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Abstract 

Thermal lake properties are sensitive to changes in windiness and precipitation, and affect the physical and 

chemical properties of the water column, which in turn control phytoplankton dynamics and primary production. 

We assessed the use of phytoplankton pigment profiling as a potential indicator of stratification conditions in 

temperate lakes in South-Central Chile. Spring and early summer phytoplankton pigment profiles and the physical 

and chemical limnology were analyzed in 43 lakes ranging in size, depth, altitude and catchment characteristics. 

Eleven lakes were sampled during both seasons. Variation in pigment composition between lakes was primarily 

related to stratification conditions and mixed layer light availability at the time of sampling. The dinoflagellate 

marker pigment peridinin was more abundant in more deeply mixed lakes with a lower mean irradiance, while 

chlorophyte pigments (chlorophyll b, lutein) tended to be higher in shallow (high-light) epilimnia. Diatom and 
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chrysophyte pigments (fucoxanthin) dominated under less thermally stable and more variable light conditions. 

Cyanobacteria pigments (zeaxanthin), probably derived from picocyanobacteria, were relatively more abundant in 

very transparent, low productive lakes. Lakes in close vicinity of active volcanoes were enriched in silica and PO4-

P concentrations and characterised by elevated chlorophyte marker pigments. Within strongly stratified lakes, in 

which the euphotic zone extended in the hypolimnion, cryptophyte pigments (alloxanthin) characterized the deep 

chlorophyll maxima while the epilimnion was consistently enriched with the photoprotective xanthophyll-cycle 

pigment violaxanthin. We conclude that major algal groups, represented by pigment biomarkers, are largely driven 

by changes in lake water column stratification and related mixed layer light availability as well as nutrient 

concentrations in temperate Chilean freshwater lakes.  

 

Keywords: Temperate oligotrophic lakes; Chile; HPLC pigment composition; mixing; light availability; 

stratification 

 

1.  Introduction 

Worldwide, changes in the thermal properties of lakes and their effect on phytoplankton dynamics are increasingly 

being reported (e.g. Palmer et al., 2014; O’Reilly et al., 2015; Rühland et al., 2015). However, the interaction of 

climate with local characteristics, including lake size, the presence of in and outflow streams, the distance to 

glaciers and ice fields, turbidity and catchment topography, leads to significant regional-scale variability in 

warming rates among lakes (Rose et al., 2015; Ficker et al., 2017). In addition, the contribution of various climatic 

drivers of lake thermal regimes, such as solar radiation and cloudiness, temperature, wind and/or precipitation may 

vary among regions (Bayer et al., 2013; Magee and Wu, 2017). These latter factors may affect the mixed layer 

depth directly, e.g. by influencing heat storage and exchange rates, or indirectly via increased inflow of colored 

dissolved organic matter (Berger et al., 2006; Rose et al., 2015). In addition to the effects of climate change, 

human-induced changes in water chemistry, such as acidification and eutrophication, result in altered 

stoichiometric properties (Elser et al., 2009; Hessen et al., 2009), which also influence the biodiversity and 

ecosystem functioning of even the most remote oligotrophic lakes (Catalan et al., 2013; Lepori and Keck, 2012).  
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Phytoplankton is highly sensitive to environmental changes due to the different responses of algal species to light 

(both intensity and spectral characteristics), nutrients (load and stoichiometric properties) and temperature 

conditions (e.g. Schwaderer et al., 2011; Stomp et al., 2004; Stomp et al., 2007; Burson et al., 2018; Winder and 

Sommer, 2012; Rühland et al., 2015). As mixing conditions largely determine light and nutrient availability in the 

water column, changes in the mixed layer depth may thus have important consequences for the dynamics and 

structure of phytoplankton communities (Litchman 1998; Diehl et al., 2002).  

Although there is increasing evidence that phytoplankton species composition varies geographically as a result of 

historical processes (Soininen et al., 2011; Khomich et al., 2017), higher level taxonomic composition and 

functional guilds appear to vary in a more predictable manner throughout space and time (Reynolds et al., 2002; 

Sommer et al., 1986, 2012), suggesting that a functional type approach may be most efficient in separating the 

effects of climate and other environmental changes affecting phytoplankton community dynamics (Domis et al., 

2013; Jochimsen et al., 2013). One such approach includes the use of phytoplankton pigment fingerprinting 

analyzed using high performance liquid chromatography (HPLC), which provides a cost-efficient method to assess 

the relative contribution of major phylogenetic groups to the phytoplankton community (Jeffrey et al., 1997; Roy 

et al., 2011). While in marine plankton research, the biomass of different groups in environmental samples is 

frequently estimated based on pigment ratios derived from pure cultures which are used in software such as 

CHEMTAX (Mackey et al., 1996) or the Bayesian Compositional Estimator (Van den Meersche et al., 2008), this 

is rarely done for freshwater phytoplankton. The main reason for this is that intra-class variation in pigment 

composition often reported in marine phytoplankton (Zapata et al., 2004) is not well-constrained in freshwater taxa 

(Nicklisch and Woitke, 1999; Descy et al., 2009). Therefore, while comparisons between microscopy and marker 

pigment based assessments of phytoplankton communities revealed that some groups are misidentified using 

HPLC, concentrations of photosynthetic pigments provide a good approximation of large-scale changes in 

functional groups in freshwater ecosystems (Tamm et al., 2015; Przytulska et al., 2016). Importantly, pigment-

based assessments have the advantage to give better estimates of variations in the biomass of small 

picophytoplankton compared with classical light microscopy (Descy et al., 2009).  

This study focuses on temperate lakes located between 36°S and 43°S along the west side of the central cordillera 

in South-Central Chile (Fig. 1). At 40°S, the climate is currently humid with a precipitation maximum during the 

austral autumn/winter period (precipitation >500 mm in May and June; NOAA, NCEP analysis), which is 

coincident with stronger winds (4 m s-1; NOAA, NCEP analysis). Climatological records from the region show 
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clear teleconnections with ENSO-related Pacific oceanic circulation. During El Niño years, in austral summer, 

local precipitation and wind speed are significantly lower (Montecinos and Aceituno, 2003), which results in a 

reduced diatom bloom development (Boes and Fagel, 2008). However, quantitative interpretation of 

phytoplankton responses to climatic forcing is hampered by the relative paucity of studies linking the abundance 

of major algal groups to physical and chemical lake properties in the region (Almanza et al., 2018; Oyanedel et 

al., 2008; Ramos-Jiliberto et al., 2009). Current information on phytoplankton communities in Chilean Araucanian 

lakes mainly consists of studies in single lakes (Campos et al., 1982; Campos et al., 1990; Campos et al., 1992; 

Campos et al., 1983; Caputo et al., 2013) that all strongly resemble those known for other ultra-oligotrophic to 

mesotrophic lakes worldwide (Reynolds, 2006).  Information is also available for nearby oligotrophic lakes in the 

Argentinean part of North Patagonia. These studies revealed that light (both PAR and UVR), whether or not related 

to mixing conditions, is an important ecological factor for phytoplankton dynamics in these lakes (e.g. Modenutti 

et al., 2008; Modenutti et al., 2013a; Modenutti et al., 2013b; Callieri et al., 2007; Queimaliños and Diaz, 2014). 

Some of these lakes are also characterised by deep chlorophyll maxima as a result of their highly transparant water 

columns (Perez et al., 2007). 

We aimed to relate the abundance of the major algal groups to mixing conditions, light availability and the trophic 

condition of South-Central Chilean lakes. This approach involves the analysis of the community structure along 

environmental gradients to be able to predict the effect of future environmental changes on the ecosystems. We 

therefore carried out (1) a limnological characterization to reveal the main environmental gradients between and 

within the study lakes describing the phytoplankton habitats, (2) an analysis of the photosynthetic pigments using 

HPLC of all sampled lakes to reveal the main drivers for inter-lake differences between major algal groups in the 

mixed layer, and (3) HPLC analysis of samples from the epi-, meta- and hypolimnion in a subset of 25 stratified 

lakes in which light penetrates into the (upper) hypolimnion in order to detect the presence and composition of 

deep chlorophyll maxima.  

 

2.  Material and methods 

2.1  Study area and lake selection 

A total of 43 lakes (Fig. 1) were selected to represent a large gradient in mixing conditions and trophic 

characteristics by selecting lakes of varying lake size and with different catchment characteristics (urban versus 
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pristine, with or without volcanic influence). Lake surface area was calculated in Google Earth Pro based on 

satellite images or was derived from literature. Maximum lake depth was determined in the field by means of 

manual echosounding (Plastimo, Echotest II) or using fishfinder (Garmin) along lake transects. For the larger 

lakes, maximum lake depth was taken from the literature. Coordinates of the sample locations and altitude (Alt) 

were determined by a 60Gx Garmin GPS (Supplementary material Appendix A and B). 

 

2.2  Sampling 

Sampling took place in November/December 2010 (26 lakes) and January/February 2013 (28 lakes; 

Supplementary  material Appendix A and Fig. 1); 11 lakes were sampled during both sampling campaigns 

(Supplementary material Appendix A). Temperature (Temp), dissolved oxygen concentration (DO), oxidation-

reduction potential (ORP) and specific conductivity (SpCond) profiles were measured in situ with a multi-

parameter probe (YSI 600QS). All physical and chemical data are given supplementary in Supplementary material 

Appendix A and B. Based on the temperature profile, water samples were taken at several depths with a Van Dorn 

bottle (5L) (1 to 5 depths per layer depending on layer thickness) and pooled to three samples representing the 

epilimnion (or mixed layer), meta- and (upper) hypolimnion, respectively (depth profiles for all lakes: see 

Supplementary material Appendix C). In lakes experiencing no clear vertical temperature gradient (12 out of 54 

sampling occasions) only one pooled sample was obtained, which represented the entire water column. In most of 

the studied lakes, the entire water column was sampled, except in lakes deeper than 50 m, where logistic constraints 

prevented access to the deeper parts of the hypolimnion. Subsequently, all pooled water samples (representing the 

epi-, meta- and (upper) hypolimnion in the stratified lakes and the entire water column in the mixed lakes) were 

subsampled for  chemical and pigment analyses, as well as for phytoplankton screenings. From each pooled water 

sample, subsamples for chemical analyses were collected in 250ml Nalgene bottles after filtration over a 0.7µm 

pore size glass fiber filter (Whatmann GF/F). Bottles were  immediately frozen  after each sampling trip, except 

for the samples from the high altitude lakes El Baul, Fuentecillas and Las Tres Lagunas 2 that were kept 

refrigerated in an ice box for 1-2 days before storage in a freezer. The glass fiber filter papers were used for the 

analysis of particulate C (precombusted, 500°C, 12h) and the pigment biomarkers. Before filtration, all equipment 

(syringe, filters and tweezers) was rinsed with sampling water. Filter papers were placed on the filter with tweezers. 

A high volume of sampling water was filtrated (mostly up to 2L) until filtration was no further possible. Each filter 

paper was then folded (with the tweezers) and put in a 2mL cryovial tube that was immediately stored frozen. 
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During transport between sampling stations, all cryovial tubes and the 250ml Nalgene bottles were stored in 

freezing boxes containing cooling elements. In the laboratory of the University of Concepcion (EULA), tubes with 

filter papers were stored at -80°C and the 250ml Nalgene bottles for chemical analyses were stored at -20°C until 

transport (dry ice) to the lab in Belgium, where the samples were stored in the same conditions until analyses. 

From each pooled water sample, we also collected a subsample for phytoplankton microscopic screening by 

subsampling a 1L recipient. These samples were fixed with alkaline Lugol’s solution (1% final concentration). 

The samples were concentrated (5x) by letting them settle down overnight, after which 800 mL of the supernatants 

was removed. Within a month, phytoplankton samples were post-fixated with formaldehyde (1% final 

concentration). 

2.3  Limnological variables 

Based on temperature profiles (Supplementary material Appendix A and C), stratification conditions varied among 

lakes and ranged from complete mixing (12 sampling occasions) over poorly (6) to strongly stratified conditions 

(36). For the strongly stratified lakes, mixing depth (Zmix) was defined as thermocline depth, which was the depth 

where the Relative Thermal Resistance (RTR) was maximal (Birge, 1910). Given the low ion concentrations and 

thus negligible effects of solutes in the study lakes, water density could be calculated from temperature data alone 

(Read et al., 2011). A lake was considered to be strongly stratified when the temperature change was at least 1°C 

m-1 around the thermocline depth (Cahill et al., 2005). In some of the lakes, multiple temperature discontinuity 

layers were present at the time of sampling. In these cases the parent thermocline was used to represent the mixed 

layer bottom. In weakly stratified lakes with less pronounced temperature gradients, Zmix was determined as the 

middle of the (still extended) metalimnetic zone. In lakes with a mixed water column, Zmix was set equal to 

maximum lake depth (Zmax).  

Mean light availability in the mixed layer (%Imix) was calculated from Zmix and the attenuation coefficient of PAR 

(Photosynthetically Active Radiation) downward irradiance (Kd) according to the formula: 

%𝐼𝑚𝑖𝑥 =  100 
1 −  𝑒(−𝐾𝑑𝑍𝑚𝑖𝑥)

𝐾𝑑𝑍𝑚𝑖𝑥

 

Kd was calculated as Kd = 1.7/ZSD (Kalff, 2003) based on Secchi depth readings (ZSD) measured using a disc with 

a diameter of 25 cm. The relation between Kd and ZSD was tested based on direct light measurement using spherical 

quantum sensors (AQPL-UV912) and a LiCor datalogger (LI1400) for the lakes sampled in 2010. These direct 
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measurements agreed well with the downward irradiance values based on the secchi depth readings in 2010 (mean 

Kd* ZSD = 1.702 ± 0.506), which confirmed that this formula can be used to calculate Kd in our study lakes.  

The dissolved inorganic nutrients nitrite (NO2-N), nitrate (NO3-N), ammonia (NH4-N) and orthophosphate (PO4-

P) were measured using a Skalar San++ analytical auto-analyzer (Grasshoff, 1976; Koroleff, 1976). Total 

dissolved nitrogen (TDN) was measured using a Flow Injection Analyzer (ISO 13395:1996). Dissolved organic 

nitrogen (DON) was calculated as total dissolved nitrogen minus the sum of the inorganic dissolved nitrogen 

forms. Major ion composition was determined using ion chromatography (Cl and SO4, ISO 10304-1:2007), ICP-

OES (Na, K, Mg, Ca and Fe, ISO 11885:2007) and spectrophotometry (Si) as in Verleyen et al. (2012). Dissolved 

organic (DOC) and inorganic carbon (DIC) were determined by a TOC-2020 A Shimadzu (ISO 8245:1999). Total 

particulate carbon (TC) (GF/F Whatmann filter pore size 0.7 µm) was measured in duplicate on a Thermo 

Scientific FLASH 2000 Series Analyzer following a dry combustion (Dumas) standardized method.  

2.4  Pigment composition 

Pigments were extracted in 90% acetone and analyzed by HPLC according to Van Heukelem and Thomas (2001). 

Pigment standards (DHI Water and Environment, Hørsholm, Denmark) were used for calibration. The following 

pigments were identified (abbreviations between brackets): chlorophyll a (chl a), peridinin (PERID), fucoxanthin 

(FUCO), diatoxanthin/diadinoxanthin (DDX), antheraxanthin (ANTH), alloxanthin (ALLO), zeaxanthin (ZEA), 

lutein (LUT), chlorophyll b (chl b), beta-carotene (BECAR) and violaxanthin (VIOLA). Diatoxanthin and 

diadinoxanthin were added up as these two xanthophyll cycle pigments convert into each other depending on the 

light conditions (Demers et al., 1991). Neoxanthin, echinenone, chlorophyll c2, canthaxanthin, beta-cryptoxanthin 

and chlorophyllide a were present in trace amounts in the water samples and could only be identified based on 

their retention time, because the associated chromatograms could not be unambiguously related to those of the 

available standards for these pigments.  

Based on specific marker pigments (Leavitt and Hodgson, 2001; Schluter et al., 2006), the following major 

phytoplankton groups were discerned: chlorophytes (chl b, LUT), cryptophytes (ALLO), dinoflagellates (PERID), 

diatoms and chrysophytes (FUCO) and cyanobacteria (ZEA). Microscopic screening of the formaldehyde-fixed 

samples was used to confirm the presence and relative abundance of these phytoplankton groups.  

2.5  Statistical analysis 

2.5.1  Differences in environmental gradients between the lakes  
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The main environmental gradients between the study lakes were summarized by principal component analysis 

(PCA) of standardized and centered environmental variables. For this analysis, only water chemistry data of the 

epilimnion in stratified lakes and the mixed layer in completely mixed lakes were used. Prior to ordination, 

normality of the limnological variables was verified using visual inspection of the histograms and the Shapiro-

Wilk W test (Shapiro and Wilk, 1965). The following variables were square root transformed to reduce skewness: 

Alt, RTR, DON and NH4-N. Temperature, pH, %Imix and Si were not transformed. The remaining variables were 

log10(x+1) transformed. Collinearity among variables was verified by means of a variance of inflation (VIF) 

analysis. Twenty-one variables with a VIF factor less than 10 were included, being Alt, Zmax, Area, ZSD, Zmix, RTR, 

Temp, SpCond, DO, pH, ORP, K, Fe, SO4, Si, DON, NO2+NO3-N, NH4-N, PO4-P, DOC and chl a. Linear 

regression and Pearson correlation using the same data matrix as used for the PCA were applied to further explore 

relationships among the environmental variables using STATISTICA version 7.0 for Windows (StatSoft Inc., 

Tulsa, OK, U.S.A.). Spearman rank correlation was used in the few cases that assumptions for a linear relation 

between variables were not met (indicated in the results section). Correlation analyses between Zmix and 

morphometry or RTR only included lakes for which Zmix was not equal to Zmax (n = 42 samples). A correlation 

matrix of geographic, morphometric, physical and water chemistry data (see Table 1) of the study lakes (n=54 

sampling occasions) is supplementary added (Supplementary material Appendix D). Consistent differences in 

physical and chemical variables between the two sampling years were assessed in the 11 lakes which were sampled 

twice using dependent-t-tests with sequential Bonferroni correction (Rice, 1989) and visualized using box-whisker 

plots in STATISTICA version 7.0 (Supplementary material Appendix E). 

2.5.2  Differences in phytoplankton pigment composition between the lakes  

Inter-lake differences in the mixed layer phytoplankton pigment composition (n = 54) were analyzed by PCA. 

Pigment concentration in the water (µg L-1) was normalized to total chlorophyll a to approximate the relative 

importance of the major phytoplankton groups. Hellinger transformation was carried out by taking the square root 

of the pigment ratios. Redundancy analysis (RDA) and variation partitioning were used to identify the main drivers 

of the mixed layer phytoplankton pigment composition. Forward selection RDA was executed following Blanchet 

et al. (2008). In a first step, 20 a priori selected environmental variables (indicated with an asterisk in Table 1) 

were included in a model that proved to be significant (p = 0.001) following Monte Carlo Permutation testing (n 

= 999). Next, a set of explanatory variables best explaining the variation in phytoplankton pigment composition 

was selected using step-wise forward selection of significant explanatory variables, with the adjusted coefficient 

Jo
ur

na
l P

re
-p

ro
of



9 

 

of multiple determination (R²adj) calculated, using all explanatory variables as an additional stop criterion. 

Secondly, we used a variation partitioning approach (Borcard et al., 1992; Peres-Neto et al., 2006) to analyze the 

relative importance of mixing, light and nutrients in structuring the phytoplankton pigment composition in the 

mixed layer. For this analysis we used Zmix and RTR as mixing variables, ZSD as representing the light availability 

and PO4-P, NO2+NO3-N, NH4-N, DON, Si and Fe as the most important nutrients. Similar to the environmental 

properties, consistent differences in phytoplankton communities between the two sampling years were assessed in 

the 11 lakes which were sampled twice using dependent-t-tests with sequential Bonferroni correction (Rice, 1989) 

and visualized using box-whisker plots in STATISTICA version  7.0 (Supplementary material Appendix E). 

2.5.3  Deep chlorophyll maxima in stratified lakes  

Visual inspection of the depth profiles revealed that in 25 lakes, the water column was strongly stratified (i.e., 

average temperature difference between epi- and hypolimnion = 7.9 +- 2.4°C) and the euphotic zone extended to 

the hypolimnion (Fig. 1 and Supplementary material Appendix A and C). This coincided with a maximum in the 

dissolved oxygen concentration in the upper hypolimnion (Supplementary material Appendix C), which suggests 

the presence of a deep chlorophyll maximum. These lakes were selected for an in depth analysis of their 

phytoplankton communities in the epi-, meta- and hypolimnion. Potential differences in chemical variables and 

phytoplankton profiles (ratios calculated as above) between the different water layers were assessed using 

dependent-t-tests with sequential Bonferroni correction (Rice, 1989) and visualized using box-whisker plots in 

STATISTICA version 7.0 (Supplementary material Appendix F). PCA was used on the pigment dataset in the 

three water layers combined, in combination with a Procrustes analysis to assess whether similar patterns emerged 

in the pigment markers between the epi-, meta- and hypolimnion. All ordinations were done in CANOCO for 

Windows version 4.5 (ter Braak and Šmilauer, 1998) and followed the procedures described above. Procrustes 

analyses was conducted in R using the Vegan package. 

3.  Results 

3.1  Differences in environmental gradients between the lakes  

The variation in environmental conditions between the study lakes (n = 54) can be summarized by the first three 

components of a PCA analysis, corresponding to major gradients related to thermal conditions, water chemistry 

and lake transparency, respectively. The main gradient (PCA1, 23.3 % of the total variation) represented variation 

in mixing conditions among lakes (Fig. 2a and Supplementary material Appendix G-a).  
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At the time of sampling, stratification conditions varied among lakes, ranging from complete mixing (12 sampling 

occasions) over early stratified (6) to strongly stratified conditions (36), roughly coinciding with spring and 

summer sampling seasons, respectively. Lakes sampled in the summer of 2013 generally have a higher epilimnetic 

temperature and thermal stability (RTR) and a lower mean epilimnetic DO concentration compared to lakes 

sampled during late spring in 2010 as evidenced by dependent t-test (p < 0.001) (Supplementary material Appendix 

E). This was evident in the lakes sampled during both campaigns, with epilimnetic temperature being on average 

8.9 ± 2.6 °C warmer, and the metalimnion depth being consistently deeper in spring 2010 compared with the 

summer situation in 2013 (Supplementary material Appendix E). For the stratified lakes, Zmix (1 - 20 m) was 

positively correlated with lake area (Spearman rank, r = 0.61, p < 0.001). None of the parameters related to 

transparency or water color (ZSD, chl a, DOC), nor altitude were significantly correlated with Zmix and related 

factors such as DO, RTR and temperature. The total dissolved nitrogen pool, of which the major part was organic 

(DON; median: 92.6%, interquartile range: 79.4 - 97.2%) was related to the thermal lake conditions. Lakes with 

lower average mixed layer water temperature were characterized by higher dissolved N concentrations (TDN, 

DON, NO2+NO3-N) and lower NH4-N concentrations, and those with a less stable, more deeply mixed water 

column were characterized by higher NO2+NO3-N concentrations (Supplementary material Appendix D). These 

trends were also visible when considering the 11 lakes sampled twice. Out of the 12 environmental variables which 

were significantly correlated with the first PCA axis (Fig. 2), significant differences between the two sampling 

years were present for Temp, RTR, DO (p < 0.001), and for %Imix, Zmix, pH and concentrations in TDN, DON, 

NO2+NO3-N and NH4-N (p < 0.05) (Supplementary material Appendix E).  

PCA axis 2 (17.7 %) reflected variation in the concentrations of the major ions, SpCond and the concentrations of 

PO4-P and Si (Fig. 2a and Supplementary material Appendix G-a). All studied lakes (Fig. 1, Table 1) had a low 

specific conductivity (range: 48 - 174 µS/cm) and a circum-neutral pH (range: 6 - 8.6). While concentrations of 

major cations (Ca2+ > Na+ > Mg2+ > K+) and anions (SO4
2- ~ Cl-) were low, dissolved Si concentrations (range: 

0.25 – 13.7 mg L-1) were comparable to the world averages for freshwater (Wetzel, 2001). An increasing marine 

influence on lake water chemistry was evident from the westward increasing Na+/Na++Ca2+ ratio (r² = 0.35, p < 

0.001). Ortho-phosphate levels (PO4-P) did not exceed 1.85 µg L-1, except for 4 lakes of which 3 are located in the 

close vicinity of volcanoes, namely lakes Negra (Fig. 1 and Supplementary material Appendix A, sample ID’s 13a 
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and 13b), Quilleihue (28a and 28b), and VerdePNC (16b). The fourth lake with relatively high PO4-P 

concentrations is Lake Galletué, which is not situated in the catchment of an active volcano, but regularly receives 

tephra input from nearby volcanos (Cruces et al., 2006). For the environmental variables correlated with the second 

PCA axis, Ca, Si, Cl, SO4 (p < 0.01) and Mg, DIC (p < 0.05) were significantly different between the two sampling 

years in the 11 lakes sampled twice (Supplementary material Appendix E). 

The third PCA axis (15.7 %) corresponded to a gradient in lake transparency (ZSD, range 1 - 16.4 m), which is 

mainly determined by chl a and DOC concentrations (Fig. 2b and Supplementary material Appendix G-b). In most 

cases, chlorophyll a concentrations were within the range of ultra-oligotrophic lakes (chl a  < 1 µg L-1, n = 41 

samples), some were typical of oligotrophic lakes (chl a: 1 - 2.5 µg L-1, n = 11), while in only two lakes the 

chlorophyll a concentration was within the range of mesotrophic lakes (chl a: 2.5 - 8 µg L-1). ZSD was negatively 

correlated with chl a (r² = 0.47, p < 0.001) and DOC (r² = 0.37, p < 0.001), which each independently explained a 

significant part of the variation (multiple regression, r² = 0.66, p < 0.001). Higher ZSD values with increasing 

altitude (r² = 0.31, p < 0.001) were likely due to the negative correlation between DOC and altitude (r² = 0.28, p 

< 0.001). Concentrations of chl a and DOC as well as ZSD were not significantly different between the two seasons 

in the 11 lakes sampled during both campaigns (Supplementary material Appendix E).  

3.2  Inter-lake differences in spring and early summer phytoplankton pigment composition  

The first three principal components of a PCA analysis explained over 70% of the variation in epilimnetic 

phytoplankton pigment composition. The first ordination axis (explaining 35.6 % of the total variation) separated 

lakes with a high relative abundance of the chlorophyte marker pigments chl b and LUT from lakes with a high 

relative abundance of the dinoflagellate marker pigment PERID (Fig. 3a and Supplementary material Appendix 

H-a). The second axis (20.0 %) was positively correlated with ZEA, indicative for the presence of cyanobacteria, 

and negatively with PERID and DDX. The third axis (15.0 %) was predominantly correlated with FUCO, a marker 

pigment for diatoms and chrysophytes (Fig. 3b and Supplementary material Appendix H-b), which had a markedly 

higher relative abundance in spring 2010 than in summer 2013. This was confirmed by the analysis of the 11 lakes 

sampled during the two seasons which revealed that the relative abundance of FUCO was significantly higher in 

spring than in summer (p < 0.002) (Supplementary material Appendix E). 
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Four environmental variables significantly explained 25.9 % of the variability in phytoplankton pigment 

abundance. These were, in order of selection, %Imix (p = 0.001; 11.8 %), ZSD (p = 0.01; 4.6 %), RTR (p = 0.002; 

5.4 %) and DON (p = 0.01; 4.2 %) (Supplementary material Appendix I-a). The first PCA axis separating 

chlorophyte from dinoflagellate marker pigments was positively correlated with %Imix and PO4-P and negatively 

with Zmix (Fig. 3a and Supplementary material Appendix H-a). The second PCA axis was positively correlated 

with ZSD. A high relative abundance of ZEA was related to high ZSD (chl a < 0.5 µg L-1; Supplementary material 

Appendix J-a). Along the third axis, FUCO was negatively correlated with RTR and %Imix (Fig. 3b and 

Supplementary material Appendix H-b). In addition, epilimnetic ALLO abundances were highest in lakes with 

low ZSD, as well as lakes with higher DON concentrations, the latter being also negatively correlated with LUT 

and chl b.  

The variation partitioning aiming at analyzing the relative importance of mixing, light and nutrients in structuring 

the phytoplankton pigment composition revealed that most variation was explained by mixing (Zmix and RTR) 

(R²adj = 11.7 %) and nutrients (PO4-P and DON) (R²adj = 8.6 %) (Supplementary material Appendix I). Both groups 

of variables shared a part of their explained variation (R²adj = 4.2 %). ZSD independently explained a minor part of 

the variation (R²adj = 3.1 %), and showed no overlap with either mixing or nutrient concentrations in explaining 

the variation in epilimnetic pigment composition between the lakes. 

3.3  Deep chlorophyll maxima in the stratified lakes 

Visual inspection of the depth profiles revealed that 25 lakes were strongly stratified with an euphotic depth 

extending to the upper hypolimnion. The comparison of the chemical limnological properties between the epi-, 

meta-, and hypolimnion in this subset revealed a significant difference in Temp, DO, pH, ORP and SpCond (p < 

0.001) (Supplementary material Appendix F). Overall, the phytoplankton marker pigment composition was similar 

in the three different layers from the same lake as confirmed by the PCA combining all three layers, which revealed 

that samples from the same lake are generally plotted together (Fig. 4). This combined PCA analysis further 

revealed the same patterns as those observed in the mixed layer (epilimnion), namely a separation between lakes 

dominated by either chlorophytes (PCA axis 1), dinoflagellates and cyanobacteria (PCA axis 1 and 2) or diatoms 

(PCA axis 3). Procrustes analysis revealed that this pattern in phytoplankton community structure between the 

lakes is similar when analyzing the three layers separately, as evidenced by the significant (p = 0.001) correlation 
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values (i.e., 0.8578 between the epilimnion and metalimnion, 0.6124 between the epilimnion and hypolimnion, 

and 0.6984 between the metalimnion and hypolimnion). 

 

Despite the general agreement in pigment concentrations between the three different water layers, most lakes had 

a consistently higher chl a concentration in the deeper water layers (Fig. 5a and Supplementary material Appendix 

F), with higher concentrations in the (upper) hypolimnion (median: 1.28 µg L-1) compared to the metalimnion 

(median: 0.66 µg L-1) (dependent-t-test, p < 0.001) and epilimnion (median: 0.49 µg L-1) (p < 0.001; Fig. 5a; see 

also depth profiles in Supplementary material Appendix C). This pattern coincided with a positive heterograde 

oxygen profile. Only in the most oligotrophic lakes, with epilimnetic chl a concentrations less than 0.30 µg L-1, 

clear orthograde oxygen profiles were observed. Chl a was positively correlated with particulate TC over all depth 

layers (r² = 0.72, p < 0.001; Supplementary material Appendix J-b), which justified the interpretation of chl a as a 

measure for productivity in all depth layers. Furthermore, apart from the higher chl a concentration in the deeper 

water layers, hypolimnetic samples in the 25 stratified lakes had a consistently higher ALLO/chl a ratio 

(dependent-t-test, p = 0.0018) (Fig. 5f), which suggests that the deep chlorophyll maximum is characterized by a 

relatively higher abundance of cryptophytes. By contrast, the epilimnetic pigment composition was significantly 

enriched with the xanthophyll-cycle pigment VIOLA (higher VIOLA/chl a ratio) (p = 0.0012) (Fig. 5g), which 

also increased in relation to a higher mean epilimnetic irradiance (%Imix) (r² = 0.47, p < 0.001, n = 35). There were 

no consistent differences between water layers for the other (marker) pigment/chl a ratios considered.  

 

4.  Discussion 

4.1  Environmental gradients in the studied lakes 

Our sampling approach resulted in a comprehensive limnological dataset of 43 temperate Chilean lakes between 

36°S and 43°S. The overall variation in limnological characteristics due to inter-lake differences and variation in 

sampling time (late spring to summer) can be summarized by three more or less independent environmental 

gradients, governed by differences in (i) mixing conditions, (ii) catchment chemistry and (iii) lake transparency. 

Mixing (thermocline) depth in stratified lakes ranged from 1 to 20 m, with the higher end of this gradient being 

reached in the larger lakes (> 50 km²). Maxima in thermocline depth for the stable stratified lakes smaller than 5 

km² (n = 31 lakes) were similar to those found in their Northern Hemisphere counterparts (Hanna, 1990). We could 

not confirm the generally deeper mixing depth of large Patagonian and New-Zealand lakes compared to these at 
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similar North-American and European latitudes (Baigun and Marinone, 1995; Davies-Colley, 1988; Geller, 1992; 

Geller et al., 1997) as most of our large lakes were not yet in a phase of stable stratification at the time of sampling. 

Dissolved oxygen concentrations were highest in the well-mixed lakes (along PCA1) compared with the warmer 

epilimnion in the stratified lakes and were independent of chlorophyll a concentrations. This suggests a mainly 

physical control on the dissolved oxygen concentrations in the water column. 

The second main environmental gradient was related to the major ion concentrations (Ca2+ > Na+ > Mg2+ > K+), 

specific conductivity and the nutrients Si and PO4-P. The cation sequence in our studied lakes was similar to other 

North-Patagonian lakes of  Chile (Campos, 1984; Woelfl et al., 2003), with Na2+ being more dominant than Mg2+, 

due to the oceanic influence (i.e. sea spray and ocean-derived rain) in contrast to the most common ion sequences 

in freshwater lakes worldwide (Kalff, 2003). Mean Na+ values in Chilean lakes are also higher compared with 

Argentinean waterbodies at similar latitudes due to the orographic effect of the Andean Cordillera stripping-out 

the majority of the marine cyclic cations on the windward Chilean side (Pedrozo et al. (1993). Interestingly, lakes 

within catchments comprising relatively young mineral soils such as those situated in the vicinity of volcanos, 

tended to have elevated Si (> 9 mg L-1) and PO4-P (> 10 µg L-1) concentrations which was also observed by earlier 

studies in nearby Argentinean Andean lakes (Modenutti et al., 2013). The dissolved phosphorus levels in these 

lakes were already above a suggested threshold value of 1 µg L-1 for the total phosphorus concentration in ultra-

oligotrophic waters (Wetzel, 2001). However, DIN levels in all the lakes studied were well below the average of 

world fresh waters and comparable to DIN levels in (ultra)oligotrophic Argentinean Andes lakes (Diaz et al., 

2007). Furthermore, dissolved nitrogen concentration was dominated by DON, which is typical for pristine 

freshwater lakes (Perakis and Hedin, 2002). We can conclude that the anthropogenic impact in terms of nutrient 

enrichment in the lakes studied was still very low at the time of sampling. This is in agreement with other lakes 

from the Southern Hemisphere, which are still relatively pristine due to the lower atmospheric N deposition and 

anthropogenic induced P additions compared to their Northern Hemisphere counterparts (Abell et al., 2010; 

Dentener et al., 2006). Based on lake productivity (chl a), the vast majority of the lakes could indeed be classified 

as (ultra)oligotrophic (mean chl a = 1.7 µg L-1, OECD, 1982). There were only two exceptions, being lake 

Villarrica (Fig. 1, Supplementary material Appendix A, sample ID 24) and lake Pichi (ID 39), both situated in a 

more densely populated region. In lake Villarrica, the higher chl a concentrations (3.5 µg L-1) were indicative of a 

mesotrophic state, likely due to the increased social-economic development in its catchment during the last decades 

(Meruane et al., 2005). The (ultra-) oligotrophic nature of the majority of our studied lakes combined with low 

DOC concentrations could explain the generally high transparency (ZSD), comparable to other temperate Northern 
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(U.S. Rockies; Alps and Pyrenees) and Southern Hemisphere regions (New Zealand) (Sobek et al., 2007). This 

determined the third main environmental gradient among our study lakes. 

4.2  Phytoplankton pigment composition and the main environmental drivers 

All major phytoplankton groups found in similar lakes elsewhere were represented in our lakes (Reynolds, 2006). 

Phytoplankton community composition was mainly linked to mixing conditions (Zmix, RTR) and mean irradiance 

within the mixed layer (%Imix), and secondarily to lake water transparency (ZSD) and nutrient availability (PO4-P, 

DON). Dinoflagellates (PERID) were generally more abundant in the deeper mixed lakes with lower mean 

irradiance, while chlorophytes (chl b, LUT) tended to be most abundant in shallow high-light epilimnia (high 

%Imix). Diatom and chrysophyte abundance (indicated by FUCO) increased with increasing vertical mixing (lower 

RTR), decreasing epilimnetic temperature and consequently more variable and lower light conditions. 

Cyanobacteria (ZEA) had the highest relative abundance in the very clear lakes. These patterns are broadly 

consistent with group-specific differences in light-utilization traits (Richardson et al., 1983; Schwaderer et al., 

2011) and habitat preferences in terms of mixing conditions (Litchman, 1998; Richardson et al., 1983). Diatoms 

have a broad tolerance for changes in irradiance (Richardson et al., 1983), which allows them to thrive in a mixed 

water column with variable light conditions (Litchman, 1998). Dinoflagellates are highly mobile and capable of 

selecting suitable light and nutrient conditions in the water column (Reynolds, 2006; Teubner et al., 2003), which 

might offset their poor light utilization abilities (Schwaderer et al., 2011). The high abundance of dinoflagellates 

in deeply mixed layers with a lower mean irradiance (%Imix) is in agreement with similar findings in other 

oligotrophic Andean lakes where Gymnodinium, which is also one of the dominant dinoflagellates in our lakes, 

appeared to prefer dim light conditions (1 % of PAR irradiance) (Queimaliños et al., 2002; Queimaliños and Diaz, 

2014). Chlorophytes tend to have maximum growth rates at higher irradiances (Schwaderer et al., 2011) and can 

tolerate much higher light levels than dinoflagellates (Richardson et al., 1983), which explains their dominance in 

lakes with a high mean irradiance within the shallow mixed layer. The same pattern was found in Argentinean 

Andean Patagonian lakes where phytoplankton biomass in deep lakes is usually dominated by dinoflagellates, 

whereas the shallow lakes are usually dominated by other groups like chlorococcals (cyanobacteria), desmids 

(chlorophytes) and euglenophytes (Queimaliños and Diaz, 2014). Pigment biomarkers are however inappropriate 

to discriminate between the latter two groups.  

Deeply mixed lakes with a high transparency (ZSD) and low chl a values were characterized by a high abundance 

of the cyanobacteria marker pigment ZEA. This is probably linked to the presence of picocyanobacteria 
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(predominantly Synechococcus) in these lakes, as has also been observed in other deep ultraoligotrophic Andean 

lakes (Callieri et al., 2007).  

Although physical properties dominated phytoplankton community structure, differences in nutrient 

concentrations (PO4-P and DON) also explained an important part of the variation in phytoplankton composition. 

In the high phosphate lakes (> 11 µg L-1), with the exception of Galletue (ID 17a), microscopic screening revealed 

a high abundance of chlorophytes, as well as a marked presence of Dolichospermum, a filamentous nitrogen-fixing 

cyanobacterium previously belonging to Anabaena. This is in accordance with a study of Diaz et al. (2007) who 

previously demonstrated that Dolichospermum has relatively high abundances in oligotrophic N-deficient Andean 

lakes with SRP concentrations exceeding 8 µg L-1. Moreover, the occurrence and abundance of cyanobacteria, 

including Dolichospermum, were recently linked with the trophic status of temperate South-Central Chilean lakes 

(Almanza et al., 2018; Nimptsch et al., 2016). The high abundance of chlorophytes and particularly the absence of 

PERID in the high phosphate lakes, might be attributed to the widespread mixotrophic feeding mode of 

dinoflagellates (e.g. Gymnodinium and Ceratium taxa) (Stoecker, 1999). This offers them a competitive advantage 

in oligotrophic environments, where mixotrophy tends to dominate over strict autotrophy (Findlay et al., 2001; 

Saad et al., 2013). Jeppesen et al. (2005) showed that with reduced P-loading, chrysophytes and dinoflagellates 

increased their relative abundance at the expense of cyanobacteria in deep northern temperate lakes which 

underwent long term re-oligotrophication. In addition to PO4-P, dissolved organic nitrogen DON appeared 

important as well. DON can be used as a nitrogen source by freshwater phytoplankton, particularly in systems 

with a low inorganic N concentration (Fiedler et al., 2015), as is the case in our pristine Chilean lakes. Strategies 

for DON utilization are however algal group-specific (Fiedler et al., 2015), but given the lack of information on 

the exact composition of DON (e.g., urea or humic substances) in our studied lakes, it is difficult to understand 

and explain its influence on the prevailing phytoplankton communities.  

 

4.3  Deep chlorophyll maxima in stratified lakes 

In most lakes the euphotic zone extended well into the meta- and (upper) hypolimnion, which allowed for the 

development of a deep chlorophyll maximum (DCM) (Perez et al., 2007). In the 25 strongly stratified lakes, 

hypolimnetic chl a concentrations were on average consistently higher than those in the epilimnion. As a result, 

mainly positive heterograde oxygen profiles were observed in the studied lakes; orthograde oxygen profiles were 

only encountered in the most oligotrophic conditions. Such characteristics are also known for Argentinean Andean 

lakes (Perez et al., 2002). Despite vertical heterogeneity in phytoplankton biomass, no significant differences were 
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present in nutrient concentrations between the epi-, meta-, and hypolimnion in the subset of 25 stratified lakes. A 

lack of differential nutrient availability along the water column is also common in the low productive Argentinean 

Andean lakes, where light intensity as well as spectral characteristics largely determine vertical phytoplankton 

distribution in the water column (e.g. Modenutti et al., 2004; Modenutti et al., 2013b; Callieri et al., 2007). This is 

in contrast with less transparent alpine lakes studied by Saros et al. (2005) where nutrient availability, rather than 

UVR, determines the development of a DCM in the hypolimnion.  

Considering the variations in DOC concentration (<0.15-15.6 mg L-1) in our study lakes, we can expect that the 

lakes probably differ in the short wavelength incidences (Morris et al., 1995), which may additionally explain part 

of the variation in phytoplankton community structure. This however needs to be confirmed by additional analyses. 

Pigment profiles were highly congruent in the three layers as evidenced by the PCA (Fig. 4) and Procrustes 

analysis. However, the chorophyll a concentration as well as cryptophytes (ALLO) were significantly more 

abundant in the upper hypolimnion (Fig. 5). This suggests that cryptophytes contribute to the deep chlorophyll 

maximum in these lakes, which confirms their preferences for low light conditions (Clegg et al., 2007; Longhi and 

Beisner, 2009; Richardson et al., 1983) as also observed in other stratified lakes elsewhere (Longhi and Beisner, 

2009; Ptacnik et al., 2003). Moreover, as the ALLO/chl a ratio can be considerably lower in low light compared 

to high light conditions (Schluter et al., 2006), the importance of cryptophytes in the deep chlorophyll maximum 

layer may in fact have even been underestimated. By contrast, the VIOLA/chl a ratio is consistently and 

significantly higher in the epilimnetic layers. VIOLA is a VAZ (violaxanthin-antheraxanthin-zeaxanthin) 

xanthophyll cycle pigment involved in non-photochemical quenching (NPQ) (Goss and Jakob, 2010; Roy et al., 

2011). It is produced by chlorophytes which occurred in epilimnia with a high mean irradiance in our dataset. The 

high abundance of VIOLA is therefore very likely a response to the high light levels in our highly transparent 

lakes.   

 

We conclude that major algal groups, represented by pigment biomarkers, are largely driven by changes in lake 

water column stratification and related mixed layer light availability, as well as nutrient concentrations. Our study 

demonstrates that pigment biomarkers can be potentially used to study the response of phytoplankton communities 

to future climate changes in temperate Chilean freshwater lakes.  
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Fig. 1. Map of Chile (left) and the study region (middle) showing the location of the 43 lakes sampled located in 

different Chilean provinces, indicated by different shades of grey (1-7: Bío Bío; 8-30: Araucanía; 32-36: Los Ríos; 

37-47: Los Lagos). The table on the right summarizes the 54 sampling occasions. Sampling year as well as lake 

morphometry are indicated. A total of 11 lakes were sampled during both sampling campaigns, namely in 2010 

(indicated with ‘a’ after ID number) and in 2013 (indicated with ‘b’ after ID number). Stratified lakes in which the 

euphotic depth extended into the (upper) hypolimnion were studied for the presence of a deep chlorophyll 

maximum and are indicated with ‘x’ in the column ‘DCM analysis’. (1,5 column fitting image) 

 

Jo
ur

na
l P

re
-p

ro
of



25 

 

 

Fig. 2. Biplots of Principal Component Analysis (PCA) of the limnological variables in the study lakes. Plot a and 

b visualize the samples along PCA axis 1 and 2 and along PCA axis 1 and 3 respectively. Full circles in blue 

represent samples from 2010, while empty red squares are samples from the 2013 field campaign. Dashed lines 

indicate environmental variables that were not included in the PCA analysis because of multicollinearity with other 

variables (VIF > 10). Variables in black are most significantly correlated with the first axis, those in green and 

orange with the second and third axis respectively. The remaining variables, which are less significantly or not 

correlated with one of the two axes displayed in the corresponding plot, are marked by italics font. (2 column 

fitting image) 
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Fig. 3. Biplots of Principal Component Analysis (PCA) of the pigment composition in the epilimnion or mixed 

layer of the study lakes. (a) Biplot of PCA axes 1 and 2. (b) Biplot of PCA axes 1 and 3. Environmental variables 

that significantly explain part of the variation in a forward selection RDA analysis of the pigment data are plotted 

as passive variables (grey color, dashed arrows). Pigments marked in bold have a significant correlation with one 

of the two axes displayed. The remaining pigments, marked by italics font, are not significantly correlated with 

one of the two axes displayed in the PCA biplots. The color code of the sample symbols follows that in Figure 2. 

(2 column fitting image) 

 

Jo
ur

na
l P

re
-p

ro
of



27 

 

 

Fig. 4. PCA biplot (axes 1 and 2) showing the congruence in the pigment profiles in the epi-, meta-, and 

hypolimnion in the 25 stratified lakes. The epilimnion (‘e’), metalimnion (‘m’) and hypolimnion (‘h’) are denoted 

by  blue (dots), red (squares) and green (diamond shape) symbols, respectively. Samples from the same lake 

generally group together as confirmed by the Procrustes analysis. (1,5 column fitting image) 
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Fig. 5. Chl a values (µg L-1) (a) and pigment:chl a ratios for 5 marker pigments (b-f) and the xanthophyll-cycle 

pigment VIOLA (g) in the epilimnion and hypolimnion of 25 strongly stratified lakes. Marker pigments include:  

FUCO (b), ZEA (c), chl b (d), PERID (e) and ALLO (f). Marker pigments chl b and PERID (rather than the photo-

protective pigments LUT and DDX) were used to represent green algae and dinoflagellates respectively, as these 

photosynthetic pigments tend to co-vary with chl a in changing light conditions (first 18 samples on Y-axis (red): 

from 2013, 7 last samples on Y-axis (blue): from 2010; lakes sampled during both sampling campaigns are 

indicated by an asterisk). (2 column fitting image) 
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Table 1. Geographic, morphometric, physical and water chemistry data of the study lakes (epilimnion/mixed layer 

values) presented as minimum-maximum ranges with median values between brackets. The 20 variables included 

in the RDA analysis are indicated with an asterisk (*). Variables included in the variation partitioning analysis are 

indicated with two asterisks (**). The raw values can be found in Supplementary material Appendix A and B.  

Variable Abbreviation Range (median) 

Latitude (°S) South 36.5-43 (39.2) 

Longitude (°W) West 71-73.8 (71.7) 

Altitude (m) Alt 24-2037 (750) 

Maximum depth (m) Zmax* 4.4-374 (18.9) 

Lake area (km²) Area* 0.04-175.9 (0.63) 

Secchi depth (m) ZSD** 1-16.4 (7.1) 

Mean irradiance within mixed layer %Imix* 2.9-89.8 (45.8) 

Mixing depth (m) Zmix** 1-135 (7) 

Relative Thermal Resistance to mixing, max.value RTR** 560-106315 (30200) 

Average epilimnion temperature (°C) Temp* 7.8-25.9 (18.4) 

Specific conductivity (µS/cm) SpCond* 48-174.4 (79) 

Dissolved oxygen concentration (mg L-1) DO* 7.1-15.5 (9.9) 

pH pH* 6.1-8.6 (7.4) 

Oxydation-reduction potential (mV) ORP* 56.6-216.8 (131.1) 

Sodium (mg L-1) Na 0.4-7.2 (2.3) 

Potassium (mg L-1) K* 0.15-2 (0.53) 

Magnesium (mg L-1) Mg 0.07-4.3 (1.1) 

Calcium (mg L-1) Ca 0.76-11.8 (3.2) 

Iron (mg L-1) Fe** <0.01-0.07 (0.01) 

Chloride (mg L-1) Cl 0.19-4.3 (0.8) 

Sulphate (mg L-1) SO4* 0.15-8.67 (0.79) 

Dissolved Silica (mg L-1) Si** 0.25-13.7 (5.1) 

Total dissolved nitrogen (mg L-1) TDN <0.02-0.44 (0.09) 

Dissolved organic nitrogen (mg L-1) DON** <0.02-0.42 (0.08) 

Nitrite + Nitrate (µg L-1) NO2+NO3-N** <1.0-16.3 (<1.0) 

Ammonia (µg L-1) NH4-N** <1.0-34.6 (6.5) 

Ortho-phosphate (µg L-1) PO4-P** <0.1-28.6 (0.7) 

Dissolved organic carbon (mg L-1) DOC* <0.15-15.6 (1.4) 

Dissolved inorganic carbon (mg L-1) DIC <0.15-13.9 (4.4) 

Chlorophyll a (µg L-1) chl a 0.12-3.6 (0.54) 
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