0.22 wm membrane (GE nylon syringe filters) to
remove the particulate fraction. The filters were not tested for
potential CDOM release. Absorbance (190-1100 nm, every 1 nm) of
the dissolved fraction was measured with a UV-visible spectropho-
tometer (Hewlett Packard 8453) in a 1cm quartz cuvette, using
filtered deionized distilled water as a blank. Absorbance at 750 nm
was assumed to be zero and was subtracted from each spectrum
to correct for offsets due to instrument baseline drift, temperature,
scattering and refractive effects. Absorbance units were converted
to absorption coefficients (ad) for the dissolved fraction of lake
water as ad =2.303A(A)/l, where A is absorbance, A is wavelength
(nm) and ! is the optical path length (m).

Total Fe concentrations were determined in the filtered
0m depth water sample by total reflection X-ray fluorescence
spectroscopy (detection limit of 1wg/l; 2000, 2004 and 2005
sampling campaigns) or with commercial test kits (detection
limit of 0.02 mg/l, FerroVer Method 8008, HACH Company, USA;
2007-2011 sampling campaigns). Samples were diluted with dis-
tilled water to provide Fe concentrations within the analytical
range of the test.

Phytoplankton biomass was estimated by measurement of
chlorophyll a concentrations. The water samples from each depth
were filtered on glass fibre filters (Whatman GF/F) and kept frozen
at —20°C until extraction in 90% acetone and spectrophotometric
measurements (APHA, 1992).

Results

Absorption coefficients for the dissolved fraction of Lake Cavi-
ahue water showed high values in the UV region and lower values
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Fig. 1. Absorption coefficients for the dissolved fraction of Lake Caviahue water
at 0m depth in different sampling years. Three different concentrations of FeCls
dissolved in distilled water (15, 20 and 25 mg Fe(III)/1) are shown for comparison.
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in the visible region of the spectrum (Fig. 1, visible not showed),
but did not follow the typical exponential decrease characteris-
tic of CDOM. Despite some minor differences between years the
shape of the curves were almost the same, suggesting that sim-
ilar compounds were responsible for the obtained absorptions.
The shape of the curves and the value of absorption were very
similar from the surface to the bottom of the lake (Fig. 2a-e).
Due to the non exponential behaviour of the obtained absorption
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coefficients, it was not realistic to calculate absorption spectral
slopes (as defined by several authors, for example, Morris et al.,
1995; Osburn et al., 2001; Helms et al., 2008; Loiselle et al,,
2009). The absorption spectra showed a higher peak at around
230nm and a clear shoulder at around 300 nm, while in the visi-
ble region, the absorption decreased exponentially with increasing
wavelength (data not shown). The 300 nm shoulder was coinci-
dent with a similar peak found in FeCl; dissolved in distilled water
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Fig. 2. (a-e) Natural log-transformed absorption spectra of Lake Caviahue water at different depths and in different sampling years. A detailed view around 300 nm is shown
in the insets. (f) Absorption coefficient at 300 nm as a function of total Fe concentration in 0 m depth water samples. The equation shows the linear fit for the samples. Fe(III)

concentrations of Fig. 1 are shown for reference (standard).



478 G.D. Baffico / Limnologica 43 (2013) 475-481

1 -
d| =— Air
4| ====0.1m
e I 0.2m
£ 4| —e— 0.4 m
< 0.1 —8— 0.6m
N'E =] —Oo— 1m
E i
) _
[¥)
c
& 0.01 -
T _
] I"
} . -
1S
= I
- d
|
0'001 III|III|III|III||I.II|III
280 300 320 340 360 380 400
1
] ~— b
7 ,_, -‘v-'.—- S ot e g ~———
- -r, / /—"-'\,...-:-"""":. Tv=~4
£
c
o 0.1 -
£
2
Q
e
& 0.01
T
©
-
=
0001 IIII|IIII|IIII|IIII|IIII|IIII

400 450 500 550 600 650 700

Wavelength (nm)

Fig. 3. Spectral irradiance (logarithmic scale) measured in the air (just above water
surface) and at several depths in the water column of Lake Caviahue in summer
2009. (a) Spectral UV irradiance and (b) spectral visible irradiance.

(e.g. Fe(Ill), Fig. 1). Total Fe concentration of the lake water was
around 20 mg/1 (Table 1) and there was a good linear correlation
between these concentrations and ad 3o nm) (R?=0.66, p=0.014,
Fig. 2f).

30

Table 1
Totaliron concentration (mg/l) measured in 0 m depth water samples from Caviahue
lake in different years.

Date Total Fe
04/2000 21.6
03/2004 239
03/2005 21.5
02/2007 15.5
04/2008 21.5
03/2009 18.1
02/2010 16.0
03/2011 17.0

UV irradiance was attenuated in the first centimetres of the
water column (Fig. 3a) implying below 1 m depth there were no
UV radiation present in the lake. Shorter (400-450 nm) and longer
(>650 nm) wavelengths of visible light were also rapidly absorbed
(Fig. 3b). For this reason, K; value increased sharply below 450 nm
and above 650 nm (Fig. 4) but was almost constant for the range
450-650nm. In the visible region, K;; was calculated from the
profiles recorded at the 8 different depths (minimum R? =0.923).
In the UV region, as a consequence of the strong attenuation, K,
was calculated from as many profiles as the data were meaning-
ful (higher than noise), resulting in a different number of points:
366-377nm, 3 profiles (min R%=0.969); 378-391 nm, 4 profiles
(min R?=0.957); 392-400 nm, 6 profiles (min R% = 0.988). As a con-
sequence of this approach, Ky, values below 392 nm could have
some inconsistency. Based on K, values the calculated depth of 1%
incident radiation was wavelength dependent (Fig. 5) with a max-
imum of 13.3 m at 565 nm, compared to 1.7 m and 4.8 m at 400 nm
and 700 nm, respectively. In the UV region, wavelengths lower than
360 nm were attenuated in the top 10 cm of the water column and
the 1% radiation for 380 nm was registered at 0.5 m depth.

Phytoplankton biomass of Lake Caviahue was low for the differ-
ent years (0.06-0.55 mg chl. am~3) and showed an almost constant
profile with depth (Fig. 6), despite the relative darkness of the water
column.

Discussion
Optical properties and light climate

The present study shows that the light climate in the deep and
acidic Lake Caviahue presents some peculiarities that differentiate
this aquatic environment from other lakes. In the visible region of
the spectrum, measured Ky in Lake Caviahue was similar to the
results found in other studies in North Patagonia Andean lakes
(Morris et al., 1995; Pérez et al., 2007, 2010). The main differ-
ence with those studies was that Lake Caviahue showed K, values
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Fig. 4. Spectral vertical attenuation coefficient for downward irradiance (K, ) in Lake Caviahue for the UV (a) and the visible range (b) in the 2009 sampling campaign.
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sampling campaign.

comparable to small area shallow lakes (e.g. Lake Escondido and
Lake Los Patos in Pérez et al., 2010). Unlike shallow lakes, that in
general contain DOM that attenuates the incoming light, Caviahue
is a deep lake with low DOC concentration (Beamud et al., 2007,
2010) where the attenuation of the radiation (mainly UV) is con-
trolled by the chemical composition of its water (see more details
below). The low DOC content could be attributed to a low organic
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Fig. 6. Chlorophyll a concentration (indicator of phytoplankton biomass) at differ-
ent depths in Lake Caviahue.

matter production in the basin of the lake (herbaceous steppes
with small forests and important percentages of naked soil), and
a low in situ production in the lake (oligotrophic). Compared with
North Patagonia Andean deep lakes, Caviahue shows high attenu-
ation of light resulting in a dark water column. For example, the
depth of the 1% incident radiation was a little more than 13 m only
for the range 544-577 nm, while for the remaining visible range
it varied between 1.7 and 10 m (400 and 500 nm, respectively) or
between 9 and 4.8 m (600 and 700 nm, respectively). This means
that the potentially photoautotrophic zone is less than 10% of the
water column of the lake. However, despite the relative darkness of
the water column, phytoplankton distribution was almost constant
with depth. Vertical mixing of the whole lake was considered to be
minimal during the sampling dates due to thermal stratification in
summer months (Varekamp, 2003; Beamud et al.,2007). The appar-
ent contradiction between a dark water column and phytoplankton
distribution could be attributed to the possible mixotrophic nutri-
tion (Beamud et al., 2010) of the dominant phytoplanktonic species
present in the lake (K. raphidioides). Mixotrophy is used in a broad
sense to describe an organism that undertakes some combination of
both photoautotrophic and heterotrophic nutrition (Jones, 1994).

Generally, high elevation Andean lakes are shallow and their
waters contain low DOC concentrations, implying that the pene-
tration of UVR is substantial throughout the water column (Morris
etal., 1995). By contrast, Lake Caviahue showed a strong UV attenu-
ation, and only a portion of the UV-A range (360-400 nm) is present
in the first centimetres of the water column while the shorter wave-
lengths are attenuated in the top 10 cm. Measured Ky3gp) in Lake
Caviahue was 10.59m!, that means 3 times higher than in Lake
Escondido (a shallow Andean lake with high DOC content located
at ~770m a.s.l.), or 53 times higher than in Lake Gutierrez (a deep
Andean lake with low DOC content located at ~770 m a.s.l.), or 143
times higher than in Lake Schmoll (a shallow Andean lake with low
DOC content located above the tree line, ~1900 m a.s.l.) (Morris
et al., 1995). For this reason, the optical climate of Lake Caviahue
is not typical of high elevation lakes but is more similar to low ele-
vation shallow lakes of the Andean region, despite its location at
1600 m a.s.l.

Iron as a shield

The chemical composition of the water, mainly Fe, is responsi-
ble for the very high attenuation of the UVR. In this sense, Lake
Caviahue waters were a shield against UV-B because below the
wavelength of 360 nm no light penetrates more than a few mm
into the water column. As a result of this strong cut in UVR, living
organisms may be protected against its deleterious effects (Sinha
and Hader, 2002). The main source of protection could be the Fe(III)
concentration of the water because iron in this oxidation state
presents a high absorption in the UV range (Feng and Nansheng,
2000; McKnight et al., 2001) as shown in Fig. 1. The height of the
observed shoulder in the absorption at 300 nm was correlated to
the total Fe concentration probably because Fe(Ill) represents the
major proportion of total Fe in Lake Caviahue (Gammons et al.,
2005). Presumably, other compounds (CDOM, iron ligands or other
chromophores) also contribute to water absorption and have influ-
enced the spectral shape around 300 nm, giving as a result a slight
difference between the spectra of Fe(Ill) and lake water. Recently,
Xiao et al. (2013) showed that Fe associated with humic substances
produces not only an important increase in light absorption by
CDOM but also a change in the spectral slopes used for the charac-
terization of CDOM.

The results of ferric iron as a protection agent against UV are
coincident with the findings of Gémez et al. (2007) in Rio Tinto,
an extremely acidic river in Spain with very high Fe concentration
(27 g/1). These authors showed the absorption of Fe(Ill) in the UV
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range and demonstrated through laboratory experiments the pro-
tection of ferric iron against UVR on the growth of algal species
obtained from the river. In the present case, the UV protection that
Lake Caviahue water represents was derived from measurements
of UVR carried out in the lake showing values below the detection
limit of the instrument. A difference between both studies is that
the Fe concentration in Rio Tinto is several orders of magnitude
higher than in Lake Caviahue (~20 mg/l), but despite this lower Fe
concentration in Caviahue water the shielding effects against UVR
still is very important. In neutral water bodies, the CDOM protects
organisms from the effects of UVR, while in iron-rich environments
protection comes from this element (particularly as Fe(Ill)) accord-
ing to the present and other studies (Pierson et al., 1999; Phoenix
et al., 2001; Maloney et al., 2005; Gémez et al., 2007), resulting
probably in an equally effective protection against this radiation.

Effects on phytoplankton community

The phytoplankton chlorophyll concentrations measured in the
lake were very low throughout the measurement periods. Accord-
ing to Pedrozo et al. (2001) Lake Caviahue is ultraoligotrophic if it is
classified by the chlorophyll concentration, but mesotrophic based
on the values of algal density or fresh weight of phytoplankton.
These authors relate the difference between both estimates with
the low primary production of algae due to unfavourable water
column light climate or nutrient limitation. While nitrogen limita-
tion has been suggested for Lake Caviahue, due to the low recorded
concentrations (Pedrozo etal.,2001; Beamud et al.,2007,2010) and
the imbalance in the N:Pratio (Pedrozo et al.,2001; Gammons et al.,
2005), the values of phytoplankton biomass that allow to classify
the lake as mesotrophic imply that the nutrients necessary to reach
that level of biomass were obtained. However, for Lake Caviahue
not only nutrient but also light limitation needs to be considered. In
this sense, in the wavelengths in which the chlorophyll a molecule
has its absorption peaks (around 430 and 660 nm) the 1% of the
incident radiation is found at 5 and 6 m depth, respectively. There-
fore, the photosynthetic zone in the lake is greatly reduced (as is
shown in the present study), so maybe the mixotrophic nutrition
of algae does serve a twofold purpose: first to offset any nutrient
limitation and second to cope with a low amount of light that does
not allow the photoautotrophy except in a few metres of the upper
water column. Future research on the physiology of K. raphidioides
will allow a more complete understanding on the nutritional mode
of this species.
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