Biogeosciences, 10, 103¥85Q 2013
www.biogeosciences.net/10/1037/2013/
doi:10.5194/bg-10-1037-2013

© Author(s) 2013. CC Attribution 3.0 License.

$s920y uadQ

Interactive effects of vertical mixing, nutrients and ultraviolet
radiation: in situ photosynthetic responses of phytoplankton from
high mountain lakes in Southern Europe

E. W. Helbling?, P. Carrillo 2, J. M. Medina-Sanche?, C. Duran?, G. Herrera?, M. Villar-Argaiz 3, and V. E. Villafafie!

1Estacon de Fotobiologa Playa Unbn and Consejo Nacional de Investigaciones Glieats y Tecnicas (CONICET) —
Casilla de Correos no. 15 (9103) Rawson, Chubut, Argentina

2Instituto Universitario de Investigami del Agua, Universidad de Granada, Granada, Spain

3Departamento de Ecolag Facultad de Ciencias, Universidad de Granada, Granada, Spain

Correspondence td. W. Helbling (whelbling@efpu.org.ar)

Received: 12 April 2012 — Published in Biogeosciences Discuss.: 31 July 2012
Revised: 16 January 2013 — Accepted: 17 January 2013 — Published: 14 February 2013

Abstract. Global change, together with human activities, hasder ambient nutrient conditions there is a synergistic effect
resulted in increasing amounts of organic material (includ-between vertical mixing and UVR, increasing phytoplank-
ing nutrients) that water bodies receive. This input furtherton photosynthetic inhibition and excretion of organic carbon
attenuates the penetration of solar radiation, leading to thEOC) from opaque lakes as compared to algae that received
view that opaque lakes are more “protected” from solar ul-constant mean irradiance within the epilimnion. The opposite
traviolet radiation (UVR) than clear ones. Vertical mixing, occurs in clear lakes where antagonistic effects were deter-
however, complicates this view as cells are exposed to flucmined, with mixing partially counteracting the negative ef-
tuating radiation regimes, for which the effects have, in gen-fects of UVR. Nutrient input, mimicking atmospheric pulses
eral, been neglected. Furthermore, the combined impacts dfom Saharan dust, reversed this effect and clear lakes be-
mixing, together with those of UVR and nutrient inputs are came more inhibited during mixing, while opaque lakes ben-
virtually unknown. In this study, we carried out complex in efited from the fluctuating irradiance regime. These climate
situ experiments in three high mountain lakes of Spain (Lakechange related scenarios of nutrient input and increased mix-
Enol in the National Park Picos de Europa, Asturias, anding, would not only affect photosynthesis and production in
lakes Las Yeguas and La Caldera in the National Park Sierrdéakes, but might also further influence the microbial loop
Nevada, Granada), used as model ecosystems to evaluate thed trophic interactions via enhanced EOC under fluctuat-
jointimpact of these climate change variables. The main goalng UVR exposure.
of this study was to address the question of how short-term
pulses of nutrient inputs, together with vertical mixing and
increased UVR fluxes modify the photosynthetic responses
of phytoplankton. The experimentation consisted in all pos-1 Introduction
sible combinations of the following treatments: (a) solar radi-
ation: UVR+ PAR (280-700 nm) versus PAR (photosynthet- Increased global temperature, changes in precipitation, en-
ically active radiation) alone (400-700 nm); (b) nutrient ad- hanced levels of solar ultraviolet radiation (UVR, 280—
dition (phosphorus (P) and nitrogen (N)): ambient versus ad400 nm) together with other anthropogenic activities (e.qg. in-
dition (P to reach to a final concentration of 30 pgPLand  creasing input of nutrients due to land or agricultural use)
N to reach N:P molar ratio of 31); and (c) mixing: mixed (one have significantly altered natural conditions of aquatic bod-
rotation from surface to 3 m depth (speed of 1 m 4jrto- ies, causing direct and indirect effects on phytoplankton
tal of 10 cycles)) versus static. Our findings suggest that un{Hallegraeff, 2010; Hder et al., 2011; United Nations En-
vironment Programme, 2012). Solar UVR, either at normal
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or enhanced levels (due to the depletion of the ozone layer) i§Williamson et al., 2009), and increasing inputs of terrige-
generally a stressor for phytoplankton, affecting growth andnous material (i.e. dissolved organic matter, DOM) have been
productivity rates and causing DNA damage, among otheretermined in lakes over a wide range of freshwater envi-
effects (see reviews by Buma et al., 2003; Villadaet al., ronments (Findlay, 2005; Evans et al., 2006). These find-
2003). However, it can also have positive effects as UV-A en-ings lead to the view that cells in the water column would
ergy is used to photorepair DNA damage (Buma et al., 2003yeceive less solar radiation, thus reducing the impact of
or it can be used for photosynthesis when PAR is limitedUVR on the biota of surface waters (Williamson and Rose,
(Barbieri et al., 2002; Gao et al., 2007). Under conditions 0f2010). However, previous studies (Villdifa et al., 2004)
global warming, it is expected that the temperature increaseletermined higher rates of UV-B-induced DNA damage in
would produce a stronger (i.e. higher gradient at the thermoopaque lakes as compared to clear lakes, hinting for the cru-
cline) and shallower epilimnion, which may have profound cial role of vertical mixing by exposing dark-acclimated cells
effects on organisms and ecosystems, especially by exposing surface irradiances.
them to higher radiation levels and/or a different fluctuating With the aim to assess the effects of multiple variables on
radiation field (Hder et al., 2011). Also, under this scenario, phytoplankton photosynthesis we performed experiments in
nutrients would be depleted from the epilimnion (as mixing three high mountain lakes of Spain. These lakes have differ-
with deep waters would be prevented) and thus productivityent biological and physical characteristics that allowed for a
might decrease (Beardall et al., 2009; Raven et al., 2011)wide range of responses under relatively similar experimen-
therefore, the impacts of UVR might be greater (Litchman ettal conditions, so we used them as model ecosystems to re-
al., 2002; Shelly et al., 2005). In other cases, however, nuspond to a question that now deserves major attention: How
trients would not be limiting, as their inputs occur via the does mixing within the epilimnion modify UVR-inhibition of
atmosphere or carried by rivers, as shown for various lakegprimary producers under inorganic nutrients—pulsed in two
and coastal environments (Xenopoulos et al., 2002; Carrillocontrasting lake scenarios: transparent vs. opaque? Hence,
et al., 2008; Hessen et al., 2008). we are testing the following hypothesis: fluctuating irra-
Within any ecosystem different variables can interact indiance (i.e. due to vertical mixing of the water column),
complex synergistic or antagonistic ways (Folt et al., 1999;together with nutrient inputs, will cause a greater UVR-
Crain et al., 2008) and, therefore, exceeding or attenuatingnduced damage (i.e. assessed through measurements of pho-
the additive effect of single variables. For example, Chris-tosynthetic efficiency and activity) on phytoplankton from
tensen et al. (2006) showed that changes in biomass of planlepaque lakes as compared to those from clear lakes. This,
ton consumers and producers in boreal lakes, over a 23-yr pan turn, would result in higher amounts of carbon released by
riod, were best explained by the interaction between warm-the UVR-stressed organisms.
ing, drought, and acidification, rather than by the sum of their
individual effects. In another study (Helbling et al., 2003) it
was found that the negative effects of UVR on phytoplankton2 Methods
photosynthesis were highly reduced and even reversed under
conditions of fast mixing. Carrillo et al. (2008) found that 2.1 Model ecosystems
phosphorus (P) inputs from Saharan dust unmasked the dele-
terious effects of UVR on algae from a high mountain lake. This study was done in three high mountain lakes of Spain
Furthermore, P inputs increased algal biomass and both, Rheir general characteristics are presented in Table 1): (a)
inputs and UVR exposure reduced the seston carbon to pho&nol (4316 N, 4°59 W) (hereafter LE), located in a cal-
phorus (C:P) ratio (Xenopoulos et al., 2002; Carrillo et al., careous massif at Picos de Europa National Park in the
2008; Hessen et al., 2008) enhancing consumer growth byAsturias Province. This lake is oligotrophic (based in its
simultaneously improving food quantity and quality (Villar- Chl a concentration range), with low light penetration in
Argaiz et al., 2012). the water column (Velasco et al., 1999); the lake watershed
Overall, it is expected that significant interactions betweenarea is highly influenced by cattle activity; (b) Las Yeguas
mixing, solar radiation and nutrients would occur and thus it (37°02 N, 3°22 W) (hereafter LY), is a small and shallow,
is not possible to predict or extrapolate responses of organwith inlets and outlets, and highly transparent oligotrophic
isms or ecosystems based on single-variable studies. Mordake (Medina-&nchez et al., 2010) located in Sierra Nevada
over, evaluating multifactor interactions influencing ecosys-National Park in the Granada Province; and (c) La Caldera
tem structure and functioning is critical to the understanding(37°3' N, 3°19 W) (hereafter LC) is a remote high mountain
of their response to global change (Crain et al., 2008; Haldake located above the tree-line also in the Sierra Nevada Na-
legraeff, 2010). This is particularly urgent in southern lati- tional Park (Granada Province) with no visible inlets or out-
tudes of Europe where droughts, atmospheric inputs of nulets. The lake is oligotrophic, highly transparent (Bullejos et
trients from desert areas or periods of elevated temperatural., 2010) with dissolved organic carbon (DOC) levels gener-
are increasingly frequent events (Bullejos et al., 2010). Highally < 1 mg L~ (Reche et al., 2001). The pelagic community
mountain lakes have been considered “sentinels of change’ strongly P-limited, with DIN to total phosphorus (TP) ratio
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Table 1.General characteristics of the studied lakes and mean coninitial physical, chemical, optical and biological characteris-
centrations £SD) of inorganic, total and sestonic carbon (C), ni- tics of the water column were determined and water samples
trogen (N) and phosphorus (P) in surface waters of lakes Enol (LE)were collected for carrying out measurements of photosyn-

Las Yeguas (LY) and La Caldera (LC). TP: total phosphorus (UM); thetic activity and efficiency as described below.
SRP: soluble reactive phosphorus (uM); TN: total nitrogen (UM);

NO3 : Nitrate (LM); DIN: dissolved inorganic nitrogen (uM); DOC:
dissolved organic carbon (mgt). The ratio DIN to TP is ex-
pressed by weight.

2.2 Experimentation

To assess the combined effects of vertical mixing, nutri-
ent and ultraviolet radiation (UVR) on carbon incorpora-

Lake

Variable LE Ly LC tion/excretion of natural phytoplankton communities, water
Height (ma.s.l.) 1075 2800 3050 samples were taken within the upper 3 m of the water col-
Max. dnizpth (m) 12 8 12 umn and dispensed into round, 50-mL quartz vessels (three
Area (n?) 120000 2530 20000 ot ;

P 011040054 0.1090.003 0.1280.007 clgﬁr and one c:arklﬁfr radiation treatment) and incubated
SRP 0.075£0006 0.0510.003 00420003  With 0.37 MBq of NaH“COs (DHI Water and Environment,

TN 26.68+1.18  11.46£2.15  12.65-1.52 Germany) specific activity of 310.8 MBg mmdl. Two radi-

NO3 27.68£0.28  6.59£0.23  10.95:0.91 ation treatments were implemented: (a) PARV-A + UV-

DIN 250L£044 66702  11.78:053 B (280—700 nm) uncovered vessels (treatment UVR); and (b)
DIN/TP 117.87+12.53  27.64:0.27 417104

DOC 29384045 101011  1.078:0.08 or_1|y PAR (400—700_nm) (treatment PAR) vessels covered
C:P seston 513+ 123 401+ 12 460+ 32 with UV Opak 395 filter (Ultraphan, Digefra) (the spectral
N:P seston 58+11 30+1 34+6 characteristics of this filter is published elsewhere; Figueroa

et al., 1997). As mentioned before, UV-B and UV-A could
have both beneficial and negative impact; however, in our

of 30-90 (by mass) (Carrillo et al., 1996; Villar-Argaiz et al., study we did not separate the single effects of each waveband
2001) and molar algal N:P ratie 30 (Delgado-Molinaetal., due to space constraints in our in situ incubation system.
2009). The three lakes are, in general, frozen 7-9 months peXevertheless, the two radiation treatments that we imple-
year, and they are “open” and accessible only during summemented allowed us to determine the overall effects of UVR

The three lakes selected for experimentation share somg.e. as a balance between the negative and positive effects
characteristics that are essential to answer our main quegroduced by UV-B and UV-A).
tion. The three of them receive pulses of nutrient inputs from Samples were also exposed to two nutrients conditions:
the surface; however, while in LE these nutrients originate(a) natural (ambient) nutrient concentration (period without
mainly from cattle activity (lbpez-Merino et al., 2011), LY nutrient inputs) and, (b) nutrient addition: Phosphorus (as
and LC experience frequent inputs of atmospheric SaharaiNapHPQy) to a final concentration of 30 ug P'E, and ni-
dust containing high P levels, with TN to TP ratio rang- trogen (as N@QNH,4) to reach an N to P molar ratio of 31. In
ing from 10 to 50 in dust deposition (Morales-Baquero et this way, we simulated and kept the proportion of nutrient in-
al., 2006). Due to this surface input of nutrients, and con-put caused by pulses of Saharan dust as previously shown by
sidering the variables that we are taking into account (i.e.Morales-Baquero et al. (2006). It is important to note that we
mixing and UVR) our study focused on processes and phy-did not pre-acclimate the samples to these enhanced nutrient
toplankton responses occurring only within the upper partconditions, as we were interested in assessing any rapid algal
of the water column. response (occurring within a time frame of hours) to the nu-

Previous studies (Medinad8chez et al., 1999), as well trient pulses in combination with mixing and UVR exposure.
as the data presented here, indicate that none of the lakes The vessels were distributed in two round trays, with one
develop a deep chlorophyll maxima (DCM) and that phy- of them put at a fixed depth (static samples — fixed irradi-
toplankton is well mixed and equally distributed in the wa- ance) that varied between 1.3 and 1.4 m (according to their
ter column. In this study we are not considering deep clealPAR attenuation coefficienKpar) to receive the mean ir-
lakes with a DCM (that normally occurs below the epil- radiance of the upper 3 m of the water column (Helbling et
imnion) as any potential impact of the variables that we areal., 1994). The other tray was moved vertically up and down
addressing would be indirect on the DCM. In addition, asfrom the surface to 3 m depth at a constant speed of 1 m every
mentioned before, climate change would drive the water col-4 min (mixed samples —fluctuating irradiance). The depths of
umn towards a shallower and more stable epilimnion thusincubations were determined both based on temperature pro-
isolating even more the DCM from the upper (stratified) files obtained in this study and on previous studies conducted
part of the water column. in LY and LC (Delgado-Molina, 2008). The number of vari-

The experiments carried out in LE were done from 22—ables and treatments considered in our study precluded us
28 July 2010 whereas those done in LY and LC were dongo carry out in situ static incubations at multiple depths, and
from 10-13 September 2010 (period in which the Sahararthus we used a fixed depth equivalent to the mean PAR ir-
dust did not reach the lakes). Before experimentation, theadiance in the upper 3m of the water column. This setup
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allowed us to compare among lakes, based on PAR; howbroadband channel for PAR (400-700 nm). Vertical profiles
ever, in doing this, and due to the differential attenuation ofof solar radiation in the water column were also obtained at
solar radiation, it was not possible to match both UVR andnoon with a submersible BIC compact 4-channel radiometer
PAR in the mixing and static treatments, especially in opaqugBiospherical Instruments Inc., CA, USA) that has the same
lakes. All this resulted in higher UVR exposure of sampleschannels as described before, in addition to temperature and
under mixing as compared to static ones, thus, data from lakeepth sensors. The mean PAR irradiance within the upper
Enol under mixing might overestimate the impact of UVR 3 m of the water column {par) was calculated as

as compared to the static samples. The speed of mixing wa
selected the day before experimentation by doing measure?m(PAR) = loear [1 — eXp(—kdPar )1/ kaPAR 2 1)
ments of the effective photochemical quantum yield (QY) atwhere bppar) is the mean incident surface irradiankgpar)
different depths in the water column and at the surface, ands the mean attenuation coefficient for PAR, anslthe depth
applying the model described in Villdia et al. (2007). The to where the samples were mixed (3 m). In the case of fixed
incubations lasted 4 h therefore, a total of 10 cycles (surface samples the mean PAR irradiance, comparable to a 3 m mix-
down to 3 m —surface) were completed. In the case of LE, weng layer, was received at 1.3 or 1.4 m depth. The mean at-
performed an additional experiment by measuring QY undertenuation coefficient of PAR for the water column was cal-
a slower circulation speed of 1 m every 16 min (one cycle).culated from the irradiance vs. depth profiles done with the
The whole setup was deployed from the stern of a small boasubmersible radiometer, fitting all the data points>(200

that was anchored over a deep section of the lakes, with theer profile) with an exponential curve.

stern always facing the Sun. The tray and a UVR-transparent Physical and chemical characteristics of the water col-
bag (see below) were deployed at about 2 m away from theimn temperature, conductivity, dissolved oxygen, and pH
side of the boat by using an aluminum pole, so that they didwere determined using a multiparameter probe (Turo water
not receive shadows or any type of inputs from the shorelinequality analysis T-611). Vertical profiles of these variables
(this was especially important in LE, as cattle and tourism ac-were obtained daily at noon; temperature data was used to
tivities sometimes result in re-suspension of sediments closéletermine the strength of the thermocline and the depth of
to shore, thus affecting the underwater light field). the epilimnion in the water column.

The tray (i.e. mixed samples) was vertically moved in the The total CQ concentration in the lakes was calculated
water column by a custom-made mixing simulator using afrom alkalinity and pH measurements (APHA, 1992). Spec-
frequency-controlled DC motor (Maxon motor, Switzerland) trophotometric techniques were used to determine nitrate
to impose a constant transport rate on the tray. In this mov{NO3) and soluble reactive P (SRP) (APHA, 1992). Sam-
ing device, a UVR-transparent bag containing surface lakeples for total phosphorus (TP) and total nitrogen (TN) were
water (10L) was also moved up and down together with,digested using potassium persulfate at 120for 30 min,
and counterbalancing the previously described tray. The samand then analyzed as SRP or NOrespectively (APHA,
ples inside this bag received full solar radiation, and the1992). Seston samples were collected in triplicate by filter-
water was pumped (in a closed circuit) from the bag to aing 300-500 mL onto pre-combusted filters (Whatman GF/F
pulse-amplitude modulated (PAM) fluorometer for measure-25 mm diameter). The samples were analyzed for C and N
ments of Chla fluorescence (see below); however, and dueusing a CNH analyser (Perkin-Elmer Model 2400), and for
to space limitations, no measurements were performed undd? content by a colorimetric method after persulphate ox-
other different radiation treatments. A custom-made dark-idation (APHA, 1992). The C:N:P ratios were calculated
ened flow-through measuring quartz cuvette (5 mL) was con-on molar basis.
nected to a pump that continuously pumped water containing Incorporated and excreted carboafter the 4 h of in situ
phytoplankton from and to the bag via a dark 4 m silicon tubeexposure to solar radiation, the samples were immediately
(5 mm diameter). The flow rate was ca. 250 mL mlinso it filtered under low pressure<(100 mmHg) to minimize cell
was enough to keep cells a minimum of timeI min) inthe  breakage, and fractionated in size fractions as follows: sam-
silicon tube before being measured. Fluorescence ofaChl ples from LE were filtered through 3 um Whatman GF/D fil-
data was acquired at a frequency of 1 datum every 10s durters (25 mm diameter) and then through 0.7 um Whatman

ing 2 h of incubation. GF/F filters (25mm diameter) to determine the presence
of picoautotrophs (3—0.7 um) that might have incorporated
2.3 Analyses and measurements some carbon. However, samples from LC and LY were fil-

tered only through 1 um Nuclepore filters (25 mm diameter)
The following measurements and analyses were done durings previous studies (Carrillo et al., 2002) already confirmed
these experiments: the absence of picoautotrophs. The filters were put in 20-
Solar radiation incident solar radiation was continuously mL scintillation vials, and inorganic carbon was removed by
monitored using a surface BIC compact 4-channel radiomeadding 100 pL of 1 N HCI and allowing the vial to stand open
ter (Biospherical Instruments Inc., CA, USA) that has threein a hood for 24 h (no bubbling) (Lignell, 1992). Excreted
channels in the UVR region (305, 320, and 380 nm) and onedrganic carbon (EOC) was measured in 4 mL subsamples,
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collected from the 0.7 or 1 um filtrate that were putin 20-mL Al, Zeiss — High resolution microscopy camera Axiocam
scintillation vials, together with 100 uL of 1 NHCI to elim- HRc, Zeiss); biovolumes were calculated according to Car-
inate the excess inorganic radiocarbon. After acidification,rillo et al. (1995). Cell volume was converted to phy-
scintillation cocktail (Ecoscint A) was added to both samplestoplankton carbon using the conversion factors reported
for carbon incorporation and excretion, and counted using &y Rocha and Duncan (1985).

scintillation counter (Beckman LS 6000TA) equipped with

an internal calibration source. The carbon incorporated an®-4 Data treatment, calculations and statistics

excreted was calculated based on the CPMs, and in all calcu- o

lations the dark values were subtracted from the light values e data are reported as mean and standard deviation. The

The % EOC was calculated as inhibition of photosynthesis due to UVR (UViR) was cal-
%EOC= EOC/(EOC+ POQ x 100 2)

culated as

UVRinh(%) = 100 (Cpar—Cuvr)1/CraR. )

Chl a fluorescence parametefshl a fluorescence param-
eters were obtained using a pulse amplitude modulated fluowhere Gar, and Gyyr represent the carbon fixed in samples
rometer (Water PAM, Walz, Germany). Because the time be-under the PAR only, and PAR UV-A + UV-B treatments,
tween sampling and fluorescence measurements were in thhespectively. We used propagation errors to calculate the vari-
order of a few seconds, the intrinsic photochemical efficiencyance of percentage inhibition due to UVR.
of PSII (photosystem 1) (QY) in the light was determined  To determine significant interactions among the three fac-
(Maxwell and Johnson, 2000). These fluorescence measurd¢ers — radiation treatment, nutrients addition and mixing
ments were done every 10 s during the vertical movement ofegime, we used a three-way ANOVA (analysis of variance)
the samples. The measurements were not affected by pumpest. When significant differences were determined, a post
ing phytoplankton from and to the cuvette as previously de-hoc Fisher LSD (least significant difference) test was used to
termined by comparing pumped versus water taken directlydetermine significant differences among and within the dif-
with a syringe. ferent factors.

Chl a concentrationat the beginning of each experiment  The points presented in Fig. 7 were based on our own re-
aliquots of 250—1000 mL of sample were filtered onto What- sults as well as on previous published studies to extend the
man GF/F filters (25mm diameter); the filters were thenrelationship obtained in our studied lakes. The calculations
frozen at—20°C until analyses. Once in the laboratory, sam- for obtaining these additional points were as follows:
ples were thawed and put in centrifuge tubes (15mL) with Point 1 (Kdhler et al., 2001): the authors made a compar-
5mL of absolute methanol (Holm-Hansen and Riemann,ison between rotating (26 % inhibition) and static (32 % in-
1978). The tubes containing the methanolic extract and fil-hibition) treatments (this latter based on a previous work of
ters were put in a sonicator for 20 min and then in the darktheir own). Thus, point 1 was calculated using-@ % inhi-
(4°C) for at least 1 h. After the extraction period the sam- bition value (i.e. 26 % (mixed}-32 % (static)), and normal-
ple was centrifuged (15min at 1750g) and scanned (250-zing it by a mean PAR of 692 pETds~1 (148.5W n1?)

750 nm) in a UV-VIS spectrophotometer (Lambda 40 Perkinas stated in their Table 1 for the 0—3.9 m depth mixing. The
Elmer, USA) using a 5-cm path-length cuvette; @hton- authors usedizpo of 1.3 7L,

centration was calculated using the equation of Porra (2002). Point 2 (Hiriart-Baer and Smith, 2005): we used their
The same sample was also used to calculateaGidncen-  predictions based on data previously collected by the au-
tration from the fluorescence of the extract (Holm-Hansenthors, and we calculated an inhibition difference between
et al., 1965) before and after acidification (1N HCI) using a mixing and static conditions ca. 8 %. In this study, the PAR
spectrofluorometer (LS 55 Perkin Elmer, USA). There werevalue was not given, but the authors mentioned values of 6.9
no significant differences between the Ghtoncentrations and 9.6 % of mean PAR for the West Basin. The authors
obtained by these two methods so we used the fluorometrialso quoted their previous work (Hiriart-Baer and Smith,
measurements in all calculations. 2004) where maximum values of incident PAR were given

Taxonomic analysesamples for identification and enu- for various days, mean ca. 160 W# thus, the mean ir-
meration of phytoplankton were put in 250-mL brown glass radiance that we used for our calculations was 13W¥m
bottles and fixed with Lugol's reagent (1% volvd). A Hiriart-Baer and Smith (2005) also state@zag of 2.8 nT1
variable amount of sample (50-100mL) was allowed to for the West Basin.
settle for 48 h in Uterrahl chambers (Hydro-Bios GmbH, Point 3 (Villafaiie et al., 2007): for the calculations we
Germany) and species were enumerated and identified ustsed the mixed condition, which was established as having
ing an inverted microscope (Leitz Fluovert FS, Leica, Wet- the water column well mixed down to 3 m depth. Under this
zlar, Germany) following the technique described by Vil- condition, the mean UVR inhibition in the static sample dur-
lafaie and Reid (1995). Phytoplankton biovolumes were esing the morning was 46.7 %. The estimation of the inhibi-
timated from measurements of 20-30 cells of each specieson in the mixing condition was obtained as follows: there
using image analysis (Inverted microscope Axio Observerwas a decrease in yield (during the period of intense mixing)

www.biogeosciences.net/10/1037/2013/ Biogeosciences, 10, 10502013
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from the initial value in the morning to that at noon, with 305 nm (W cm?) 320 nm (W cm?)

a mean water column inhibition for this period of 43.5 %. %Oof“‘?ﬁm‘ “H‘;W-l‘ I “H‘W’W-l‘ qul a9 o
This inhibition was caused by both, UVR and PAR acting

together. Since the authors did not separate the effects of
UVR and PAR, we used a conservative value of 40 % inhibi- ¢ 4
tion due to PAR, based on the results of their static incuba- =

E
o

tion. Static samples were incubated at the surface of the Iake§ s - E s
and received a mean morning (8-12 h) value ca. 150/ m — Ly
whereas the mixed samples received much less (mean ca. | L i

40 W n?) as they were mixing down to 3m depth. The au- 12 2=

thors stated an attenuation coefficient for UV-B of 2.96'm 380 nm (LW cm?) PAR (umol photons m-2 s1)

.1 1 10 100 2 20 200 2000
T T T T T M 0 AL R ‘

() L (d)

=)

3 Results

The initial conditions (i.e. just before experimentation) of in-
organic, total and seston carbon (C), nitrogen (N) and phos-
phorus (P) in surface waters are presented in Table 1. This
initial condition (treatment without nutrients) was obtained
during a period without Saharan dust input, therefore nutri- 12
ents in the water column were low as compared with ourF_ 1. Solar irradi function of denth in lakes Enol (LE
fcreatment with an (_axtra input of nutrier_wts (tha@ simulated PL;ags Y'eggfsr '(r[% 'ZzgeLzsgalgzgo(tha)%%S r:rrL;aEb()esszg?]m(; ),
!nput gssomated with Saharan dust or Increa§|ng cattle aCt.lv(c) 380 nm and(d) PAR (400—700 nm). Irradiance data in the UVR
ity as is 'the case 'qf Lake Enol). The mo;t evident feature INrange are expressed in W c#) PAR is in pmol photons 2 s 1.
these initial conditions was the higher nitrate and DIN con-
centration (and TN) in LE as compared to LC and LY, further
reflected in the DIN to TP ratio that was 3—4 times higher in
the former. Also, the DOC concentration in LE doubled that (Fig. 2c) was higher in LE~ 3600 cells mt?® in surface
of LC and LY. Other chemical variables, e.g. TP and SRPwaters) as compared to the other two lakes that had similar
were rather similar among the lakes. abundances< 2000 cells mL-1 in surface waters) and depth
Incident solar radiation conditions were, in general, of distributions. Phytoplankton biomass, expressed as carbon
clear skies over LY and LC, while high variability due to concentration (Fig. 2d) had high values at the surface in LY
cloud cover predominated over LE (data not shown). The(51 ug C 1), followed by LE (33 pug C £1) and low values
mean surface PAR irradiances during the incubation peri{6.1pugCL1)in LC.
ods were 1558 (SB:-271), 1670 and 1774 (SB 14) umol Taxonomic analyses (Table 2) revealed important differ-
photons m2s~1 for LE, LY and LC, respectively. In re- ences among the lakes, with Chlorophyceae dominating (in
gard to the underwater radiation field, profiles (Fig. 1) in- terms of abundance) in LE (e.@ictyosphaerium chlorel-
dicated that LE was the darkest, followed by LY whereasloides (Nauman) Konarek and Perman), Bacillariophyceae
LC was the most transparent (eigoo of 2.28, 0.58, and in LY (e.g. Cyclotella minuta (Skvortzov) Antipova), and
0.26 1 (Fig. 1b), andKpar of 0.34, 0.18, and 0.16 1, Chrysophyceae (e.@hromulina nevadensiB. M. Sanchez)
respectively (Fig. 1d)). in LC. However, when considering the share of carbon to the
Temperature profiles (Fig. 2a) showed different strati- total community, Bacillariophyceae dominated in LE and LY
fication conditions in the lakes: LE had the highest sur-(67 and 87 %, respectively) whereas in LC Chrysophyceae
face temperatures (2€) and a marked epilimnion down contributed for the bulk of the biomass (68 %). By compar-
to ca. 3m depth (stratified condition) below which temper- ing both the abundance and biomass of each taxonomic class
ature decreased continuously to reactCt 12m. In LC  (Table 2) it is obvious there are differences in cell size and
a weak stratification was observed, with surface temperaturearbon content per cell among the lakes; for example, in LE
of 14°C and decreasing te- 12°C at 1 m depth; below it diatoms had a mean carbon content of 24 pgC-édiut in
the temperature remained constant. LY was well mixed, havLY they were larger, with 38 pgC ceft.
ing a nearly constant temperature 14.5°C) from surface In the three lakes, there were no significant differences
to bottom. The Chk concentration in the water column in- (P > 0.05,n > 700) in the photochemical efficiency of PSII
creased with depth in LE, but remained rather constantin LY(QY) in the upper 3m of the water column, so the mean
and LC (Fig. 2b); the mean Chl concentrations at surface values are presented in Fig. 3a. In LE there were signifi-
waters were 2.1, 1.1 and 0.7 pg GhL~! in LE, LY and cant differences in QYR < 0.05,n =700) among experi-
LC, respectively. The concentration of phytoplankton cells ments carried out during cloudy and sunny conditions under

12 —
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Table 2. Surface phytoplankton composition and abundance (in celsiyland phytoplankton biomass content (in ugtlhin lakes Enol
(LE), Las Yeguas (LY) and La Caldera (LC).

) Lake LE LY LC
Family
Abundance Biomass Abundance Biomass Abundance Biomass
Chlorophyceae 2270 6.06 676 4.13 382 1.03
Cryptophyceae 211 3.62 94 1.34 29 0.33
Chrysophyceae 64 0.91 113 1.03 1559 4.22
Desmidiaceae 9 0.15
Bacillariophyceae 916 22.11 1176 44.89 2 0.05
Dinophyceae 129 0.13 4 0.14 28 0.51
TOTAL \ 3599 32.98 2063 51.73 2000 6.14
Temperature (°C) Chlorophyll a (ug L) c
8 12 16 20 24 0 1 2 3 4 (% 05 _ii
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o
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Fig. 2. Water column structure and phytoplankton distribution as E= LE sunny (1m/ 4min)
a function of depth in lakes Enol (LE), Las Yeguas (LY) and LE sunny (1m/ 16min)
La Caldera (LC).(a) Temperature (in°C); (b) Chlorophyll a LY (1m / 4min)
(in ug L=1); (c) Phytoplankton abundance (in cells mb); and(d) Bl LC (1m/4min)

Phytoplankton biomass (in pg C). ) . ) ) )
Fig. 3. (a)In situ effective photochemical quantum yield (QY) and,

(b) mean PAR irradiance (in umol photons—?ns—l) in the upper

3 m of the water column during measurements carried out in lakes
the same mixing regime (Fig. 3a). There was also a signif-Eno! (LE) (cloudy and sunny days, under different mixing speeds),
icant difference in QY during sunny conditions when sam- Las Yeguas (LY) and _La_CaIdera (LC). The Ilnes_on_top of _the bars
ples were subjected to the two mixing regimes, so that af® the stanq.ard deviation whereas the letters indicate differences

. . . L among conditions.

a fast mixing speed (i.e. 1 m4mih) QY was significantly
lower (P <0.05,n > 250) than at a speed of 1 m 16 min
(Fig. 3a). Moreover, and at the speed of 1m4mndin
QY at LY was significantly higher ¥ < 0.05) than at the 3 m of the water column are shown in Fig. 3b: LY and LC
other two lakes, but there were no significant differencesreceived relatively higher PAR levels than LE due to a com-
(P > 0.05) in QY when comparing with LE samples moving bination of high surface incident irradiances during cloudless
at 1 m6mimL. The mean irradiance conditions in the upper days, andkpar values that were half of that in LE (i.e. 0.16
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vs. 0.34n71). The lowest mean PAR irradiance in the upper
3 m of the water column was determined in LE under cloudy 10 — L] PPogun | b
conditions. . F@-LE B PP
The rate of phytoplankton carbon fixation was highly vari- E: 8
able not only among the lakes, but it also depended on the';'7
experimental conditions imposed to the samples (Fig. 4). In \C:i‘
LE (Fig. 4a) there were no significant differences between
radiation treatments or nutrient addition in the8 pm frac- 8
tion under the mixing condition, but in the 3-0.7 um fraction
samples receiving UVR had significant lower carbon fixa- UVR PAR UVR+P PAR+P  UVR PAR UVR+P PAR+P
tion than those exposed only to PAR. The carbon fixed in - MIXING STATIC
the > 3 um fraction was significantly higheP(< 0.05) than | ®)-LY d g
in the 3—0.7 um fraction, with the exception of both UVR £ 8~ b (] PPotym f
treatments in static conditions. In LY (Fig. 4b) significantin- =
teractive effects between the three studied factors were de-2 |- c
termined (Table Al in Supplement). All samples exposedto § *[ a
UVR had significantly lower carbon fixation than those ex- 2l T
posed only to PAR. In addition, two of the samples in the C | | | | | ﬁ | | | |
mixing regime (treatmeqts UVR and PARP) had S|gr_1|f|- UVR PAR UVRSP PARFP  UVR PAR UVR+P PAR+P
cant higher carbon fixation as compared to the static ones. MIXING STATIC
Also, and under mixing conditions, samples with an addi- 10~ c
tion of nutrients had higher carbon fixation than those with- ~ _ [
out it for the same radiation treatment. In static samples, = |-
nutrient addition increased carbon fixation under UVR but 5 ¢ —
not in samples receiving only PAR. Finally, in LC (Fig. 4c) e
there were interactive effects between mixing regime, ra- = ﬂ
diation treatments and nutrient addition (Table Al in Sup- I~ b b
plement). Carbon fixation in the samples with added nutri- I S O I I O Y FE N A
ents was significantly higher than those without it, in both UVR PAR UVR+P PAR+P  UVR PAR UVR+P PAR+P
static and mixing regimes. Also, nutrient addition “high- MIXING STATIC
lighted” the UVR effects under mixing conditions, with sig- Fig. 4. Rates of carbon incorporation (in pg C & h~1) under dif-

nificantly higher carbon fixation in the PARP as compared  ferent radiation (UVR versus PAR alone), phosphorus concentration
to UVR + P treatments, but there were no significant effects(ambient versus 30 pg Ptt) and mixing regime (mixing versus

of UVR when nutrients were not added. In static samples,static) conditions in(a) Lake Enol (LE):> 3 um fraction (white
UVR had significant effects regardless the nutrient treatmentbars), 3—-0.7 pm fraction (black bargl) Lake Las Yeguas (LY);
Using the carbon incorporation data (Fig. 4) we calcu-and(c) Lake La Caldera (LC). The lines on top of the bars are the
lated the UVR-induced inhibition for each lake and condi- standard deviation whereas the letters and numbers indicate differ-
tion (Fig. 5). The UVR-induced inhibition of carbon fixa- ©€nces among treatments.
tion in LE (Fig. 5a) was ca. 20% under mixing in the 3—
0.7 um fraction, whereas under static conditions negative in-
hibition values were obtained due to a decrease in carbon The excreted organic carbon (EOC) was significantly
fixation in samples exposed to PAR (as seen in Fig. 4a). Théigher in LE as compared to the other lakes (Fig. 6). There
effects of UVR and nutrients were especially evident in thewere significant interactions between mixing regimes, radi-
> 3 um fraction under static conditions, with negative inhibi- ation treatments and nutrient addition (Table A2 in Supple-
tion (—20 %) in samples without nutrient addition, whereas it ment). In particular, for LE (Fig. 6a) the amount and per-
reached 48 % in those that received them, due to a significardentage of EOC in the PAR-only exposed samples during
increase in carbon fixation in the PAR treatment (as seen the mixing regime were similar to those that additionally re-
in Fig. 4a). In LY (Fig. 5b) significant inhibition was deter- ceived UVR. In the static conditions, the addition of nutrients
mined in all treatments (60—-80 %) but samples with nutrientresulted in less EOC in samples exposed to UVR as com-
addition and under static conditions were those having thepared to the samples in which no nutrients were added. In
lowest values, i.e. 34 %. Finally, UVR-induced inhibition in LY (Fig. 6b), samples under mixing conditions had equal or
phytoplankton from LC ranged from 30 to 90 % in samples significantly lower amounts of EOC than similar treatments
without nutrient addition under mixing and static conditions, in the static ones, while in LC (Fig. 6¢) the opposite occurred,
respectively (Fig. 5c¢). particularly in samples receiving nutrients. In general, the ad-
dition of nutrients resulted in significant less amount of EOC
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UVR UVR+P UVR UVR+P Fig. 6. Concentration of excreted organic ca_rbon (EOC, in
MIXING STATIC ug C L= h~1 — black bars) and percentage EOC (in % — gray bars)
under different radiation (UVR versus PAR alone), phosphorus con-
Fig. 5. Percentage inhibition of carbon fixation (%) due to centration (ambient versus 30 ug pl|_) and mixing regime (mix-
UVR under different phosphorus concentration (ambient versusing versus static) conditions iffa) Lake Enol (LE);(b) Lake Las
30pg P L=1) and mixing regime (mixing versus static) conditions Yeguas (LY); andc) Lake La Caldera (LC). The lines on top of the
in: (a) Lake Enol (LE):> 3 um fraction (white bars), 3-0.7 um frac-  bars are the standard deviation whereas the letters indicate differ-
tion (gray bars), total (hatched bargly) Lake Las Yeguas (LY);  ences among treatments.
and(c) Lake La Caldera (LC). The lines on top of the bars are the
standard deviation.

to repeat the experiments in more lakes under similar con-

ditions, we expanded this relationship by having more data
in LY and LC under static conditions (Fig. 6b, c). In regard points derived from some of the few studies conducted in
to the percentage of EOC, the general pattern was of higheother lakes where mixing experiments (or models obtained
values in LC & 50 %), followed by LY & 35%) and then  based on them) were conducted. We used three published
LE (> 20 %). studies (Kohler et al., 2001; Hiriart-Baer and Smith, 2005;

In order to relate the results obtained in the three lakesVillafafie et al., 2007) to derive the data points 1, 2 and 3,

we plotted the UVR-induced inhibition of carbon fixation as respectively, used in Fig. 7 (black circles), as explained in
the difference between mixed and static conditions (Fig. 7).the Methods Sect. In spite of the variability in responses ob-
Since the experimentation in the three lakes was conductederved between the different studies, a significant trend for
on different dates, we normalized the inhibition values by thethe difference in inhibition of carbon fixation in mixed and
amount of solar radiation received by the cells. These val-static samples without addition of nutrients was observed
ues were plotted as a function of the attenuation coefficien{black thin line, Fig. 7). In opaque lakes (i.e. with hikgyo)
for UV-B (ks20), considering independently the treatments the inhibition was higher under mixed than under static con-
with (three open circles in Fig. 7) or without nutrient addition ditions, and it decreased towards clear lakes with negative
(three black squares in Fig. 7). There was a significant trend/alues, indicating that inhibition was higher in the static con-
(gray thick line) in these data, with the inhibition difference ditions, and that mixing counteracted the negative effects of
decreasing towards lowégog values. Since the logistics in- UVR. An interesting result is that the addition of nutrients
volved to conduct in situ mixing experiments precluded usseemed to reverse the pattern, with mixing either enhancing

www.biogeosciences.net/10/1037/2013/ Biogeosciences, 10, 10502013
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effect (depending on the strength of the pycnocline) by in-
creasing the epilimnion depth and also by distributing par-
2 ® Nop ticles/nutrients transported via the atmosphere (Escudero et
§ — O P added al., 2005; Bullejos et al., 2010) and into the water column
(i.e. nutrients reaching different depths due to vertical mix-
ing transport). Moreover, an increase in precipitation is pre-
dicted over the Northern Hemisphere (IPCC, 2007) there-
fore, higher inputs of organic matter from water run-off is
expected in lakes (Williamson and Rose, 2010). This input
would bring more nutrients into the system but will also de-
B e e e crease the pene;ration of solar radiation_(Osburn and Morris,
3 28 26 24 22 2 18 16 14 12 1 08 06 04 02 2003). Due to this, DOM has been considered the “ozone of
Attenuation coefficient (K,,) the underwater world” (Williamson and Rose, 2010) with the
implicit view as protector against solar UVR.
Flg 7. UVR inhibition of mixed minus static Samples, normalized An intrinsic factor that conditions the response of phy-
by the mean irradiance received by the cells, as a function of thggpjankton to UVR exposure is their previous light history.
attenuatlon.coefﬂ(:lent for§amples with nutrient ad@mon (vyhlte I There are many changes in the cells, such as those in size
Icnles) and without (blgck glrcles and sq_uares) n_utrlent addmon._ Th?(FaIkowski and Owens, 1980; Garcia-Pichel, 1994), carbon
ines represent the fit of!lnear regression for six nges_ (black Ilpe),to Chi a ratio (Falkowski and Wirick, 1981; Villafae et
for the three lakes of this study without (gray thick line) or with ! '

(dashed line) nutrient addition. The dashed thin lines are the 95 o@l-» 1993), pigment composition or protection mechanisms to
confidence limits for the fit of six lakes. Additional data calculated COPe with UVR (Buma et al., 2009; Van de Poll and Buma,
from: (1) Kohler et al. (2001), (2) Hiriart-Baer and Smith (2005) 2009) that allow phytoplankton to acclimate to high or low
and (3) Villafaie et al. (2007). irradiance. Overall, it is expected that since phytoplankton

from opaque lakes receive less solar radiation as compared
with those from clear lakes, the former are less acclimated
or having no effect in the clear lakes, but significantly coun-to cope with solar UVR. Surprisingly, relatively few stud-
teracting the negative effects of UVR in the opaque LE. ies clearly addressed this topic: the higher sensitivity of phy-
toplankton from opaque lakes as compared with clear ones
was observed when evaluating UVB-induced DNA damage
4 Discussion in several Andean lakes (Villafie et al., 2004). Recent stud-
ies using model simulations (Harrison and Smith, 2011) in-
The main goal of this study was to address the question oflicated that phytoplankton from opaque lakes were less re-
how short-term pulses of nutrient inputs, together with verti- sistant as compared with those from clear environments, as
cal mixing and increased UVR fluxes modify the photosyn- the latter have slightly higher photoinhibition in spite of the
thetic responses of phytoplankton. For this purpose, we perhigher UVR exposure; this resulted in less inhibition per unit
formed complex in situ experiments in three high mountainenergy in clear lakes. Likewise, Ayoub et al. (2012) in do-
lakes as model ecosystems to evaluate the joint impact oing a transect along the shoreline, showed that the content
these climate change variables, as this kind of lakes mighbf mycosporine like amino acids (MAAS) in surface samples
be considered “sentinels of change” (Catalan et al., 2006increased with decreasing concentration of CDOM in the wa-
Williamson et al., 2009). The three tested lakes are repreter, suggesting the photoacclimation to high irradiance in the
sentative of different areas in terms of their optical charac-clear environment.
teristics (e.g. Rose et al., 2009). It is important to mention Vertical mixing and a subsequent increase of UVR due to
that we did our experiments during the middle ice-free pe-the formation of a shallower epilimnion, might complicate
riod as it represents a particularly stressful scenario for alga¢he protecting view of DOM. Mixing takes cells up and down
responses due to increasing stratification and higher exposunsgithin the epilimnion and thus decreases the “protecting
to solar radiation. In this study, however, we are not addressbOM layer” every time they go towards the surface. In ad-
ing the long-term impact, or interactions of these variables dition, the pulsed supply of nutrients of Saharan dust, which
on photoadaptation or changes in species composition, butver the last two decades increased almost 2-fold (Bullejos
certainly they are important issues to be considered for fu-et al., 2010), conditions the physiological responses of phy-
ture studies. toplankton already acclimated to different light environments
In a context of global change, it is expected that an in-as nutrient status plays a significant role in the observed pho-
crease in temperature would decrease the depth of the epitosynthetic inhibition (Beardall et al., 2009). Overall, the in-
imnion (Beardall et al., 2009; Raven et al., 2011) while in- teraction among these variables might create a new balance
creasing wind speed and duration would enhance mixingbetween damage/utilization—repair of UVR effects on phy-
Eventually, persistence of high winds would counteract thistoplankton. In this sense, our results show the following:

[

o o
o ©

o o
[N

N o

UVR inhibition (Mixed - Static) (Wm-)!

S o o

[ BN

Biogeosciences, 10, 1037650 2013 www.biogeosciences.net/10/1037/2013/



E. W. Helbling et al.: Interactive effects of vertical mixing, nutrients and ultraviolet radiation 1047

Solar In the case of opaque lakes, however, mixing will result in
>ant damage of cells when they are at the surface, and depend-
' High Exposure Low _ ing on the rates of damage/repair, this could be cumulative

causing increased photosynthetic inhibition. A rather simi-
lar behavior (in regard to photosynthetic inhibition) was ob-
served in Antarctic phytoplankton under mixing conditions,
but that was mostly related to the lack or slow repair due to
low temperature (Helbling et al., 1994; Neale et al., 1998).
In addition, the input of nutrients (i.e. due to pulses of Saha-
ran dust carried by the winds) reversed these UVR-induced
damage effects and clear lakes became more inhibited during
mixing, while opaque lakes benefited from the fluctuating ir-
radiance regime. Although UVR impact is also modulated
by other intrinsic and extrinsic factors (e.g. species composi-
tion, temperature, etc.) our study considered the penetration
of solar radiation as a common “driving force” for general
acclimation, based on our in situ experimental results as well
as data reported from other lakes (Fig. 7).

In summary, and according to our hypothesis, and in con-
trast to the expected protecting effect of increased alloc-
thonous DOM, we found that imposing a fluctuating irradi-
ance regime (i.e. mimicking the mixing in the upper layer
of stratified lakes, due to global warming) promotes UVR-
inhibition of primary producers in opaque ecosystems, which
is reversed after pulses of nutrients; the opposite responses
were found in clear lakes. Based on our results, we propose
a conceptual model (Fig. 8) where we also included some
Fig. 8. Conceptual graphical model of photosynthetic inhibition Of the natural forces of climate change variables considered
when subjected to interactions among vertical mixing, nutrients andn our experimental design: (i) increased temperature that
exposure to UVR. The upper panel shows the increased stratificawould isolate the epilimnion from the deeper and colder wa-
tion due to enhanced temperatures, from deep mixing (dark blue}er column, thus precluding nutrients from below from reach-
towards a shallow epilimnion (light blue), causing more exposurejng the photoactive zone (Beardall et al., 2009; Neale et al.,
to s_olar radiation. The frequepcy of nutr_ien_t pulses as a function2003); (ii) nutrient pulse loads by wind or by run-offipez-
of time (from Jabalera Cabrerizo, 2012) indicate the timing of OUr e ring et al., 2011: Carrillo et al., 2008; Morales-Baquero et
experiment (no pulse — orange) and our simulation of high nutrl-al.’ 2006); (jii) mixing, due to increased wind forcing, which

ents during a pulse (green). The lower panel shows the epilimnion . L. .
under stratified condition, with color gradient indicating changes causes cells to be exposed to a fluctuating radiation field that

in water transparency due to DOM. Acclimation to high irradiance 90€S from low irradiance (at the base of the epilimnion) to
results in an inverse relationship with increasing DOM, and pho-maximal irradiance at the surface.
tosynthetic inhibition change (estimated as the difference between Since the interaction of these three factors (i.e. nutrient
mixed minus static samples) from clear to opaque lakes, as well agddition, mixing, and UVR) has not been previously exam-
with nutrient input. ined by simultaneous experimental manipulation, it is obvi-
ous that more data need to be procured in order to fully un-
derstand these responses by autotrophic organisms, not only
under nutrient limitation (mainly of P) there is a synergistic in the short-term (as considered in this study) but also in the
effect between vertical mixing and UVR on phytoplankton long-term. These changes in nutrient pulses, together with
from opaque lakes, resulting in higher photosynthetic inhi-fluctuating radiation conditions, would differentially affect
bition than if cells received constant mean irradiance withinclear and opaque lakes; hence, and due to their key role in
the epilimnion (Figs. 4, 7). The opposite occurs in clear lakescarbon flux, variables such as mixing, UVR and nutrients
where antagonistic effects are determined and mixing parmay act in a synergistic or antagonistic way depending on
tially counteracted the negative effects of UVR. It has beenthe previous light acclimation of algae. This would not only
reported that in clear lakes, with cells acclimated to high irra-affect the photosynthesis and production in lakes but it might
diance conditions, the impact of UVR due to this fluctuating also influence the microbial loop and trophic interactions via
irradiance is minimum (Fig. 5, Villafée et al., 2004) as cells, enhanced EOC (Medinad8chez et al., 2006) under fluctu-
provided they have enough time to acclimate, have differ-ating UVR exposure.
ent mechanisms to cope with UVR as previously mentioned.

Nutrient
(pulses)
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