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Abstract 18 

This study analyzes the effects of the interplay between climate seasonality and 19 

hydrogeomorphic (HGM) lake features on dissolved organic matter (DOM) properties in two 20 

neighboring shallow lakes of Andean Patagonia with different connectivity. The survey was 21 

conducted over three years at the end of the wet and dry seasons, assessing the seasonal and 22 

inter-annual variation of dissolved organic carbon (DOC) concentration, whole-lake DOC mass, 23 

and DOM quality, through chromophoric and fluorescent DOM properties (CDOM and FDOM, 24 

respectively). During the wet season (fall-winter), precipitation and runoff increased water 25 

discharge, water level and inputs of terrestrial DOM with high aromaticity, humic content and 26 

high molecular weight in both lakes. Contrastingly, during the dry season (spring-summer), in 27 

which photodegradation promoted by high irradiance and stagnant conditions drove DOM 28 

transformation, non-humic, low molecular weight DOM prevailed. Both lakes displayed 29 

synchronicity in their DOC mass, CDOM and FDOM properties, indicative of similar responses 30 

to climate forcing, although the overall impact was modulated by their HGM features. 31 

Conversely, DOC concentration showed asynchronous responses between lakes, due to the 32 

higher intensity of the dilution/evapoconcentration processes in the connected lake, highlighting 33 

that DOC concentration is not always sensitive to climate-driven forces. Overall, this study 34 

emphasizes the importance of variables other than DOC concentration, like whole-lake DOC 35 

mass, DOM quality, and HGM features, to better understand the effect of climate variability on 36 

DOM dynamics. Our results allow inferring the potential impact of an environmental scenario 37 

characterized by lower precipitation and sustained warming on DOM dynamics in Northern 38 

Andean Patagonia.  39 

 40 

 41 
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1. Introduction 45 

Climate-driven forces have profound effects on the physical, chemical, and biological properties 46 

of aquatic systems, with a stronger impact on shallow lakes due to their small volumetric 47 

buffering capacity (Adrian et al., 2009; Nõges, 2009; Read and Rose, 2013). The fact that 48 

shallow lakes are common and distributed worldwide (Downing et al., 2006; Hanson et al., 49 

2007) adds value to their sentinel potential, as they capture the multiplicity of impacts induced 50 

by climate variations in different geographic and climatic regions (Adrian et al., 2009). In 51 

addition, shallow lakes respond rapidly to climate fluctuations, whose effects respond are 52 

reflected in variables with central roles in whole-lake functioning, such as the dissolved organic 53 

matter (DOM) pool (Reche, 2003; Williamson et al., 2014).  54 

DOM is a heterogeneous mixture of substances and represents the largest pool of organic 55 

carbon (C), playing a multifaceted role in biogeochemical processes and in the metabolism of 56 

aquatic ecosystems (Wetzel, 2001). DOM increases nutrient availability, fuels microbial 57 

communities with overall cascade effects on food webs, and is an important complexing agent 58 

in natural waters, interacting with trace metals in solution (Aiken, 2014). In addition, the 59 

chromophoric fraction of DOM (CDOM) absorbs solar radiation in the ultraviolet (UV) and 60 

visible wavelengths, determining the underwater light climate (Morris et al., 1995) and thermal 61 

structure (Wetzel, 2001), ultimately influencing lake productivity, trophic interactions and 62 

ecosystem stability (Moran et al., 2000; Stedmon et al., 2003; Häder et al., 2007, 2015).  63 

In aquatic ecosystems, DOM either derives from allochthonous sources, mostly from 64 

terrestrial vegetation and soils, or is generated by in-lake processes involving organisms (e.g., 65 

Zhang et al., 2009). The allochthonous inputs of DOM are positively correlated with climate-66 

driven forces such as precipitation and surface runoff (Pace and Cole, 2002; Adrian et al., 2009; 67 

Garcia et al., 2015b). Terrestrial signals in aquatic systems are clearly expressed, particularly at 68 

moments of high connectivity with the surrounding landscape, when increased runoff delivers 69 

fresh allochthonous inputs, increasing the DOM pools of streams and lakes (Van Gaelen et al., 70 

2014). Analysis of DOM through the optical properties of CDOM absorbance and its 71 

fluorescent fraction (FDOM) provides substantial information about its origin, composition, 72 

reactivity and diagenetic state, showing the degree of transformation through photochemical 73 

and/or biological processing (Del Vecchio and Blough, 2004; Kowalczuk et al., 2009; Zhang et 74 

al., 2009).  75 

Several studies have highlighted the modulating role of hydrogeomorphic (HGM) features of 76 

aquatic systems in their linkage with the surrounding landscape (Webster et al., 2008; 77 

Queimaliños et al., 2012; Köhler et al., 2013; Weyhenmeyer et al., 2016). For instance, the 78 

water residence time (WRT) affects DOM processing by controlling exposure to photochemical 79 

and biological transformation (Bertilsson and Tranvik, 2000; Guillemette and del Giorgio, 80 
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2011), as well as DOM loss through mobilization to the sediments and respiration (von 81 

Wachenfeldt et al., 2008; Kothawala et al., 2014). The lake morphometry affects thermal 82 

resilience and evaporative exchange, driving the photochemical transformation of DOM (Reche 83 

et al., 2000; Williamson et al., 2014).  84 

Several short- and long-term studies on DOM dynamics in lakes of the Northern Hemisphere 85 

have shown a dramatic increase in their dissolved organic carbon (DOC) concentration (Roulet 86 

and Moore, 2006; Monteith et al., 2007; Weyhenmeyer et al., 2016). There is now convincing 87 

evidence that the magnitude and regulation of the increase in aquatic DOC (browning) is mostly 88 

driven by climate trends that promote terrestrial exports, including rising temperatures, CO2 89 

enrichment and recovery from acidification (Evans et al., 2006; Erlandsson et al., 2008; 90 

Weyhenmeyer and Karlsson, 2009; Larsen et al., 2011; Weyhenmeyer et al., 2016).  91 

The temperate regions of South America are also showing the impact of a changing climate 92 

(IPCC, 2013; Barros et al., 2015). In particular, the southern region of South America and 93 

Patagonia is undergoing significant and extensive hydroclimatic fluctuations (Masiokas et al., 94 

2008). During the last four decades, the westerly flow over northern central Patagonia has 95 

decreased, causing a drying trend to the west of the Andes, and there is also a pattern of subtle 96 

but widespread warming in the region (Garreaud et al., 2013). If sustained over time, these 97 

changes will probably influence allochthonous inputs to aquatic systems, thereby influencing 98 

DOM concentration and its in-lake processing. The lakes of the Andean Patagonian region hold 99 

great potential as sentinels of climate change, due to the fact that they are pristine oligotrophic 100 

systems with none to low human impact, subject to a sustained regional decrease in 101 

precipitation and rising temperatures. In contrast, the temperate lakes of the Northern 102 

Hemisphere exhibit the impact of complex interactions between climate change and 103 

anthropogenic stressors, which hinder the interpretation of climatic signals (Evans et al., 2006).  104 

Within the extended Patagonian region (39° to 55° S), the northernmost area presents 105 

marked seasonality in the precipitation regime, with well-defined wet (fall-winter) and dry 106 

(spring-summer) seasons (Paruelo et al., 1998; Bianchi et al., 2016). Furthermore, this region 107 

experiences high solar radiation levels, especially UV, from the beginning of the dry season, 108 

which promotes photo-induced chemical and biological DOM processing (Zagarese et al., 109 

1998). The strong contrasting seasonal patterns of precipitation and solar radiation exposure 110 

acting on temperate lakes of northern Patagonia are amenable to analysis of the impact of 111 

terrestrial DOM inputs and photodegradation processes as drivers of lake DOM. In fact, it has 112 

been found that shallow lakes of northern Patagonia show a positive relationship between 113 

precipitation and CDOM properties (i.e, molecular weight and water color) (Gerea et al., 2016).  114 

Similar ecosystem properties have commonly been observed in lakes exposed to the same 115 

climatic temporal variations. Indeed, in lakes located inside small geographic districts (<100 116 
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Km), climatic forcing regulates seasonal and inter-annual synchrony among physical and 117 

chemical lake variables (Pace and Cole, 2002; Vogt et al., 2011). However, water bodies on a 118 

small spatial scale could provide further insights into the interaction between catchment and 119 

climate features and its effect on DOM quality (Massicotte and Frenette, 2011; Kothawala et al., 120 

2014). The objective of the current study was to analyze the interplay between climate 121 

seasonality and HGM lake features, and determine how they affect DOM concentration and 122 

quality in two shallow neighboring lakes of North Patagonia with different connectivity. We 123 

selected a hydrological network on a restricted spatial scale, featuring one lake located in a 124 

chained lacustrine system and another one located in a closed basin (Lake Morenito and Lake 125 

Escondido, respectively) (Lirio, 2011; Gerea et al., 2016). We performed a synchronous 126 

comparative study of the DOM pools, characterized through CDOM and FDOM analyses, 127 

which provide complementary information on the DOM source, quality and processing. We 128 

hypothesized that under the same climatic conditions, the contrasting HGM and hydrological 129 

connectivity of the lakes will be reflected in different DOM properties. The study was 130 

conducted over three consecutive years, with sampling scheduled at the end of the wet season to 131 

capture the input of terrestrial DOM and at the end of the dry season to assess in-lake 132 

processing. Thus, both temporal and spatial scales were considered. The temporal variability 133 

within each lake was assessed seasonally and inter-annually (within-lake variability), while the 134 

spatial scale was used to compare responses between lakes (between-lake variability).  135 

 136 

2. Material and Methods 137 

2.1. Study site  138 

Lakes Morenito and Escondido belong to the Nahuel Huapi catchment (Nahuel Huapi National 139 

Park, Andean North Patagonia, Argentina), located inside the Glacial Lake District (Iriondo, 140 

1989; Figure 1). These lakes are situated in an elevated piedmont area (~800 m a.s.l.) and are 141 

surrounded by a perennial temperate forest. Lake Morenito (41°03’S, 71°34’W, 768 m a.s.l., 142 

Zmax=10.5 m) is part of an open basin, connected upstream with Lake Ezquerra (Zmax=4 m; 143 

Pérez et al., 2010) and downstream with Lake Moreno West (Zmax=90 m; Queimaliños et al., 144 

2012). Lake Morenito was an open bay of Lake Moreno West until 1960, when the construction 145 

of a gravel road separated the systems, limiting their connectivity to a channel. In addition, Lake 146 

Moreno West is connected through a short narrow stream (0.5 km) with Lake Nahuel Huapi, the 147 

largest lake (surface=557 km
2
; Zmax=464 m) of the North Andean Patagonian sector at the 148 

eastern side of the Andes (Figure 1). In this chained lacustrine system, water flows from Lake 149 

Ezquerra to Lake Morenito and then to Lake Moreno West (Figure 1). Long-term lake water 150 

storage datasets indicate a maximum variation in the water level of Lake Nahuel Huapi of 3.2 151 

m, with the lowest level occurring during summer (December to March), followed by an 152 
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increase from April (southern fall), and reaching the highest level between July and November 153 

(Autoridad Interjurisdiccional de Cuencas, AIC, 2015) (Figure 1). Lakes Moreno West and 154 

Morenito also display this seasonal change in their water levels due to their connection with 155 

Lake Nahuel Huapi (Rapacioli, 2011). In contrast, Lake Escondido (41°03’S, 71°34’W, 770 m 156 

a.s.l., Zmax=8.3 m) is located 3 km west of Lake Morenito, in a small closed basin lacking major 157 

streams (Lirio, 2011), and receives inputs from small temporary water courses during rainy 158 

periods. Although this lake is adjacent to Lake Nahuel Huapi (Figure 1), a separation of 3 m in 159 

height  prevents their direct connection (Lirio, 2011).  160 

Lakes Morenito and Escondido are cold and polymictic, freezing occasionally during strong 161 

winter periods and eventually stratifying during late spring or early summer (Queimaliños, 162 

2002; Bastidas Navarro et al., 2009). Both lakes are oligotrophic, their water columns are 163 

illuminated down to the bottom (Gerea et al., 2016), and they have similar aquatic vegetation 164 

characterized by the occurrence of emergent stands of Schoenoplectus californicus in littoral 165 

sectors and spots of Potamogeton linguatus.  166 

The Andean region of North Patagonia is characterized by a transitional oceanic-continental 167 

cold climate with a dry summer (Köppen Csb), governed by the prevailing westerly winds 168 

coming from the South Pacific subtropical anticyclone. The wet season coincides with the cold 169 

period (April to September) and concentrates 73% of the annual precipitation (mean annual 170 

precipitation ~1800 mm y
-1

) (Paruelo et al., 1998; Rapacioli, 2011), while the dry season 171 

(October to March) coincides with the maximum incidence of solar radiation (Díaz et al., 1994). 172 

These features determine two contrasting scenarios: a cold winter period, characterized by low 173 

irradiance, low air temperature and high precipitation and runoff, and a warm period, 174 

characterized by high irradiance, moderate to high air temperature and dry conditions (Paruelo 175 

et al., 1998; Soto Cárdenas, 2015).  176 

 177 

2.2. Precipitation, temperature and solar radiation patterns 178 

The precipitation data of the period studied (2012–2015) were recorded at a meteorological 179 

station (AIC) located ~1.1 km from Lake Escondido and ~3.8 km from Lake Morenito. The 180 

monthly cumulative precipitation was calculated to describe the annual precipitation pattern. To 181 

explore the effect of cumulative precipitation on the seasonal trend of CDOM, linear regression 182 

analysis was applied using different time intervals (of 30 days) for the cumulative precipitation 183 

before sampling (30 to 360 days). The cumulative precipitation of the 150 days previous to the 184 

sampling (0-150 days) was the best explanatory variable of the natural precipitation pattern, as 185 

reported previously by Gerea et al. (2016), and was thus included in the analyses. 186 

Air temperature and photosynthetically active radiation (PAR) at ground level were obtained 187 

from the monitoring station EMMA (Photobiology Laboratory, INIBIOMA, Bariloche, Río 188 
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Negro, Argentina) located 10 km east of the sampling sites. PAR irradiance (μmol cm
-2

 s
-1

) was 189 

measured with a band radiometer GUV 511 (Biospherical Instruments, Inc.). Daily fluence 190 

(μmol m
-2

) was calculated as irradiance converted to m
2 
and multiplied by 86400 s (=24*60*60). 191 

Monthly fluence (mmol m
-2

) was then calculated from the daily fluence data. Also, the fluence 192 

of the 150 days previous to the sampling (fluence 150d) was estimated to evaluate its 193 

cumulative effect in dry and wet periods. These cumulative values were used in the multivariate 194 

statistical analysis (RDA) (see below). 195 

 196 

2.3. Calculation of HGM features and catchment areas  197 

Bathymetric maps depicting the high water phase of lakes were used to calculate HGM features 198 

such as area, perimeter, volume (V), and maximum and mean depth (Zmax and Zmean) during the 199 

wet season. Lake volume was calculated by integrating the area delimited by the hypsographic 200 

depth-area curves (Wetzel, 2001). Areas (A) and perimeters (P) of the lakes during the dry 201 

season were calculated from Google Earth® maps portraying the low water phase (Figure 202 

1C,D). These data, together with the seasonal water level variation, were used to calculate lake 203 

volume in the low water phase. Variations in the water level were recorded on each sampling 204 

occasion from hydrometric rods placed on the shore of each lake. The perimeter:area ratio (P:A) 205 

was calculated to explore the areal terrestrial carbon loading to the lakes (Webster et al., 2008). 206 

The catchment or drainage areas (D) and the ratio of drainage area to lake area (D:A) were 207 

calculated by applying Digital Terrain Models based on maps published by ASTER-GDEM
1
. In 208 

the case of Lake Morenito, the drainage area was calculated including the upstream Lake 209 

Ezquerra. Forested and urban areas within lake catchments were estimated from Rapacioli 210 

(2011). The percentage of water in the surrounding catchment (%Water) was calculated as the 211 

relative areal coverage of open water in the catchment not including the lake itself (Kothawala 212 

et al., 2014; Kellerman et al., 2014). The mean annual water discharge of each lake [Qmv (L s
−1

)] 213 

was calculated using precipitation data, evaporation volumes and runoff inputs obtained through 214 

hydrometeorological processed data. Water retention times (WRT) were estimated as mean lake 215 

Volume/annual Qmv (Håkanson, 2005). Finally, seasonal precipitation, evaporation volumes, 216 

and runoff inputs were used to calculate the mean water discharge in the wet and dry seasons 217 

(seasonal Qmv).  218 

 219 

2.4. Sample collection and processing  220 

                                                           
1
 The Advanced Space borne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation 

Model (GDEM) was developed jointly by the Japanese Ministry of Economy, Trade, and Industry (METI) and the 

United States National Aeronautics and Space Administration (NASA). 
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Lakes Morenito and Escondido were sampled at the end of the dry and wet seasons over three 221 

consecutive years (2013 to 2015). In Lake Escondido, the sampling was performed on five dates 222 

(except in the wet season of 2015). This seasonal sampling schedule was based on a previous 223 

study (Gerea et al., 2016), which helped us to identify the end of the dry and wet seasons as key 224 

moments for DOM analysis in these lakes. Due to the small size of both lakes, the water 225 

sampling was carried out in one station located in the deepest part of each lake and at four 226 

different depths (0, 3, 6 and 7 or 8 m) depending on the water level. Samples were taken with a 227 

Kemmerer bottle, poured into 5 L acid-washed and pre-rinsed polypropylene containers, and 228 

transported insulated to the laboratory within 1 h of sampling. Temperature, pH and 229 

conductivity were recorded on each sampling occasion.  230 

 231 

2.5. Laboratory analyses 232 

A volume of 1-3 L from each water sample was filtered through pre-combusted glass fiber 233 

filters (GF/F Whatman) to assess chlorophyll a (Chla) concentration by extraction with 90% 234 

ethanol, followed by absorbance measurements after Nusch (1980). 235 

Pre-filtered (0.7 µm GF/F), sterile (0.22 µm PVDF Millipore) water samples were used to 236 

determine DOC concentration and characterize DOM. DOC concentration was measured with a 237 

Shimadzu TOC-L analyzer (Shimadzu Corporation, Japan). DOM was characterized through 238 

UV-visible and fluorescence spectroscopy. The UV-visible absorbance spectra were obtained 239 

using a spectrophotometer (Shimadzu UV-1800) in a 10cm quartz cuvette, recording absorbance 240 

values between 200 and 800 nm, at 1 nm intervals. Milli-Q water was used as blank. Average 241 

absorbance from 700 to 800 nm was subtracted from each spectrum to correct for offsets due to 242 

several instrument baseline effects (Helms et al., 2008). Absorbance units were converted to 243 

absorption coefficients as follows:  244 

a = 2.303 A/l 245 

where, 246 

 a= Naperian absorption coefficient (m
-1

),  247 

A= absorbance 248 

l = path length (m). 249 

CDOM absorption was characterized at three reference wavelengths: two in the UV spectral 250 

region (254 and 350 nm) (Reche et al., 1999; Spencer et al., 2009) and the other in the visible 251 

region (440 nm) as a proxy for water color (Reche et al., 1999). The absorption coefficients a254 252 

and a350 nm normalized by the DOC concentration (a254:DOC or SUVA254 and a350:DOC) were 253 

used as surrogates for DOM aromaticity (Weishaar et al., 2003) and lignin content, a tracer of 254 

terrigenous DOC (Fichot and Benner, 2012), respectively. Both coefficients were expressed as 255 

L mg
-1 

m
-1

. The spectral slope for the 275-295 nm interval (S275-295; 10
-3

 nm
-1

) was calculated by 256 
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fitting a linear regression to the log-transformed spectra, as described by Helms et al. (2008). 257 

S275-295 is inversely related to DOM molecular size and is thus widely used as a proxy for 258 

photochemical degradation (Helms et al., 2008; Fichot and Benner, 2012).  259 

The whole-lake DOC mass (expressed as tons of C) for the dry and wet seasons for each lake 260 

was determined by multiplying lake volume by the corresponding DOC concentration value.  261 

FDOM was characterized with a Perkin-Elmer 55B spectrofluorometer equipped with a 150-262 

W Xenon arc lamp and a Peltier temperature controller, using a 1 cm quartz fluorescence cell. 263 

Excitation-emission matrices (EEMs) were obtained at excitation wavelengths from 240 to 450 264 

nm, every 5 nm, slit width 15 nm and emission wavelengths from 300 to 598.5 nm every 0.5 265 

nm, slit width 15 nm at a scan speed of 1500 nm min
-1 

(integration time of 0.2 sec). Milli-Q 266 

blanks were measured daily. The EEMs were processed with the FL–WinLab software. 267 

Absorbance was measured concurrently using a UV-visible spectrophotometer to correct 268 

measurements for the inner filter effect. The EEMs were corrected using the toolbox FDOMcorr 269 

for MATLAB (MATLAB®R2015b, The Natick, USA) for instrument bias and inner filter 270 

effect, subtracting the water blank and normalizing to the area under Raman peaks of the blank 271 

(λEx= 350 nm), expressing the data in Raman Units (R.U.), following Murphy et al. (2010).  272 

In addition, fluorescence-based indices were calculated to assess the FDOM features. The 273 

humification index (HIX) (Zsolnay et al., 1999; modified by Ohno, 2002) and the biological 274 

index (BIX) (Huguet et al., 2009) were calculated to assess the degree of humification and 275 

autotrophic production of FDOM, respectively. HIX was determined from the ratio of two 276 

integrated regions of an emission scan [Em435–480: (Em300–345+ Em435–480)] collected at an 277 

excitation of 254 nm (Ex254). This index ranges from 0 to 1, with higher values indicating a 278 

greater degree of humification (Ohno, 2002). BIX was obtained as the ratio of the emission 279 

intensities at 380 and 430 nm (Em380 and Em430), using a fixed excitation at 310 nm (Ex310). 280 

This index is influenced by the presence of two common peaks in the fluorescence spectra, 281 

which have been attributed to terrestrial and microbial components. High values of BIX (>1) 282 

correspond to a predominantly autochthonous origin of DOM, whereas lower values of BIX 283 

(0.6–0.7) indicate a comparatively lower production of autochthonous DOM (Huguet et al., 284 

2009). The fluorescence index (FI) was calculated as the ratio of the emission intensities at 450 285 

and 500 nm, with an excitation at 370 nm. This index was applied to differentiate precursor 286 

DOM sources (i.e., aquatic vs. terrestrial), ranging from 1.4 to 1.5 for terrestrial DOM and from 287 

1.6 to 1.9 for autochthonous DOM (McKnight et al., 2001). 288 

 289 

2.6. Data analyses 290 

 291 

2.6.1. Parallel Factor Analysis (PARAFAC) modeling 292 

Page 9 of 43

John Wiley & Sons, Ltd

http://mc.manuscriptcentral.com/ecohydrology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

10 

 

EEMs were analyzed by applying PARAFAC, to identify the number, type and intensity of 293 

DOM fluorophores (Stedmon et al., 2003; Murphy et al., 2014). PARAFAC was performed 294 

including a total of 44 EEMs: 20 obtained from Lake Escondido samples and 24 from Lake 295 

Morenito. All the EEMs were corrected with the MATLAB toolbox drEEM (Murphy et al., 296 

2013). The first approach involved visualization of each EEM and the removal of scatter peaks 297 

(i.e., Rayleigh and Raman), followed by an exploratory analysis using non-negative constraints 298 

to identify outliers. The number of components discriminated by PARAFAC was validated by 299 

split half analysis, applying random initialization (Murphy et al., 2013). Finally, excitation and 300 

emission loadings were used to localize the excitation and emission peaks of the components 301 

and their maximum intensity (Fmax) (Murphy et al., 2013). The excitation and emission spectra 302 

for each component obtained through PARAFAC were queried against the fluorescence spectra 303 

of the open-access database OpenFluor (www.openfluor.org, Murphy et al., 2014), to determine 304 

coincidence with components reported in other studies. Components were assumed to be similar 305 

when a minimum similarity score of 0.95 was achieved. 306 

 307 

2.6.2. Statistical analyses 308 

The DOM parameters DOC, a440, SUVA254 and fluorescent components, as well as the Chla 309 

concentration, conductivity and pH of lakes Morenito and Escondido were compared applying t-310 

test or Mann-Whitney U tests.  311 

One-way ANOVA was applied to study the effect of seasonality in both lakes, considering 312 

DOC concentrations and whole-lake DOC mass as well as CDOM and FDOM parameters. Post-313 

hoc contrasts (Bonferroni) were performed to analyze the effect of seasonality within and 314 

between lakes. Linear regression analysis was applied to describe the relationship between 315 

a350:DOC and S275-295. Pearson correlation analyses were applied to study the relationship 316 

between HIX and BIX as well as between cumulative precipitation and CDOM and FDOM. 317 

In order to analyze the effect of environmental factors on DOM features in lakes Morenito 318 

and Escondido, a redundancy analysis (RDA) was performed. The application of RDA was 319 

based on a previous detrended correspondence analysis (DCA), which indicated a linear 320 

distribution of the data set (ter Braak and Šmilauer, 1998). Two data matrices were considered 321 

in the RDA: one including DOM parameters (DOC, S275-295, a350:DOC, HIX, BIX and the 322 

fluorescent components C1, C2 and C3), and the other including environmental variables 323 

(cumulative precipitation, seasonal Qmv, lake P:A, conductivity, Chla concentration, fluence 324 

150d , water temperature, and % Water). The analysis was performed using the CANOCO 4.5 325 

software (ter Braak and Šmilauer, 1998), applying forward selection to evaluate the most 326 

influential environmental variables. The significance of the canonical axes was tested through 327 

Monte Carlo permutation tests (Leps and Šmilauer, 2003). 328 
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 329 

3. Results 330 

3.1. Weather seasonality and inter-annual variations 331 

During the three years studied, the precipitation regime, air temperature and solar radiation all 332 

showed the marked annual seasonality characteristic of the northern Patagonian region. Mean 333 

monthly cumulative precipitation varied between 1.8 and 400 mm, showing a clear pattern with 334 

alternating dry spring-summer periods (October to March) and wet fall-winter periods (April to 335 

September) (Figure 2A). As expected, dry periods were associated with higher temperature and 336 

PAR records and lower precipitation levels. In contrast, wet periods were characterized by low 337 

temperatures and PAR values and higher cumulative precipitation. These marked differences 338 

between dry and wet periods were reflected in the water level of both lakes (see below). Inter-339 

annual fluctuations of the precipitation regime were also evident in the study period. 340 

Precipitation records indicated that the driest summer and the wettest winter occurred in 2015 341 

(Figure 2A). The cumulative precipitation during winter was lowest in 2014, being ~30% lower 342 

than in 2013 and 2015. In 2015, summer precipitation was 45% and 24% lower than in 2013 343 

and 2014, respectively. 344 

The mean winter air temperature was 2.27 ± 2.61°C, with the lowest values between -6°C 345 

and -13°C. The mean air temperature in the summer was 9.62 ± 2.85°C, with the absolute 346 

maximum temperature peaking around 25°C to 32°C. The mean monthly PAR irradiance 347 

fluctuated around 0.19 ± 0.08 µE cm
-2

 sec
-1

 in the winter and around 0.53 ± 0.12 µE cm
-2

 sec
-1

 348 

in the summer (Figure 2A). The cumulative precipitation 150 days before sampling ranged 349 

between 104 and 1297 mm (Figure 2B). The sampling periods in the lakes studied were 350 

representative of the end of the dry and wet seasons (see arrows in Figure 2B).  351 

 352 

3.2. HGM and catchment features  353 

The HGM parameters evaluated showed differences between the dry and wet seasons. Lake 354 

Morenito showed remarkable seasonal changes in its area, perimeter, volume, and depth, 355 

whereas Lake Escondido showed comparatively moderate seasonal fluctuations in HGM 356 

parameters (Table 1). During dry periods, both high evaporation and lower precipitation caused 357 

reduced water levels in both lakes; this phenomenon was also supported by a decrease in the 358 

water storage of the whole basin (Nahuel Huapi lacustrine system) (Figure 2B). In Lake 359 

Morenito, the water level changed up to 2 m between seasons, reflected in an increase in water 360 

volume (~52%), lake area (~ 24%) and perimeter (~25%) during the wet season (Table 1; 361 

Figure 1B,D). In contrast, in Lake Escondido, a smaller increase of ~ 0.5 m was observed in the 362 

water level, resulting in smaller seasonal changes in lake depth. The water volume of Lake 363 

Escondido during the wet season showed a moderate increase of ~13%, while the lake area and 364 
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perimeter increased up to ~10.5% and ~19.5%, respectively (Table 1; Figure 1B,C). Regarding 365 

the P:A ratio, Lake Escondido showed overall higher values than Lake Morenito, implying a 366 

comparatively greater contact between the lake and the terrestrial environment. Nevertheless, 367 

the P:A ratio was higher during the wet season in both lakes. The drainage area of Lake 368 

Morenito was 3.5 times greater than that of Lake Escondido, while the drainage ratio was 369 

similar in both lakes during the wet season, when rainwater drains from the catchment (Table 370 

1). The subcatchments of both lakes have dense forest cover, and a small residential area in the 371 

case of Lake Morenito (Table 1). The % Water fluctuated between 3.57 and 7.63 % in Lake 372 

Morenito, and was null in Lake Escondido due to the absence of other water bodies in the 373 

catchment.  374 

The comparison of hypsographic curves between lakes and seasons revealed clear seasonal 375 

differences in several HGM features. Lake Morenito presents higher lake area, depth and 376 

volume than Lake Escondido, as well as higher seasonal variation in these parameters (Table 1; 377 

Supporting Figure S1). Despite these differences, both lakes showed similar mean annual WRT, 378 

although the mean annual water discharge (Qmv) was 2.7 fold higher in Lake Morenito than in 379 

Lake Escondido (Table 1). The analysis of seasonal Qmv showed an increase in water discharge 380 

towards the wet season and stagnation during the dry season in both lakes (Table 1).  381 

 382 

3.3. Limnological parameters, DOC and CDOM characterization and seasonality  383 

A comparative analysis between the lakes studied showed that mean conductivity was 384 

significantly higher in Lake Morenito (72.1 ± 4.2 µS cm
-1

) than in Lake Escondido (62.8 ± 2.1 385 

µS cm
-1

; t=2.78, p=0.009), whereas the pH was similar in both lakes (t- test, p>0.05), ranging 386 

between 6.3 and 8.0. The water temperature was significantly lower in Lake Morenito (12.3 ± 387 

3.1 °C) than in Lake Escondido (14.5 ± 1.8 °C; t=709.0; p=0.004). The water column was 388 

thermally homogenous in both lakes on all sampling dates (p> 0.05). The mean Chla 389 

concentration was similar in both lakes (1.51 ± 1.22 µg L
-1

 in Lake Morenito and 1.22 ± 0.33 µg 390 

L
-1

 in Lake Escondido; t- test, p>0.05). The mean DOC concentration was significantly higher 391 

in Lake Escondido (3.82 ± 0.28 mg L
-1

) than in Lake Morenito (2.97 ± 0.20 mg L
-1

) (t=-12.58, 392 

p<0.001). The mean CDOM absorption coefficients (i.e., a350 and a440) were also significantly 393 

higher in Lake Escondido than in Lake Morenito. For instance, water color (a440) was 1.8 fold 394 

higher in Lake Escondido (0.95 ± 0.4 m
-1

) than in Lake Morenito (0.52 ± 0.16 m
-1

; t=-5.17, 395 

p<0.001). SUVA254 indicated a higher DOM aromaticity in Lake Escondido (5.79 ± 1.06 L mg
-1 396 

m
-1

) than in Lake Morenito (4.52 ± 0.74 L mg
-1 

m
-1

) (t=-4.98, p<0.001). The relationship 397 

between DOC concentration and conductivity was fitted to a linear model, resulting in a 398 

significant positive trend in the case of Lake Morenito (R
2 
=0.56; p <0.001, n= 24) and in a non-399 

significant relationship in Lake Escondido (p >0.05). 400 
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Regarding the analysis of within-lake and between-lake DOM variability consistent 401 

differences in concentration and quality parameters were observed during the three years 402 

studied. Both lakes showed significant differences in mean DOC concentrations between 403 

seasons. In Lake Escondido, DOC concentration decreased towards the dry season (Table 2), 404 

whereas Lake Morenito showed the opposite pattern, with significantly higher mean DOC 405 

values during the dry season (one-way ANOVA, p<0.001; Table 2; Figure 3A). Conversely, 406 

when whole-lake DOC masses were incorporated into the seasonal analysis, a significant 407 

decrease towards the dry season was found in both lakes, indicating a lower bulk of DOM for 408 

this season (Table 2; Figure 3B). In this scenario, DOC mass showed a synchronous pattern 409 

between lakes (r= 0.85; p< 0.001), whereas the variation in DOC concentration showed an 410 

asynchronous pattern between lakes (p> 0.05). This suggests that DOC analysis based solely on 411 

DOC concentration could hinder the behavior of the whole-lake DOC mass pattern (Figure 412 

3A,B). The importance of the marked seasonal changes in lake volume and the interaction of 413 

concentration/dilution processes behind the observed pattern of DOC concentration in Lake 414 

Morenito are discussed in Section 4.2.  415 

CDOM also presented clear seasonality, with significantly higher mean a350 values during 416 

the wet season in both lakes (one-way ANOVA, p< 0.001, Table 2, Figure 4). Lake Escondido 417 

always presented higher a350 mean values than Lake Morenito, although no significant 418 

differences were found between the dry season of the former and the wet season of the latter. 419 

Analysis of the relationship between DOC concentration and CDOM showed contrasting 420 

patterns between lakes. Lake Morenito showed a decrease in a350 with high values of DOC 421 

concentration, whereas Lake Escondido showed an increase in a350 with high DOC 422 

concentration (Figures 3A and 4). 423 

Seasonality was also recorded in other optical metrics such as water color (a440) aromaticity 424 

(SUVA254), lignin content (a350:DOC) and spectral slope (S275-295), both within and between 425 

lakes (one-way ANOVA, p<0.001; Table 2). The lakes showed lower values of a440, SUVA254, 426 

lignin content and molecular weight (higher mean values of S275-295) during the dry season 427 

(Table 2). In general, optical parameters as a440, SUVA254 and a350:DOC were significantly 428 

higher in Lake Escondido than in Lake Morenito during the wet season. However, the 429 

differences in a440 and SUVA254 observed between the dry season of Lake Escondido and the 430 

wet season of Lake Morenito were not significant (Table 2). 431 

Overall, the temporal variation of several DOM spectrophotometric parameters fluctuated 432 

synchronously between lakes throughout the study period. Considering the entire data set, 433 

significant correlations were observed between lakes for: a440 (r = 0.91, p< 0.0001), SUVA254 (r 434 

= 0.89, p< 0.0001), a350:DOC (r = 0.95, p< 0.0001) and S275-295 (r = 0.98, p< 0.0001). These 435 
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relationships revealed similar seasonal trends between lakes, indicating the existence of external 436 

drivers controlling DOM properties. 437 

The relationship between a350:DOC and S275–295 showed a strong negative pattern (R
2
 = 0.88; 438 

p< 0.001; n= 44) along a decreasing precipitation gradient (Figure 5A, see color scale for 439 

precipitation values). In fact, this relationship was coupled with cumulative precipitation before 440 

sampling, showing that seasonal and inter-annual rainfall variation affects CDOM optical 441 

parameters and is reflected in DOM quality changes (Figure 5A). Indeed, several CDOM 442 

properties strongly correlated with cumulative precipitation, either positively (a350:DOC 443 

and a440) or negatively (S275-295) (Supp. Table 1). Across the seasonal precipitation gradient, 444 

higher values of a350:DOC and lower values of S275–295 were observed during the wet season in 445 

both lakes, probably indicative of fresher terrestrial DOM inputs. Inter-annual variation between 446 

wet seasons was observed in both lakes, with greater signs of terrestrial DOM (low S275-295 and 447 

high a350:DOC values) in rainy years (i.e., 2015 and 2013 > than 2014) (Figure 5A). During the 448 

dry season, both lakes showed highest values of S275–295 and lowest lignin content (Figure 5A), 449 

revealing the impact of DOM transformation processes during this period (probably due to 450 

interaction between higher photochemical processing and lower water discharge, see Discussion 451 

section 4.3). In addition, low inter-annual variation of DOM properties was observed during the 452 

dry period in both lakes.  453 

 454 

3.4. FDOM characterization 455 

HIX values exhibited significant seasonal variations in both lakes, with higher predominance of 456 

humic compounds in the wet season (one-way ANOVA, p< 0.001; Table 2). The mean HIX 457 

values for the wet season were always significantly higher in Lake Escondido than in Lake 458 

Morenito, regardless of the season (Table 2). FI values were similar in both lakes (1.51 ± 0.11 459 

and 1.49 ± 0.09 in Lake Morenito and Lake Escondido, respectively; t- test, p>0.05) irrespective 460 

of the season. 461 

BIX values also showed seasonal differences in both lakes (one-way ANOVA, p<0.001; 462 

Table 2), with higher values during the dry season than during the wet season (Figure 5B). 463 

However, BIX values were always <0.75, indicating low autochthonous production of DOM. 464 

Comparing lakes on a seasonal basis, Lake Escondido always presented less autochthonous and 465 

more humified DOM than Lake Morenito (Table 2; Figure 5B). BIX and HIX were negatively 466 

correlated (r=-0.86, p<0.001, n=44) and, as previously found for CDOM parameters, BIX and 467 

HIX were significantly and positively correlated with cumulative precipitation (r=-0.67, 468 

p<0.001; r=0.49, p<0.001, BIX and HIX respectively; Supp. Table S1).  469 

The PARAFAC analysis of the EEM spectra identified three fluorescent components (C1, 470 

C2 and C3) that contributed to the total FDOM in the two lakes studied (Table 3). C1 has a 471 
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primary excitation (Ex) peak at 240 nm and a secondary peak at 305 nm, with a maximum 472 

emission (Em) peak at 396 nm, and is often referred to as a combined component constituted by 473 

the A + M peaks (Yamashita et al., 2010; Cawley et al., 2012). C2 has a primary Ex maximum 474 

at 240 nm and a secondary Ex peak at 345 nm, showing an Em peak at 460 nm, referred to as 475 

the A + C peaks (Yamashita et al., 2010; Shutova et al., 2014). C3 has a primary Ex maximum 476 

at 240 nm and a secondary Ex at 280 nm, with an Em at 361.5 nm, and has been associated with 477 

Tryptophan-like fluorophore (T-peak) (Garcia et al., 2015b; Table 3).  478 

The intensity of fluorescent components showed a regular pattern in both lakes during the 479 

three years studied. The humic component C1, followed by component C2, was predominant, 480 

whereas the non-humic component C3 identified in both lakes had a relatively lower proportion 481 

(Table 2). C1 and C2 presented higher values in Lake Escondido (Mann–Whitney U-test; 482 

p<0.001), whereas C3 was similar in both lakes (Mann–Whitney U-test; p=0.82) (Figure 483 

6A,B,C).  484 

The seasonal analysis of component intensities exhibited significant within-lake and 485 

between-lakes variation for C1 and C2 (one-way ANOVA, p<0.001; Table 2). However, C3 486 

only showed significant differences within each lake (Table 2). A substantial decrease in C2 487 

during the dry season (39 and 42%) and a less pronounced decrease in C1 (13 and 18%) were 488 

observed in lakes Morenito and Escondido, respectively. Concomitantly, mean values of C3 489 

increased around 14 and 27% towards the dry season in lakes Morenito and Escondido, 490 

respectively.  491 

Overall, C2 showed strong synchronous variation throughout the study period in both lakes, 492 

as indicated by their strong correlation (r=0.93; p<0.0001). C1 and C3 also displayed similar 493 

trends between lakes, but the correlations were comparatively lower (r=0.56; p=0.01, and 494 

r=0.55; p=0.02, for C1 and C3, respectively). 495 

Regarding the relative contribution of fluorescent components (as a percentage %Ci), C1 496 

showed the lowest variation between seasons in both lakes, with a slight increase (6%) towards 497 

the dry season (Table 2, Figure 6D). In contrast, C2 exhibited a significant decrease (25%) 498 

during the dry season in both lakes (one-way ANOVA, p<0.001) (Table 2; Figure 6E). C3 499 

showed the highest proportional variation, with a significant increase of 27 and 40% towards the 500 

dry season in Lake Morenito and Lake Escondido, respectively (one-way ANOVA, p<0.001) 501 

(Table 2, Figure 6F). 502 

The spectral slope (S275-295) was strongly negatively correlated with %C2 (r= -0.82; 503 

p<0.0001; n=44; Figure 6E), and a positively related to %C3 (r= 0.84; p<0.0001; n=44, Figure 504 

6F). The pattern observed during the dry season can be summarized as a decrease in humic C2 505 

and a concomitant increase in C3, reflecting a transition from high to low molecular weight 506 

DOM. These results indicate the transformation of DOM and the occurrence of by-products of 507 
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this process during the dry season. The opposite pattern observed in the wet season probably 508 

indicates the influence of terrestrial DOM inputs due to increased runoff. 509 

The component C2 was positively linked with cumulative precipitation (r=0.49; p<0.001), 510 

whereas C3 presented the opposite pattern (r= -0.52, p<0.001) (Supp. Table S1). In contrast, in 511 

the case of C1, the relationship was not significant (p> 0.05). The relative contribution of the 512 

fluorescent components and precipitation showed a negative relationship in the cases of C1 and 513 

C3 (r= -0.38; p= 0.02; r= -0.50; p<0.001, respectively), and a positive trend with C2 (r= 0.61; 514 

p<0.001). 515 

 516 

3.5. Multivariate redundancy analysis (RDA)  517 

RDA was conducted with DOC concentration and DOM properties as response variables and 518 

environmental variables as explanatory ones. Six out of the eight environmental variables 519 

considered were included in the model by forward selection (cumulative precipitation, P:A, 520 

fluence 150d, % Water, Chla and water temperature). The first and second canonical axes 521 

explained 97.9% of the total observed variation (axis 1= 95.6%; axis 2= 2.3%). The Monte 522 

Carlo unrestricted permutation test on the first eigenvalue indicated that the environmental 523 

variables were significantly correlated with the first axis (p =0.002) as well as with all the 524 

canonical axes (p =0.002). Precipitation and fluence 150d separated the wet and the dry seasons, 525 

whereas P:A separated Lake Morenito from Lake Escondido. Samples from the wet season 526 

showed high values of DOC, a350:DOC, HIX, C1 and C2, while those of the dry season 527 

displayed higher values of S275-295, C3 and BIX (Figure 7). 528 

 529 

4. Discussion 530 

4.1. Precipitation conditions and HGM features  531 

Cumulative precipitation showed strong seasonality during the three years studied despite the 532 

inter-annual variability detected in precipitation volume. Such a strong seasonal pattern, with 533 

precipitation concentrated in the fall-winter period, coincides with the general precipitation 534 

regime described for North Patagonia, reflecting the effect of the South Pacific anticyclone 535 

oscillation southwards in summer and northwards in winter (Paruelo et al., 1998; Barros et al., 536 

2015).  537 

Regarding the analysis of the HGM features, the higher P:A ratio of Lake Escondido 538 

compared to Lake Morenito is associated with its smaller surface area, which implies greater 539 

interaction with the terrestrial environment (Figure 7) (Wetzel, 2001; Webster et al., 2008; 540 

Gerea et al., 2016). Lakes with high P:A receive relatively high inputs of terrestrial matter 541 

compared to lakes with lower P:A ratios (Wetzel, 2001; Webster et al., 2008). The high P:A 542 

ratio for smaller lakes results in high contact surface with the surrounding landscape (Hanson et 543 
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al., 2007). A more detailed analysis of HGM features showed clear differences between lakes in 544 

their catchment size, Qmv values and water level fluctuations. However, the greater volume of 545 

Lake Morenito counteracted its higher Qmv, which explains their similar annual WRT. In 546 

addition, the landscape position of the lakes results in a differential degree of connectivity with 547 

other water bodies, as Lake Morenito belongs to a chained lacustrine system while Lake 548 

Escondido is unique in its basin. In this context, the increase in water level during the wet 549 

season (up to 2 m) enhances the connectivity of Lake Morenito with adjacent lakes (Figure 1), 550 

up to the point of experiencing possible refluxes from the deep Lake Moreno West, as 551 

previously described for this chained system (Rapacioli, 2011). In contrast, the dry period 552 

promotes stagnant conditions in both lakes (low Qmv), due to lower precipitation and enhanced 553 

evaporation (Figure 7). These particular patterns led us to assume seasonal differences in WRT 554 

in these lakes, being shorter during the wet period and longer during the dry period (see 555 

Kellerman et al., 2015). In the future, these differential hydrological scenarios would be further 556 

considered to determine the variability of DOM quantity and quality in the lakes studied (Figure 557 

7).  558 

 559 

4.2. Influence of hydrological conditions on the seasonal variation of DOC concentration 560 

It is generally well accepted that precipitation events promote greater connectivity and runoff, 561 

and consequently, mobilization of terrestrial DOM from the topsoil to adjacent aquatic systems, 562 

which increases their DOC concentrations (Van Gaelen et al., 2014). However, the lakes studied 563 

showed contrasting patterns of DOC concentration. In Lake Escondido, DOC concentrations 564 

were higher in the wet season than in the dry season, whereas in Lake Morenito, DOC was 565 

significantly higher during the dry season. However, when the variability of the whole-lake 566 

DOC mass was analyzed, a significant increase towards the wet season was observed in both 567 

lakes, indicating a greater DOM pool during this period. We hypothesize that the unexpected 568 

pattern of DOC concentration in Lake Morenito may be related to its greater fluctuation in water 569 

level between seasons, which implied the loss of ca. 50% lake volume towards the dry season. 570 

This important water loss goes together with the loss of connectivity of Lake Morenito with 571 

adjacent water bodies. During the wet season, the high water level promotes greater 572 

connectivity, with a potential for reflux of very low DOC water (ca. 0.6 mg L
-1

) from the deep 573 

ultraoligotrophic Lake Moreno West into Lake Morenito, which may cause a dilution effect 574 

(Morris et al., 1995; Rapacioli, 2011). During the dry season, the absence of water inputs and 575 

the incidence of strong evaporation may explain the drastic decrease in water level, also 576 

reflected in higher DOC concentrations. This assumption was supported by the positive 577 

correlation found between DOC concentration and conductivity in Lake Morenito, as has also 578 

been observed by Anderson and Stedmon (2007) in shallow lakes of Greenland. Thus, the DOC 579 
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analysis based exclusively on DOC concentration may not reflect the actual behavior of whole-580 

lake DOC mass (Figure 3A,B). These results highlight the importance of integrating the 581 

influence of climate, the catchment, and the hydrological network with in-lake processes to 582 

account for the spatial and temporal variability of DOM, as suggested by Kothawala et al. 583 

(2014). 584 

 585 

4.3. CDOM and FDOM optical properties: Interactive effects of weather and hydrogeomorphic 586 

features 587 

In general, DOM quality parameters showed clear seasonal differences associated with 588 

contrasting DOM drivers (allochthonous inputs vs. in-lake degradation processes). The 589 

differences in DOM properties observed between lakes were found to be related to the particular 590 

HGM features of each lake. 591 

In the wet season, the DOM pool was characterized by high values of CDOM (a350, a440), 592 

high aromaticity (SUVA254), lignin content (a350:DOC) and molecular weight (S275-295), relating 593 

significantly to precipitation (Supp. Table 1). In accordance with this, these properties were 594 

associated with higher inputs of fresh terrestrial DOM during the wet season and displayed a 595 

lower degree of internal processing. In fact, this period was characterized by fast flow paths 596 

(higher Qmv) leading to a shorter WRT, a condition known to dampen microbial processing 597 

(Köhler et al., 2013). The strong terrigenous signatures recorded during the wet season were 598 

also shown by the significant inverse relationships between a350:DOC and S275-295 along a 599 

decreasing precipitation gradient (Figure 5A, upper left corner; Figure 7). Indeed, in both lakes, 600 

during the rainy years 2013 and 2015, the CDOM properties indicated DOM of higher 601 

molecular weight and lignin content in comparison with the drier 2014, clearly reflecting inter-602 

annual differences in cumulative precipitation. 603 

A loss of DOM was observed in the dry period, associated with changes in CDOM quantity 604 

and properties. In both lakes, less absorptive DOM and a progressive decrease in molecular 605 

weight was observed towards the dry period (Figure 5A, lower right corner). We hypothesized 606 

that photodegradation is the main driver of DOM transformation during the dry period, through 607 

the combined effect of high irradiance and water shortage, leading to very low Qmv and long 608 

WRT (Figure 7). This assumption is supported by previous empirical evidence of the 609 

photobleaching effect both in the lakes studied (Diéguez et al., 2013) and in other aquatic 610 

systems (Anderson and Stedmon, 2007; Helms et al., 2008; Fichot and Benner, 2012).  611 

Regarding inter-annual variation, CDOM parameters showed higher similarity among dry 612 

periods than among wet periods. Apparently, the longer WRT and the high exposure to 613 

photobleaching led to homogenization of the CDOM properties, independently of the DOM 614 

inputs received during the previous wet season. In fact, in Andean Patagonia, the high influence 615 
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of solar radiation during spring-summer has long been acknowledged as a major factor 616 

influencing CDOM properties, due to the combination of temperate latitude, altitude and a dry 617 

limpid atmosphere (Zagarese et al., 1998).  618 

Consistent results were obtained from the FDOM characterization, with higher intensity 619 

values of the humic fluorescent components C1 and C2 in the wet period (Table 2; Figure 6A,B; 620 

Figure 7). These humic components have been related to terrestrial sources and their dynamics 621 

are influenced by hydrological conditions, especially runoff inflows (Stedmon and Markager, 622 

2005; Zhou et al., 2015). In addition, the highest HIX values were found during the wet period 623 

(Table 2; Figure 5). In particular, C2 and HIX were significantly and positively related to 624 

precipitation, while C1 showed a positive trend, though not significant (Supp. Table 1; Figure 625 

7). In general, terrestrial DOM inputs associated with precipitation have a high content of stable 626 

aromatic structures, containing lignin compounds which are biopolymers found exclusively 627 

within terrestrial vascular plants, and are related to humic C2 (Kalbitz et al., 2003; Hernes et al., 628 

2009; Stubbins et al., 2010). Furthermore, the humic component C1 has been associated with 629 

microbially transformed products derived from terrestrial organic substances (Stedmon and 630 

Markager, 2005; Zhang et al., 2010; Zhou et al., 2015). Such products may also be produced in 631 

soils; in particular, C1 has been described as a microbially degraded humic-like component 632 

associated with water-extractable soil organic matter (Wei et al., 2015). This evidence explains 633 

the terrestrial signature of C1 observed in the two shallow lakes studied. In addition, the non-634 

humic C3 has been associated with the photochemical and/or biological processing of DOM 635 

(Maie et al., 2007; Fellman et al., 2010; Lapierre et al., 2013). The low contribution of this 636 

component during the wet season could be attributable to the high Qmv recorded in both lakes, 637 

which could decrease in-lake DOM production and/or processing. 638 

The effects of photobleaching were also detectable through the loss of FDOM and the 639 

transformation of fluorophores, as noted in several studies (Reche et al., 1999; Moran et al., 640 

2000; Twardowsky and Donaghay, 2001). During the present short-term study, the intensity and 641 

percentage of C2 decreased significantly, and in a greater proportion than C1 during the dry 642 

season, with a concomitant increase in C3 (Figure 7). The higher intensity and percent 643 

contribution of C3 and the longer WRT exhibited during the dry season suggest that C3 may be 644 

a persistent component, being renewed constantly at the expense of other components. Indeed, 645 

C3 is, at least partially, a  subproduct of photodegradation of the humic C2, as has been shown 646 

in photobleaching experiments performed in the same lakes (Diéguez et al., 2013) and also 647 

observed in other studies (Maie et al., 2007; Hernes et al 2009). Autochthonous microbial 648 

and/or algal production has been also considered to explain C3 occurrence (e.g., Coble, 2007; 649 

Kothawala et al., 2014). However, we disregarded the dominance of the autochthonous origin of 650 

DOM in the lakes studied because bacterial and primary production was low, in agreement with 651 
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their oligotrophic condition (Bastidas Navarro et al., 2009). Furthermore, this assumption is 652 

supported by the low BIX values (< 0.75), indicative of a low DOM autochthonous production 653 

(Huguet et al., 2009), even in the dry period (Figure 5B). Concerning C1 (as %), lower 654 

differences between seasons, with a small increase during the dry period, were observed. So, C1 655 

appears to be more photo-resistant than C2 (Figure 6D,E). Other studies have shown that peak C 656 

(analogous to our C2) may shift to peak M (analogous to our C1; see Table 3), suggesting that 657 

C1 could be a mixture of intermediate compounds less susceptible to photodegradation (Chari et 658 

al., 2012; Ishii and Boyer, 2012; Helms et al., 2013). However, all these processes take place 659 

simultaneously, making it difficult to assign a directional change in the case of C1. 660 

In relation to the FI values, the differences observed between seasons and lakes were not 661 

significant. Thus, this index cannot be considered a sensitive proxy to track differences like HIX 662 

and BIX, as reported previously for oligotrophic mountain lakes and streams of the region 663 

(Garcia et al., 2015a, b).  664 

The marked synchronicity observed in several CDOM and FDOM properties and whole-lake 665 

DOC masses indicates a similar response to the climate forcing operating at this latitude and 666 

provides a framework to understand the functioning of shallow Andean lakes in a landscape. 667 

Nevertheless, the intensity of the response was different between lakes as a function of their 668 

differences in HGM features. Within-lake differences were the result of contrasting seasonal 669 

patterns in precipitation and fluence 150d, which influenced in-lake processes (e.g., DOM 670 

degradation), whereas the differences between lakes were due to their differential HGM features 671 

(e.g., P:A) and hydrological connectivity. These results were integrated and summarized by the 672 

RDA (Figure 7).  673 

Remarkably, DOC concentration appeared as an unresponsive variable to climate-driven 674 

forces in Lake Morenito, due to its particular hydrological condition, seasonal differential 675 

connectivity and strong evapoconcentration processes. 676 

 677 

4.4. Ecological implications of DOM variability and potential impacts of predicted climate 678 

scenarios 679 

The DOM pool affects many ecological processes in aquatic systems (Wetzel, 2001), and its 680 

influence on nutrient availability is central. In particular, DOM is strongly associated with the 681 

nitrogen (N) cycle through the dissolved organic N (DON) fraction (Bronk et al., 2007), since 682 

both humic and non-humic organic substances may contain different numbers of N atoms in 683 

their structure (Stubbins et al., 2014). In temperate forests of South America, the loss of N 684 

occurs through the export of DON concomitantly with precipitation (Perakis and Hedin, 2002). 685 

Therefore, in North Patagonia, the strong seasonality and the inter-annual variability in 686 

precipitation could differentially affect N availability in aquatic systems. DON compounds are 687 
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assimilated by bacteria and/or phytoplanktonic organisms (Bronk et al., 2007), and thus, are 688 

likely to induce cascading effects in aquatic food webs. On the other hand, CDOM plays a 689 

central ecological role in regulating the underwater light climate of lakes (Wetzel, 2001), 690 

especially in oligotrophic systems (Bukaveckas and Robbins-Forbes, 2000). In fact, in lakes 691 

Morenito and Escondido, CDOM determines the differential spectral composition of underwater 692 

irradiance, which in turn influences the structure of their phytoplankton communities (Gerea et 693 

al., 2016). CDOM comprises major optically active substances that absorb UV radiation, 694 

modulating the effects of UV on planktonic organisms (Sommaruga and Augustin, 2006). 695 

Patagonian lakes are naturally exposed to high UV radiation levels due to their latitude, altitude 696 

and pristine atmospheric conditions. These, along with the extreme transparency of the water, 697 

create harsh radiation conditions in the upper layers of deep lakes and even in the whole water 698 

column in shallow lakes (Zagarese et al., 2001). In relation to the UV impact on DOM quality, 699 

our results showed the photochemical transformation of CDOM and FDOM during the dry 700 

season, for example decreasing DOM molecular weight and influencing the relative contribution 701 

of the fluorescent components C2 and C3 (Figure 6E,F). In addition, the transformation of C2 to 702 

C3 and the higher biodegradability of C3 may enhance the availability of C for the microbial 703 

food web during the dry season (Guillemette and del Giorgio, 2011; Lapierre et al., 2013). 704 

Indeed, the phototransformation of DOM results in a more labile pool for heterotrophic uptake 705 

(Hiriart-Baer et al., 2008). Thus, photochemical degradation processes like those detected 706 

during the dry season may have a strong impact on the trophic dynamics of Andean Patagonian 707 

oligotrophic lakes, in which microbial food webs and primary production are dominated by 708 

mixotrophic organisms (Bastidas Navarro et al., 2009; Gerea et al., 2016).  709 

The quality and concentration of DOM in freshwater systems also control metal-ligand 710 

interactions (Aiken, 2014), determining the toxicity and availability of mercury (Hg) for 711 

bioaccumulation and bioconcentration in aquatic food webs (Ravichandran, 2004; Luengen et 712 

al., 2012). In Andean Patagonian lakes, low DOC and high total Hg (THg) concentration 713 

determine high THg:DOC ratios, promoting extremely high availability of Hg to bind biotic and 714 

abiotic particles (Ribeiro Guevara et al., 2008; Soto Cárdenas et al., 2014; Soto Cárdenas et al., 715 

in prep.), which are transferred to higher trophic levels or different trophic compartments 716 

(Arribére et al., 2010; Rizzo et al., 2011; 2014). Moreover, in these lakes, DOM quality has 717 

been shown to affect the Hg adsorption to planktonic organisms (Soto Cárdenas, 2015). Higher 718 

concentrations of CDOM and humic DOM in natural water of different lakes, including Lakes 719 

Morenito and Escondido, have been found to slow down the adsorption of Hg in planktonic 720 

algae and herbivorous zooplankton. Whereas lower CDOM levels and photodegraded DOM 721 

have been found to enhance the bioavailability of Hg (Diéguez et al., 2013). In Andean lakes of 722 

Patagonia, DOM-Hg interactions via complexation and/or photochemical reactions determine 723 
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the speciation and mobility of Hg among different ecosystem compartments and within the 724 

catchment (Soto Cárdenas et al., in prep.). Considering the results of the present study, the 725 

seasonal differences in DOM concentration and quality in lakes Morenito and Escondido would 726 

likely reflect in seasonal changes in Hg bioavailability within and between lakes. Hence, 727 

understanding the factors driving the DOM pool on temporal and spatial scales allows 728 

predicting pathways of Hg mobility and bioavailability in Andean Patagonian lakes.  729 

Predictions of climate change for the Andean North Patagonian region anticipate a sustained 730 

decrease in winter precipitation (Garreaud et al., 2013; Barros et al., 2015), which would 731 

diminish hydrological connectivity among lakes and between the lakes and their surroundings, 732 

with a consequent reduction in terrestrial inputs into aquatic systems. In the forecasted regional 733 

climate scenario, a decrease in the allochthonous subsidies of organic C and N could lead to 734 

higher water transparency and UV exposure, structural and functional changes in aquatic 735 

communities, and higher Hg bioavailability, as well as other unforeseen environmental changes. 736 

The predicted DOM pattern contrasts with the trend observed in the Northern Hemisphere, 737 

where the strong transference of C from catchments is causing the browning of inland water 738 

bodies (e.g., Monteith et al., 2007; Larsen et al., 2011; Thrane et al., 2014).  739 

Overall, our results provide evidence of the complex interplay between climate, landscape, 740 

and hydrogeomorphic variables in temperate shallow lakes of the Southern Hemisphere.  741 

 742 

5. Conclusions  743 

 The variation in whole-lake DOC mass and CDOM and FDOM properties showed marked 744 

synchronicity in the two lakes studied, indicating a similar response to the climate-driven 745 

forces operating at this latitude. In contrast, the intensity of the response in terms of DOC 746 

concentration was different between lakes, according to their particular HGM features and 747 

hydrological connectivity.  748 

 The lower DOC concentration found during the wet period (fall-winter) compared to the 749 

dry period (spring-summer) can be attributed to an intense dilution/evapoconcentration 750 

process in Lake Morenito.  751 

 Precipitation and runoff increased Qmv, water level and terrestrial inputs of highly aromatic, 752 

humic and high molecular size DOM during the wet season in both lakes.  753 

 Photodegradation was the main driver of DOM transformation towards the dry season, due 754 

to the combined effect of high irradiance and longer WRT, resulting in less absorptive 755 

DOM and a progressive decrease in molecular weight.  756 

 During wet periods, inter-annual variation in CDOM and FDOM parameters showed clear 757 

differences associated with differential cumulative precipitation. In contrast, during dry 758 

periods, DOM properties were homogeneous as a result of stagnant conditions.  759 
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  760 

Our results revealed that DOM quality parameters, together with whole-lake DOC mass, are 761 

sensitive to climate forcing, allowing an accurate assessment of C dynamics in these shallow 762 

temperate lakes. The HGM features of the lakes modulated the intensity of the response, and 763 

therefore must be taken into account for an appropriate assessment of DOM variability. Changes 764 

in DOM quality may have profound implications for biogeochemical processes, but may not 765 

always be reflected in DOC concentration. Understanding the forces driving seasonal and inter-766 

annual dynamics of DOM and their effect on C cycling is necessary to infer potential pathway 767 

changes in temperate lakes of Patagonia, due to the climate scenario anticipated for this century. 768 
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Figure Captions 1087 

Figure 1. A) Location of the shallow lakes Morenito and Escondido inside Nahuel Huapi basin 1088 

(North Patagonia, Argentina); B) Drainage catchments of lakes Morenito and Escondido and 1089 

connection between lakes Morenito, Moreno West and Ezquerra; C) Satellite images of lakes 1090 

Morenito and Escondido obtained during the low water phase (dry season). Floodplain areas 1091 

during the high water phase (wet season) are delimited with dotted lines in B and indicated 1092 

with white arrows in C and D (Google Earth®). Drainage catchments are shown with an 1093 

orange line in B, C and D. The asterisk in B and D indicates a small, closed water body. 1094 

Figure 2. A) Monthly precipitation (gray bars), air temperature (continuous line) and monthly 1095 

fluence of photosynthetically active radiation (dotted line) at ground level during the three 1096 

years studied; B) Cumulative precipitation during the 150 days previous to sampling (dark 1097 

gray bars) and water storage of Lake Nahuel Huapi (dashed line), depicting the fluctuation of 1098 

water level in the basin from 2013 to 2015. Arrows indicate sampling dates. 1099 

Figure 3. Box plots showing the fluctuation of: A) dissolved organic carbon (DOC) 1100 

concentration and B) whole lake DOC mass, in Lake Morenito and Lake Escondido during the 1101 

wet (gray panel) and dry (yellow panel) seasons for the three years studied. Whiskers indicate 1102 

the minimum and maximum values, lower and upper ends of boxes indicate lower and upper 1103 

quartiles, the solid line indicates the median, and the dashed line indicates the average. Circles 1104 

indicate outliers above and below the 95
th
 and 5

th
 percentiles. 1105 

Figure 4. Box plots showing the fluctuation of absorption coefficient a350 (proxy of CDOM) in 1106 

Lake Morenito and Lake Escondido during the wet (gray panel) and the dry (yellow panel) 1107 

seasons in the three years studied. Whiskers indicate the minimum and maximum values, 1108 

lower and upper ends of boxes indicate lower and upper quartiles, the solid line indicates the 1109 

median, and the dashed line indicates the average. Circles indicate outliers above and below 1110 

the 95
th
 and 5

th
 percentiles. 1111 

Figure 5. Relationship between: A) the DOC normalized absorption coefficient at 350 nm 1112 

(a350:DOC) and the spectral slope S275–295; B) the humification index (HIX) and the index of 1113 

recent biologically produced DOM (BIX) in Lake Morenito (triangles) and Lake Escondido 1114 

(circles). Data are presented as means ± standard deviation. The arrows inside the main figure 1115 

A) indicate the pattern and directions of change due to photochemical transformation along the 1116 

gradients of water residence time (WRT) and terrestrial fresh DOM inputs, within an 1117 

explanatory model (Fichot and Benner, 2012; Anderson and Stedmon, 2007; Williamson et 1118 

al., 2014). The color scale represents cumulative precipitation. 1119 

Figure 6. Left panel: box plots showing the fluorescence intensity (in Raman Units, R.U.) of the 1120 

FDOM components (A: C1; B: C2, and C: C3) in the wet (gray panel) and the dry (yellow 1121 

panel) seasons in lakes Morenito and Escondido. Black circles represent outliers beyond the 1122 

95
th
 and 5

th 
percentiles. Right panel: relationship between the fluorescent components as 1123 

percentage and the S275-295 in lakes Morenito and Escondido (D: % C1; E: % C2 and F: % C3). 1124 

The arrows inside the main figure E) indicate the pattern and directions of change due to 1125 

photochemical transformation along the gradients of water residence time (WRT) and 1126 

terrestrial fresh DOM inputs, within an explanatory model. These arrows also imply figure D 1127 

and F. 1128 
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 1129 

Figure 7. Redundancy analysis (RDA) including all water samples (n=44). DOM parameters as 1130 

response variables: DOC, a350:DOC, S275-295, BIX, HIX, the intensity of components C1, C2 1131 

and C3 are indicated by blue arrows. Significant environmental variables (p< 0.05): 1132 

cumulative precipitation (Prec 150 days), perimeter:area ratio (P:A), fluence (fluence 150 1133 

days), % Water, Chla and water temperature (W-Temp) are indicated by red arrows. 1134 

 1135 

Supporting Figure S1. Profiles of lakes Morenito and Escondido comparing lake area and 1136 

volume in the wet and dry seasons. 1137 

1138 
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Table 1. Geographic location and hydrogeomorphic features of lakes Morenito and Escondido 1139 

detailed for the dry and wet seasons when applicable. Abbreviations are as follows: Qmv, mean 1140 

annual (or seasonal) water discharge; WRT, water retention time. * % Water was calculated 1141 

only considering the upstream contribution of Laguna Ezquerra to Lake Morenito. 1142 

1144 

 
Lake Morenito Lake Escondido 

Geographic location 41°03´S 71°31´ W 41°03´S 71°34´ W 

Hydrogeomorphic features Wet season Dry season Wet season Dry season 

Lake area (A) (km
2
) 0.364 0.294 0.095 0.086 

Maximum depth (Zmax) (m) 10.5 8.5 8.3 7.8 

Lake Volume (V) (hm
3
) 1.87 1.23 0.50 0.44 

% increase in water volume 

between seasons  
52.13 12.95 

Mean depth (Zmean) (m) 5.2 5.0 5.2 5.1 

Lake perimeter (km) 4.43 3.53 1.59 1.33 

Lake perimeter:lake area ratio 

(km
-1

) 
12.17 12.01 16.74 15.46 

Seasonal Qmv (L s
−1

) 199.67  1.25 50.59 2.52 

Annual Qmv (L s
−1

) 70.54 26.3 

WRT (years) 0.50 0.56 

Catchment features 

    Drainage area (D) (km
2
) 1.495 0.419 

Drainage ratio (D:A)          4.16                 6.10        4.41                  4.87 

% Water*          7.63                 3.57        0                         0 

% Forest 91 100 

% Urban area 9 0 
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Table 2. Mean values ( ± 1 SD) of dissolved organic carbon (DOC) concentration, DOC mass, a350, colored DOM (a440), aromaticity (SUVA254), a350:DOC, 

spectral slope between 275 and 295 nm (S275-295); biological index (BIX), humification index (HIX), PARAFAC components C1, C2 and C3, normalized by 

DOC components (Ci:DOC), and percentage components in the dry and wet seasons. Significant differences are indicated with asterisks (*p<0.001). 

Homogeneous groups (a, b, c and d) were tested with Bonferroni t-test (p<0.001). 

      Bonferroni t-test 

 Lake Morenito Lake Escondido 
One-way 

ANOVA 

Lake  

Morenito 

Lake 

Escondido 

 Wet Dry Wet Dry  Wet Dry Wet Dry 

Dissolved Organic Carbon Concentration (mg L-1) 

DOC  2.8 ± 0.2 3.1 ± 0.1 4.0 ± 0.1 3.7 ± 0.3 F = 87.61* a b c d 

Dissolved Organic Carbon Masses (Ton C lake-1) 

DOC 5.33 ± 0.39 3.80 ± 0.14 2.01 ± 0.07 1.64 ± 0.11 F = 1185.96* a b c d 

CDOM features 

a350 (m
-1) 3.17 ± 0.28 1.86 ± 0.06 6.73 ± 0.36 3.34 ± 0.14 F = 896.01* a b c a 

a440  (m
-1)  0.67 ± 0.01 0.40 ± 0.04 1.40 ± 0.10 0.63 ± 0.03 F = 383.74* a b c a 

SUVA254 3.13 ± 1.27 1.70 ± 0.08 3.02 ± 0.21 2.16 ± 0.12 F = 155.0* a b c a 

a350: DOC 1.12 ± 0.13 0.60 ± 0.02 1.68 ± 0.10 0.91 ± 0.06 F = 249.63* a b c d 

S275-295 (10-3 nm-1)  18.90 ± 1.00 24.6 ± 0.20 16.90 ± 0.60 21.8 ± 0.40 F = 339.4* a b c d 

FDOM features 

BIX 0.58 ± 0.04 0.73 ± 0.02 0.51 ± 0.02 0.63 ± 0.03 F = 155.99* a b c d 

HIX  0.89 ± 0.03 0.85 ± 0.02 0.92 ± 0.003 0.89 ± 0.02 F = 23.69* a b c a 

C1 (R.U.) 0.33 ± 0.03 0.29 ± 0.02 0.54 ± 0.05 0.44 ± 0.03 F =146.41 * a b c d 

C2 (R.U.) 0.21 ± 0.04 0.13 ± 0.02 0.36 ± 0.04 0.21 ± 0.03 F = 93.41* a b c a 

C3 (R.U.) 0.09 ± 0.01 0.11 ± 0.007 0.08 ± 0.01 0.11 ± 0.01 F =11.94* a b a b 

%C1 52.6 ± 3.1 55.4 ± 1.7 54.7 ± 3.1 58.2 ± 1.5 F = 41.74 * a b ab  c 

%C2 32.5 ± 3.6 24.1 ± 2.5 36.6 ± 2.5 27.6 ± 2.8 F = 11.59* a b c d 

%C3 14.9 ± 1.6 20.5 ± 2.1 8.6 ± 1.5 14.3 ± 1.5 F = 92.09* a b c a 
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Table 3. Fluorescence peak locations [Excitation/Emission (Ex/Em), secondary peak in parentheses], representative excitation-emission matrices (EEMs) and 

spectral loadings of the three components identified by the PARAFAC model. The components are shown in decreasing order of emission values (nm). 

References: Trad. Class.: traditional classification.  

Component 
Ex/Em 

maximum 
EEM Loading 

Trad. 

class. 

Other study 

 matches* 

Visible 

spectra** 

Persistence in 

landscape 
1*

 

C2 240 (345)/ 460 

 

 

 

 

 

A+C 

 

C1: Shutova et 

al., 2014 

C1: Yamashita 

et al., 2010 

high color 

high 

aromaticity 

high reactivity 

high 

susceptibility to 

photobleaching 

and flocculation 

C1 240 (305)/ 396 

 

 

 

 

 

A+M 

 

 

C1: Cawley et 

al., 2012 

 C1: Graeber et 

al., 2012 

  

C3 
240 (280)/ 

361.5 

 

 

 

 

 

T 

 

 

 

C3: García et 

al., 2015 

 

 

 

less color 

low 

aromaticity 

 

 

 

low reactivity 

high persistence 

 

*
 Similarities of our components to previous fluorescence spectra included in the open-access database OpenFluor (www.openfluor.org, Murphy et al., 2014),

 

**
 The diagrams shown on the right hand margin have been modified from Kothawala et al. (2014).

Page 34 of 43

John Wiley & Sons, Ltd

http://mc.manuscriptcentral.com/ecohydrology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

35 

 

Supporting Table 1. Pearson correlation between optical variables and DOC-normalized 1 

FDOM components with cumulative rain 150 days before sampling (n=44). Significant values 2 

in bold. 3 

Variable r p value 

a350:DOC - precipitation 0.74 <0.001 

a440 - precipitation 0.60 <0.001 

S275-295 - precipitation -0.85 <0.001 

BIX - precipitation -0.67 <0.001 

HIX - precipitation 0.49 <0.001 

C1 -precipitation 0.25 0.09 

C2 -precipitation 0.49 <0.001 

C3 -precipitation -0.52 <0.001 

%C1 -precipitation -0.38 0.01 

%C2 -precipitation 0.61 <0.001 

%C3 -precipitation -0.50 <0.001 

 4 
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Figure 1. A) Location of the shallow lakes Morenito and Escondido inside Nahuel Huapi basin (North 
Patagonia, Argentina); B) Drainage catchments of lakes Morenito and Escondido and connection between 
lakes Morenito, Moreno West and Ezquerra; C) Satellite images of lakes Morenito and Escondido obtained 

during the low water phase (dry season). Floodplain areas during the high water phase (wet season) are 
delimited with dotted lines in B and indicated with white arrows in C and D (Google Earth®). Drainage 

catchments are shown with an orange line in B, C and D. The asterisk in B and D indicates a small, closed 
water body.  
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Figure 2. A) Monthly precipitation (gray bars), air temperature (continuous line) and monthly fluence of 
photosynthetically active radiation (dotted line) at ground level during the three years studied; B) 

Cumulative precipitation during the 150 days previous to sampling (dark gray bars) and water storage of 

Lake Nahuel Huapi (dashed line), depicting the fluctuation of water level in the basin from 2013 to 2015. 
Arrows indicate sampling dates.  
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Figure 3. Box plots showing the fluctuation of: A) dissolved organic carbon (DOC) concentration and B) 
whole lake DOC mass, in Lake Morenito and Lake Escondido during the wet (gray panel) and dry (yellow 

panel) seasons for the three years studied. Whiskers indicate the minimum and maximum values, lower and 

upper ends of boxes indicate lower and upper quartiles, the solid line indicates the median, and the dashed 
line indicates the average. Circles indicate outliers above and below the 95th and 5th percentiles.  
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Figure 4. Box plots showing the fluctuation of absorption coefficient a350 (proxy of CDOM) in Lake Morenito 
and Lake Escondido during the wet (gray panel) and the dry (yellow panel) seasons in the three years 

studied. Whiskers indicate the minimum and maximum values, lower and upper ends of boxes indicate lower 

and upper quartiles, the solid line indicates the median, and the dashed line indicates the average. Circles 
indicate outliers above and below the 95th and 5th percentiles.  
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Figure 5. Relationship between: A) the DOC normalized absorption coefficient at 350 nm (a350:DOC) and the 
spectral slope S275–295; B) the humification index (HIX) and the index of recent biologically produced DOM 
(BIX) in Lake Morenito (triangles) and Lake Escondido (circles). Data are presented as means ± standard 

deviation. The arrows inside the main figure A) indicate the pattern and directions of change due to 
photochemical transformation along the gradients of water residence time (WRT) and terrestrial fresh DOM 
inputs, within an explanatory model (Fichot and Benner, 2012; Anderson and Stedmon, 2007; Williamson et 

al., 2014). The color scale represents cumulative precipitation.  
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Figure 6. Left panel: box plots showing the fluorescence intensity (in Raman Units, R.U.) of the FDOM 
components (A: C1; B: C2, and C: C3) in the wet (gray panel) and the dry (yellow panel) seasons in lakes 
Morenito and Escondido. Black circles represent outliers beyond the 95th and 5th percentiles. Right panel: 

relationship between the fluorescent components as percentage and the S275-295 in lakes Morenito and 
Escondido (D: % C1; E: % C2 and F: % C3). The arrows inside the main figure E) indicate the pattern and 
directions of change due to photochemical transformation along the gradients of water residence time (WRT) 
and terrestrial fresh DOM inputs, within an explanatory model. These arrows also imply figure D and F.  
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Figure 7. Redundancy analysis (RDA) including all water samples (n=44). DOM parameters as response 
variables: DOC, a350:DOC, S275-295, BIX, HIX, the intensity of components C1, C2 and C3 are indicated by 
blue arrows. Significant environmental variables (p< 0.05): cumulative precipitation (Prec 150 days), 

perimeter:area ratio (P:A), fluence (fluence 150 days), % Water, Chla and water temperature (W-Temp) are 
indicated by red arrows.  
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Supporting Figure S1. Profiles of lakes Morenito and Escondido comparing lake area and volume in the wet 
and dry seasons.  
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