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Preface 
Marina Manca  
CNR-IRSA Verbania 

 

Ten years ago, the Institute of Ecological Studies was asked by the limnological 

subcommittee of CIPAIS (Commissione Internazionale per la Protezione delle Acque Italo-

Svizzere) to present innovative projects to improve the knowledge deriving from the 

monitoring of Lake Maggiore and its catchment area. The occasion was pivotal, starting a 

characterization of the pelagic food web of the lake and for identifying zooplankton trophic 

relationships, together with their seasonal changes in relation to abiotic and biotic variables. 

Studies for the characterization of biotic relationships, including predation and competition 

dynamics within the zooplankton community, dependence on phytoplankton food sources 

and predatory pressure from fish had been conducted in the past using statistical analyses on 

zooplankton population dynamics. These early studies combined with laboratory expertise 

and with zooplankton elemental and microscopic analyses (see Manca & Tognota 1993; 

Manca et al. 1994, 1995, 1997), to provide the background of the newly established project. 

Our interest in the molecular approach to investigate trophic interactions was also 

stimulated by observations of a strong population decline of the cladoceran Daphnia in Lake 

Maggiore during the period 1989-1996, and by the need to disentangle the roles of predation 

vs. competition pressure and food limitation. 

On this issue, and particularly on the possibility of tracing Daphnia food limitation, the 

late Annie Duncan had already developed a methodology based on elemental analysis and 

seasonal changes in relation to the quantity and quality of food resources (Duncan 1985). 

Applying this method allowed us to have an insight into zooplankton taxa dynamics and 

developmental stages in different seasons, coupled with laboratory zooplankton elemental 

analysis. Carbon and nitrogen stable isotopes analyses were successfully applied to an alpine 

lake, providing a useful contribution to the debate on isotopic nitrogen signal dynamics in 

fishless lakes (Cattaneo et al. 2004). Over a period of ten years, the project has been enriched 

with other aspects connected to the analyses of persistent pollutants and to biomagnification 

estimates, providing a fundamental contribution to the understanding of pathway flows of 

persistent pollutants in aquatic food webs, and of the crucial role of zooplankton in this (cfr. 

Bettinetti and Manca 2017). Further investigations were promoted by the ad-hoc 

subcommittee within the CIPAIS, after recent DDT pollution in Lake Maggiore was detected 
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(in June 1996, cfr. http://www.cipais.org/html/lago-maggiore-pubblicazioni.asp for further 

information). 

 

Introduction 

 

General and methodological aspects in the analysis of stable isotopes 

 

Biogenic substances in nature contain significant amounts of stable isotopes (SI) of light 

elements such as hydrogen, carbon, nitrogen and oxygen. For example, a 50 kg human body 

contains about 225 g of heavier isotopes (Wada 2009). Although the SIs of a particular 

element have similar chemical behaviour, their specific thermodynamic parameters and 

velocity constants in chemical and biological reactions differ. 

The SIs of the biogenic substances vary depending on the isotopic compositions of the 

reagents, the pathways and the kinetic modalities of the reaction dynamics, and the physical 

and chemical conditions. Consequently, each biogenic material has its own unique, isotopic 

composition, known as "dynamic fingerprint in stable isotopes", determined by its function 

and position in the flow of matter of the ecosystem at a given moment (Minagawa & Wada 

1984; Wada 2009). 

Recent advances in life sciences have highlighted how living organisms possess three 

fundamental fingerprints within their bodies, the first fingerprint, the "DNA fingerprint",  is 

the biological information obtained during the evolution of life over the last 3.5 billion years 

transferred from parents to offspring. The second commonly accepted fingerprint is the 

memory stored in the brain: as it grows, an animal accumulates different memories in 

different circumstances. Nowadays, the elasticity of synaptic transmissions is regarded as a 

possible key to the mechanisms of brain memory, and much has yet to be discovered about 

the details with which these processes take place. The third fingerprint, as mentioned above, 

is the "SI fingerprint", that is the characteristic isotopic model of an individual, given by the 

relative abundances of the stable isotopes present in it, substantially determined by eating 

habits and modalities of excretion. Precise determinations of the isotopic ratios of organisms 

allow, in principle, to reconstruct fundamental data such as the history of a molecule or a 

material. According to the approach of studies on stable isotopes, an ecosystem can be 
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treated as the sum of complex chemical reactions mediated by living organisms with different 

functions and physical-chemical factors. In addition to variations in temperature, pressure 

and energy produced and consumed during metabolic reactions, this type of study takes into 

account the so-called "isotopic effect", or "isotopic fractionation", i.e. the possible differences 

in relationships of ISs in reagents and products. The isotopic effect that accompanies the 

metabolic processes allows the understanding of the reaction sequences involved in the 

physiology of plant organisms, and of the function and position of animal organisms in the 

trophic web. It can be used at different levels of complexity, from molecular to ecosystem, 

and can be considered as an interdisciplinary parameter of natural ecosystems.  

 

General concepts and techniques for the analysis of stable isotopes  

 

The isotopic fractionation can be divided into two categories. The first category is that 

of the equilibrium reactions of isotopic exchange, the most representative of which is the 

exchange reaction that allows for maintaining carbon isotopic ratio constant in the 

atmosphere almost on the whole planet:  

13CO2 (air) + H12CO3 (water) ↔12CO2 (air) + H13CO3- (water) (1). 

The second category is the so-called kinetic isotopic effect, which can take place in 

almost all biological reactions, depending on the reaction mechanism. In general, the lower 

molecular weight isotopic molecule has a greater reaction rate constant than that of the 

heavier molecule. The degree of fractionation depends on the characteristics of the enzyme 

involved in the reaction. For example, denitrification is known to have a large fractionation 

factor, up to 1.04 (4%), whereas biological N2 fixation has a small fractionation factor of 1.002 

(0.2%). The factor of fractionation of a given reaction in two different species is generally of 

the same magnitude if the enzymatic sites are similar. As a result, the 15N/14N ratio of the 

biosphere as a whole is slightly greater than that of atmospheric nitrogen. A large isotopic 

fractionation factor of 1.03 (3%) is observed in the carboxylation of C3 plants, and this results 

in a lower 13C / 12C ratio in the biosphere as a whole compared to HCO3
- waters. Since the 

variations in isotopic ratios of carbon and nitrogen in natural ecosystems are slight, the 

content in 13C and 15N is expressed as deviation ‰ compared to a standard, according to the 

following formulas:  

δ13C (‰) = [(13C / 12Csample) / (13C / 12CPDB) -1] x1000 (2) 
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δ15N (‰) = [(15N /14Nsample) / (15N/14Nair) -1] x1000 (3). 

Carbon and nitrogen belemnite Pee Dee (PDB), a fossil calcium carbonate with a content 

of 13C almost identical to that of HCO3
- of water, and atmospheric nitrogen (N2), are used as 

standards for carbon and nitrogen respectively. Positive values of δ ‰ indicate that the 

sample content of 13C and 15N is greater than that of the corresponding standard; on the 

contrary, when it is depleted, the value of the δ ‰ of the corresponding isotope is negative. 

Naturally, δ13C (HCO3
-) (water) = 0.0 ‰ and δ15N (N2 (air)) = 0.0 ‰. Many different biological 

and biogenic substances have been collected from different ecosystems. Their isotopic ratios 

were measured by mass spectrometers with methodologies described in detail. It is thus 

possible to identify the main factors that govern isotopic distributions in an ecosystem. They 

are: 1) isotopic compositions of the substrates used by plants, such as CO2, H2O and inorganic 

nitrates; 2) the kinetic effects of the isotopes during the processes of absorption; 3) trophic 

effects during nutrition processes; 4) gaseous metabolism during mineralization. 

 

The use of stable isotopes of C and N in lake ecosystems  

 

Stable isotopes are an efficient tool for revealing the diversity and complexity of the 

zooplankton trophic relationships in lakes (Post 2002). Zooplanktonic organisms use 

indigenous carbon sources, through the grazing of phytoplankton, bacteria and other 

organisms that depend on phytoplankton production. Bacteria also depend on the dissolved 

organic carbon pool produced through many other sources, including phytoplankton, 

periphyton, macrophytes and allochthonous carbon. Stable isotope studies have been used 

to distinguish between phytoplanktonic and non-phytoplanktonic carbon sources (benthic, 

littoral and allochthonous) in different lake ecosystems, demonstrating that the degree of 

dependence of zooplankton from non-phytoplanktonic sources depends on the degree of 

trophy, season, and from the N / P ratio (Karlsson et al. 2003). 

Differences in δ13C and δ15N of the zooplankton may result from a shift in the pelagic 

baseline, commonly defined as the isotopic composition of the primary sources of supply of 

the pelagic trophic web. The pelagic baseline includes both phytoplanktonic and non-

phytoplanktonic sources: both can contribute to the secondary production of the pelagic 

trophic web. The pelagic baseline of δ13C and δ15N varies according to the lake, and in the 

same lake, over the years and depending on the season (Mattews & Mazumder 2003). 
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Variations in the pelagic baseline among lakes tend to be related to lake size (Post et al. 2000; 

Perga & Gerdeaux 2006). In the same lake, or in a group of similar lakes, the pelagic baseline 

signal has been shown to be influenced by lake trophic state (Perga & Gerdeaux 2006). 

Nitrogen and inorganic nutrient inputs can alter the baseline of δ15N (Lake et al. 2001; Cole et 

al. 2004; Lehmann et al. 2004). Environmental factors such as temperature, primary 

production, and inorganic nutrient recycling can affect the δ13C and δ15N of phytoplankton. 

During an annual period, changes in the δ13C and δ15N of the different zooplankton taxa can 

be observed in relation to changes in feeding habits (or in their trophic position) and to 

resource availability. 

The main objectives of the project on Carbon and nitrogen stable isotope analysis to 

investigate space and time changes in Lake Maggiore pelagic food web (cfr. Preface) were: 

o to provide a first characterization of the isotopic carbon and nitrogen signatures for 

Lake Maggiore’s pelagic trophic web, from the food source baseline to fish, during 

different seasons. As highlighted in the introduction, δ13C baseline isotopic signature 

mainly reflects lake typology and therefore, in the case of Lake Maggiore, it was 

expected to be comparable to that of other deep subalpine lakes. The δ15N isotopic 

signature of a lake is instead mainly related to the lake trophic state and tends to be 

higher in urban wastewater (Cabana & Rasmussen 1996).  

o to analyse variations over time of carbon isotopic signature (in different seasons) and 

in space (i.e. different sampling stations representative of the pelagic in Baveno, of 

potentially allochthonous input from the River Toce, and from the shoreline in Lesa) 

o to identify the potential contribution to the pelagic trophic web of non-pelagic carbon 

sources; 

o to identify trophic relationships among pelagic organisms and their seasonal changes, 

from zooplanktonic primary consumers to planktivorous fish. 

Over a period of ten years (2008-2018) of isotopic analyses, including toxicants analysis, 

these objectives were fully achieved. We have managed to provide a complete picture of 

seasonal and pluriannual dynamics of matter and energy flow through the pelagic trophic web 

of Lake Maggiore, in relation to biotic and abiotic variables. In our work we also highlighted 

general problems and perspectives of carbon and nitrogen stable isotopes analysis in 

lacustrine trophic web studies, in lakes with different typology and trophic status.  
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Littoral zone 
 

The littoral zone of a lake is defined as the shore area where sunlight penetrates to the 

sediment and allows growth of aquatic plants (macrophytes and benthic algae). Light levels 

of about 1% or less of surface values usually define this depth. Littoral zones are considered 

relatively productive zones, because of the direct access to nutrient sources in the sediments. 

Emergent, floating and submerged plants all contribute to the lake primary production. 

Submerged plants penetrate to the depth receiving enough light for photosynthesis, which 

depends on lake water clarity, from a few decimetres to many metres. Littoral zones are 

heterogeneous in their structure, characterized by areas of rocks, gravel, sand, mud or plants. 

The kind of substrate and the slope of the shore determine the structure and the biota of the 

littoral zone. Littoral zones support a wide range of biological communities, representing the 

habitat for benthic macroinvertebrates and providing a refuge for zooplankton and a shelter 

for fish. Most of all, littoral zones are an important link between the lake catchment and the 

pelagic zone, acting as interfaces for exchange of materials across aquatic-terrestrial 

boundaries (Fig. 1). 

 

 

 
 Fig. 1. Diagram of lake zones (https://biomesduff.wikispaces.com). 
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Littoral zones are important for input of allochthonous carbon to a lake. Lakes have 

classically been thought to be driven by autochthonous production (Carpenter et al. 1985). 

However, recent studies have suggested that subsidies of organic matter from the catchment 

might play an important role at the base of the food web. Terrestrial carbon inputs support 

approximately 30%–70% of secondary production in lakes, depending on lake trophic status, 

representing zooplankton as well as zoobenthos and fish production. There are many studies 

and a wide scientific literature supporting this concept of the importance of terrestrial and 

allochthonous carbon sources to lake production (Grey et al. 2001; Karlsson et al. 2003; Pace 

et al. 2004, 2007; Cole et al. 2006; Jansson et al. 2007; Berggren et al. 2010, 2014; Tanentzap 

et al., 2014). 

 

Pelagic zone 

 

The pelagic zone is the open water zone of a lake. The upper layer contains the euphotic 

zone where photosynthesis can occur and thus where primary production is possible (Fig. 2A). 

For phytoplankton the euphotic depth is where the 1% of the surface light still remains; the 

depth of the euphotic zone Zeu can be measured with a crude formula Zeu=Secchi depth x 1.7. 

In most lakes, the euphotic zone occurs within the epilimnion (Fig. 2B). The thermocline is the 

level or layer of water depth where temperature changes more rapidly than the layer above 

or below it. The hypolimnion is the deepest part or bottom layer of the lake. Lakes have 

diverse typologies, comprising different geomorphological and physico-chemical 

characteristics. Lake depth and lake area are important typology features. Deep and shallow 

lakes have very different structures, dynamics, functionality, and consequently, are 

ecologically dissimilar. The geology of the lake’s catchment is a key factor in determining the 

water chemistry of a lake; parameters like water pH, alkalinity, conductivity, DIC, are 

catchment dependent and usually determine the type and structure of biotic communities in 

a lake. Nutrient (mainly nitrogen and phosphorous) concentrations define lake trophic status, 

ranging from oligo or ultra-oligotrophic lakes to eutrophic and hyper-eutrophic lakes. Lake 

trophic status determines the abundance and community structure of biological communities 

such as phytoplankton, zooplankton and fish (Bertoni 2018). 
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 Fig. 2. Lake cross-section, in which are highlighted water layers (euphotic and aphotic) identified on 
the basis of the incident light percentage (A) and an example of summer thermal profile on which 
are identified the the different layers (epi-, meta- and hypolimnion) of the water column (B). 
 

 

Lake spatial and temporal heterogeneity 
 

The open water zone of a lake undergoes seasonal changes during the year, mainly 

driven by changes in air temperature, wind and other atmospheric forces. Major lake turnover 

happens during autumn and spring, when the lake’s cold and warm waters mix and readjust 

A 

B 
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(Figs 3 and 4). Most lakes that experience lake turnover are dimictic lakes, meaning their 

waters mix twice a year, usually in autumn and spring. During the winter, the epilimnion is 

the coldest part of a lake because it is exposed to the wind and low air temperatures, while 

the hypolimnion is usually the warmest. As the season progresses towards the springtime, 

warmer air temperatures and winds are driving the lake turnover. The cold surface water 

sinks to the bottom, forcing the warmer, less dense water upward. The profiles of 

temperature and dissolved oxygen are then quite uniform from the surface to the bottom of 

the lake. During the summer, the epilimnion, or surface layer, is the warmest part of the water 

column as it is heated by the sun while the deepest layer, the hypolimnion, is the coldest part. 

In these conditions, water stratification occurs in the lake, with steep gradients of 

temperatures and dissolved oxygen. During the autumn, the warm surface water begins to 

cool again, becoming denser and thus sinking to deepest depths. The lake is turning over and 

it forces the water of the hypolimnion to rise. These physical changes in the lake water 

structure during the year are driving changes in the chemical parameters and in the biota, 

influencing successions in plankton communities. 

 

 

Fig. 3. Diagram of seasonal stratification and turnover events in a dimictic lake 
(http://education.nationalgeographic.org). 
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Fig. 4. Seasonal variation of thermic gradient and oxygen concentration in lake water column 
(Wetzel 1975). 
 

 

Plankton 
 

Plankton communities, both phytoplankton and zooplankton, inhabit primarily the 

open water zone of a lake (Fig. 5). Definitions of plankton include the concepts that planktonic 

organisms are passively transported in the water, unable to swim against currents or waves 

(Hensen, 1889). They are adapted to spend their life within the water column, without sinking 

to the bottom because they have developed mechanisms to counteract the tendency to sink. 

Colony formation, cell shape, the presence of flagella or spines, gas vesicles, envelopes of 

mucilage are all strategies to reduce the sinking rate in phytoplankton. Some planktonic 

organisms, in particular zooplankton, are able to swim with active movements on a micro and 

meso scale, both horizontally and vertically. Plankton communities change in a lake with the 

changing environmental conditions seasonally. Variations in water temperature and light 

availability, nutrient loading from the catchment or released from the sediments, nutrient 

recycling and availability are all determining factors for plankton seasonal successions in a 

lake. We review here some important concepts related to plankton communities. 
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Fig. 5. Set of some organisms making up freshwater zooplankton population. 

  

The Gause's law (1934), or the competitive exclusion principle, stated that two species 

competing for the same limiting resources cannot coexist at constant population values. 

Successively, Hutchinson in the 1960s revealed the incongruity between the observed 

diversity of plankton in lakes and the competitive exclusion principle, in a supposedly 

homogeneous habitat. This is known as the Plankton paradox (Hutchinson 1961), explain by 

the limnologist G.E. Hutchinson himself with: “The problem that is presented by the 

phytoplankton is essentially how it is possible for a number of species to coexist in a relatively 

isotropic or unstructured environment all competing for the same sorts of materials.” – 

Hutchinson’s greatest and most enduring insight was the idea that different species are 

favoured under different sets of environmental conditions and, if the environment changes 

sufficiently through time, no single competitor could remain superior long enough to exclude 

other species. It was thus introduced the concept of nonequilibrium conditions, leading to 

greater than expected diversity in plankton communities. In connection with this issue, the 

concept of ecologic niche was included, defining the role and position a species has in its 

habitat, its interaction with other species and with the environment (Hutchinson 1959). 
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Food webs 
 

The concept of food webs is well-known in ecology. Organisms are organized in food 

webs, having diverse trophic levels and being connected by relationships including predation 

and competition. The use of stable isotopes of carbon and nitrogen in aquatic ecology proved 

to be a very useful and powerful tool to reconstruct food webs. Through the use of stable 

isotope analysis (SIA), ecologists discovered higher complexity in aquatic food web structure 

than previously realized. In particular, they realized that many aquatic organisms are 

omnivorous and not necessarily characterized by a particular trophic level. Moreover, that 

different sizes or life stages of an organism may bring different stable isotope signatures, 

meaning that they shift trophic levels throughout their life cycle. Consumers in particular 

often shift levels throughout their life cycle. It is well recognised that the traditional concept 

of a zooplankton community solely reliant on autochthonous production, although applicable 

in some lake systems, is certainly not so widespread. Zooplankton represent an important link 

from the basal resources to the fish in a lake food web. 

 

 
Fig. 6. Diagram of a freshwater trophic web highlighting main trophic relationships between 
organisms (de Bernardi & Giussani 1984). 
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Methodologies for studying trophic webs 

 

Conventional diet analysis, which is typically conducted through gut content analysis 

(Hyslop 1980; Tóth 1985), can detect size and type of ingested material by an organism in 

relation to the material available in the organism’s habitat. However, gut content analysis that 

depends on morphological identification of food sources may be problematic.  

Schulz & Yurista (1995) used cellulose acetate allozyme electrophoresis and scanning 

laser densitometry to identify soft tissue remains of prey from Bythotrephes cederstroemi, a 

species of predator zooplankton. Multilocus phenotypes for each taxon of potential prey in 

the lake plankton assemblage were obtained from species-specific migration rates for 

multiple enzymes. 

The introduction of the use of SIA for the study of aquatic food webs helped to 

discriminate between ingested material and assimilated material. Nowadays diet analysis is 

commonly used in conjunction with measurements of consumer stable isotope ratios. SIA has 

the advantages of representing the integrated assimilated diet of the consumer rather than 

just recent intake or ingested material. The use of SIA of carbon and nitrogen stable isotopes 

can provide two different information sets for the reconstruction of aquatic food webs. The 

carbon isotope can give us an idea of the source of organic matter on which an animal has 

fed, or an animal diet, and in freshwaters whether it has been derived from material produced 

in the lake, or derived from the catchment or from the macrophytes in the littoral zone. The 

nitrogen isotope can give us information on the organism’s trophic position within the food 

web. When multiple sources are available, their relative contribution to a consumer’s diet 

may be estimated by applying a linear mixing model (Phillips 2001; Phillips & Koch 2002). 

Carbon signature of a consumer’s tissues is assumed to be the linear mass balance of 

elemental mass from each food source. By the use of mixing models it is possible to 

differentiate among a consumer’s diet. Many animals have mixed diets, and the use of 

mathematical techniques is a useful tool to calculate the relative amount of each component 

they take. 
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The ARIMA model 
 

Early attempts to study the food webs in Lake Maggiore go back to the 1970s, when a 

statistical model was proposed by de Bernardi and Argentesi (1978). The model, known as the 

ARIMA model=Autoregressive Moving Average model, tried to explain the complexity of the 

interactions among biotic communities in the lake, in terms of competition and predation, in 

particular within the zooplankton community. This statistical model was developed to study 

species trophic interactions from population time series data (Fig. 7).  

 

 
Fig. 7. Diagram of trophic interactions (predation and competition) occurring between planktonic 
Crustacea of Lake Maggiore (Argentesi 1978). 
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Differences in carbon and nitrogen isotopic fingerprint in freshwater 

ecosystems 
 

 
Fig. 8. Diagram of different types of carbon and nitrogen fractionation occurring in freshwater 
ecosystems (Wada 2009). 

 
 

The distribution of isotopes in ecosystems is not homogeneous, because of the 

occurrence of different kind of fractionations. The principal factors (Fig. 8) governing isotopic 

distributions in an ecosystem are:  

(1) Isotopic compositions of plant substrates, such as CO2, H2O, and inorganic nitrogen. 

In fact, the isotopic composition of inorganic and organic matter is strictly dependent 

on its origin; 

(2) Kinetic isotope effects during plant uptake processes. In plants, the carbon isotopic 

signature is determined by the dynamics of CO2 fixation during photosynthesis, which 

determine a difference in carbon isotopic signature in C3 plants and in C4 plants (C4 are 

more 13C‰ enriched than C3); 

(3) Branch reactions. In water, organic and inorganic substances undergo physico-

chemical processes which can modify the isotopic composition; 
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(4) Trophic effects during feeding processes. Along the food chain, there is a nitrogen 

isotopic enrichment from food to consumers as a result of metabolic processes of the 

consumer, including excretion processes. The correlation between the nitrogen 

signature of an animal and its corresponding trophic level has been clearly 

demonstrated in several ecosystems, while the carbon signature of an animal is very 

close to that of its diet. Therefore, the carbon and nitrogen isotope ratios of an animal 

reflect its diet. These relations are described by the following equation: 

δ13Cpredator‰= (12)(TLprey+ δ13Cprey) (4) 

δ15Npredator‰= (3.4)(TLpredator+ δ15N prey) (5) 

where: TL= trophic level (1 = primary producers, 2 = primary consumers, and so on) (Wada 

2009). 

When there is a single carbon source the trophic position is described by the following linear 

equation: 

X= (δ15Npredator –δ15Nprey)/λ + TL (6) 

Where: λ = trophic fractionation ≈ 3.4 ‰ (Post 2002). 

(5) Remineralization processes of organic matter, which lead to a depletion of isotopic 

carbon content. 

 

By the use of SIA, in particular by the investigation of δ13C signals, it is possible to 

discriminate whether an organism spends most of its time in the littoral zone or in the pelagic 

zone, and within the pelagic zone, near the surface or at a deeper part of the lake. Many 

studies in freshwaters have shown an isotopic carbon enrichment from the pelagic to the 

littoral zone (Fig.9; France, 1995; Kiyashko et al. 1998; Jones et al. 1998; Grey et al. 2000; Grey 

& Jones 2001; Visconti et al. 2011). This enrichment is due to the different composition of 

primary producers in the littoral and in the pelagic zones, to different metabolic pathways of 

the organisms and to different origins of carbon. In the pelagic zone carbon produced in situ 

(autochthonous carbon) is more available and abundant, while in the littoral zone carbon 

deriving from the catchment (allochthonous carbon) prevails. 
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Fig. 9. Diagram of a lake trophic web structure in pelagic and littoral zone (A) (www.slideshare.net). 

Values of 15N and 13C for food web constituents of Lake Taupo averaged across all nine sampling 
sites and six sampling events (2014–2015). Black dots represent functional group mean values and 
ellipses represent one standard deviation. Basal resources are coloured in green and consumers in 
blue. Arrows show the diet interactions that were identified by MixSIAR (dashed arrows = diet 
contribution < 10%)(B) (Stewart et al. 2017). 
  

 

A 

B 
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There is usually an isotopic carbon depletion from surface waters to deep waters, 

because of fractionation of CO2 during dissolution. Moreover, sources of DIC (Dissolved 

Inorganic Carbon) are heavier in surface waters due to the photosynthetic activity of 

phytoplankton, and lighter in deep waters due to remineralization of organic matter (France 

& Peters 1997). 

The upper diagram of Figure 9 shows the δ13C and δ15N signals in different zones of a 

lake, with the littoral zone being more enriched in δ13C than the pelagic zone. 

The lower graph of Figure 9 shows the complex trophic relationships occurring between 

freshwater organisms in different zone of a lake, examined by MixSIAR (Stewart et al. 2017). 

 

The baseline concept in stable isotope analysis 

 

Ecosystems have multiple food sources, which have distinct carbon and nitrogen 

isotopic signatures despite occupying a single trophic level. This difference in the starting 

isotopic composition of primary producers sets up an isotopic baseline that needs to be 

accounted for when calculating diet or trophic position using stable isotopic methods. 

Moreover, within the same ecosystem, isotope signatures may vary among primary 

consumers in different zones, so that it would be necessary to define a proper baseline for 

every different zone of the same lake (profundal, pelagic, littoral) to assess the actual trophic 

position of the next trophic levels (Vander Zanden & Rasmussen 1999). 

Consumers could be a better choice of baseline than primary producers because they 

integrate nutrient sources over longer periods of time. Consequently, consumer isotope 

signals are subject to less short-term variability than primary producers. Freshwater 

autotrophs in fact have isotopic values that are highly variable in space and time, while 

consumers are able to time-integrate the spatial and temporal variations of their diet. Among 

the different taxa of freshwater zooplankton, Daphnia sp. are increasingly chosen in food web 

studies as baseline organisms because their feeding behaviour appeared to be fairly 

consistent and non-selective, both at different seasons and in different lakes. In Lake 

Maggiore, a significant strong correlation between seston and Daphnia δ13C signature 

allowed its use to trace seasonal changes in the pelagic baseline. (Visconti & Manca 2011). 
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If a taxon relies solely on the pelagic baseline, its δ13C value is similar to Daphnia’s. 

Otherwise, there might be multiple carbon sources fuelling the zooplankton community. 

According to de Niro & Epstein (1978), a common carbon source is attributed when 

fractionation: 

F= δ13Cpredator - δ13Cprey ≤ 0.8 ‰ (±1.1 ‰ S.D.) (7) 

Therefore, if individuals are specialised on one food type only, they will display isotopic 

values from this food type (adjusted for trophic fractionation), while individuals that feed on 

and incorporate many different food items with different isotopic values will have a mean 

isotopic value which reflects the different isotopic contributions in their diet (including 

fractionation). 

 

δ13C‰, δ15N‰ and seasonality 

 

Plankton δ13C‰ and δ15N‰ vary considerably in marine and freshwater ecosystems. 

Several studies have indicated that the seasonal variability of δ13C‰ in lacustrine systems can 

be in excess of 10 ppt (Zohary et al.1994). An adequate understanding of the causes of 

plankton δ13C‰ and δ15N‰ variability is a prerequisite for using their signals as ecological 

and environmental research tools. 

Differences in plankton isotopic composition within a lake over time are mainly due to 

both abiotic and biotic factors. 

 

Abiotic factors: 

• Water temperature, light regime, rainfall. Physical variables, such as temperature, are 

important determinants of δ13C seasonal changes. Temperature controls the solubility 

of CO2 and in turn influences the fractionation of carbon isotopes during phytoplankton 

uptake (Rau et al. 1989). Water column thermal stratification influences cell activity, 

nutrients assimilation and competition, light competition, rate of CO2 and HCO3
- 

diffusion and ultimately phytoplankton species succession, abundance and community 

structure. Thus, water stratification has, in the end, a strong effect on the 

phytoplankton δ13C (Zohary et al. 1994); 

• Nutrient cycling; 
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• Contribution of terrestrial organic matter and sources of allochthonous carbon (Grey et 

al. 2001). Evidence for zooplankton relying on allochthonous carbon has been provided 

in several earlier studies (Salonen & Hammar 1986; Hessen et al. 1989; Tanentzap et al. 

2014), but stable isotope analyses (SIA) have improved the quantification of 

zooplankton allochthony and have revealed its large variability among systems and 

seasons (Grey et al. 2001; Karlsson et al. 2003; Carpenter et al. 2005); 

• Primary productivity and CO2 concentration (Takahashi et al, 1990). 

 

Biotic factors: 

Distinct seasonal characteristics of biological variables in lake ecosystems can be viewed 

as responses of phytoplankton to seasonally driven biogeochemical fluctuations. Differences 

in primary sources fuelling the pelagic food web are linked to phytoplankton successions. 

Different phytoplankton species fractionate δ13C differently (Falkowski 1991) leading to 

different δ13C signals. Because the isotope signature is a function of the physical and chemical 

environment and of intracellular carbon concentrations, differences in cell size and 

morphology, or adaptation to different environments, are likely to be expressed as variation 

in the δ13C of different species. Non-phytoplanktonic sources are important carbon sources, 

especially in the winter season, when phytoplankton availability is scarce in a lake. Signals of 

δ13C in zooplankton primary consumers’ taxa reflect changes in diet, therefore following 

seasonal baseline fluctuations, which mainly depend on POM in winter and early spring and 

on phytoplankton in late spring and summer (Pel et al. 2003; Matthews & Madzumder 2005; 

Perga & Gerdeaux 2006). Changes in zooplankton feeding behaviour and trophic positions 

(Karlsson et al 2003) have to be taken into consideration when analysing δ15N signals in 

consumers. On a seasonal basis, as availability and type of resources vary, changes in feeding 

strategies and trophic position may occur (Grey et al.2001; Karlsson et al. 2003). 
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Phytoplankton and δ13C 

 

Phytoplankton represents the autotrophic, primary producer at the base of the aquatic 

food web, and it is therefore fundamental to identify its isotopic signal when performing a 

study of a whole-lake food web through stable isotopes.  

A study conducted in Lake Maggiore (Caroni et al. 2012; Fig. 10A) investigated the 

seasonal variation of the phytoplankton community and the seston stable isotopes signature 

of carbon (δ13C). The phytoplankton assemblage’s structure, generally dominated by 

Bacillariophyceae, changed seasonally in the lake (Fig. 10B), showing an increase of 

Cyanobacteria abundance during the summer months. Accordingly, the seston δ13C followed 

a seasonal trend (Fig. 10A) with depleted values in winter and springtime and enriched values 

during the summer.  

During 2008 the δ13C signature was related to seasonal variation of the lake 

phytoplankton community and investigated in terms of phytoplankton taxonomic groups, 

morpho-functional groups (MBFG), cell size classes and cell shape classes. Bacillariophyceae 

were dominant in springtime (when δ13C was more negative) and decreased during the 

summer (when δ13C was less negative), while density of Cyanobacteria increased during the 

summer. Cyanobacteria are expected to have a high δ13C due to their use of HCO3
-, while 

Bacillariophyceae are supposed to have very negative δ13C values (13C depleted 

phytoplankton signals; for example Melosira sp. signal is exceptionally light, with values of -

32 ‰; e.g. Hollander & McKenzie 1991; Zohary et al. 1994; Jones et al. 1998). Nonparametric 

multiplicative regression (NPMR) was utilized to identify among the phytoplankton 

parameters (taxonomic groups, MBFG, cell shapes, cell sizes) which were the best predictors 

of the δ13C variation. Bacillariophyceae and two morpho-functional phytoplankton groups, 

the first defined as ‘non-flagellated organisms with siliceous exoskeletons’ and the second as 

‘large filamentous algae with aerotopes’, were statistically significant and the best predictors 

for the δ13C variations in the lake.  
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Fig. 10. Seasonal variation of carbon isotopic fingerprint of particulate matter (size ≤ 50 µm) of Lake 
Maggiore in 2008 (A). Phytoplankton population density in Lake Maggiore during 2008 (B). Graph 
of the non-parametric multiplicative regression analysis (NPMR) (C) (BACILL= Diatoms; CYANO= 

Cyanobacteria, Delta 13= δ13C signature ) (Caroni et al. 2012). 
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Seasonality of δ13C and δ15N in pelagic zooplankton of Lake 

Maggiore  
 

Studies of seasonality of isotopic signatures in aquatic systems are still relatively scarce, 

especially in freshwater ecosystems. However, they are crucial when considering organisms 

of small size such as plankton, with the potential to turn over assimilated isotopes quickly and 

therefore exhibit differing isotopic signatures over a relatively short temporal scale (Grey and 

Jones 2001). 

 

 
 

Fig. 11. Carbon (A) and nitrogen (B) isotopic fingerprint in zooplanktonic pelagic Crustacea 
of Lake Maggiore in 2008 (Visconti & Manca 2011). 

B 

A 
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The use of Daphnia sp. as a baseline in Lake Maggiore allows visualisation of seasonal 

fluctuations for both δ13C and δ15N values. Daphnia δ13C seasonal trend (Fig. 11 A) is usually 

less negative in summer and more negative in winter, with intermediate values in spring and 

autumn. δ13C of zooplankton primary consumers’ taxa reflects changes in diet, therefore 

following seasonal baseline fluctuations, which mainly depend on POM in winter and early 

spring and on phytoplankton in late spring and summer (Matthews & Madzumder 2005; Perga 

& Gerdeaux 2006). In Lake Maggiore there is a typical phytoplankton succession with 

dominance of Bacillariophyceae in spring and a relative increase of Cyanobacteria during the 

summer. The δ13C of phytoplankton is reflected in the δ13C of zooplankton, as 

Bacillariophyceae tend to have a negative δ13C value while Cyanobacteria have a more 

positive value of δ13C. The correlation found in Lake Maggiore of Daphnia's δ13C signature in 

the different seasons with the signature of seston (r = 0.86; p <0.01; N = 13; Visconti et al. 

2011), is a confirmation that Daphnia represents an appropriate proxy for the pelagic baseline 

against which the carbon isotopic signals of other zooplankton can be compared. The δ15N 

signature of Daphnia (Fig. 11 B) is usually higher in winter, decreases during the springtime 

and summer and reaches again higher values in autumn. 

 

Seasonal and plurennial analysis of zooplankton δ13C and δ15N 

 

Figure 12A shows the trophochemical graph for isotopic carbon and nitrogen seasonal 

variation in zooplankton crustaceans of Lake Maggiore. Within the year, a transition from high 

values of nitrogen- and low values of carbon- during the winter period to lower values of 

nitrogen and higher values of carbon- during the summer period was observed. Essentially, 

zooplankton organisms performed a cycle over the year in terms of isotopic signals of both 

carbon and nitrogen. Secondary consumers seemed to follow the pelagic baseline 

rappresented by Daphnia, with the exception of the cyclopoids, which have a rather limited 

range of variation in both isotope signals. The seasonal variations of 13C and δ15N values in 

one year are clearly more important when compared to the variations in mean values in 

pluriannual data. Figure 12B shows the inter-annual variation of seasonal values of carbon 

and nitrogen isotopic signals of the baseline (Daphnia) during the period 2010-2017. The most 

A 
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evident variations were those relating to 13C, while less variation was observed for mean 

values of δ15N. 

 

 

Fig. 12. (A) Trophochemical graph of seasonal variation of carbon and nitrogen isotopic signal of 
zooplankton Crustacea of Lake Maggiore during 2011. (B) Trophochemical graph of inter-annual 
variation of seasonal values of carbon and nitrogen isotopic signals of the baseline (Daphnia) during 
the period 2010-2017. 
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An ongoing study in Lake Maggiore, started in 2018 (Caroni et al. in prep.), examined 

carbon and nitrogen isotope ratios of different zooplankton species (Daphnia longispina-

galeata gr., Eubosmina longispina, Diaphanosoma brachyurum, Bythothrephes longimanus, 

Leptodora kindtii) and groups (diaptomids, cyclopoids). Their δ13C and δ15N signatures were 

investigated together with several environmental variables during eight annual production 

cycles (2009-2016) to determine factors affecting the seasonal and plurennial variability of 

δ13C and δ15N. Analysis of time series decomposition using the software R were conducted in 

order to detect seasonality and trends in the data available (four seasons a year, for a timeline 

of eight years) for δ13C and δ15N of the different zooplankton species and groups. The example 

in Figure 13 focuses on Daphnia δ13C (Fig. 13 A) and δ15N (Fig. 13 B) decomposed time series, 

showing that there is a clear seasonality in the data as well as a general trend for the two 

isotopic signatures during the time considered. Results obtained from this type of analysis 

were then related to seasonality and trends of environmental variables such as temperature 

and chlorophyll a. 
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Fig. 13. Results of time series decomposition analysis of carbon (A) and nitrogen (B) isotopic 
fingerprint of Daphnia from 2008-2016 period in Lake Maggiore, using software R (Caroni et al. in 
prep.). 

 

A 
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Temperature and Daphnia δ13C 
 

Physical variables, such as temperature, are important determinants of δ13C seasonal 

changes in aquatic ecosystems. Temperature controls the fractionation of carbon isotopes 

and water thermal stratification influences cell activity, nutrients assimilation and 

competition, light competition, rate of CO2 and HCO3
- diffusion and ultimately phytoplankton 

species succession and community structure. Studies conducted in Lake Maggiore (Manca et 

al. 2009; Fig. 13) showed that changes in the δ13C pelagic baseline mirrored mean water 

temperature (in the water layer 0-50 m) seasonal changes. Similar to other lakes such as Lake 

Geneva, this was likely driven by changes in carbon sources for phytoplankton growth during 

stratification and vertical water mixing. Significant relationships were found between 

Daphnia δ13C and temperature both seasonally within one year (Figure 14, upper graph) and 

inter-annually during an eight-year period 2008-2016 (Figure 14, lower graph).  
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Fig. 14. Relationship between mean temperature of the 0-50m water column layer in Lake Maggiore 
and carbon isotopic values of Daphnia in 2008 (A; Manca et al. 2009) and during the period 2008-
2016 (B; Caroni et al. in prep.). 
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Stable isotope analysis food webs models in Lake Maggiore 

 

By the use of stable isotope analysis of δ13C and δ15N for organisms in different trophic 

levels and lake zones, it was possible to reconstruct the aquatic food web of Lake Maggiore. 

The boxplot in Figure 15 represents the range of carbon isotopic fingerprint of Lake 

Maggiore zooplankton taxa (x-axis) and their trophic level T (y-axis). Combining this 

information, it was possible to infer if two or more species exploited the same food source, 

and therefore whether they were in competition with each other, or if they used instead 

diverse sources.  

Predatory cladocerans (Bythotrephes and Leptodora) and diaptomids appeared to be 

characterized by a greater variation in δ13C range values, which could be indicative of a wider 

food source choice, while the smaller range observed for cyclopoids suggested a less 

generalist food choice. A reduced variation in δ13C range values for Diaphanosoma agreed 

fairly well with its restricted growth period in the lake, registered mostly during late summer 

with warm temperatures (Manca et al., 1990). The herbivorous cladocerans Daphnia, 

Eubosmina and Diaphanosoma appeared to share similar food sources. 

 

 
Fig. 15. Carbon isotopic variations (δ13C) of zooplankton in Lake Maggiore during 2008 and their 
corresponding trophic levels (T). 
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Another representation of the aquatic food web of Lake Maggiore was achieved by 

discriminating graphically the different lake zones, pelagic and littoral, and the different 

seasons, winter/spring and summer/autumn (Figure 16). In this conceptual diagram, there is 

a clear change in the habitat preference of three fish species (whitefish, shad and roach) in 

different seasons and consequently the change in their interactions (competition and 

predation) and in enrichment within the lake food web. 

 

 
Fig. 16. Diagram of pelagic and littoral food web of Lake Maggiore. Byt: Bythotrephes; Lep: 
Leptodora; Cyc: Cyclopoids; Dap: Daphnia; Whi: whitefish; Sha: shad; Roa: roach. 
 

 

Stable isotope analysis: littoral vs pelagic zone 

 

It has been shown by a number of studies performed during the last two decades that 

aquatic food webs can be reconstructed by the use of δ13C and δ15N Stable Isotope Analysis 

(SIA). The advantage of the SIA method is the possibility to take a snapshot of all trophic 

interactions of the aquatic organisms analysed and involved. Most of SIA studies in lakes have 

often focused in only one lake zone and haven’t taken into account interactions between 

pelagic and littoral food webs, although their occurrence and interdependence is well known. 
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Fig. 17. Carbon isotopic fingerprint of three fish species (Whitefish, Shad and Roach) and littoral 
and pelagic baseline in Lake Maggiore during 2008 (Visconti et al. 2011). 

  

Visconti et al. (2011) performed a study which described food interactions of aquatic 

organisms between the pelagic and the littoral zone of Lake Maggiore. In Figure 17, the red 

line represents the isotopic carbon signature of the pelagic food web baseline, while the green 

line the isotopic carbon signature of the littoral baseline. The pelagic baseline was consistently 

carbon depleted during the year in comparison with the littoral one, but the two temporal 

patterns were very similar. This allowed them to distinguish when consumers, represented in 

this study by the fish shad, whitefish and roach, were more related to littoral than pelagic 

food sources, and when presumably they were feeding in the pelagic or in the littoral zone. 

The application of the Dynamic Mixing Model gave an estimation of the different 

contributions of the two food sources to the diet of a consumer and reinforced the data 

analysed. For instance, in January roach were supposed to rely upon only littoral food sources 

because the carbon signature was very close to the littoral baseline values, while roach in 

August were likely feeding in the pelagic zone. When the carbon signature of a consumer lies 

between the two baseline zones (e.g. whitefish and shad in May), it might suggest that the 

consumer is feeding in both the littoral and pelagic zone. 
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Different isotopic signatures of the littoral and of the pelagic food webs, could also allow 

a detection of the consequences of a new species invasion in the aquatic food web (Fig. 18; 

Vander Zanden et al. 1999). The upper part of Figure 18 represents the pathways of energy 

flow through the food web in not-invaded lakes, while the lower part of Figure 18 in lakes 

where alien species have been established. In reference lakes, the native species occupies the 

highest trophic level as a result of a diet made up by 60% of littoral nitrogen enriched fish, 

and 40% by pelagic zooplanktonic organisms, which occupy the trophic level two. With the 

establishment of an invader, a shift was observed in the native species towards pelagic food 

sources, as a result of a competition with the invasive species for littoral prey, and a change 

in the whole food web structure. 
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Fig. 18. Energy flux along trophic web in reference lakes (A), where invasive species are absent, and 
in lakes where the invasive species is established (B) (Vander Zanden et al. 1999).  

  

A 
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Fig. 19. Monthly values of carbon and nitrogen isotopic fingerprint of Whitefish, Shad and 
Roach in Lake Maggiore during 2008. Gray symbols indicate if the species was exploiting 
littoral carbon sources, while white symbols pelagic ones. (Visconti et al. 2013). 
  

The study of Visconti et al. (2013) provided an example for understanding the 

consequences of a species invasion in Lake Maggiore, based on carbon and nitrogen isotopic 

fingerprinting (Fig. 19). The trophochemical graph above represents the monthly isotopic 

signatures of δ13C and δ15N for the fish species roach, whitefish, and shad during 2008. Grey 

dots showed that fish relied upon pelagic carbon sources while the white dots indicated that 

they relied upon littoral carbon sources. In the graph, the roach data (circled red) were 

separated and never overlapped with data of the other two species. This could be interpreted 

as indicating that roach were not sharing the same prey as whitefish and shad, thus there 

might be a lack of competition for food and therefore in this case the roach invasion in Lake 

Maggiore could be defined as “peaceful”. 

 

 

 

 



39 
 

Stable isotope analysis and lake typology 
 

The isotopic fingerprint of carbon and nitrogen is lake specific, but some recent studies 

have demonstrated that zooplankton isotopic signals could be influenced by typology, 

especially when related to lake size and depth. 

Post (2002) found a strong relationship between 13C of the lake baseline and lake area 

(Fig. 20). There are, in general, three potential sources for Dissolved Inorganic Carbon (DIC) in 

lakes: respired organic carbon derived from either internal production or allochthonous 

sources, atmospheric CO2, and DIC from catchment area. Respired carbon is generally 

isotopically light, in contrast to atmospheric CO2 and weathered carbonates that are 

isotopically heavier. Therefore, heterotrophic activity fuels more of the production in small 

lakes than in larger lakes. As lake area increases, primary productivity becomes more 

important, because of in situ production from atmospheric CO2 and weathered carbonates 

(Post 2002). Furthermore, because more respired carbon in small lakes derives from 

allochthonous carbon inputs, the positive relationship between lake area and 13C of the 

baseline suggests that allochthonous inputs are more important for fuelling production in 

small lakes than in larger lakes. In addition, Post (2002) found a very weak relationship 

between isotopic nitrogen signature and lake area, but found that the difference between the 

isotopic nitrogen content of the littoral baseline from the pelagic baseline increases with lake 

area, confirming that the influence of the littoral zone on the pelagic zone decreases in larger 

lakes. 
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Fig. 20. (I) Correlation between lake area and carbon isotopic fingerprint of the pelagic baseline in 
25 North-West American lakes (IIA). Correlation between lake area and nitrogen isotopic fingerprint 
of the pelagic baseline in 25 North-West American lakes (IIB) Lake area versus the difference 
between nitrogen isotopic fingerprint of littoral baseline and pelagic baseline in 24 North-West 
American lakes (Post 2002). 
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Fig. 21. Carbon isotopic signatures of herbivorous zooplankton and POM (A) and of phytoplankton 
and POM (B) grouped according to the lake trophic status according to the OECD classification (in 
parentheses the total phosphorus (TP) ranges are reported in μg l-1) (Grey et al. 2000). 
 

 

 

 

 

A 
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The isotopic fingerprint is lake trophic state dependent. Figure 21 A shows the isotopic 

carbon signal of zooplankton organisms and of particulate organic matter (POM) in lakes 

characterized by different trophic states. The two data sets, zooplankton and POM, overlap 

only in eutrophic lakes, indicating that in these conditions zooplankton is able to exploit POM 

as carbon source. In Figure 21 B, it can be observed that POM and phytoplankton carbon 

signal values are very similar in eutrophic lakes, suggesting that algae constitute most of the 

organic particles. These data indicate that the dependence of zooplankton on sources not 

produced in the lake decreases with the trophic state of a lake. In eutrophic lakes zooplankton 

depend more on the autochthonous sources, while they are more related to allochthonous 

sources in oligotrophic lakes, where phytoplankton production is limited and respiration is 

equivalent and could outcompete primary production. 

 

 
Fig. 22. Relationship between nitrogen isotopic signal of primary consumers and population density 
in Hebisuna river (     ), in Lake Biwa (    ) and in other aquatic systems (    ) (Wada 2009). 
 

 

Other studies have demonstrated that also the isotopic nitrogen signal is lake trophic 

state dependent, with higher δ15N values observed in eutrophic lakes. Adams & Stern (2000) 

have shown that isotopic nitrogen enrichment is diet dependent. In productive lakes, 

zooplankton organisms exploit organic particulate matter as a food source, represented by 
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phytoplankton and by bacteria, protozoa, exuviae of zooplankton organisms and fecal pellets, 

which are more 15N-enriched than algae. Furthermore, Wada (2009; Fig. 22) demonstrated 

the existence of a strong positive correlation between enrichment in the nitrogen isotope 

signal of primary consumers and lake catchment human population density, as a direct 

consequence of increased nitrogen loading from domestic waste water. 

A recent study (Piscia et al 2018) confirmed some of the hypotheses described. Five 

Italian lakes were characterized by different lake trophic states (from the oligotrophic Lake 

Mergozzo to the hyper-eutrophic Lake Pusiano), and by different lake morphology in terms 

of depth and volume (small and shallow lakes such as Endine and Comabbio, large and deep 

lakes such as Mergozzo and Pusiano and the small and deep Lake Moro; see Table 1). 

 

Tab. 1. Morpho-edaphic characteristics of the five studied lakes (Piscia et al. 2018). 

Lake 
Altitude 

(m a.s.l.) 

Volume 

(106m3) 

Depthmax 

(m) 

Ptot 

(µgL-1) 
Trophy 

Mergozzo 194 83 73 1 oligotrophy 

Moro 389 4 42 8 oligotrophy 

Endine 334 12 9 17 eutrophy 

Comabbio 243 16 8 72 Hyper-eutrophy 

Pusiano 259 69 24 74 Hyper-eutrophy 
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Fig. 23.Carbon and nitrogen isotopic fingerprint of the studied lake baselines (Daphnia) (Piscia et al. 
2018). 
 

 

Figure 23 shows the isotopic carbon and nitrogen value ranges of the pelagic baselines 

for the five lakes, in spring and in summer. These data confirmed some hypotheses previously 

described. The most enriched lake in 15N was the hyper-eutrophic Lake Pusiano while the 

less enriched was the oligotrophic Lake Mergozzo; in the shallow lakes the least variation of 

nitrogen was detected from spring to summer. Unexpectedly, Lake Comabbio and Lake 

Endine showed an opposite trend, being more carbon depleted in summer than in autumn. 

This peculiarity might be explained in Lake Comabbio, hypothesising horizontal migration of 

zooplankton organisms from the littoral to the pelagic zone in summer (Hamza et al., 1993). 

Figure 24A shows the zooplankton spring data of the same study, and as reported in 

previous studies, it can be noticed that not all zooplankton taxa exploited the pelagic carbon 

sources represented by the baseline Daphnia, as cyclopoids in Lake Mergozzo and diaptomids 

in Lake Endine have very different values. Analysis of summer data (Fig. 24B) has revealed 

some trophic relationships among zooplankton taxa, such as competition between Daphnia 

and Bosmina in Lake Endine and between Daphnia, diaptomids and Diaphnosoma in Lake 
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Mergozzo. In Lake Mergozzo a predation of the large cladoceran Leptodora on Daphnia, 

Diaphanosoma and Bosmina could be hypothesised. 

 

 

 
Fig. 24. Trophochemical graph of zooplankton taxa in spring (A) and in summer (B). Error bars 
represented the standard error. CYC: ciclopidi; DPT: diaptomidi; DAP: Daphnia; BOS: Bosmina; DPH: 
Diaphanosoma; BYT: Bythotrephes; LEP: Leptodora (Piscia et al. 2018). 
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Another case of application of SIA analysis is provided by studies in reservoirs, artificial 

ecosystems influenced both by climate conditions of their geographical area and by the 

management of their waters. In particular, the artificial reservoirs of the Mediterranean basin 

are characterized by a peculiar hydrodynamics with marked fluctuations of water level linked 

to the seasonality of the rainfall regime (Fig. 25 A and B). 

Artificial lakes have intermediate characteristics between lakes and rivers (Tundisi & 

Straskraba 1999) and they are considered stressed environments (Leira & Cantonati 2008, 

Naselli-Flores 2003, Perbiche-Neves et al., 2011). They receive significant external inputs 

during the rainy season while they rely on internal recycling processes that support the 

biological component during the dry season (Zohary & Ostrovsky 2011). Like other 

Mediterranean artificial lakes (Naselli-Flores, 2003, Zohary & Ostrovsky 2011), Lake Sos 

Canales undergo important variations in water levels during the year (Fig. 25, Fadda et al., 

2014). 
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Fig. 25. (A) Map of Lake Sos Canales (Sardinia) and diagram of the section of the reservoir. (B) 
Monthly rainfall mean values during 2010-2011 and during 2006-2011, water level during 2010-
2011, mean temperature of surface (0-7,5m) and deep waters (≥ 10m) of the lake (Fadda et al. 
2014). 
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The isotopic carbon and nitrogen signal of the baseline for Lake Sos Canales, and in 

particular of the suspended particulate matter, varies seasonally as observed in natural 

temperate lakes (Perga & Gerdeaux 2006; Visconti & Manca 2011; Woodland et al.; Fadda et 

al., 2014, 2016). The variations in the isotopic signals are the consequence of changes in 

external loadings, in composition of phytoplankton taxa and in changes in the concentration 

of dissolved inorganic carbon and nitrogen (Figure 26). 

 

 
Fig. 26. Variations of isotopic carbon and nitrogen fingerprint of the suspended matter in two 
different stations (D and S), in the pelagic zone (a) and in the littoral (b), and in surface layers (0-
7,5m; continuous line) and deep layers (≥ 10m; dotted line) (Fadda et al. 2014). 
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Fig. 27. Seasonal variations of the isotopic carbon and nitrogen signals in zooplankton of Lake Sos 
Canales from two different sampling sites, littoral (dotted line) and pelagic (continuous line) (Fadda 
et al. 2014). 

  

Seasonal variations of the isotopic carbon and nitrogen signals were also analysed for 

the zooplankton organisms in Lake Sos Canales (Fig. 27). Variations of the isotopic carbon and 

nitrogen signals of the suspended matter were well represented by the cladoceran Daphnia, 

with values in pelagic deep waters more depleted in carbon isotope, as expected from 

previous studies. Also variations of the carbon isotopic signals in diaptomids and cyclopoids 

were consistent with those of the suspended matter, with the exception of the spring period, 

when organisms were likely to be still in dormancy and they were visually very rich in lipid 

droplets (pers. comm.). 
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 Fig. 28. Variations of the carbon and nitrogen isotopic fingerprint of the suspended particulate 
matter (SPM) and of zooplankton taxa analysed in Lake Sos Canales. DAP = Daphnia; CER = 
Ceriodaphnia; CYC = Ciclopidi; ATY = Atyaephyra; OLI = oligocheti; TRO = trota; MOS = mosquitofish 
(Fadda et al. 2016). 
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 Fig. 29. Carbon and nitrogen isotopic signatures of suspended particulate matter (SPM) and Lake 
Sos Canales analyzed taxa. DAP = Daphnia; CER = Ceriodaphnia; CYC = cyclopoids; ATY = Atyaephyra; 
OLI = oligochaetes; TRO = brown trout; MOS = mosquitofish. Analysis of gut contents in brown trout 
and mosquitofish of Lake Sos Canales. ATYA = A. desmaresti; LARV = unidentified larvae; A-INS = 
aquatic insects; T-INS = terrestrial insects; OLIG = oligochaetes; CERIO = Ceriodaphnia; DAPH = 
Daphnia spp.; COPI = Copidodiaptomus; CYCL = cyclopioids; BOLO = Bosmina longirostris; MITE = 
aquatic mites; OSTR = ostracods (Fadda et al. 2016). 

  

 

 



52 
 

Temperature and hydrological cycles have influenced the feeding behaviour of fish in 

Lake Sos Canales and therefore also their isotopic signals. Results of stable isotope analyses 

and of the stomach contents (Figures 28 and 29) have shown a strict dependence throughout 

the year on the pelagic food sources only for the brown trout, while mosquitofish has shown 

a change in its feeding behaviour switching from littoral food sources in the rainy season to 

pelagic food sources in the dry period (Fadda et al., 2016). 

 

Stable isotope analysis and POPs 

 

Studies on persistent organic pollutants (POPs, Persistent Organic Pollutants) could take 

advantage from the application of the stable isotope analysis. Both trophic positions and 

nitrogen isotopic signals are widely used to estimate the biomagnification of POPs along food 

chains. There is a positive relationship between the concentration of pollutants normalized 

on the lipid content and the organism trophic level or 15N content. This relationship agrees 

with the concept of biomagnification, as the concentration of pollutants increases along the 

food chain. In a study of the pelagic marine food web of Baffin Bay (Arctic), Borgå et al. (2004) 

found a significant relationship between organism trophic level and pollutant concentration 

across the whole food web, from zooplankton to seabirds to seals (Fig. 30). 
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Fig. 30. Relationships between lipid base concentrations and trophic positions (defined on the base 
of nitrogen isotopic signals) in the marine trophic web of Baffin Bay. In the upper graph are reported 
all data, while in the lower graph mean values for each taxa and their relative standard errors (Borgå 
et al. 2004). 
 

 

Hobson et al. (2002) provided another example of a relationship between concentration 

of pollutants on a lipid base and 15N values or trophic levels (Fig. 31). 
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Fig. 31. Relationship between lipid base concentrations of PCB 153 and trophic positions (defined 
on the base of nitrogen isotopic signals) in the marine food web of the Northern Sea. In the upper 
graph are reported all data, while in the lower graph mean values for each taxa and their relative 
standard errors (Hobson et al. 2002). 
 

 

In Lake Maggiore a similar relationship was found, but while Hobson et al. (2002) made 

a snapshot of the entire pelagic food web, the Lake Maggiore data considered differences 

over time and differences in the composition of the zooplankton community. Data in this 

study refer to two different size fractions of the pelagic zooplankton taxa of Lake Maggiore, 

chosen with the aim of selecting only organisms potentially preyed by zooplanctivorous fish. 

Differences in the composition of the two size fractions explain both the variations in the 

concentration of the pollutants and the enrichment of the nitrogen isotope. During the 

season (Fig. 32), it is usually observed an increase of pollutant concentrations from spring 

(green symbols) to winter (grey symbols), in agreement with the increase in δ15N ‰ due to 
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the different contribution in terms of biomass, of primary and secondary consumers. This 

result suggested that pollutant concentrations in fish do not depend uniquely on the initial 

input of a pollutant in the ecosystem, but also on the seasonal change of the zooplanktonic 

community composition. 

 
Fig. 32. Correlation between pollutant and 15N‰ values in two zooplankton size fractions. Grey 
symbols represent autunm/winter samples, green symbols spring/summer samples (Piscia et al. 
2016). 
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Conclusions 
 

Stable isotopes analysis is a useful tool to study food webs, effective in the identification 

of mechanisms, such as predation and competition, and allows a functional classification 

based on the trophic role of the organisms living in a lake. In this review, we discussed some 

aspects which cannot be overlooked in the study of lake food webs.  While each lake is unique 

from the point of view of its isotopic signals of carbon and nitrogen, there are common 

characteristics in the seasonality of the isotopic signals and in the diversity in different zones 

of the lake (littoral vs pelagic, surface vs bottom), that all lakes of the temperate regions share. 

These characteristics depend on complex reactions, including metabolic reactions, occurring 

within the ecosystem, and by the different sources of carbon and nitrogen, which in turn 

depend on the morphology and the geology of the lake basin and its catchment. 

The range of seasonal variability in 13C is usually much more pronounced in deep than 

in shallow lakes, and the signature values of 15N are generally higher in eutrophic than in 

oligotrophic lakes. However, results from Lake Maggiore studies have suggested that a proper 

study of lake food webs through stable isotopes analysis should always consider the 

identification of a baseline, representative of variations in the isotopic signal of both littoral 

and pelagic zones. By comparing the carbon and nitrogen isotopic values of organisms to their 

baselines, it is possible to draw correct information (e.g. whether an organism belongs to the 

pelagic or to the littoral zone) and to compare results from different environments. 

Moreover, stable isotopes analysis has proved to be useful for ecotoxicology studies, in 

particular for the quantification of biomagnification factors of persistent organic pollutants 

(POPs) in aquatic food webs. The significant relationships found between 15N ‰ values, or 

the organism trophic level, and pollutant concentrations are evidence of this link. In 

particular, studies have revealed that POPs concentration in freshwater zooplankton 

organisms undergoes seasonal variations, depending on changes in the relative contribution 

of primary vs secondary consumers to total zooplankton community biomass. These results 

are relevant for a better understanding of the mechanisms of pollutant accumulation in 

zooplanktivorous fish.  
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Trophochemical graph showing seasonal variations of carbon and nitrogen isotopic fingerprints of 
Lake Maggiore pelagic zooplankton taxa during 2011. The transition from more N-enriched and C-
depleted signatures in winter to least N-enriched and C-depleted values in summer is well evident 
for all taxa. Cyclopoid copepods clearly differ from other taxa confirming that they occupy a distinct 
functional group from the other secondary consumers, likely relying upon deeper carbon sources. 
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