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• Hg2+ incorporation in lake plankton fractions was studied using the isotope 197Hg2+.
• Hg2+ incorporation was assessed using three different bioconcentration factors.
• Bioconcentration factors related with fraction cell abundance, surface and biovolume.
• Picoplankton and nanoplankton lead the incorporation of Hg2+ in pelagic food webs.
• Mixotrophic species appear to enhance Hg incorporation via bacteria feeding.
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In lake foodwebs, pelagic basal organisms such as bacteria and phytoplankton incorporatemercury (Hg2+) from
the dissolved phase and pass the adsorbed and internalized Hg to higher trophic levels. This experimental inves-
tigation addresses the incorporation of dissolvedHg2+by four plankton fractions (picoplankton: 0.2–2.7 μm;pico
+ nanoplankton: 0.2–20 μm;microplankton: 20–50 μm;andmesoplankton: 50–200 μm)obtained from four An-
dean Patagonian lakes, using the radioisotope 197Hg2+. Species composition and abundance were determined in
each plankton fraction. In addition, morphometric parameters such as surface and biovolume were calculated
using standard geometric models. The incorporation of Hg2+ in each plankton fraction was analyzed through
three concentration factors: BCF (bioconcentration factor) as a function of cell or individual abundance, SCF (sur-
face concentration factor) and VCF (volume concentration factor) as functions of individual exposed surface and
biovolume, respectively. Overall, this investigation showed that through adsorption and internalization, pico
+ nanoplankton play a central role leading the incorporation of Hg2+ in pelagic foodwebs of Andean lakes. Larg-
er planktonic organisms included in themicro- andmesoplankton fractions incorporate Hg2+ by surface adsorp-
tion, although at a lesser extent. Mixotrophic bacterivorous organisms dominate the different plankton fractions
of the lakes connecting trophic levels throughmicrobial loops (e.g., bacteria–nanoflagellates–crustaceans; bacte-
ria–ciliates–crustaceans; endosymbiotic algae–ciliates). These bacterivorous organisms, which incorporate Hg
from the dissolved phase and through their prey, appear to explain the high incorporation of Hg2+ observed in
all the plankton fractions.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

In aquatic systems, mercury (Hg) is a widespread toxic element
which may be present in various chemical forms, including elemental
(Hg0), inorganic (Hg+ and Hg2+) and organic forms like the neurotoxin
Cárdenas).
methylmercury (MeHg) (Ullrich et al., 2001; Ravichandran, 2004). Dur-
ing the last decades, and due to its high degree of toxicity, an extensive
body of literature has focused on the formation and biomagnification of
MeHg through the aquatic food webs (Mason et al., 2000; Ullrich et al.,
2001; Benoit et al., 2003; Wang et al., 2004; among others). However,
among mercury forms, inorganic mercury (Hg2+) is the most common
chemical species in aquatic environments (Ravichandran, 2004; Wu
and Wang, 2014), partially contributing through trophic transfer to
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the mercury pool present at higher levels of the food web. In both ma-
rine and freshwater ecosystems, the incorporation of Hg2+ at the base
of the pelagic food web can be highly efficient (Pickhardt et al., 2005;
Stewart et al., 2008; Carroll et al., 2011). Basal organisms comprising
bacteria and phytoplankton may accumulate up to 105 times more Hg
from the aqueous phase than the organisms at higher trophic levels
(Pickhardt and Fisher, 2007). Then, understanding the incorporation
of Hg2+ at the base of the pelagic food web is essential to better
delineate the pathway of Hg in the water column (Pickhardt et al.,
2005; Carroll et al., 2011; Le Faucheur et al., 2014).

Despite the different magnitudes of Hg2+ incorporation at different
levels of the food web, the partitioning of Hg is governed by a variety
of environmental factors. Water chemistry parameters such as pH, and
the quantity and quality of dissolved organic matter (DOM) affect the
membrane's functional groups in living cells, thereby influencing their
permeability and affinity for binding Hg (Mason et al., 1996; Pickhardt
and Fisher, 2007). In addition, the transference of trace metals within
the pelagic food web depends on several characteristics of the pelagic
communities: the relative abundance of different organisms (Chen
and Folt, 2005; Luengen and Flegal, 2009), their size (Fisher et al.,
1983; Mason et al., 1996), and their particular surfaces (Fisher et al.,
1983). The increase of individual abundance is associated with a lower
degree of trace metal partitioning (Chen and Folt, 2005; Luengen and
Flegal, 2009). This dilution phenomenon has been reported for rapidly
growing algal blooms, which resulted in lower Hg concentrations in
both algae and higher trophic level plankton (Sunda and Huntsman,
1998; Chen and Folt, 2005; Pickhardt et al., 2005; Karimi et al., 2007;
Pickhardt and Fisher, 2007).

Organism size can also influence Hg uptake efficiency, with smaller
organisms accumulating trace metals more rapidly than larger organ-
isms, due to the greater surface area to volume ratio (S:V) of the former
(Fisher et al., 1983). The picoplankton fraction (0.2–2 μm), comprised
largely of heterotrophic bacteria and autotrophic picocyanobacteria,
can rapidly assimilate trace metals given their high surface area to vol-
ume ratios and high growth rates (Fisher, 1986; Twiss and Campbell,
1995). Further, biological surfaces like mucilage, cell walls and mem-
branes, may play an important role on the partitioning of Hg since
they have functional groups with differential affinities for metals
(Rajamani et al., 2007).

The incorporation of Hg into basal organisms may also be influenced
by the mode of nutrition of the specific organisms. In particular,
mixotrophic species can ubiquitously alternate between the autotrophic
and heterotrophic nutrition. These planktonic organisms incorporate Hg
passively from the surrounding environment (dissolved phase), whereas
through the consumption of bacteria, they actively incorporate Hg
transferring this metal to higher pelagic trophic levels and regenerating
a fraction to the environment (Twiss and Campbell, 1995). Metals incor-
porated by these basal organisms are passed into a microbial loop,
an important trophic link that includes microplanktonic consumers
(b200 μm) such as heterotrophic and mixotrophic flagellates, ciliates,
rotifers, and small cladocerans (Azam et al., 1983; Mitra et al., 2014).
Herbivorous grazers (e.g. copepods) differentially assimilate metals
contained within the cytoplasm of prey cells while egesting metals
bound to cell walls and membranes (Twining and Fisher, 2004), thus
having a particular assimilation efficiency for metals adsorbed to and
internalized into their food particles (Reinfelder and Fisher, 1991).

Different indexes have been created to characterize the metal
enrichment by planktonic organisms relative to the surrounding envi-
ronment (Fisher et al., 1983). The bioconcentration factor (BCF)
has been used to describe the extent to which a metal is concentrated
by an organism from the surrounding environment (Gorski et al.,
2008). The surface concentration factor (SCF) describes phytoplankton
trace metal accumulation normalized to cell surface area, considering
that passive surface adsorption is the prevailing process for Hg2+ incor-
poration (Fisher et al., 1983). The volume concentration factor (VCF)
describes phytoplankton trace metal accumulation normalized to cell
volume (Fisher et al., 1983; Pickhardt and Fisher, 2007; Gorski et al.,
2008; Luengen et al., 2012), and is appropriate for assessingmetal inter-
nalization into cells. The VCF is similar to the BCF since both express the
cellular concentration including adsorbed and absorbed forms, and are
both relative to the metal concentration in the aqueous phase (Luoma
and Rainbow, 2008).

Nahuel Huapi National Park, located in the North Andean region of
Patagonia (Argentina), is a natural, well-protected reserve. The Park
limits at the west with an active volcanic region in the Andes which is
considered to have a high eruptive frequency (last eruptions in 1960
and 2011) that impacts the Argentinean Patagonia due to predominant
westerlywinds.Whilemining and anthropogenic activities can be ruled
out within the Park, it has been suggested that volcanic activity in the
area may contribute with materials through atmospheric transport
and deposition (Bubach et al., 2012; Rizzo et al., 2014). Although the
particular Hg contribution through volcanic activity to the area has
not been sufficiently studied as yet, there is evidence of gaseous
elemental mercury (Hg0) emissions (Higueras et al., 2013). This is in
agreement with previous reports of high mercury atmospheric fluxes
from volcanic activity (29 ton y−1) including localities in Central and
South America (Nriagu and Becker, 2003).

This North Patagonian region comprises a large number of lakes
including large and deep lakes (N5 km2, Zmax N 100 m) and small and
shallow ones (b5 km2, Zmax b 12m) (Quirós and Drago, 1999). In Ande-
an lakes, high levels of total mercury have been detected in pelagic com-
partments; up to 260 μg g−1 DW in phytoplankton and up to 42 μg g−1

DW in zooplankton (Arribére et al., 2010a; Ribeiro Guevara et al., 2010).
Recent measurements of natural water samples showed that 97% of the
total dissolved Hg pool was inorganic Hg2+ and just 3% was MeHg. Also,
MeHg was reported as lower than 0.7% DW in the plankton fractions
from 10 to 200 μm (Arcagni et al., 2013). The oligotrophic condition of
these glacially originated lakes provides a unique opportunity to study
the incorporation ofHg into complex and distinct pelagic foodwebs dom-
inated by small planktonic organisms, connected through a microbial
food web (Queimaliños, 2002; Bastidas Navarro et al., 2009; Gerea,
2013). In these systems, pelagic organisms compensate nutrient limita-
tion throughmixotrophy, an important trophic link between themicrobi-
al loop and the metazoan food web that may influence deeply the fate of
Hg in the water column. Consequently, there is a need to better under-
stand the relationships among natural plankton fractions, including
the microbial components, as they may control the incorporation and
partition of Hg into upper-trophic pelagic levels.

In this investigation we aimed to analyze the bioconcentration of
Hg2+ into different natural plankton size fractions from one deep
ultraoligotrophic lake and three shallow oligotrophic Andean Patagonian
lakes, using the radioisotope 197Hg2+. Our central hypothesis is that the
potential for Hg2+ bioconcentration depends on the particular traits of
each size fraction, such as the abundance and the S:V ratio. For this pur-
pose, we measured the incorporation of 197Hg2+ by plankton including
organisms from 0.2 to 200 μm, fractionated by size resulting in the sepa-
ration of the assemblages picoplankton, pico + nanoplankton, micro-
plankton and mesoplankton, which differ in their ecological roles. In
order to understand the process of 197Hg2+ incorporation in each of
these planktonic fractions, the indexes BCF, SCF and VCF were applied.
This approach included the estimation of individual surface area and
biovolume, calculated using the specific linear dimensions of the differ-
ent organisms and the appropriate geometric models. Based on the
experimental results we discuss the role of the microbial loop and the
incidence of mixotrophy in relation to the Hg2+ bioconcentration.

We predict that small plankton size fractions will have the greatest
VCF due to their higher S:V ratios, independently of their particular spe-
cies composition. Regarding the BCF, we predict that the small plankton
fractions will have low Hg bioconcentration values due to biodilution.
Finally, we anticipate that the SCF values will depend on the different
organisms' surfaces present in each fraction of the different plankton
assemblages.
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2. Materials and methods

2.1. Sampling sites

The natural water and plankton samples used in this studywere col-
lected from four neighboring Andean lakes; the deep ultraoligotrophic
lake Moreno and the oligotrophic shallow lakes El Trébol, Morenito
and Escondido (Nahuel Huapi National Park, Patagonia, Argentina).
The lakes belong to theNahuel Huapi lake catchment and they are locat-
ed within an area of 12 km2 with a maximum linear distance between
sampling sites of ~6 km (Fig. 1a and b). These systems have been exten-
sively studied and are the focus of continuousmonitoring since they are
representative of deep and shallow Andean lakes and, due to the fact
that they are within a natural reserve. They present some differences
in their limnological features as detailed in Diéguez et al. (2013),
and also they have distinctive planktonic assemblages, varying funda-
mentally in the species composition of the 50–200 μm fraction. The
mixotrophic algae Dinobryon divergens and Dinobryon sertularia may
dominate that fraction together with some large diatom species
(Queimaliños, 2002; Gerea, 2013). However, large mixotrophic ciliates
(Stentor araucanus and Ophrydium naumanni) are conspicuously pres-
ent only in the deep ultraoligotrophic lake Moreno (Queimaliños et al.,
1999). The smaller size fractions could also differ in species composition
among lakes. The microplanktonic fraction is constituted by different
species of dinoflagellates and diatoms, while the nanoplankton is
dominated by the mixotrophic flagellates Chrysochromulina parva,
Plagioselmis lacustris and Gymnodinium varians, with different relative
abundances among lakes (Queimaliños et al., 1998; Queimaliños,
2002; Gerea, 2013).

2.2. Water sampling and laboratory procedures

Water samples (~20 L) were collected at a central sampling point in
each lake (October 2010, Austral spring), using a 12 L Schindler-Patalas
trap. The samples were poured into acid-washed 20 L polycarbonate
carboys and immediately transported to the laboratory, where they
were processed within 2–3 h. Temperature, conductivity and pH were
measured in situ with a YSI 85 probe. Total phosphorus (TP) and total
nitrogen (TN) were determined directly on whole lake water following
APHA (2005) and Bachmann and Canfield (1996), respectively.
Dissolved organic carbon (DOC) concentrations were measured in
pre-filtered water samples (Whatman GF/F; 0.7 μm) with a Shimadzu
TOC-L high temperature analyzer measuring non-purgeable organic
carbon. Chlorophyll a concentration was assessed by filtering a volume
of the water samples from each site through a pre-burned glass fiber
filter (GF/F). The material retained in the filters was extracted with
ethanol 90% and the extracts were scanned in a UV–visible spectropho-
tometer (Hewlett–Packard 8453), according to Nusch (1980).
Fig. 1. a— Geographic location of the study area inside the Nahuel Huapi System (North Patago
(1), Lake Moreno West (2), Lake Morenito (3) and Lake El Trébol (4).
Initially, 9–16 L of the whole lake water was filtered through a
net of 200 μm mesh to concentrate organisms b200 μm. Then, the
mesoplanktonic fraction (50–200 μm) was obtained through a gentle
and passive filtration of the pre-filtered water, using in this case a
50 μmmesh size hand net. During the procedure, the net was kept sub-
merged allowing the concentration of the organisms in the small water
volume contained by the net. The filtrate with the organisms b50 μm
was subsequently sieved through a 20 μm mesh size, to obtain the
microplanktonic fraction (20–50 μm). Then, 2–3 L of the volume previ-
ously filtered through the 20 μm mesh were passed through 0.2 μm
PVDF filters (Millipore) and 2.7 μm GF/D filters (Whatman) applying
low vacuum pressure (b15 kPa) to obtain the pico + nanoplanktonic
fraction (0.2–20 μm) and the picoplanktonic fraction (0.2–2.7 μm),
respectively.

In all cases, subsamples (corresponding to each fraction) were
collected with a pipette from the concentrated volume retained either
in the nets or in the filtration unit. The concentrated subsamples of
the two smallest fractions were ultrasonicated twice at 35,000 Hz for
30 min in order to avoid flocculation. The fractions obtained as ex-
plained reflect the composition and relative abundances of the different
organisms within each fraction; however, they do not reflect the actual
abundances of the organisms in the natural environment.

The four plankton size-fractions obtained from each of the four lakes
were maintained for 20 min at 15 °C, in darkness, and subsequently
resuspended in filter-sterilized (0.2 μm PVDF filters) natural water
from the corresponding lake at a final volume of 400–500 mL.

Two sets of experimental incubations were performed. Experiment 1
was designed to study the incorporation of dissolved radiolabeled Hg2+

(hereinafter 197Hg2+) by the 0.2–20 μm, 20–50 μm and 50–200 μm
plankton fractions from the four lakes. Experiment 2 was performed to
study the incorporation of 197Hg2+ by the 0.2–2.7 μm plankton fraction
(autotrophic and heterotrophic bacteria and/or picoplankton) from the
four lakes. This experiment was set up to compare among lakes the
smallest and comparatively more homogeneous fraction. Experiments
1 and 2 were run separately; however the same protocol was applied
to both trials. The experiments consisted of incubations of the plankton
fractions plus the filter-sterilized lake water from each lake amended
with 197Hg2+ as control. Thus, Experiment 1 consisted of 48 samples:
4 treatments (3 plankton fractions plus one sterile control per lake),
4 lakes, all in triplicate (3 replicates per treatment/lake). Experiment 2
consisted of 24 samples: 2 treatments (0.2–2.7 μm plankton fraction
plus one sterile control per lake), 4 lakes, all in triplicate (3 replicates
per treatment/lake). Each experimental unit consisted of 100 mL of
each plankton fraction in a 250 mL sterile stoppered Erlenmeyer flask.
Once ready, all experimental units were amended with 197Hg2+ to a
final concentration ranging from10 to 12 ng L−1 similar to natural levels.
The high specific activity 197Hg2+ used in these experiments was pro-
duced by irradiation of Hg (in 2% HNO3 solution) enriched in the 196Hg
nia, Argentina); b—Map of the selected lakes for this experimental study: Lake Escondido
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isotope to 51.6% (natural abundance: 0.15%) in the RA-6 nuclear research
reactor (Φth = 1 × 1013 n cm−2 s−1), Centro Atómico Bariloche,
Argentina. The Hg concentration in the stock solution irradiated was
57 μgmL−1; all Hg concentrations of the amendments used in the exper-
iments were calculated relative to this value. Standards and working
solutions were prepared using ASTM-1 water.

After the amendment with 197Hg2+, all experimental units were in-
cubated in an environmental chamber (Sanyo MLR5) at 15 °C in the
dark for 23 h. After incubation, each experimental unit was filtered
through a 0.2 μm PVDF filter. The filter-passing solution was sampled
(4 mL) to determine the 197Hg2+ in solution after incubation. All filters
obtained were folded and placed into individual glass tubes for subse-
quent 197Hg2+ quantification associated with the corresponding plank-
tonic fraction. The incorporation of 197Hg2+ by the various plankton
fractionswas obtainedmeasuring X-ray and γ-ray emissions associated
with the 197Hg2+ decay, using a well type High Purity Germanium
(HPGe) detector (Ribeiro Guevara et al., 2007).

2.3. Characterization of plankton fractions

Water samples (50mL) collected from each of the treatment batches
prepared just prior to the amendment of 197Hg2+ were preserved for
subsequent identification and quantification of the planktonic organ-
isms. Samples of the 0.2–2.7 μm size fraction (auto and heterotrophic
picoplankton) were preserved with formaldehyde–cacodylate (final
concentration 10%). Subsamples for heterotrophic picoplankton (bacte-
ria)were stainedwith 4′, 6-diamidino-2- phenylindole (DAPI,final con-
centration 0.2% w/v) (Porter and Feig, 1980). Both bacteria and
autotrophic picoplankton were quantified on 0.2 μm black membrane
filters (Poretics) at 1000× magnification under an epifluorescence
microscope (Olympus BX50), using UV light (U-MWU filter) and
blue light (U-MWB filter), respectively. Subsamples of 0.2–20 μm,
20–50 μm and 50–200 μm size fractions were preserved with 1% of
acid Lugol's solution and formaldehyde solution (4%). The enumeration
of the nanoplankton andmicroplankton fractionswas performed under
an inverted microscope following the Utermöhl technique (Utermöhl,
1958). The 50–200 μm plankton fraction was counted in a Sedgwick–
Rafter chamber (1 mL) under direct microscope. For each plankton
fraction the enumeration was performed on three replicates. The linear
dimensions of at least 30 cells/individuals were measured using a
graduate micrometer in order to calculate the surface and volume for
each type of organism.

2.4. Data analysis

The individual surface areas (Si, μm2 ind−1) and volumes
(Vi, μm3 ind−1) of all planktonic species belonging to each size
fraction were calculated using geometric models. The biovolume of
picoplankton was estimated using the dimensions published by
Zagarese et al. (2001), Callieri et al. (2007), Corno et al. (2009) and
Gerea (2013) for the four North Patagonian lakes. Lineal dimension of
phytoplankton species and ciliates was used to calculate their volume
and surface according to Sun and Liu (2003), while the same morpho-
metric parameters were calculated for rotifers and crustaceans following
McCauley (1984) and Binggeli et al. (2011).

For each plankton fraction, the total exposed surface (St)was calculat-
ed bymultiplying the surface of each specific component (Si, μm2 ind1) by
its abundance (ind mL−1), and finally summing them up to obtain the
total surface per plankton fraction (St, μm2 mL−1). Similarly, the total
volume per fraction (Vt) was calculated multiplying the specific Vi

(μm3 ind−1) by its abundance (ind mL−1) and summing them up. The
surface to volume ratio of each type of organism (Si:Vi, μm−1) was cal-
culated, and the total surface to the volume ratio of each fraction (St:Vt)
was determined as the weighted average taking into account
the abundance of each taxa. The mean individual exposed surface of
each fraction (Sf, μm2 ind−1) was calculated as St divided by the total
individual abundance of the fraction. The same procedure was applied
to calculate the mean volume of each fraction (Vf, μm3 ind−1).

The 197Hg2+ incorporation by the different fractions was corrected
for the 197Hg2+ retention on thefilters by subtracting the 197Hg2+quan-
tified for the controlfilter (without plankton). Hg incorporationwas cal-
culated for each experimental unit based upon the initial amendment of
197Hg2+ compared to the final Hg activity.

Three bioconcentration factors were calculated in relation to: i) cell
or individual abundance (BCF), ii) cell or individual biovolume (VCF)
and, iii) exposed surface (SCF).

The factors were calculated as follows:

BCF ¼ CA=CW pL ind−1
� �

VCF ¼ CB=CW pL μm−3
� �

SCF ¼ CS=CW pL μm−2
� �

where:

CA concentration of 197Hg2+ measured in the organisms
(ag ind−1)

CW concentration of 197Hg2+ measured in the aqueous medium
(ag pL−1)

CB concentration of 197Hg2+measured per unit of biovolume (ag
μm−3)

CS concentration of 197Hg2+ measured per unit surface
(ag μm−2)

pL picoliter
ag attogram

Plankton fraction abundance, the ratio St:Vt and theHg2+ concentra-
tion factors (BCF, VCF and SCF) obtained, were tested for normality
(Kolmogorov–Smirnoff, Normality test) and homoscedasticity before
performing the two-way analysis of variance (ANOVA), to evaluate
differences in Hg2+ incorporation among lakes and among plankton
fractionswithin the same lake. The 0.2–2.7 μm fraction was not individ-
ually considered in the different statistical analyses since it overlaps
with the fraction 0.2–20 μm, and because the experiments were run in
different days. The relationships between surface and volume of each
plankton fraction were fitted to simple linear models. Independent
post hoc comparisons were performed to evaluate differences in
the total abundance, BCF, VCF and SCF among the plankton fractions
studied. Correlation analysis (Pearson product moment correlation)
was performed to explore the relationships between the BCF and the
total cell abundance, and between the bioconcentration factors VCF
and SCF.

3. Results and discussion

3.1. Limnological features of the study lakes at the time of sample collection

The four lakes sampled for natural water and plankton presented a
gradient in terms of water chemistry and other indicators. The wider
range in water chemistry was represented by DOC which ranged
between extremely low values in the ultraoligotrophic Lake Moreno
(0.5 mg L−1) followed by lakes El Trébol, Morenito and at last by Lake
Escondido (3.9mgL−1) (Table 1). TPwas lowest in LakeMoreno follow-
ed by lakes Escondido and Morenito with the highest concentration in
Lake El Trébol. TN showed a similar trend than TP among lakes. The
pH values ranged between 7.2 and 7.6 while conductivity varied be-
tween 36 and 72 μS cm−1. Chlorophyll and nutrient concentrations
were lowest in Lake Moreno as compared to the four other lakes
(Table 1). Overall, these parameters reflect the ultraoligotrophic condi-
tion of the deep lake Lake Moreno and the oligotrophic status of the
remaining shallow lakes.



Table 1
Geographic location and limnological features of the Andean–Patagonian lakesMoreno, El Trébol, Morenito and Escondido at the time of sampling collection (October 2010). References:
Zmax = maximum depth; DOC = dissolved organic carbon; TP = total phosphorus and TN = total nitrogen concentrations; n.d = not determined.

Lake feature L. Moreno L. Morenito L. El Trébol L. Escondido

Location 41°03′S, 71°32′W 41°03′S, 71°31′W 41°04′S, 71°30′W 41°03′S, 71°34′W
Surface area (km2) 6.1 0.4 0.3 0.1
Zmax (m) 90 12 12 8
Temperature (°C) 9.2 10.1 10.0 10.5
Conductivity (μS cm−1) 42 72 36 62
pH 7.21 7.60 7.46 7.55
Dissolved O2 (mg L−1) 8.8 10.6 9.6 10.1
Chlorophyll a (μg L−1) 1.1 1.0 2.4 0.8
DOC (mg L−1) 0.5 3.2 2.3 3.9
TP (μg L−1) 1.7 8.4 10.1 3.6
TN (μg L−1) 126.3 382.4 n.d. 241.9
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Fig. 2. a—Mean abundance of individuals per experimental unit in the different plankton
fractions (0.2–20 μm, 20–50 μm and 50–200 μm) using natural water of the Andean lakes
Moreno, Morenito, El Trébol and Escondido (Experiment 1). Lower case letters on top of
the bars and lines indicate homogeneous groups as revealed by independent contrasts
(p b 0.05); b — Mean abundance of individuals per experimental unit in the plankton
fraction 0.2–2.7 μm in natural water of the Andean lakes Moreno, Morenito, El Trébol
and Escondido (Experiment 2). Error bars represent the standard deviation of the mean.
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3.2. Plankton composition of experimental size fractions

The composition and abundance of the plankton fractions in Exper-
iment 1 (0.2–20 μm, 20–50 μm and 50–200 μm) and in Experiment 2
(0.2–2.7 μm) revealed some similarities among lakes, but also some
distinctive features (Fig. 2a and b).

In Experiment 1, the fraction 0.2–20 μm had the highest cell abun-
dance in the four lake water treatments; whereas the fractions greater
than 20 μm were several orders of magnitude lower. However, the
50–200 μm fraction had higher abundance than the 20–50 μm fraction
in all lake treatments (Fig. 2a; Supplementary Table S1). The highest
abundance in the fraction 50–200 μmwas due to the presence of the co-
lonial chrysophycean Dinobryon spp. in the experimental concentrates
from lakes El Trébol, Morenito and Moreno. In terms of composition,
the fraction 0.2–20 μm was found to be constituted in ~99% by
picoplankton and just in ~1% by nanoplankton. The nanoplankton of
the experimental filtrates was dominated by the flagellate C. parva in
lakes Moreno, El Trébol and Escondido, whereas P. lacustris prevailed
in the filtrates of Lake Morenito. Within the 20–50 μm fraction,
D. sertularia and the flagellate Cryptomonas spp. were co-dominant in
concentrates from Lake El Trébol, while the diatom Fragilaria spp. in
combination with other less represented species, were found in the
remaining lakes' experimental filtrates. The 50–200 μm fraction was
dominated by D. divergens and D. sertularia in Lake Moreno and
Morenito; whereas, D. sertularia dominated in Lake El Trébol, and
Aulacoseira granulata in Lake Escondido. These community assemblages
are consistent with previous data of these ultra-oligotrophic and
oligotrophic Andean lakes (Queimaliños, 2002; Bastidas Navarro et al.,
2009; Gerea, 2013).

In Experiment 2, the 0.2–2.7 μm fraction was dominated by hetero-
trophic bacteria followed by picocyanobacteria. This composition
pattern was fairly constant in each of the four lake experimental
concentrates, with heterotrophic bacteria accounting for ~95% and
picocyanobacteria for the remaining 5% of the composition (data
not shown). The proportions of the different planktonic groups in
Experiments 1 and 2 were analyzed as percent of the total exposed
surface (%St). The details of the contribution of the different groups of
organisms in each fraction are presented in the Supporting Results
(Supplementary Fig. S1).

The relationship between the mean volume (Vf) and mean exposed
surface (Sf) of the different plankton fractions showed some relevant
features to relate with Hg incorporation. First, within each size class
and across the four lakes, the relationship between these two morpho-
logical descriptors was positive and significant (p b 0.05). In other
words, the higher the Vf the higher the Sf within each plankton fraction.
The regression slope for the relationship Sf vsVfwas highest for the frac-
tions 0.2–2.7 μmand 0.2–20 μm, followed by the 20–50 μm fraction, and
lastly by the 50–200 μm fraction (slope values 7.97; 3.23; 0.93 and 0.07,
respectively) (Fig. 3). The differences in the slopes reflect the
differences in the mean surface:volume ratios among the four size
fractions, which in fact strongly define the degree of the interaction of
the different fractions with the surrounding environment. In terms of
Hg incorporation, the higher the surface:volume ratio of the cell/
fraction the higher its Hg adsorption.
3.3. Bioconcentration of mercury by different plankton fractions

The incorporation of Hg2+ per cell or BCF varied significantly among
lakes (F = 197.04, p b 0.001) with overall higher values in Lake
Morenito, followed by Escondido, Moreno and at last by Lake El Trébol.
Across lakes and within each lake a significant general trend in the BCF
was found: the fraction 20–50 μm had higher BCF than the fraction
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50–200 μm, followed finally by the fraction 0.2–20 μm(F= 1112.32 and
F= 77.8, p b 0.001, respectively) (Fig. 3a; Supplementary Table S1). This
trend was confirmed by the significant negative correlations found
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between the BCF and total cell/individual abundance (Supplementary
Fig. S2). Given the differences in the magnitude of cell/individual abun-
dances between the fractions b20 μm and N20 μm, separate correlations
were performed, resulting in similar significant patterns in both cases:
the decrease of the BCF with increasing abundance of cell/organism
(b20: r = −0.92 and N20 μm: r = −0.86, p b 0.05). In Experiment 2,
the mean BCF of the fraction 0.2–2.7 μm ranged between 113 and
340 pL ind–1 across lakes, values within the range measured for the
0.2–20 μm fraction in Experiment 1 (Fig. 4b, Supplementary Table S1).
This clearly shows the comparatively higher incorporation of 197Hg2+

by the bacteria dominated fractions and, overall, the decrease in the in-
corporation of 197Hg2+ with increasing cell abundance, a phenomenon
recognized as biodilution. According to the “bloom dilution hypothesis”,
when phytoplankton density increases, a lower amount of metal is
bound to the cells reducing their mass-specific burden (Pickhardt et al.,
2002; Chen and Folt, 2005). Additionally, the “growth dilution hypothe-
sis” considers that when growth rates of organisms exceedmetal uptake
rates, mass-specific Hg concentrations are lower (Sunda and Huntsman,
1998). The growth rates of picoplankton can be several times faster than
in organisms that comprise the microplankton and mesoplankton. Thus,
biodilution and growth dilution are both factors thatmay have led to the
low BCF values observed in the 0.2–2.7 μm and 0.2–20 μm fractions. Fur-
thermore, the fact that the 20–50 μm fraction had both the lowest abun-
dance and the highest BCF values is also consistent with the idea that
biodilution may limit Hg2+ incorporation into the smallest and more
abundant plankton fractions.
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Although the ambient bioavailability of Hg depends on water chem-
istry (e.g. DOM), the differences in planktonic Hg2+ incorporation
observed among lakes may derive from differences in cell abundances
or species composition within each lake. Planktonic surface area and
cell size are major determinants controlling Hg2+ incorporation from
the surrounding environment, since surface adsorption is a dominant
mechanism by which phytoplankton accumulates trace metals in gen-
eral (Fisher et al., 1983; Mason et al., 1996; Pickhardt and Fisher, 2007).

The incorporation of 197Hg2+ per surface unit or SCF varied among
lakes and size fractions (F = 582.7 and F = 376.61, p b 0.001 respec-
tively), showing an idiosyncratic pattern among different size fractions
in each lake (F = 275.14, p b 0.001) (Fig. 4c). In Lake Moreno, the SCF
was similar in the three plankton fractions (p N 0.05). In Lake Morenito,
the SCF was highest in the fraction 20–50 μm followed by the fraction
50–200 μm and by the fraction 0.2–20 μm (p b 0.05). In Lake Escondido
the fractions 20–50 μm and 50–200 μm had similar SCFs (p N 0.05),
which were significantly higher than that of the 0.2–20 μm fraction
(p b 0.05). In Lake El Trébol the fractions 0.2–20 μm and 20–50 μm had
similarly higher SCF values than the fraction 50–200 μm (p b 0.05)
(Fig. 4c). In Experiment 2, themean SCF of the fraction 0.2–2.7 μmranged
between 148 and 680 pL ind–1 across lakes (Fig. 4d, Supplementary
Table S1). These results reflect in one hand the high contribution of the
picoplankton to the pico + nanoplankton fraction and confirm the
high incorporation of 197Hg2+ per surface unit by bacteria.

The absence of a consistent trend in SCF values among size fractions
across the four lakes examined may reflect not only the differences in
community composition but also differences in parameters known to
affect Hg uptake, such as water chemistry. In fact, Diéguez et al.
(2013) showed differential incorporation of 197Hg2+ in monospecific
cultures of Cryptomonas in water from the same lakes, concluding that
Hg uptake by algal cells decreased with the concentration of DOM. Nev-
ertheless, in the present study the distinctive community structures
found in all lakes may be a major factor accounting for the particular
patterns found in the SCF. The similar and low SCF shown by the differ-
ent size fractions in LakeMorenomay reflect its unique species compo-
sition and its trophic structure dominated by mixotrophic organisms
(Supplementary Fig. S1). In this trophic scenario, the mixotrophic
nanoflagellates included in the fraction 0.2–20 μm, feed on bacteria
obtaining Hg2+ directly from the water and also Hg2+ associated with
their prey. The two larger size fractions, comprising dinophyceans
such as Peridinium spp., Gymnodinium spp. and mixotrophic ciliates,
have the potential to scavenge Hg2+ from the water and also through
bacteria consumption (Stoecker, 1999) and/or association (Alverca
et al., 2002). However, in our experimental set-up, mixotrophy may
have influenced the incorporation of Hg2+ into nanoflagellates, while
in the two larger fractions the dissolved Hg2+ was likely incorporated
passively since potential prey was excluded.

Some investigations have acknowledged the importance of microbi-
al food webs in trace metal incorporation and transfer to higher trophic
levels in marine, oligotrophic and ultraoligotrophic pelagic food webs
(Twiss and Campbell, 1998; Twining and Fisher, 2004). Picoplanktonic
organisms preyed on bymacrozooplankton have an enormous potential
to scavenge and assimilate dissolved traced metals owing to their high
S:V ratios and rapid growth rates. The consumers in these food webs
aremicroplanktonic species fromdifferent groups such as rotifers, dino-
flagellates, ciliates and heterotrophic and mixotrophic nanoflagellates
(Fisher, 1985; Twiss and Campbell, 1995).

The organisms comprising each size fraction may also have very
different surface qualities which may directly influence their affinity
for Hg2+. Mucilage, cell walls, membranes and exoskeletons have
varying functional groups with differential affinities for metals (Fisher,
1986; Rajamani et al., 2007).Moreover, the organic films covering living
and non-living particles can constitute a suitable substrate for bacteria
and, in fact, usually hold an associated prokaryotic biota. More recent
investigations have found that Hg2+ accumulation is a function of bind-
ing to the ubiquitous organic film found coating all aquatic particles,
living and non-living (Pickhardt and Fisher, 2007; Luengen and Flegal,
2009).

It appears that our experimental results highlight a combination of
factors that ultimately regulate the incorporation of Hg2+. In the com-
plex assemblages of organisms comprised in each size fraction, different
affinities for Hg2+ may be better approached using integrated surface,
volume and abundance information.

The VCF, showed overall differences in the Hg2+ incorporation
among lakes (F= 862.3, p b 0.001) and amongplankton fractionswith-
in lakes (F = 606.2, p b 0.001). The pattern of variation of the VCF
among fractions differed in some cases within each lake (F = 263.3,
p b 0.001). In lakes Moreno, El Trébol and Escondido, the highest
mean VCF values were associated to the 0.2–20 μm fraction, followed
by the 20–50 μm fraction and then by the 50–200 μm fraction (Fig. 4e;
Supplementary Table S1). In the case of Lake Morenito the 20–50 μm
fraction had the highest mean VCF values, followed by the 0.2–20 μm
and 50–200 μm fractions (p b 0.05) (Fig. 4e; Supplementary Table S1).
These results suggest that the smaller size fractions are the most
efficient in scavenging Hg2+ from the dissolved phase. Additionally,
these results indicate a greater degree of internalization or Hg transfer
from the surface to the cytoplasm in unicellular organisms as compared
to multicellular and metazoans. The exceptionally higher VCF values of
the 20–50 μm fraction measured in Lake Morenito may be due to the
presence of the mixotrophic chrysophycean Dinobryon spp. which
may experience a great deal of Hg internalization due to its high S:V.
In Experiment 2, the VCF determined in the 0.2–2.7 μm fraction of the
four lakes were of similar magnitude than those VCF of the fraction
0.2–20 μm found in Experiment 1 (Fig. 4f; Supplementary Table S1),
reinforcing the idea that the picoplankton defines the high Hg2+

incorporation.
The VCF and SCF indexes were positively correlated (0.2–2.7 μm:

r = 0.99; 0.2–20 μm: r= 0.94; 20–50 μm: r= 0.99, and 50–200 μm:
r = 0.91; p b 0.001 in all cases) (Fig. 5). VCF–SCF correlations close
to a 1:1 relationship (dotted line in Fig. 5) can be interpreted as
that most of the Hg2+ is incorporated onto the surface of the differ-
ent organisms. Following the same rationale, VCF–SCF correlations
well above the 1:1 linewould indicate a degree of Hg2+ internalization.
The size fractions closest to the 1:1 line were the two largest ones
(20–50 μm and 50–200 μm). These two larger size fractions also had
comparatively lower S:V ratios, which may partially explain the lower
bioconcentration observed per unit surface or volume (Supplementary
Table S1). Rotifers and crustaceans are known to have a lower Hg2+

adsorption from the surrounding medium compared to their dietary
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uptake (Diéguez et al., 2013). In our experimental set-up, animals were
starved to avoid dietary acquisition of Hg, thereby restricting Hg incor-
poration exclusively to Hg2+ in solution, which may explain their
comparatively lowerVCF values. The efficiency of zooplankton at assim-
ilating ingested metals is related to the distribution of the metal within
the phytoplankton cell (Reinfelder and Fisher, 1991). Planktonic grazers
assimilate the metals contained within the cytoplasm of prey cells
and egest metals bound to cell walls and membranes. In fact, grazers
assimilate up to four times more MeHg from the phytoplankton
cytoplasm than the Hg2+ bound to phytoplankton membranes
(Mason et al., 1996). This has been implied in the explanation of the
higher bioaccumulation and biomagnification of MeHg compared to
Hg2+ (Reinfelder and Fisher, 1991; Mason et al., 1996).

The two smaller size fractions (0.2–2.7 μm and 0.2–20 μm), com-
posed of bacteria, picocyanobacteria and nanoflagellates, showed VCF:
SCF ratios closer to the 10:1 reference line (Fig. 5) indicating a much
higher adsorption and also the internalization of Hg2+. Previous inves-
tigations have also indicated that the picoseston size class is the most
effective in scavenging Hg in mesotrophic and oligotrophic water
(Twiss et al., 1996, 2003; Adams et al., 2009). This may reflect the ex-
tremely high S:V ratios (Fig. 3) and rapid growth rates characteristic
of the picoplanktonic and nanoplanktonic size fractions, compared to
larger pelagic organisms, as has been suggested by Fisher (1985). The
cellular walls and membranes of these small organisms appear to con-
stitute a permeable barrier for Hg2+ given the degree of Hg2+ internal-
ization found in our experiments. Unicellular organisms have a basal
role in food webs, being either heterotrophic or autotrophic and taking
advantage of organic and inorganic compounds from the dissolved
phase. This type of nutrition involves passive as well as active transport
through the cellular wall and membrane. Moreover, organisms such as
mixotrophic flagellates and ciliates can ingest algal and bacterial cells
through phagocytosis, concentrating metals from their prey with inter-
nally and externally bound metals (Twining and Fisher, 2004).

The bias towards a greater abundance of small and fast reproducing
organisms is directly related to a high rate of Hg regeneration in the dis-
solved phase. However, this regenerated Hg appears to bemore recalci-
trant and not as readily bioavailable (Twiss and Campbell, 1995). These
authors showed that the particulate-bound metals were regenerated
through grazing activity into forms less available for re-sorption by
picoplankton than were the same metals in equilibrium with the inor-
ganic ligands present in the initialmedium. This observation constitutes
an evidence of the direct influence of microbial organisms on the flux of
Hg into higher trophic levels of the pelagic food web, previously
suspected (Arribére et al., 2010b). The prevalence of mixotrophic
species in the planktonic assemblages in Andean Patagonian lakes
likely explain the comparatively higher total mercury content of the
nanoplankton and microplankton as compared to mesoplankton in
these systems.

4. Conclusions

The structure of the planktonic communities influences the incor-
poration and fate of Hg2+ in aquatic food webs. In particular, in
ultraoligotrophic and oligotrophic lakes like those examined in this in-
vestigation, the partitioning of Hg2+ is governed by biotic factors such
as the prevalence of the small organisms, the presence and relative
abundance of mixotrophic species, which connect trophic levels
through microbial loops (i.e. bacteria–nanoflagellates–crustaceans;
bacteria–ciliates–crustaceans; and endosymbiotic algae–ciliates).

Overall, this investigation showed that through both adsorption and
internalization, pico + nanoplankton play a central role in mediating
the incorporation of Hg2+ in pelagic food webs of Andean Patagonian
lakes. Larger planktonic organisms included in the micro- and
mesoplankton also incorporate Hg2+. Our results are consistent with
the idea that mixotrophic species in the pico + nanoplankton, micro
and mesoplankton fractions may enhance Hg incorporation via
consumption of bacteria. The prevalence of organisms linked to themi-
crobial food web in the pelagic zone of these lakes, may also contribute
to the regeneration of Hg to the dissolved phase, as a result of the inges-
tion–egestion processes. The fraction of Hg not being recycled in the
water column would subsequently represent a sink out of the pelagic
compartment, via plankton and detritus settling to the bottom.

The choice of metrics that are used to describe the incorporation of
Hg2+ at the base of the pelagic food web may reveal the magnitude of
the different incorporation processes. Our results suggest that the BCF
is a good metric to express the biodilution and/or bioconcentration of
Hg, while, the SCF is better to describe the adsorption of Hg to surface.
Additionally, the VCF can express the cellular concentration adsorbed
and absorbed, thereby providing ameasurement of the total Hg present
in the organism in relation to its concentration in the surrounding envi-
ronment. Hg incorporation within planktonic trophic networks may be
better assessed through a combination of several metrics that quantify
the size, shape and abundance of the various organisms present in a
given community.
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