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Abstract

The production of triplet states (T*) of chromopicodissolved organic matter (CDOM), reacting
with the probe molecule 2,4,6-trimethylphenol (TMRas measured upon irradiation of water
samples, taken from lakes located in a mountaia @&V Italy) between 1450 and 2750 m above
sea level. The lakes are located below or abovérdleeline and surrounded by different vegetation
types (trees, alpine meadows or exposed rocks).nTfdst photoactive samples belonged to lakes
below the tree line and their fluorescence speattd CDOM optical features suggested the
presence of a relatively elevated amount of hualio¢hthonous) material. The lowest (negligible)
photoactivity was found for a lake surrounded bpased rocks. Its CDOM showed an important
autochthonous contribution (due to in-lake produtyfj and considerably higher spectral slope
compared to the other samples, suggesting low CD@decular weight and/or aromaticity.
Among the samples, CDOM photoactivity (measured ths rate of TMP-reactive T*

photoproduction) decreased with changing vegetaipe in the order: trees, meadows, rocks. It



could be connected with decreasing contributiomfeatchment runoff and increasing contribution

from autochthonous processes and possibly pretgita

Keywords: lake water photochemistry; sensitised photolysister-system crossing; 2,4,6-

trimethylphenol; humic and fulvic acids; fluorescematrix (EEM).

Introduction

Mountain lakes are peculiar environments that aighlyn impacted by solar radiation. A
combination of altitude and low concentration of ddksorbing substances favours the penetration
of harmful UV radiation in the water column (Lauri@t al., 2000). Despite the development of
several adaptations by aquatic organisms (Sommar2@a0), alpine lakes are a potentially
vulnerable environment to climate change becaugbeopossible increase of UV doses connected
to variations in organic matter inputs and, modahly, to decreases in ice cover (Neale et al.,
2001; Leavitt et al., 2003; Rogora et al., 2003).

Chromophoric dissolved organic matter (CDOM) is ti&in radiation absorber in lake water in
the 300-500 nm wavelength range (Bracchini et 2004). DOM/CDOM can be produced by
aquatic organisms (autochthonous) or reach thebgkeatchment runoff (allochthonous) (Gondar
et al., 2008). In alpine environments, catchmenbfliis expected to be a more important DOM
source for lakes located below the tree line (Vineke and Leavitt, 1998). A recent study has also
shown that high-altitude alpine lakes are compaghtimore impacted by atmospheric deposition,
and that a significant fraction of organic mattecliding pollutant load would be of atmospheric
origin (Mladenov et al., 2011).

An important feature of CDOM is its photoactivitgamely the ability to produce reactive
species upon sunlight absorption. A key issue éspthotoproduction of triplet states (T*), which
can be reactive themselves and/or yi&d and"OH (Canonica, 2007; Latch and McNeill, 2006).
These reactive transients can induce transformafialissolved pollutants or of naturally occurring
DOM (Richard et al., 2007), and might also causdaiwe stress to living organisms (Souza et al.,
2007). Such considerations account for the impodarof measuring reactive species
photoproduction upon irradiation of water from mtain lakes, and to our knowledge information
on this subject is very scarce.

We have recently observed negligible CDOM photedgtin rainwater (Albinet et al., 2010b).
Considering that lakes located in different mountanvironments across the tree line (dominated



by forests, meadows or rocks) would be impacted tifferent extent by catchment runoff, in-
water productivity and atmospheric deposition, oright expect significant differences in CDOM
photoactivity. However, to our knowledge such adtiipsis has never been tested. In this work, we
measured the photochemical generation of TMP-neadif in water samples from lakes located
below and above the tree line, surrounded by tneesmdows or exposed rocks. An attempt was

made to relate CDOM photoactivity with water chemhimomposition and environmental features.

Experimental

Reagents and materialsHsPO, (85%), NaNQ (>97.5%), 2,4-dinitrophenylhydrazine (98%) and
2,4,6-trimethylphenol (TMP, 99%) were purchasedmréldrich, NaNQ (>99.5%), NaHC®
(99%), NaCOs (99%), CCJ (Uvasol for spectroscopy) and methanol (LiChrogpiadient grade)
from VWR Int., Zero-grade air from SIAD (Bergamtaly). Water used was of Milli-Q quality.

Sampling and sample treatmentThe study lakes are located in Torino province, Kaly. Water
samples were taken from the surface layer of tkeslainder study with a glass bottle secured to a
10-m rope, to avoid entering the lake and pertyylive sediment. Samples were transported to the
laboratory under refrigeration. Sampling dates #ade features are reported in Table 1. The
samples were vacuum-filtered on Millipore MF memma® (cellulose acetate, pore diameter 0.45

pnm) and stored under refrigeration till further gassing.

Determination of nitrate, nitrite, DOC and pH. Nitrate was determined by ion chromatography,
nitrite by high performance liquid chromatograpfPLC) upon pre-column derivatisation with
2,4-dinitrophenylhydrazine (Kieber and Seaton, )9980C was measured as Non-Purgeable
Organic Carbon (NPOC) with a Shimadzu TOgs¥ Total Organic Carbon Analyzer. Sample pH
was measured with a Metrohm 602 combined glasdretkr; connected to a Metrohm 713 pH
meter. Further details are reported as Supplemelaterial (hereafter SM).

Fluorescence measurementsA Varian Cary Eclipse fluorescence spectrofluotnevas used,
adopting a 10 nm bandpass on both excitation andsemn. Fluorescence excitation-emission
matrix (EMM) was obtained at 5 nm intervals for gxtton wavelengths from 250 to 460 nm and
emission ones from 250 to 600 nm. Identificatiorflebrescent constituents in water samples was

performed on the basis of literature data, usiregntiain contours to identify fluorescence peaks.



Irradiation experiments. Lake water samples (20 mL) were spiked with 10 TIMP and placed
into cylindrical Pyrex glass cells (diameter 4.0,dmeight 2.5 cm), tightly closed with a lateral
screw cap. The cells were irradiated from the togden a set of five UVA lamps (TL K 40W/05,
Philips, emission maximum 365 nm), with magneticrisg. Two replicates were made of each
irradiation experiment and the results were avetaB&ank runs were carried out, in the absence of
irradiation, by wrapping the cells with aluminiumilfand placing them under the lamp. The time
evolution of TMP was also monitored upon irradiatio Milli-Q water.

The UV irradiance (295-400 nm) reaching the cellassw221 W mi?, measured with a
CO.FO.ME.GRA. (Milan, ltaly) power meter. The photflux in solution was 16107 Einstein
L™ s, actinometrically determined with the ferrioxalateethod (Kuhn et al., 2004). Figure 1
shows the emission spectrum of the lamps, takerh e Ocean Optics SD2000 CCD
spectrophotometer and normalised to the actinomdaia, taking into account the Pyrex
transmittance (Albinet et al., 2010a). The Figus® aeports the absorption spectra of the filtered
lake water samples (&) = A(\) b™, where AQ) is the measured absorbance hride optical path
length), taken on a Varian CARY 300 UV-Vis spectrofpmeter with a cylindrical quartz cuvette
havingb = 10 cm.

Irradiation time was up to 32 h, which approximgatebrresponds to the sunlight UV energy
input of three fair-weather summer days at 45°Niudé (Maddigapu et al., 2011). TMP after
irradiation was monitored by HPLC. The isocratigezlt was a 60:40 mixture of methanol: aqueous
HsPO, (pH 2.8) at a flow rate of 1.0 mL mih The TMP retention time was 6.7 min, detection

wavelength 210 nm.

Assessment of the rates of triplet state formatiorRadiation absorption by organic compounds in
surface water yields the excited singlet stateschvby inter-system crossing can be transformed
into the longer-lived triplet states, T* (Hoign&aD). T* would mainly react with £xo give’O, or
undergo various deactivation reactions. Such peesekave a lumped rate constent 510° s *
(Canonica and Freiburghaus, 2001). Moreover, T*alaa react with dissolved organic molecules.

TMP is a suitable probe to measure the formatite o0& T*, R~ (Halladja et al., 2007; Minella
et al., 2011) due to its selectivity. TMP can alsact with'O,, but the'O, contribution to TMP
transformation would be negligible compared to 3&d€ SM).

AssumeRrvp as the experimentally measured initial rate of Tivdhsformation in lake water,
while R, is the rate found upon irradiation of TMP in Ml water, due to different unaccounted

for processese(g.direct photolysis, volatilisation). No TMP transgfation was detected with lake



water in the dark, excluding important microbiolcai processes. Therefore, the differeRegp -

R, would represent the TMP transformation rate tlsatécounted for by T*. Considering the
competition for T* between TMP (with second-ordater constankryp 1~ = 3.010° M~* s Al
Housari et al., 2010) and the other deactivatimtgsses (with pseudo-first order rate condtant
5010° s, Canonica and Freiburghaus, 2001) and applyingtidy-state approximation to T*, the
initial rate of TMP-reactive triplet formatioRr~ can be obtained as follows (the complete kinetic
treatment is reported as SM):

— _ DkTMP,T* [TMP] oK
R = Rowe ~R) kTMP,T* [TMP]o

(1)

where [TMP} = 10 uM is the initial TMP concentration. The TMimhe trends were fitted with
equationg TMP]; = [TMP], (1 —k t), obtainingRrmp = k [TMP],. The linear time trend of TMP
suggests zero-order kinetics, probably due to TMihd a major T* sink under the adopted
conditions (Minella et al., 2011).

Numerical data treatment. Linear and non-linear fits (to calculate reacti@mtes and spectral

slopes, respectively) were carried out with thePFsgftware package (BioSoft, UK).

Results and discussion

T* formation rate. Figure 2 reports the time trend of TMP, addech®lake water samples at 10
MM initial concentration, upon UVA irradiation. Theorresponding values d&#rvp and R+ are
reported in Table 1. Two samples (from Lago Nerd bhago della Foppa, which are both located
below the tree line) had markedly highie# values than the others. On the other hand, nbetgigi
Rr« was observed in the case of Lago Rouen, whichastlgnsurrounded by exposed rocks. Such
an environment is expected to decrease the impmatah soil runoff as organic matter source
(Laurion et al., 2000). Soil-derived organic matisually includes a considerable fraction of humic
substances (Vinebrooke and Leavitt, 1998) withifigant photochemical activity (Halladja et al.,
2007). Moreover, precipitation might be a signifitacontributor to lake water chemical
composition above the tree line and with no meadawsnd the lake (Mladenov et al., 2011), and
there is some evidence for rainwater CDOM to be leisotoactive than that of surface water
(Albinet et al., 2010b).



The polychromatic quantum yield of T* formation wassessed for the different lake water
samples, ast- = R« Py, whereP, is the photon flux absorbed by lake water. From whater
absorption coefficienf;(A) and the incident spectral photon flux densityhef lamp p°(A) (Figure

1), one derives the absorbed photon flux:

P, = [ p°(A) L-10"%""] dA 2)

whereb = 1.6 cm is the optical path length of the irréelilasolutions. The lamp and lake water
spectra overlap in the 300-500 nm wavelength randgrere CDOM is expected to be the main
radiation absorber (Bracchini et al., 2004 values for the different samples are reported in
Table 1, and Lago Verde and Lago della Foppa (athted below the tree line) showed the
highest®r-.

Spectrophotometric characterisation of lake water ®OM. CDOM was characterised for DOC-
specific absorbance (Rostan and Cellot, 1995; Whesffeand Anning, 2000) and spectral slope
(Vodacek et al., 1997). As DOC-specific absorbanee adopted the ratié(254nm) DOC*
between the absorption coefficient at 254 nm {grand the DOC value (g C'1) (Oliveira et al.,
2006). The spectral slogg@was determined by fitting the lake wat&i(A) data between 295 and
400 nm with the exponential equatida(\) = A, e =* (Laurion et al., 2000), witl, andS as fit
parameters. Most of the lake watg(\) spectra showed good exponential decays with \gagéh
(see Figure 1). The spectrum of Lago Rouen hadadl gmak between 300 and 335 nm (Figure 1),
which is usually associated to material releasethfplankton (Vernet and Whitehead, 1996). The
wavelengths associated to that peak were not cemresldin the exponential fit (Laurion et al.,
2000), but this procedure had limited effect®mpeak elimination decreased the meas@egdlue

of Lago Rouen by less than 10%. A further spectobominetric variable considered is the spectral
index B/E;s (ratio of the absorbance values at 250 and 365 nm)

The values of\(254nm) DOC?, E,/E; andS for the samples are reported in Table 1. Note the
elevatedA;(254nm) DOC! of Lago Nero (> 20 cm L (g CY), which might be associated to the
presence of abundant Humic-like substances (pgskiblic acids). In contrast, values lower than
10 observed for Lago Verde, Rosset and Rouen sugggsficant occurrence of non-absorbing

aliphatic material (Oliveira et al., 2006).



The S values are in the 12-19 jthrange, which is typical of mountain lakes (Lauriemnal.,
2000). Usually,S is negatively correlated to the molecular weight/ar aromaticity degree of
CDOM, as is the indexJE; (Table 1) (Peuravuori and Pihlaja, 1997).

Interestingly, the Lago Rouen sample had the higBeasnd E/E; values, which is usually
linked to low occurrence of humic substances (Mavet al., 2006). The latter mainly reach lake
water from catchment runoff (Vinebrooke and Leavit®98), but would be leached in limited
amount from an environment dominated by exposelsrdcaurion et al., 2000). Contribution of
precipitation could also be important in such anremment (Mladenov et al., 2011).

It is interesting to compare tl8values reported in Table 1 with those derivedxpoaential fit
of rainwater spectra, collected in the same regibthe lakes (Albinet et al., 2010b). The much
scatteredS values of rainwater range from 12 to over 100 }unbut they are on average
considerably higher compared to lake water. Thslifig is reasonable, considering that organic
compounds in the atmosphere have usually lower cutde weight than those in surface waters
(Graber and Rudich, 2006). In fact, while photocluatreactions in the atmosphere could lead to
formation of oligomers with molecular weight up960 Da (Grgic et al., 2010), humic substances

in surface waters are over ten times larger (Rdtatral., 2007).

Fluorescence characterisation of lake water CDOMFluorescent constituents were identified on
the basis of previously reported data (Coble, 182er, 2001). Figure 3 reports the EMM plots of
Lago Nero, della Foppa, Nivolet and Rouen. Seuwgpas of fluorescence signals are observed that
can be attributed to Tryptophan-like (autochthof@ml Humic-like (allochthonous) material. The
other EEM plots (Lago Verde, Soprano, Sottano, Bpsse reported in Figure 2-SM. The signals
are characterised by Ex and Emya the respective wavelengths of maximum excitatowl
emission. The linear features are the first andrsg¢charmonic of the Rayleigh-Tyndall scatter
(emission wavelength equal to or double than ettgitavavelength), and the Raman scattering of
water (Baker, 2002).

For Lago Nero we observed two main signals cormeding to an intense Humic-like peak A
(EXmaxEMmax 250-275 nm/400-480 nm) and to Humic-like peak & {HEmmnax 305-330 nm/410-
450 nm). Lago Verde showed a major peak correspgna Tryptophan-like compounds (peak T,
EXmaEMnax 270-280 nm/330-360 nm) and, with lower intensityumic-like peak A at
EXmaEMnax around 250/435 nm. In Lago Nivolet and Lago Rossét the Tryptophan-like signal
was observed. A similar signal was present in Lalgila Foppa, together with a smaller
fluorescence peak at REx/Emmax 250-254 nm/420-460 nm that can be attributed tonidtlike
material (“peak A”; Coble, 1996).



Lago Soprano and Sottano, with similar EMM, havetoars corresponding to Tryptophan-like
compounds, peak A of Humic-like material (with véoy intensity for Lago Sottano) and a further
peak located at Ex,/Emmax = 310-320 nm/370-400 nm, which was also foundagd_Rouen as its
only important EEM feature. Such a peak (PD) hasnbeescribed previously and assigned to
material arising from phytoplankton decompositiathgng et al., 2009). It is most likely a
signature of autochthonous organic matter.

All lake samples above the tree line have autoctahs organic material, which is consistent
with an important role of in-lake productivity coamed to catchment runoff. In contrast, Humic-

like material was detected in all samples from azelow the tree line.

Principal Component Analysis (PCA) of the data.After column autoscaling, the data matrix
reported in Table 1 (underlined variables) was exted to PCA to get insight into possible
correlations. PCA was carried out with the freencbmetric software V-Parvus 2008 (Forina et al.,
2008).The first two principal components explained 67%taitl variance, and PC3 explained a
further 16%. Figure 4 reports the plot of P@&L PC2. R+ and @+, as well as inorganic carbon,
showed good correlation with high positive loadimgs PG and low loadings on BRCPG could
thus be able to differentiate the photochemicablégtof the samples. It is also interesting to see
anticorrelation (loadings pointing in opposite ditens) betweer@r+ and the variableS and E/Es,
which suggests that@r~ would be higher in samples where CDOM has higher
aromaticity/molecular weight (lovs and E/Es). This finding is consistent with the significant
photochemical activity of humic substances (Halagtjal., 2007).

The plot of PClvs. PC2 does not show a clear differentiation betwteenake water samples.
However, the sample scores on PC1l suggest somenagmé between photoactivity data and
environmental features derived from the kind ofetajon surrounding the lakes. In fact, two of
the samples from lakes below the tree line (LagooNend Lago della Foppa) have elevated
positive scores on PC1. In contrast, Lago Rouetithaurrounded by rocks with practically no
vegetation has a highly negative score on PC1, ahthe other samples have relatively low
absolute values.

It was unfortunately not possible to quantify thegetation type. However, Spearman’s rank
correlation for ordinal data was applied with tieidwing vegetation ranking: trees — meadows —
rocks. The test gave statistically significant etation betweeiRr~ and vegetation type (p = 0.039).
By comparison, insignificant rank correlation wilkegetation type was found for DOC, nitrate,
nitrite or for the spectral featurds(254nm) DOC, Sand E/Es.



Conclusions

In the present study, the highest TMP-reactive ftpproduction was observed in samples from
lakes located below the tree line. The CDOM in iti@st photoactive samples had relatively high
values ofA,(254nm) DOC! (Table 1) and significant levels of humic subsemnas shown by EEM
(Figure 3). Samples from lakes above the treedime surrounded by alpine meadows had usually
lower values of T* photoproduction. Their CDOM sprat features were very variable, but EEM
data suggested an important contribution from ditmmous CDOM sources. Water from Lago
Rouen, located above the tree line and surroungiletdks with no meadows showed negligible
photoactivity and lowA;(254nm) DOC". Its CDOM also had the highest values of spesiapeS
and E/E; index, suggesting low molecular weight and aroaitgti This implies low CDOM
contribution from catchment runoff, while EEM sugtgd the presence of autochthonous material.
Overall, the generation rate of TMP-reactive T*whd better rank correlation than chemical
composition with the vegetation type surrounding kikes. This finding suggests that, at least in
the studied samples, photochemistry could be mersitve than water chemistry to the lake
location with respect to the tree line. Furtherdsta will be needed to check the validity of this

assumption.
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Table 1. Features of the sampled lakes. IC: inorganic earfi,CO; + HCO;” + CQ;%). Note: (1.%0.1)E-10 is a compact notation for

(1.1+0.1)207*°, and so on. n/a: not applicable. The average defpthe lakes is in the range of 1-2 my/H; is the ratio between the absorbance

values at 250 and 365 nm (Peuravuori and Pihl&87)L The error bounds represgatt. The underlined variables were included in PCA.

Lake Altitude, m | Sampling date Surface, kM | Tree line | Surrounding environment pH ; Ea’ -
10"EinL s
Lago Nero 2070 1 Sep 2011 0.110 Below Trees (fir), water gslameadows 7.2 5.1
Lago Verde 1840 1 Sep 2011 0.012 Below Trees (fir) 7.4 4.5
Lago della Foppa 1450 1 Sep 2011 0.016 Below Trees (deciduous) 5 .96 0
Lago Nivolet 2750 30 Aug 2011 0.010 Above Meadows, some rocks 7 0.82
Lago Rosset 2700 30 Aug 2011 0.166 Above Meadows 7.4 0.44
Lago Soprano 2100 31 Aug 2011 0.018 Above Meadows, some rocks 1.6
Lago Sottano 2210 31 Aug 2011 0.011 Above Meadows, some rocks 0.80
Lago Rouen 2390 31 Aug 2011 0.018 Above Rocks, no meadows 5 0.28
Rrwe, Rr, s DOC, IC, ] NO,~, | A(254nm)/DOC, B

101t Ms™ 10°M s &, 10 mgCL™? | mgCL™ H0s WM UM cm L/ gC S Hum ) BB
Nero 11+1 1.8:0.1 3.50.2 1.8@0.06 28.46.8 <0.8 0.36 29.8:1.0 15.50.1| 5.28
Verde 3.2¢0.1 0.4%0.03 9.1%0.7 0.430.02 19.@3.0 12.7 0.28 8.6t0.4 13.20.2| 4.64
Foppa 12+2 1.9-0.4 2.604 0.530.01 23.64.4 6.01 <0.02 19.(+0.4 15.¢0.1| 5.80
Nivolet 3.6:0.1 0.490.01 6.¢0.2 0.620.01 14.92.1 1.68 0.04 13.0t0.2 12.%#0.2| 5.05
Rosset 2.1+0.2 0.220.04 5.¢0.9 0.640.01 12.21.0 <0.8 0.31 7.8:0.1 13.50.2| 6.68
Soprano 4.1+0.2 0.520.05 3.60.3 0.840.04 1.080.01 254 1.07 18.740.9 15.@¢0.1| 5.37
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Sottano 2.3t0.1 0.250.02 3.%0.2 0.4&0.01 0.160.01 28.9 0.24 17.1+0.4 15.50.1| 5.64
Rouen 0.23t0.01 Negligible Negligible | 0.53+0.01 0.560.01 8.52 0.69 9.1+0.2 18.20.4| 11.3
Milli-Q 0.85t0.03 n/a n/a 0.13t0.01 |0 <0.8 <0.02 do n/a n/a
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Figure 1. Emission spectrum (spectral photon flux dengit{A)) of the adopted UVA lamps
(Philips TL K05). Absorption spectra of the studlalle water sample®\((A) = A(\) b,

b =10 cm), listed from the most to the least ingens
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Figure 2. Time evolution of 10 uM TMP, spiked to the laketarasamples or to Milli-Q water,

upon UVA irradiation. The error bars represefit|of duplicate runs.
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Figure 3. 3D fluorescence excitation-emission matrix (asteonplot) of Lago Nero, della Foppa,
Nivolet and Rouen. Fluorescence intensity is scéiaoh O to 50 intensity units for Lago
Nero and Rouen and from 0 to 25 for Lago della Boppd Nivolet. A, C: humic-like
peaks; T: tryptophan-like peak; PD: Phytoplankt@c@mposition.
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Figure 4. Principal Component Analysis (PC1 vs. PC2) ofrthmerical data reported in Table 1.
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