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Abstract: Zooplankton is crucial for the transfer of matter, energy, and pollutants through aquatic food
webs. Primary and secondary consumers contribute to the abundance and standing stock biomass,
which both vary seasonally. By means of taxa- and size-specific carbon and nitrogen stable isotope
analysis, the path of pollutants through zooplankton is traced and seasonal changes are addressed, in an
effort to understand pollutant dynamics in the pelagic food web. We analyzed zooplankton plurennial
changes in concentration of polychlorinated biphenyls (PCBs) and dichlorodiphenyltrichloroethane
and its relatives (DDTs) and in taxa-specific δ15N signatures in two size fractions, ≥450 µm and
≥850 µm, representative of the major part of zooplankton standing stock biomass and of the fraction
to which fish predation is mainly directed, respectively. Our work is aimed at verifying: (1) A link
between nitrogen isotopic signatures and pollutant concentrations; (2) the predominance of size versus
seasonality for concentration of pollutants; and (3) the contribution of secondary versus primary
consumers to carbon and nitrogen isotopic signatures. We found a prevalence of seasonality versus
size in pollutant concentrations and isotopic signatures. The taxa-specific δ15N results correlated to
pollutant concentrations, by means of taxa contribution to standing stock biomass and δ15N isotopic
signatures. This is a step forward to understanding the taxa-specific role in pollutant transfer to
planktivores and of zooplankton enrichment in PCBs and DDTs.

Keywords: stable isotope analysis; persistent organic pollutants; crustacean zooplankton; freshwater;
size fractions; seasonality

1. Introduction

In lakes, crustacean zooplankton are low-order consumers and represent an important link
between the base of the pelagic food web and the organisms at higher trophic levels, which may have
economic or conservation value. Although considered a homogeneous compartment, zooplankton
is composed of organisms that differ substantially from each other not only in their taxonomy, but
also in body size, metabolic rate, and ecological roles [1]. While heterogeneity of the zooplankton
community has been fairly well-documented in basic ecological studies, it is often overlooked in
ecotoxicological ones, particularly in models, which are usually focused mainly on sources and
top-levels of pollution patterns, the latter being directly related to human health. In particular, it is
a crucial step in the flow of pollutants through aquatic ecosystems [2–5]. Both these pathways are
involved, because zooplankton is directly related to primary producers and is able to process organic
matter to feed on phytoplankton and to actively contribute to the microbial loop [6,7]. Zooplankton also
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represents a food source for all fish types at the larval stage and for zooplanktivorous fish at the adult
stage [8,9]. Predation by fish and vertebrates is, in general, visual, therefore depending on prey size and
visibility [10]. Both primary and secondary consumers may contribute to standing stock biomass in
each size fraction considered. The contribution of primary and secondary consumers to zooplankton
standing stock biomass generally varies with the season in deep, temperate, subalpine lakes, such as
Lake Maggiore. In deep, temperate lakes, earlier spring warming and conditions of thermal water
stratification influenced by climate change promote an early spring peak in phytoplankton biomass,
followed by a peak in zooplankton biomass, mainly due to primary consumers, after about one
month. The subsequent slow decline of zooplankton primary consumers is concomitant with an
increasing contribution of zooplankton secondary consumers to the total zooplankton biomass in late
summer. This pattern of change in zooplankton community composition also includes a change in
organism size; in fact, a prevalence of larger sizes is observed when the contribution of predatory
zooplankters increases.

Lake Maggiore has a long history of severe pollution brought about by persistent organic pollutants,
such as dichlorodiphenyltrichloroethane and its metabolites. The International Commission for the
Protection of the Italian–Swiss Common Waters (CIPAIS) supports monitoring activities in this lake,
with a particular focus on priority substances, such as DDx and other organic chemicals of industrial
origin, such as polychlorinated biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs),
known for their harmful effects on human health and on environment [11,12]. Changes in physical
and chemical conditions may cause their partial release into the dissolved phase, with increased
bioavailability for organisms [13]. Because of their physico-chemical properties, persistent organic
pollutants (POPs) can be detected everywhere, including worldwide remote regions far away from
emission sources, such as polar or Alpine ecosystems [14–17]. In this study, we analyzed the seasonality
of zooplankton in relation to persistent organic pollutant concentrations (i.e., DDTs and PCBs) in
two different size fractions, one representative of most zooplanktonic biomass (≥450 µm) and the
other representative of fish food source (≥850 µm). The former is representative of the major part
of the crustacean zooplankton, while the latter represents the size fraction to which fish predation is
mainly directed [10,18]. Despite its importance, zooplankton body size is usually neglected in studies
on trophic pollutant transfer. Both seasonality and size are expected to drive zooplankton pollutant
concentration over the season and a proper biomass estimation is essential to determine whether there
is a prevalence of either of the two drivers. Furthermore, in order to study the modifications in the food
web, we used carbon and nitrogen stable isotope analysis (13C, 15N; SIA). By this method, food sources
(e.g., littoral versus pelagic, deep versus shallow) can be clearly identified in a system, as can the
time-specific contribution of organisms to food webs. The method was originally applied to marine
environments and to fish in particular, not least for fingerprinting their origin. Only recently it has
been increasingly applied in freshwater environments, not only regarding fish or other organisms
of direct human consumption, but also regarding those which sustain their production and growth,
thus allowing for a more reliable reconstruction of the food web [19]. SIA is applied to investigate
ecosystems in the making, but also to predict, by means of organism nitrogen isotopic signature, time-
and space-specific trophic position, from which, among others, biomagnification depends [20–22].
The trophic role and food sources of organisms can be evaluated by carbon and nitrogen stable isotope
analysis [23–25]. Isotopic signatures provide information on the resources exploited by a consumer
within an environment and its trophic positions in the food web [24,26]. In particular, the isotopic
carbon signature is almost constant between food source and consumer, whereas a nitrogen isotopic
enrichment is observed with an increase of the trophic status [27]. In the present work, we related the
trophic role of zooplankton with persistent organic pollutant (POPs) concentrations in Lake Maggiore
(northern Italy). Previous long term studies in this deep, large Italian lake suggested that zooplankton
seasonal dynamics and the different primary and secondary consumer contributions to zooplankton
biomass are reflected by different contributions of the two important native predatory cladocerans
(Bythotrephes and Leptodora), of diaptomids and cyclopoid copepods, and of the cladoceran Daphnia.
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Our purpose is to investigate, in particular, how DDTs and PCBs vary with the season and in the
two different size fractions, the former representing the bulk of crustacean zooplankton biomass and
the latter representing the size fraction on which fish predation is mainly oriented. We hypothesize
that variations are related to changes in δ15N signature of the two fractions and that the latter results
from the taxa-specific contribution to zooplankton biomass. We expect to find a correlation between
taxa-specific signatures and taxa contribution to measured zooplankton standing stock biomass.

2. Study Site

Lake Maggiore is the second deepest (Depthmax = 370 m) and largest (area = 212 km2, volume
37.5 km3) subalpine lake located in the northwestern part of Italy (Figure 1). By its nature oligotrophic,
the lake underwent eutrophication during the 1960s and 1970s. The eutrophication reversal and the
return to oligotrophic conditions were due to a reduction in total phosphorus discharge into the lake after
wastewater treatment facilities were opened and thanks to the ban of phosphorus-containing detergents.
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Since 1996, contamination by dichlorodiphenyltrichloroethane and its relatives (DDTs), produced
by a farm plant located in the lake catchment basin was detected [28]. Polychlorinated biphenyls
(PCBs) in a steady-state condition were also reported [29–32].

Lake Maggiore is one of the best-studied lakes in Italy, with the first ecological research, including
studies on zooplankton population dynamics, dating back to the early 1900s [33,34]. Long-term studies
on zooplankton seasonal dynamics have been conducted over the last ten years by C and N stable
isotope analyses, aimed at identifying trophic interactions and taxa-specific roles in the transfer of
matter and pollutants within the pelagic food web.

3. Materials and Methods

Zooplankton sampling was performed seasonally at Ghiffa station (45◦57’ N; 8◦38′ E; Figure 1) in
correspondence with the lake’s deepest area (370 m). We collected two samples every day using two
zooplankton nets that were 58 cm in diameter (450 µm and 850 µm in mesh size), which were hauled
from 0 to 50 m deep several times in order to obtain a sufficient amount of organisms needed to perform
the analyses (min = 2, max = 15). The total volume filtered was approximately 26 m3 per zooplankton
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collection. Samples of the size fraction≥450 µm were collected from January 2012 to January 2016, while
samplings of the size fraction ≥850 µm started later (May 2013). All samples were collected in duplicate.
Live organisms of one of the two samples were concentrated in a laboratory setting in approximately 1 L
of lake water, frozen at−20 ◦C, and subsequently used for carbon (13C) and nitrogen (15N) stable isotope
analysis (SIA). One third of the second zooplankton sample was immediately fixed and preserved in
95% ethanol for microscopic analysis at 6.3×. We calculated the biomass of the different taxa by way
of length–weight regression equations [35,36]. On the basis of the taxa, zooplankton organisms were
grouped into primary consumers (herbivores, i.e., Daphnia, Eubosmina, Diaphanosoma, and copepod
diaptomids) and secondary consumers (predators, i.e., Bythotrephes, Leptodora, and copepod cyclopoids).
The remaining portion of the second sample (two-thirds) was filtered on a 1.2 µm pore glass–fiber-filter
(GF/C, 4.7 cm of diameter) and then frozen at −20 ◦C. As a consequence of using large net mesh
sizes, rotifers and early developmental stages of crustacean zooplankton (i.e., the smallest body size
organisms) and large phytoplankton colonies were not included in our samples. However, they are
of only marginal importance for the purpose of our study, in which large zooplankton was regarded
as an important link in the transfer of pollutants from primary producers to fish owing to selective
predation on visible prey, particularly large-bodied zooplankton [37]. SIA was performed on pooled
samples of the two size fractions (≥450 µm and ≥850 µm) and on the already-listed crustacean taxa
present in sufficient amounts in the sample. Under the dissecting microscope, we pooled individuals
of each taxon in order to reach the minimum dry weight (DW) of 2 mg per sample (approximately
70–700 individuals depending on the biomass). Samples were oven-dried for 24 h at 60 ◦C, before
being homogenized and transferred into tin capsules of 5 × 9 mm in size. The isotopic compositions
of organic carbon and nitrogen were determined by Ján Veizer Stable Isotope Laboratory (Ottawa
University, Ontario, Canada) following methods already described in Visconti and Manca [38]. Isotope
ratios were expressed as parts per thousand (%�) difference from a standard reference of PeeDee
Belemnite for carbon and atmospheric N2 for nitrogen, according to the equation:

13C, 15N =

[( Rsample

Rstandard

)
− 1

]
× 1000 (1)

where R is the isotopic ratio 13C/12C and 15N/14N.
For determination of organic compounds (OCs), the materials and methods described in

Mazzoni et al. [1] were followed. Quantitative DDT homologue analyses were performed by the
external standard method using a solution containing pp’DDT, pp’DDE, and pp’DDD as the reference
standard, prepared from single pure compounds (Pestanal, Sigma–Aldrich, Steinheim, Germany) in
iso-octane (Carlo Erba, pesticide analysis grade, Val de Reuil, France). Arochlor 1260 (Alltech, IL, USA),
while the addition of PCB 28, 52, and 118, was used for PCB quantification. The analyzed congeners
consisted of PCB 28, 52, 101, 118, 138, 149, 153, 170, and 180. The detection limit for each OC was
1 ng·g−1 lipid weight (l.w.).

We used the software SigmaPlot 11.0 (version 11, Systat Software Inc., San Jose, CA, USA) to
perform statistical analyses. After verifying that the datasets were normally distributed, we applied
two-way ANOVA in order to identify which factor, size or seasonality, drove changes throughout
the year.

4. Results

A strong seasonality characterized stable isotope data and zooplankton biomass composition.
In Figures 2 and 3, we reported data of taxa/groups biomass percentage composition, δ13C%� and
δ15N%� values and total crustacean biomass of the two size fractions analyzed (≥450 µm and ≥850 µm).
A remarkably higher isotopic carbon (or less depleted) signature in summer and a higher nitrogen
signature in autumn and winter was observed in the samples of both size fractions. The most depleted
carbon signatures in the fraction ≥850 µm occurred with high relative abundance of primary consumers
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to total zooplankton biomass, concomitant to the spring peak or abundance of the cladoceran filter
feeder Daphnia. In the ≥450 µm fraction, where most depleted carbon signatures were recorded,
cyclopoids and diaptomids were also important contributors to the total biomass, together with
Cladocera filter feeders.
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Figure 2. (A) Biomass percentage composition of planktonic crustacean taxa (bubbles) of Lake Maggiore
and their δ13C%� values (bubble centers) and δ13C%� values of pooled samples (black line); (B) biomass
percentage composition of planktonic crustacean taxa (bubbles) of Lake Maggiore and their δ15N%�

values (bubble centers) and δ15N%� values of pooled samples (black line); (C) total biomass of Lake
Maggiore planktonic crustacean taxa. All data refer to the fraction ≥450 µm.

Zooplankton standing stock biomass largely changed with the seasons. In samples belonging to
the ≥450 µm size fraction, a spring peak was followed by a second phase of biomass increase in autumn.

In the≥850 µm size fraction, peak biomass values were generally recorded in August. The unusual
increase in May 2015 was related to the detection of the peak population growth of Daphnia. As already
highlighted, Daphnia can be an important contributor to standing stock biomass, due to its peak
biomass in spring being related to the development of young, smaller specimens.

We observed a clear seasonality of δ13C isotopic signatures for the ≥450 µm size fraction during
the studied years. The least depleted values in δ13C%� were regularly measured in August, while more
depleted values characterized the spring samples (May), when the contribution to the peak biomass of
primary consumers, particularly Daphnia, was at its peak. Limited seasonal variation regarding the
contribution to the total biomass was characteristic of the cyclopoid copepods, whose contribution
to carbon and nitrogen isotopic signatures showed similar values during the year. In the >450 µm
size fraction, cyclopoids and calanoids were related to depleted values of carbon isotope signatures
and to the highest values of nitrogen signatures. The biomass contributions of different zooplankton
taxa, both primary and secondary consumers, drove patterns of both isotopic signatures; therefore,
the measured values, e.g., in January 2012, integrated isotopic signatures of the two taxa present, i.e.,
cyclopoid copepods and, to a lesser extent, Daphnia.
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Figure 3. (A) Biomass percentage composition of planktonic crustacean taxa (bubbles) of Lake Maggiore
and their δ13C%� values (bubble centers) and δ13C%� values of pooled samples (black line); (B) biomass
percentage composition of planktonic crustacean taxa (bubbles) of Lake Maggiore and their δ15N%�

values (bubble centers) and δ15N%� values of pooled samples (black line); (C) total biomass of Lake
Maggiore planktonic crustacean taxa. All data refer to the fraction ≥850 µm.

A marked seasonality was also characteristic of the δ13C and δ15N signatures in the ≥850 µm
size fraction. The least carbon-depleted values in August were related to the high contribution of
secondary consumers, while more carbon-depleted values in spring and winter were related to a higher
contribution of primary consumers. Values tended to be most enriched in winter, with secondary
consumers more enriched than primary ones. The signatures of δ15N%� measured in the ≥850 µm
size fraction were related to the relative biomass contribution of primary and secondary consumers.
Among predatory cladocerans, Bythotrephes was generally much more δ15N enriched than Leptodora.
For example, in August 2013, the nitrogen enrichment of Bythotrephes was higher in comparison to
Leptodora and Daphnia. Differences in δ13C signatures suggest that Leptodora was living in deeper
waters than Bythotrephes and Daphnia. Changes in isotopic signature and contribution to total biomass
were mainly related to cladoceran primary and secondary consumers, thus enabling the investigation
of infra-Cladocera food relationships.

As hypothesized, we found that carbon and nitrogen isotopic signatures of the two pooled size
fractions could be reconstructed from taxa-specific signatures weighted on contribution to total biomass,
by applying the following equation:

δ15N, δ13C%�pooled sample = (i × biomass%)taxon1 +.....+ (i × biomass%)taxonN, (2)

where i = δ15N%� and δ13C%� are taxa-specific signatures.
Relationships between measured and estimated isotopic signatures were significant (δ13C%�:

R2 = 0.904, N = 28, F = 244.682, P < 0.001; δ15N%�: R2 = 0.942, N = 28, F = 438.413, P < 0.001; Figure 4).
Such relationships are the result of the accuracy of estimation of both biomass and taxa-specific isotopic
signatures. In fact, taxa-specific biomass estimation is based on length–weight regression equations
applied to a consistent number of specimens (at least 25 specimens per taxa) and taxa-specific isotopic
signatures analyses are based on a very high number of specimens (cfr. Section 3), which is necessary
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for Isotope Ratio Mass Spectrometry (IRMS) analysis (at least 1 mg of dry weight). The accuracy of
standing stock biomass determination from length–weight regression of taxa-specific analysis was also
confirmed by the comparison with the direct biomass dry weight estimation, which was shown to be
statistically significant (R2 = 0.814, N = 8, F = 26.251 P = 0.002).
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Figure 4. Relationship between isotopic fingerprint (carbon and nitrogen) of pooled zooplankton
samples belonging to ≥450 µm and ≥850 µm size fractions determined by instrumental analysis
(measured) and reconstructed values (estimated) following Equation (2).

The difference between the smaller and the larger size fraction was mainly determined by
cladoceran taxa composition. In the case of DDTs, the main effects cannot be properly interpreted
because a weak, but significant, interaction between size and seasonality was determined when
two-way ANOVA was applied (N = 28, F = 3.149, P < 0.048), so that the size of a factor’s effect depends
upon the level of the other factor. Changes in PCBs and δ15N values were shown to be strongly driven
by seasonality (PCB: N = 28, F = 14.312, P < 0.001; δ15N: N = 28, F = 29.169, P < 0.001) and for both
datasets there was no statistically significant interaction between factor size and seasonality (P = 0.181
and P = 0.596, respectively). Results of the two-way ANOVA are reported in Table 1.

A regression analysis was performed with δ15N data and pollutant concentrations (Figure 5) with
≥450 µm and ≥850 µm size fractions. Changes in both DDT and PCB concentrations on a logarithmic
scale were related to zooplankton δ15N%� isotopic signatures (DDTs: R2 = 0.541, N = 26, F = 28,340,
P < 0.001; PCBs: R2 = 0.502, N = 27, F = 25.159, P < 0.001). The data in the upper right side of the graph
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refer to autumn and winter samples, while those in the lower side of the graph are related to spring
and summer samples.

Table 1. Results of the two-way ANOVA tests performed on DDTsPCBs concentrations and δ15N%�

fingerprint of zooplankton samples of the two size fractions (≥450 µm and ≥850 µm).

DF SS MS F P

DDTs

Size 1 3.672 3.672 58.456 <0.001
Season 3 4.948 1.649 26.256 <0.001

Size X Season 3 0.593 0.198 3.149 0.048

PCBs

Size 1 0.002 0.002 0.011 0.918
Season 3 8.550 2.850 14.312 <0.001

Size X Season 3 1.052 0.351 1.760 0.187

δ15N%�

Size 1 3.239 3.239 1.195 0.287
Season 3 7.226 79.075 26.169 <0.001

Size X Season 3 5.229 1.743 0.643 0.596
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POP concentrations in the ≥850 µm size fraction were generally lower than in the ≥450 µm size
fraction (Figure A1).
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5. Discussion

The pelagic zooplankton is composed of a large variety of organisms differing in taxonomic
composition and body size. Together, protists, monogonont rotifers, Cladocera, and Copepoda
contribute to the zooplankton community, the latter with both individuals at their adult stage and a
number of developmental stages that are different in size and trophic role. Regarding net zooplankton,
as a result of the mesh size, only rotifers and crustaceans were reliably sampled. The former can be
numerically dominant during the spring phase, along with naupliar and early copepodite stages of
copepods. Their contribution to zooplankton biomass is little, however, with respect to Cladocera and
adult or sub-adult copepods [38–40]. Altogether, the latter are ≥450 µm in size.

Zooplanktivorous fish, however, tend to select larger (≥850 µm) and more visible prey, such
as Bythotrephes, large, ovigerous Daphnia, and Leptodora. Therefore, these are a component of the
zooplankton population, which is active in transferring POPs to fish [10,41–44].

By choosing to focus on the two size fractions of crustacean zooplankton, we aimed to investigate
components which are directly involved in the transfer of pollutants in the trophic chain. In addition,
investigating the role of micro-zooplankton is almost impossible, given that POP concentrations and
δ13C and δ15N analyses require high weight amounts of zooplankton material (approximately 1 µg
dry weight and 1 mg dry weight, respectively). Further studies are required to elucidate the role of
micro-zooplankton as carrier of pollutants.

As expected, zooplankton biomass composition largely varied with the season in both size
fractions analyzed, because in deep subalpine lakes, the abundance and composition of zooplankton
populations vary along the season [45–47]. A spring peak abundance of phytoplankton population
triggers the growth of primary zooplankton consumers, such as the large filter-feeder Daphnia, which,
in Lake Maggiore, usually reaches its peak population density in May [47]. The increase of Daphnia and
other primary consumer cladocerans (Eubosmina, Diaphanosoma) in spring is followed by an increase in
predatory cladocerans (Bythotrephes and Leptodora), able to selectively exploit primary consumers and
contribute to their decline [48,49]. In turn, the decrease in zooplankton primary consumers promotes a
second phytoplankton peak in summer, which leads to a second phase of increase in primary consumers
in autumn.

In this study, seasonality was also observed in isotopic carbon and nitrogen zooplankton signatures.
In pelagic zooplankton, δ13C%� tended toward less depleted values in summer, likely mirroring
phytoplankton isotopic signatures [38,39,50]. During thermal stratification, the high growth rates
of phytoplankton cells can lead to the consumption of dissolved atmospheric CO2, causing a shift
in carbon exploitation sources toward the uptake of the HCO3

− ion [51–54]. The unselective filter
feeder Daphnia feeds on seston particles, which fit the distance between their intersetular filtering
combs (i.e., 0.2–50 µm) [55]. Since Lake Maggiore seston is mainly composed of phytoplankton cells
and carbon fractionation is negligible, Daphnia isotopic signature specimens matched variations of
the phytoplankton carbon fingerprint [45,50]. The pelagic zooplankton nitrogen isotopic signature
also varied with the season, with the maximum enrichment in winter. Isotopic nitrogen tended to
increase along the trophic food chain and stepwise enrichment varied in different environments and
with the structure of the trophic web [45,56,57]. Isotopic nitrogen enrichment is diet-dependent [58].
In eutrophic lakes, where high values of δ15N%� are usually found, zooplankton organisms do not
feed only on phytoplankton, but also exploit alternative organic particulate matter, such as bacteria,
protozoa, exuviae, and fecal pellets of zooplankton specimens, which are more δ15N-enriched than
phytoplankton algae. We can hypothesize that, in winter, when the abundance of phytoplankton cells is
low, alternative, δ15N-enriched food sources (e.g., bacteria, protozoa, exuviae) became more important,
leading to the observed enrichment in isotopic nitrogen content. In addition, under food shortage
conditions, the zooplankton might be able to exploit δ15N%�-enriched lipids which accumulate in high
food concentration conditions [59,60].

Distinguishing between primary and secondary consumers is crucial for the reconstruction of
patterns of matter and energy through the pelagic food web. As primary and secondary consumers
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largely overlap each other in body size, such distinction cannot be based on size fraction analyses of
zooplankton. We found that the isotopic signature of pooled zooplankton samples of the two size
analyzed fractions was tightly related to taxa-specific contribution to total biomass, thus allowing
for the identification of taxa-specific contribution to measured δ15N%� isotopic signatures. The latter
is, in turn, correlated to POP concentrations, therefore allowing for a better definition of primary
and secondary zooplankton consumer taxa in the transfer of toxicants through the pelagic food web.
The significant relationship between pooled zooplankton samples and taxa-specific contributions to
the total biomass in Lake Maggiore results from the fact that other zooplankton particles are excluded
when samples are filtered through 450 µm nets. In Lake Maggiore, detritus is usually <126 µm and the
contribution of phytoplankton colonies >76 µm is largely negligible. Therefore, any other zooplankton
contribution to the total biomass in the samples of the two size fractions analyzed was certainly
negligible. This is not the case in eutrophic or mesotrophic lakes, where zooplankton is smaller
and detritus and phytoplankton colonies can be found in zooplankton samples in non-negligible
amounts [1,61].

We hypothesized that both size and seasonality can influence POP concentrations in zooplankton
populations and that the two parameters are related to the δ15N%� isotopic signature. Our results
highlighted a predominance of seasonality versus size. The ≥450 µm fraction was composed of primary
(Daphnia, Eubosmina, Diaphanosoma and diaptomids) and secondary consumers (cyclopoids, Bythotrephes
and Leptodora) throughout the year, while in the ≥850 µm fraction, the biomass of secondary consumers
is dominant in August. As secondary consumers are expected to be higher in POP concentrations,
we would have expected to record the highest values of POP concentrations in summer; on the contrary,
we observed high POP concentrations in winter, when zooplankton nitrogen enrichment was at its
maximum. In fact, the δ15N%� and POP results directly correlated, with both tending to increase
from spring to winter. Ecotoxicological studies on marine trophic chains demonstrated a similar
relationship along the food chain [62,63]. In Lake Maggiore, the seasonal pattern of POP concentrations
was very similar terms of values between years of the study period [28], suggesting a steady-state
condition. In these conditions, the major δ15N-enrichment of carnivorous species was probably hidden
by seasonal variations in δ15N%�, which was dependent on quality of organic particles, i.e., the bacteria,
protozoa, or organic particles deriving from dead organisms should have higher POP concentrations
than phytoplankton cells.

The predominance of seasonality versus size was confirmed also by DDT concentrations in the
smallest size fraction. Theoretically, the big predators, Bythotrephes and Leptodora, and the largest
Daphnia specimens of the ≥850 µm size fraction should be characterized by higher values of POP
concentrations, the former due to this specimen belonging to an upper trophic level and the latter
because adults of a larger size can accumulate more pollutants in their tissues. However, our results
likely reflect the fact that copepods rich in lipids (substance where POPs are mainly stored) were
not present in the larger size fraction. However, because zooplanktivorous fish mainly select large
cladocerans [43], the ≥850 µm fraction should be more representative of fish food sources.

6. Conclusions

Zooplankton play a crucial activity in matter and energy transfer in the food web. In temperate
lakes, biomass, taxa, and size composition largely vary with the season. The contribution of primary
and secondary zooplankton consumers also varies seasonally, along with the δ15N%� isotopic signature.
By investigating seasonal changes in biomass and taxa-specific contributions and in carbon and
nitrogen isotopic signatures along with DDT and PCB concentrations, we aimed at quantifying
the relative importance of size versus seasonality. We found that the δ15N%� of two size fractions,
representative of bulk crustacean zooplankton biomass and of the fraction on which fish mainly
prey, respectively, significantly correlated to POP concentration, as both varied with the season.
The bulk zooplankton nitrogen isotopic signature resulted from a biomass-weighted taxa-specific
isotopic signature, thus enabling us to distinguish between the contributions of secondary and primary
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consumers to measured nitrogen enrichment, from which the concentration of pollutants depends. DDT
concentration was higher in the >450 µm fraction, while no difference was found in PCB concentration
in the two size fractions. The difference between the two was mainly related to copepod adults,
which were entirely lacking in the larger, >850 µm size fraction, the one on which fish selectively prey.
Overall, seasonality was largely predominant over size for the dynamics of DDTs and PCBs, therefore
suggesting that, in temperate lakes, more than one time spot studies are required; indeed, multi-year
studies are ideal for verifying, among others, the condition of a steady state which must be fulfilled
before applying models regarding the transfer of pollutants through an ecosystem.

The oligotrophic, subalpine Lake Maggiore was ideal for investigating the role of zooplankton
in pollutant transfer, as size spectra distinction allows for the neglect of background noise caused by
micro-zooplankton, protists, and phytoplankton algae. This is not the case for more productive lakes,
in which such size-based distinction cannot be applied in the same way.
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