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If wishes were fishes we’d all cast nets
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ABSTRACT
Fish introductions, unlike many other clades, are often carried out purposefully. This is a 
worldwide practice, which has been ongoing since ancient times and has found new powerful 
ways to increase in magnitude and scope through the development of more effective transport 
and with increasing population wealth. Even though the literature is building up pace fast 
with this relatively recent phenomenon, information is still lacking on the mechanisms and 
results of the impact that introduced fish have on freshwater ecosystems.

Remote small lakes at high-latitudes can be used to evaluate some of these impacts, as they are 
of limited size and often host relatively simple food webs with a single species of introduced 
fish, which makes them ideal model systems. Many areas are not as easy to investigate, as they 
present much more complex ecosystems where complex species interactions take place. For 
example, artificial lotic systems with a high number of species interactions can be particularly 
challenging to tackle as other anthropogenic/environmental stressors might be challenging 
to disentangle.

This thesis focused on three main themes which addressed the reliance of introduced fish on 
terrestrial energy, their cascading effects on the food web and their interaction with native 
species. The first two themes used brown trout introduced in remote small lake ecosystems at 
high latitudes as a model, whereas the last theme used a complex lotic system at low latitudes 
where multiple species were introduced at different times.

The chapters of this thesis used neo- and paleolimnological techniques to investigate the 
impacts of introduced fish, sometimes in combination. In particular, the first theme was tackled 
through the use of stomach content, fatty acids and stable isotopes to unravel the feeding 
ecology of introduced brown trout. The second theme was instead addressed through multiple 
paleo-proxies in combination with neolimnological analyses and models. The last theme was 
investigated through the analysis of long-term environmental and fish-assemblage data.

Our findings suggest that terrestrial sources could be highly important in supporting 
introduced brown trout populations in small lakes at high latitudes. Despite challenges 
inherent to the turnover rates of fish liver and muscle tissues, which were longer than 
previously thought, this support did not vary across different years or fish densities, but was 
affected by seasonal factors over the course of the open-water season.

Our results also suggest that introduced brown trout affect the food web of host lakes 
through trophic cascades, altering the abundance of pelagic and benthic micro- and macro-
invertebrates, probably through a modification of the distribution of macro-invertebrate 
communities. According to a bioenergetic and a mass balance model, introduced brown 
trout nutrient regeneration should have increased lake productivity; however paleo-proxies 
indicated no such change but rather a shift from pelagic to benthic productivity. 

Finally, our results suggest that, in artificial lotic systems at low latitudes, environmental 
chemistry did not play a role in the decline of the native fish species communities. Rather, 
this was a result of the interaction between some of the introduced fish species and the native 
ones, enhanced by the habitat simplification and the peculiar water fluctuation regime.
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SUMMARY
Marco Milardi

Department of Environmental Sciences, P.O. Box 65, 00014 University of Helsinki, 
Finland

What are exactly the effects of fish introductions? Is it possible to disentangle and identify 
them?

1. INTRODUCTION
- Are fish introductions a problem at all? -

This is a question that a fisherman (or woman) will never ask. After all, as a friend told me 
at the beginning of my studies, “what is water good for, if it doesn’t have fish in it?” Far 
from the fishermen’s perspective, most scientists, would agree that introducing new fish 
species is generally not a good idea (Crivelli 1995; Strayer 2010; but see also Gozlan et al. 
2010) as predicting the outcomes of fish introduction on aquatic ecosystems or the native 
species that they host is hard, and removing introduced fish is even harder.

Yet, fish introductions are an ongoing worldwide phenomenon that has old roots but has 
picked up pace in the mid ‘30s and kept steady ever since (Moyle 1986; Holčík 1991). Even 
with modern knowledge on the phenomenon and its problems, we seem unable to put 
restrains on it as growing wealth allows us to introduce more than before (Blanchet et al. 
2009). Fish are sometimes introduced unintentionally (Copp et al. 2005) but, differently 
than other animal clades, more often deliberately in an attempt to create commercial 
(Welcomme 1988) or recreational fisheries (García-Berthou et al. 2005).

Ultimately, the introduction of fish species could well be beyond good or bad. As a 
factual reality, it has to be reckoned with and explored in order to adapt our practices to 
a sustainable level. Scientists have long since understood that freshwater ecosystems play 
a complex role that spans much wider than merely providing ecosystem services such 
as irrigation, drinking water, transport or fisheries. Lakes, rivers and reservoirs support 
the existence of life on several levels, from the smallest to the largest aquatic organisms. 
Besides being a habitat for exclusively aquatic and riparian flora and fauna, they are also 
crucial for all those species that complete part of their life cycle in the water, such as 
invertebrates with aquatic stages or vertebrate amphibians. However, they indirectly also 
support all purely terrestrial animals, like birds and small mammal predators, which rely 
on the aforementioned species for food and sustenance. Freshwater ecosystems are not 
indeed separate entities from their catchment areas but are rather deeply integrated and 
keystone elements of it. This has been somewhat a revolution in perspective, compared to 
the earliest view of freshwater bodies, in particular lakes, as isolated and self-sustaining 
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ecosystems (Forbes 1887). To date, the view has shifted towards a holistic framework, 
where freshwater bodies play a role in both biotic and abiotic global dynamics (Del 
Giorgio & Williams 2005; Cole et al. 2013). Still, several gaps remain in our knowledge 
of how freshwater ecosystems are affected by species introductions, especially fish. This 
is of no great surprise, as fish introductions has been a phenomenon investigated only 
relatively recently (Kats & Ferrer 2003), but it could also be due to the difficulties in 
separating the effects of fish introductions from the effects of other anthropogenic/
environmental stressors.

Remote small lakes as model ecosystems
Disentangling and analyzing the results of different stressors is not an easy task. One way 
to address this task is to conduct large scale studies, where wide gradients are considered, 
and where, after crafting, general patterns could emerge (Vörösmarty et al. 2010). Meta-
analyses are a viable option to address this, even if time and resource consuming, being 
often the only alternative in a world that is already largely affected by anthropic influence. 

Fortunately, there are still many regions of the world where human impacts are relatively 
minor. These are less hospitable environmental settings, with low human population 
densities. Thus, an alternative way to study human pressures could be to focus on areas 
where such pressures are minimal and can easily be separated. However, such areas 
are usually remote, which increases logistics challenges, often limiting the scope of the 
research activities to a few selected cases. The lower human presence also means that 
these ecosystems have been stocked less intensively than those in populated areas.

Finland is known as “the land of thousand lakes”. Indeed, the number of lakes far surpasses 
the thousand mark and, according to different estimates, Finland has approximately 
187000 lakes over 0.005 hectares (Raatikainen & Kuusisto 1990; Henriksen et al. 
1997). Out of these, only 56000 are larger than one hectare (Raatikainen & Kuusisto 
1990) therefore, while some of these lakes are large bodies of water, the vast majority 
of the lakes are very small in size. Most of these small lakes are located in the northern 
part of the country, above 65 degrees of latitude and in the northern boreal and arctic 
regions. Since lake area correlates with lake depth (Wetzel 2001) many of these lakes 
are potentially subject to fish kills during the long northern winters. However, previous 
studies estimated that only 7% of Finnish lakes with surface area ≥ 0.04 km2 would be 
subject to bottom-freeze and winterkills (Tammi et al. 2003).

Nature has more than just cold winters to prevent fish from inhabiting such lakes. 
Weathering down the mountains of Finland for more than a billion years and, more 
recently, burying them under a thick and heavy ice crust during the last glaciations 
(~ 10000 years ago, Ehlers & Gibbard 2004), was not enough to completely obliterate 
altitude gradients. Despite the post-glacial colonization events, natural barriers such as 
bogs, mires, waterfalls and rocky outcrops prevented fish from colonizing some of the 
high-altitude freshwaters.
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These barriers cannot be easily overcome without help, but there is someone eager 
to provide just that. Despite the fact that northern areas are not densely populated, 
indigenous Sami people have a long tradition of surviving by utilizing the available 
natural resources. Knowing that, it is perhaps little surprising to learn that fish have been 
moved around for hundreds of years as a mean to obtain food and, more recently, leisure. 
Traditionally only some species were transported, those that provided the highest quality 
of meat for human consumption such as members of the Salmonidae family: whitefish 
Coregonus lavaretus (L.), Arctic charr Salvelinus alpinus (L.) and brown trout Salmo 
trutta (L.). These species have been followed by others, often  less wanted, species such as 
northern pike Esox lucius (L.) and burbot Lota lota (L), but also by forage fish (cyprinids) 
either as a result of baitfish escape or purposefully, to boost the growth of predatory 
species (Tammi et al. 2003). No lake is unreachable to man, when he sets his mind to it 
and when aided by modern technology.

Whether on a man’s back or on a hydroplane, fish have found their way to very 
unlikely places - Pictures © NYDC, coloradocasters.com

Climate warming has also played an important role in recent years and will likely play an 
even bigger role in the future. Temperatures have only slightly increased (0.8 °C in the 
last 100 years, Watson et al. 1998) but the effect on northern regions has been particularly 
evident, with fish species colonizing new northern habitats (Heino et al. 2009). It is 
possible that, in a near future, more and more lakes will become viable habitats for fish, as 
the higher temperatures could reduce ice cover times (thus allowing less winter kills) and 
favor species adapted to warmer climates (Heino et al. 2009; Hayden et al. 2013; Hayden 
et al. 2014). Given the relentless human-aided dispersal, it is an easy prophecy to foresee 
that more and more lakes will be colonized in the future.

Small lakes present an interesting case to investigate the effects of fish introductions, not 
only because they’re very representative of these areas and relatively less studied, but also 
because they can be sampled more thoroughly compared to larger systems. This allows 
for a greater detail in the observations, even though it might limit the general scope of 
the findings. Furthermore, small lakes play a relevant role in global carbon balance: they 
bury carbon at rates 10 times higher than large lakes, and thus constitute one of the main 
sinks of carbon worldwide (Cole et al. 2007). Therefore, changes in their ecosystems (e.g. 
on their nutrient cycling) might have an effect also on global ecosystems.
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Brown trout is a fish native to Eurasia, where it is both common and widely distributed, 
but has also been introduced to many freshwater ecosystems globally (Elliott 1994; Rahel 
2007). The ecology of the species has been explored extensively (Klemetsen et al. 2003) 
and several studies have already dealt with the impact of brown trout introduction in 
freshwater ecosystems (Townsend 1996) but very few of these were conducted on 
Finnish freshwaters. According to the most recent estimate, almost one third of brown 
trout populations in Finland have been established as a result of human introduction 
(Tammi et al. 2003) and brown trout is one of the most extensively stocked fish species in 
boreal freshwaters. However, as of today, detailed studies on the impacts of brown trout 
introduction on small, high-latitude lakes have been scarce.

Introduced populations of brown trout may have ecosystem effects via trophic cascades 
(Carpenter et al. 1985; Pace et al. 1999), due to their intense predation on the macro-
invertebrates (Schilling et al. 2009). As a result of this predation, brown trout could also 
alter the nutrient cycling dynamics of lakes, by transporting nutrients from the benthic 
to the pelagic domain, a mechanism that has been noted for other species (Schindler 
et al. 2001). This effect could be further enhanced if, as it often happens, brown trout 
rely heavily also on terrestrial prey, which provides pulsed subsidies that support high 
densities of fish in otherwise less-productive lakes.

Complex lotic ecosystems with complex species interactions
Complex ecosystems present several characterizing factors: high habitat diversity, 
multiple stressors or habitat alterations, complicate patterns of animal movement and a 
high number of species interacting with each other. Unsurprisingly, complex ecosystems 
are difficult to investigate, but it is evidently important to do so, as they constitute the 
majority of ecosystems where humans live. While complexity is not necessarily linked to 
human presence, it is evident that anthropic factors often increase complexity of natural 
systems, as they modify the normal ecosystem functioning.

As human-mediated species introductions have been linked with wealth (Blanchet 
et al. 2009), it is no surprise that these areas also experience a higher number of 
introduced species than more rural ones. Areas with higher human presence do not 
only experience a higher rate of fish introductions, but are often subject of habitat 
modifications, a known factor that affects the interactions with native species and the 
success of invaders (Light & Marchetti 2007). Impacted areas are also typically less 
prioritized in conservation plans, further contributing to a deterioration of the habitat 
quality. In fact, highly impacted areas effectively act both as a source and a reservoir 
for the introduction and dispersal of new species, thus increasing propagule pressure 
(Lockwood et al. 2005). Semi-artificial or highly impacted freshwater ecosystems are 
often purposefully stocked with fish, in order to compensate for the loss of ecosystem 
functionality (e.g. river dams), and thus contribute to emphasize a socially-oriented 
management (Agostinho et al. 2010).
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The socio-economic dimension of fish introductions and their management is obviously 
stronger in human-populated areas, leading to a higher demand for management practices 
that favor the ecosystem services provided by introduced species (Holmlund & Hammer 
1999). Often introduced fish species are perceived in these areas as the only recreational 
possibility for anglers in a deteriorated environment. Whether this perception is accurate 
or not, it is a fact that management practices in these areas are often based on less strict 
precaution standards and are aimed at providing socio-economic values rather than 
preserving the environment (Cambray 2003; Sandström 2010).

With a long history of human modifications, an intensive management and a high rate 
of fish introduction it might sound that the case for understanding fish introductions 
in complex ecosystems is hopeless. However, the need to investigate the effects of 
introduction in human-inhabited areas with intense fish introduction is even greater, 
as changes in ecosystem functioning might reflect directly on a high number of human 
activities.

In most cases, the interactions between introduced and native fish are not monitored 
specifically, and even their final outcomes are analyzed only in short-term scenarios. 
Therefore, it might be extremely difficult for scientists and managers alike to infer the 
long-term results of fish introductions in these areas. The Mediterranean area, a land 
particularly rich in endemic freshwater fish species (Smith & Darwall 2006), is particularly 
knowledge-poor and only few studies have investigated the effects of introduced fish 
species (Lorenzoni et al. 2002; Candiotto et al. 2011). 

Historically, human settlements have heavily modified the landscape and habitats of the 
area. In particular, lotic systems have been created for water transport and irrigation 
since Roman times. These artificial systems are now partly naturalized and have become 
through the years a key area for the recruitment of native fish species. However, it remains 
unclear if and how the high rate of fish introductions in the area (Crivelli 1995) has 
affected native species.
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2. AIMS OF THE THESIS
The thesis focuses on disentangling the effects of fish introductions using different 
species and freshwater ecosystems as models. Initially, my work tried to assess the direct 
support of terrestrial energy to the introduced fish and identify the factors regulating it, 
in order to explore the linkages that introduced fish create (or sever) with the terrestrial 
environment in previously fishless lakes. Secondarily, my work tried to assess the extent 
of environmental changes induced by fish introductions in fishless lakes, focusing on 
cascading effects on biotic communities and nutrient cycling. Finally, my work attempted 
to disentangle the biotic interactions of exotic fish colonization in a lower-latitude 
complex lotic environment.

Are high densities of introduced fish supported by terrestrial energy in lakes with low 
productivity? Does this support vary with fish density and according to annual or seasonal 
resource availabilities?
Chapter I and II used a small, high-latitude lake as a model ecosystem because of 
the possibility to completely remove the introduced brown trout population (the only 
fish species inhabiting the lake) over the course of three years (2010, 2011 and 2012). 
The long-term, in-depth perspective was also enhanced by the possibility of analyzing 
preserved specimens and obtaining detailed data on the food web. We studied the role of 
terrestrial energy in supporting introduced brown trout, via direct predation. We used 
three types of analyses: stomach content analysis, stable isotope analysis and fatty acid 
analysis to quantify this support in the long term. We hypothesized that the terrestrial 
support would be highest in the longest term and that the contribution of terrestrial 
energy would be related to long-term pulsed variability of mammals with cyclical 
population dynamics. We hypothesized that shifts in terrestrial reliance would match the 
availability of pulsed resources, especially on the seasonal scale. We also verified whether 
density (and therefore competition) would play a role in regulating the support of 
terrestrial resources, hypothesizing that shifts in the dietary niche of brown trout would 
be correlated to the progressively declining population density, leading to a focus on the 
most valuable prey sources and thus to a narrower trophic niche.

Do the introduced fish cause changes in the lake food web through a trophic cascade? Is the 
nutrient cycling alteration induced by fish enough to alter lake productivity?
Chapter III and IV combined data on the past and present macro- and micro-
invertebrate communities of two naturally fishless lakes in Finnish Lapland, one of which 
has been stocked with brown trout, using both neo- and paleo-limnological methods. 
We hypothesized that fish introductions could result in a reduction, or even elimination, 
of macro-invertebrates from the pelagic areas of small lakes. We further hypothesized 
that the elimination of macro-invertebrates could in turn affect the micro-invertebrates 
through a trophic cascade, increasing the diversity and abundance of the Cladocera 
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community, as well as their body shapes. Trophic cascades often affect the nutrient 
cycling of lakes, so we hypothesized that the magnitude of nutrient cycling effects derived 
from introduced brown trout could be significant, when compared with other nutrient 
sources. We used the information drawn from the fish removal to quantitatively measure 
the fish biomass and model introduced fish nutrient regeneration rates in a nutrient mass 
balance model.  We also tried to validate our findings and investigate how lake production 
responded to fish introduction using paleolimnological proxies like diatoms, chlorophyll 
and carotenoid pigments, and stable isotopes of carbon and nitrogen.

How do multiple fish introductions affect native fish species in a complex environment?
Chapter V focused on a lotic, low-latitude ecosystem, where multiple introduced fish 
species interacted with several native ones in a freshwater environment highly modified 
and impacted by human activities. Using long term monitoring data, we assessed the 
extent of the loss of native species and evaluate the outcome of interactions between 
exotic and native species. We hypothesized that introduced fish species could be an 
important driver of native species extinction, favored by the impacted habitat, while the 
environmental conditions remained stable in the long-term.
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3. MATERIALS AND METHODS

3.1 Study areas
Most of the chapters (I–IV) of this thesis have focused on lakes within the Värriö Natural 
Reserve, a natural reserve established in 1981. The Reserve covers an area of approximately 
125 km2, between Salla and Savukoski municipalities, in the north-eastern side of Finnish 
Lapland bordering Russia. At the center of the reserve there is a small research station 
operated by the University of Helsinki. The station was built in the summer of 1967 and 
currently hosts several sub-arctic environment research projects. The use of motorized 
vehicles is strictly regulated in the park: it is allowed only for transferring heavy sampling 
gear and only on the route that connects the station to the nearest road. Other human 
activities, besides research, are strictly forbidden in the park.

Within the natural area there are several typical sub-arctic headwater lakes which are 
small (< 1 ha), with a simple bathymetry and vegetated, steep, shorelines. The catchment 
areas are also small (< 1.5 km2), as typical for headwater lakes, and covered by north-
boreal coniferous forest dominated by Scots pine Pinus sylvestris (L.). The climate in the 
area is sub-continental, with an average annual mean temperature of -1 C° and an annual 
mean precipitation of about 600 mm. The lakes are dimictic, with an ice-cover typically 
lasting from mid-October to late-May.

Brown trout introductions in the reserve date back to 1980. Several lakes within the 
reserve were stocked at the same time, with adult brown trout from nearby populations 
(Pulliainen, personal communication), with the purpose of starting local recreational 
fisheries. Of all the stockings, brown trout introductions have been reported to be 
successful only in three lakes (Kuutsjärvi, Pirunkurulampi, Syväkurunlampi). However, 
only two of these fish populations (Kuutsjärvi and Pirunkurulampi) were found to be 
established at the time of the thesis work.

Different chapters of this thesis focused on two lakes:

• Lake Kuutsjärvi (67º 44’N, 29º 36’ E) I–IV) is in close proximity of Värriö 
research station and it is a small oligotrophic lake with a surface area 
of approximately 0.7 hectares. A small inlet enters the lake and a grid-
blocked outlet exits it at opposite sides. The lake holds a self-reproducing 
population of brown trout.

• Lake Tippakurulampi (67º 46’N, 29º 37’ E) (III) is a fishless pond about 
2 km north-east of the research station. It is small (about 0.2 ha), shallow 
and oligotrophic and is subject to extensive periods of depleted oxygen 
during the winter. Water in the lake has a slow turnover through a small 
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mire area but the lake has no direct connection with other water bodies 
(water springs from, and drains to, the ground).

Lake Pirunkurulampi (67º45’N, 29º35’E) is oligotrophic (totP 4–7 μg l-1, totN 86–230 μg 
l-1), deeper and slightly dark colored (max depth 15 m and Secchi depth 7–7.5 m). It is 
located about 500 m distance from Lake Kuutsjärvi (I). Lake Pirunkurulampi had a very 
small brown trout population and it was possible to catch only few specimens for the 
studies, hence its marginal role.

Figure 1 - Lake Pirunkurulampi, a typical headwater gorge lake of northern Lapland – Picture © 
Kimmo Lahikainen

Water temperatures were recorded at two hours intervals from different depths with 
HOBO water temperature loggers throughout the study period (2010–2012). Temperature 
loggers were fixed on a rope attached to an anchored buoy; regularly spaced from the 
surface to the bottom at 2 m intervals (Kuutsjärvi) and 1 m intervals (Tippakurulampi) 
(IV).

Air temperatures were retrieved for the period 2010–2012 from the SMEAR station, 
located in the vicinity of the Värriö Research Station (II). Long-term air temperatures, 
precipitation and fallout of phosphorus (P) and nitrogen (N) were retrieved from the 
Sodankylä Meteorological station (about 130 km west from Lake Kuutsjärvi) (III, 
IV). 
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Table 1 – Limnological characteristics and average water chemistry parameters of Lake Kuutsjärvi, 
Lake Tippakurulampi and Lake Pirunkurulampi, from monthly measures throughout the study 
period (2010–2012), and list of samples collected for this thesis.

Parameter Lake Kuutsjärvi Lake Tippakurulampi Lake Pirunkurulampi
Area (ha) 0.67 0.22 ~ 0.6
Mean depth (m) 5.0 2.6 ~ 8
Maximum depth (m) 8.0 5.0 15
Secchi depth (m) 8.0 4.5 7
Average pH 7.3 6.8 –
Chlorophyll-a (μg l-1) 2.2 3.1 –
Total Nitrogen (μg l-1) 151.9 232.2 –
Total Phosphorus (μg l-1) 20.7 9.6 –
Neolimnological data Fish samples

Stable isotopes 
samples

Zooplankton densities
Qualitative 

invertebrate samples
Atmospheric nitrogen 
and phosphorus load

Zooplankton densities
Stable isotopes 

samples
Zooplankton densities

Qualitative 
invertebrate samples

Fish samples
Stable isotopes 

samples
Qualitative 

invertebrate samples

Paleolimnological data Loss on ignition
Sediment dating
Sediment stable 

isotopes
Cladocera species 
richness, influx and 

body sizes
Chironomids, G. 

lacustris, D. longispina 
influx rates

Diatoms

Loss on ignition
Sediment dating
Sediment stable 

isotopes
Cladocera species 

richness, influx rates 
and (limited) body 

sizes

Loss on ignition
Sediment stable 

isotopes

The last chapter (V) focused on a network of man-made and heavily managed canals 
in the Po river plain (Italy). The canals lie in a flat alluvial area, partly below the sea 
level, which is mainly used for agricultural purposes. In fact, the canal network spans 
over 4000 km of length in the Ferrara province alone and is mainly used to take water 
from the main river and bring it further inland to irrigate cultivations. The canals reach 
densities of 1.53 per km2 and undergo seasonal fluctuations in accordance to a balance 
between agricultural needs and the maintenance of minimum levels necessary for fish 
life. Heavy management practices, such as mowing banks and aquatic vegetation and 
the introduction of the grass carp Ctenopharyngodon idella (Valenciennes, 1844), has led 
to almost complete disappearance of the aquatic vegetation. The remaining vegetation 
is mainly represented by reed Phragmites australis (Cav.) and cattail Typha latifolia (L.) 
growing in a narrow strip along the banks. Besides grass carp, introduced voluntarily, 
a number of exotic species have colonized the area through natural dispersal from the 
Po river, only partially hindered by the existing pumps, siphons and weirs. Among 
these species were stone moroko Pseudorasbora parva (Temminck and Schlegel, 1846), 
pikeperch Sander lucioperca (L.), freshwater bream Abramis brama (L.), bitterling 
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Rhodeus sericeus (Pallas, 1776) and, more importantly, wels catfish Silurus glanis (L.) and 
common carp Cyprinus carpio (L.). Exotic fish have thus interacted with native species 
such as Italian roach Rutilus pigus (Lacépède, 1804), Italian nase Chondrostoma soetta 
(Bonaparte, 1840), Italian barbel Barbus plebejus (Bonaparte, 1839), Italian golden loach 
Sabanejewia larvata (DeFilippi, 1859), three-spined stickleback Gasterosteus aculeatus 
(L.), chub Squalius cephalus (L.), Italian redeye roach Rutilus aula (Bonaparte, 1841), 
tench Tinca tinca (L.) and European perch Perca fluviatilis (L.), in a simplified habitat 
characterized by high human impact, occasional depleted oxygen and sharp water level 
fluctuations. 14 sites within this canal network, which were sampled over a long term 
(in 1991, 1997, 2003, and 2009) and for which environmental variables were recorded 
at regular intervals, were selected for this study. Hydrochemical data were obtained 
from the Regional Environmental Protection Agency of Emilia Romagna (ARPA), 
which monitors locations coinciding with, or representative of, water quality at each fish 
sampling site. Monitoring has been routinely performed since 1980 on a monthly basis, 
giving an ample coverage throughout the 18-years study period. The monitoring included 
temperature, specific conductance, pH, DO, BOD5, DIN, totP, totSS on all the samples. 
Concentrations of Atrazine, Cd, Cr, Hg, Ni, Pb and Cu were measured frequently, but not 
uniformly (Table 2).

Figure 2 - A typical artificial canal, running through an urbanized area and showing signs of partial 
naturalization – Picture © Giuseppe Castaldelli
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Table 2 – Principal environmental parameters measured under long term monitoring of the canal 
network in the province of Ferrara, and presence-absence of native (N) and introduced (I) species 
sampled during the different years examined in the study. Values of environmental parameters are 
expressed as average, with corresponding intervals in parentheses.

Parameter Year
1991 1997 2003 2009

Temperature (ºC) 15.8 (2.1-30.4) 16.7 (2.7-31) 15.9 (0.5-29.8) 16.2 (1.1-30)
Specific conductance (μs cm-1) 1308.5 (318-

5015)
1302.3 (266.5-

5630)
1110.2 (218-

5990)
1037.2 (322-

2930)
pH 8.1 (6.9-8.9) 7.7 (7-8.4) 8.0 (7.4-8.4) 7.9 (7.2-8.7)
D.O.(%) 75.5 (23-150) 75.5 (23-150) 81.1 (26-126) 82.3 (22-236)
BOD5 (mg l-1) 5.9 (1.5-18.3) 4.2 (1.5-16) 4.6 (2-18) 4.7 (2-26)
DIN (mg l-1) 3.5 (0.05-17.1) 2.8 (0.07-16.4) 3.4 (0.3-16.2) 3.9 (0.2-13.9)
TP (mg l-1) 0.2 (0.03-0.9) 0.2 (0.04-0.9) 0.2 (0.04-0.6) 0.2 (0.03-0.6)
TSS (mg l-1) 32.2 (3-131) 37.8 (2.5-2.6) 41.0 (5-197) 41.7 (5-149)
Atrazine (μg l-1) < 0.05 - NA < 0.05 – NA < 0.05 - NA < 0.05 – NA
Cd (μg l-1) < 1.25 – NA < 1.25 – NA < 1.25 – NA < 1.25 – NA
Cr (μg l-1) < 5 – NA < 5 – NA < 5 – NA < 5 – NA
Hg (μg l-1) < 0.5 – NA < 0.5 - NA < 0.5 – NA < 0.5 - NA
Ni (μg l-1) 7.4 (2.5-20) 6.1 (2.5-23.5) 9.8 (5-33) 3.3 (1-30)
Pb (μg l-1) 3.7 (2.5-12) 3.4 (2.5-16) 3.1 (2-5) 0.9 (0.5-2)
Cu (μg l-1) 5.1 (2.5-28) 4.9 (2.5-23) 5.2 (5-72) 2.5 (2-7)
Anguilla anguilla (N) X X X X
Alosa fallax (N) X X
Rutilus pigus (N) X
Rutilus aula (N) X X
Squalius cephalus (N) X X
Tinca tinca (N) X X
Scardinius erytrophtalmus (N) X X X X
Alburnus alburnus (N) X X X X
Chondrostoma soetta (N) X X
Barbus plebejus (N) X X
Gasterosteus aculeatus (N) X
Esox lucius (N) X X X
Sebanewja larvata (N) X
Perca fluviatilis (N) X
Liza ramada (N) X
Cyprinus carpio (I) X X X X
Abramis brama (I) X X
Carassius auratus (I) X X X X
Rhodeus sericeus (I) X X
Pseudorasbora parva (I) X X X
Ctenopharyngodon idella (I) X X X X
Hypophtalmichthys molitrix (I) X
Aspius aspius (I) X
Silurus glanis (I) X X X X
Ameiurus melas (I) X X X X
Ictalurus punctatus (I) X X
Gambusia holbrooki (I) X X
Micropterus salmoides (I) X X
Lepomis gibbosus (I) X X X X
Sander lucioperca (I) X X X

D.O. – Dissolved Oxygen, BOD5 – Biochemical Oxygen Demand, DIN – Dissolved Inorganic Nitrogen, 
TP – Total Phosphorus, TSS – Total Suspended Solids
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3.2 Neolimnological data

Fish data from small lakes
Fish samples were collected from Lake Kuutsjärvi during the open water periods of 
2010–2012, in three sampling events at the beginning of June, July and August. Fishing 
time was varied trying to standardize the catch to about 10-15 specimens per catch event. 
However, during August 2011, a mass biomanipulation effort involved the removal of 
the majority of the remaining fish population of Lake Kuutsjärvi. A few fish were left and 
caught in 2012, to test for density dependent effects (II).

Overall, the catches-per-unit-of-effort were maintained artificially low until August 2011 
but declined sharply after the mass biomanipulation effort. During 2012 the CPUEs 
progressively declined even further and the brown trout population of Lake Kuutsjärvi 
was considered to be removed after one week without catches (IV).

Different gears were used in the sampling: multi-mesh gillnets, angling and a long-line. 
Three types of gillnets were used: Fiskeriverket nets (30 m long and 2,4 m deep, with five 
6 m panels of 17, 22, 25, 33 and 50 mm mesh size, knot-to-knot), Nordic nets (45 m long 
and 1.8 m deep, composed of nine 5 m panels of 10 12, 15, 19, 24, 30, 38, 47 and 60 mm 
mesh size, knot-to-knot) and a set of custom made nets (30 m long and 1.8 m deep, with 
five 6 m panels of 10, 15, 20, 25 and 30 mm mesh size, knot-to-knot). 

Lake Pirunkurulampi was sampled with both gillnets and angling. Additionally, gillnets 
were deployed in Lake Tippakurulampi (and other putative fish-present lakes) to verify 
the presence/absence of fish. Angling was also used to tentatively assess potential fish 
presence in other remote lakes in the area.

All fish were frozen as quickly as possible (~ 15 minutes) at the field station and then 
transported frozen to the laboratory. Each fish total length (TL) was measured with a 
precision of 1 mm and weight with a precision of 0.1 g. Stomach contents were analyzed 
with a volumetric point method (Windell 1971). Each food item was identified as 
accurately as possible either to genus, family or sub-order level. Results of stomach 
content analysis (SCA) for subsets of the whole catch were used to standardize the 
number of samples from each month/year (I, II) whereas the whole dataset was used in 
later contributions (III, IV).

Fish age was estimated from otoliths and scales annuli (I, II, IV). Despite the high 
number of regenerated scales, it was always possible to find enough non-regenerated 
scales which could be used for ageing. However, often scales did not record the entire 
lifespan of the fish (only the first ~ 5 years), possibly because of the slow growth and 
the difficulties of identifying annuli too close to the edge of the scale. Whenever otolith 
and scale readings differed otoliths were considered more reliable and overruled scale 
readings.
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Fish data from complex lotic ecosystems
Fish were also collected from 14 Italian canals, of comparable watershed, riparian and 
hydraulic characteristics, in 1991, 1997, 2003, and 2009 (V). All sampled stretches were 
confined between an upstream weir and a downstream pumping station; thus colonization 
was possible from upstream, but exit was effectively blocked.

Fish were sampled from mid-October to November, at the end of the irrigation season, 
when water depth reaches its annual minimum and most of the canal progressively 
empties, forcing fish to move to an area of suitable depth for fish life (0.6–1.3 m). Under 
these conditions it was possible to capture most of the fish community by using a seine 
net (Welcomme 1980) of 2 m in height with a 25 m mouth and a knot-to-knot mesh 
size of 8 mm. The cod-end was 3 m long and had a knot-to-knot mesh size of 4 mm. 
A blocking net (4 mm knot-to-knot mesh size) spanning the canal width was used to 
impede fish escape and the seine was dragged towards it. After a first haul, a replicated 
haul was conducted on some occasions to check the recovery efficacy, which was always 
worse than 95% of species number and biomass of the first haul.

Fish were identified to species level, counted, measured (total length to nearest mm), and 
weighed (to nearest 0.1 g) before being released in another canal stretch. Abundances 
of fish species (individuals ha-1) were calculated assuming a surface area equal to the 
size of the canal stretch at mean water level. Biomass of fish species in catch (g ha-1) was 
calculated according to the same assumption.

Stable isotope and fatty acids data from small lakes
Samples for stable isotope analysis (SIA) were collected from liver and muscle tissues 
of each fish (I, II). Aquatic food web samples were collected during 2010–2012 using 
kick-nets, dip-nets, Ekman grab (all sieved through 500 μm mesh) and zooplankton 
nets (mesh sizes 50 μm and 150 μm). Sub-samples of aquatic invertebrates were kept for 
24 hours in filtered spring water to flush their guts. Terrestrial samples were collected 
from the immediate surroundings of the lake using pitfall, light and screen traps, as well 
as butterfly nets for invertebrates and spring traps for vertebrates. A total of 13 taxa of 
putative prey from both the aquatic and terrestrial systems, spanning from invertebrates 
to vertebrates, were collected to quantify relative importance of aquatic and terrestrial 
energy sources. All samples were identified and stored frozen for further analysis. Each 
sample was freeze-dried (-49 ºC, about 0 Pa) and then ground to a fine powder in a 
mortar. About 0.25 mg of powder was then measured with a precision scale and used for 
measuring stable isotopic ratios of N and C using a Finnigan DeltaPlusAdvantage mass 
spectrometer (Thermo Scientific, Bremen, Germany) coupled to an elemental analyser 
NC 2500 (CE Instruments, Milan, Italy) via a ConFlow III interface (Thermo Scientific, 
Bremen, Germany).

For fatty acid analysis (FAA), a randomly selected sub-sample of fish (n = 15) and seven 
putative prey taxa (n = 15) captured in 2011 were used to evaluate the relative importance 
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of aquatic and terrestrial sources of lipids in the brown trout diet (I). Approximately 5–10 
mm3 of freeze-dried tissue were transmethylated to convert the acyl chains in the lipids 
of the tissue sample to fatty acid methyl esters (FAME). The samples were heated at 95 
ºC in a methanolic 1% H2SO4 solution under nitrogen atmosphere for two hours, and 
the FAME formed were extracted with hexane in two steps. The dried and concentrated 
FAME of total lipids were identified and quantified by gas-liquid chromatography (GLC) 
(Käkelä et al. 2005). Altogether, peak areas of 55 different FAME were extracted from 
each chromatogram and converted to molar percentages. Subsequently, the fatty acids 
were treated as structural categories, which indicate prey origin and ecology well but are 
not prone to species-specific differences in fatty acid metabolism. Using such categories, 
two indices were calculated: the ratio of n-3 polyunsaturated fatty acids (n-3PUFAs) 
to n-6PUFAs (hereafter n-3/n-6 ratio) and the ratio of specific monounsaturated fatty 
acids (MUFAs) i.e. 16:1n-7 to 18:1n-9. The n-3PUFAs (a double bond in the third carbon 
calculated from the methyl end and the other methylene interrupted double bonds located 
further) dominate in the tissues of aquatic animals and n-6 PUFAs (a double bond in 
the sixth carbon from methyl end and the other methylene interrupted double bonds 
located further) in terrestrial animals. Despite the fact that the chain length and double 
bond contents of individual n-3 and n-6 PUFAs are modified by the metabolism of both 
prey and predator species, the n-3 and n-6 PUFAs cannot be interconverted. Thus, the 
tissue n-3/n-6 ratio of fish reflects the relative dietary supply of n-3PUFAs and n-6PUFAs 
remarkably well, as seen in brown trout feeding trials (Turchini et al. 2003). In the tissues 
of aquatic animals that live in cold temperatures, membrane-bound Δ9-desaturase inserts 
one double bond into de novo-synthesized or diet-derived 16:0, a saturated fatty acid, and 
thereby increases the fluidity of tissue lipids to meet environmental thermal demands. 
In contrast, in terrestrial prey, living at higher temperatures during the sampling period 
(or throughout the year, e.g. homeothermic mammalians), the 16:0 first undergoes chain 
elongation to 18:0 and subsequently the double bond is added, which produces 18:1n-9 
with a melting point higher than that of 16:1n-7. Therefore, selecting the fatty acid ratios 
n-3/n-6 and 16:1n-7/18:1n-9 filters taxonomic metabolic variability from the fatty acid 
data and allows better separation of aquatic and terrestrial energy sources. 

Macro- and micro-invertebrate neolimnological data from small lakes
Macro- ( > 150 μm in length) and micro-invertebrates ( ≤ 150 μm in length) were sampled 
monthly (June–August) from both lakes using hoop plankton nets with a 30 cm diameter 
and mesh sizes of 150 and 50 μm (III). Three replicates per sampling event were taken 
at the deepest point of each lake, encompassing the whole water column. Qualitative 
samples were also collected from the pelagic area during night time to verify possible diel 
movements of the macro-invertebrates. Samples were immediately preserved with an 
18 % formaldehyde solution and, later, the macro- and micro-invertebrate components 
of each sample were determined through a stereomicroscope. Samples were filtered of 
debris and excess water was dried, bulk wet weight was then measured with a precision 
of 0.01 g and density was expressed as a measure of weight per units of volume (mg l-1).
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Qualitative samples were taken from the benthic and littoral domains to verify the 
presence of other macro-invertebrates in the lakes. Bottom samples (n = 5, per lake) were 
taken with a 25 x 25 cm Ekman bottom grab and sieved through a 150 μm mesh sized net, 
while littoral samples (n = 5, per lake) were taken with a handle-net (150 μm mesh size) 
swept over the submerged vegetation along the shoreline. 

All limnological samples were collected in plastic screw cap containers with the addition 
of about 10 ml of an 18% formaldehyde solution. Samples were kept at low temperature 
4-8 ºC after collection and until they could be examined in the lab.

3.3 Paleolimnological data from small lakes
Paleolimnological analyses were used to verify if theoretical and model-predicted effects 
of fish introductions could be confirmed in the sedimentary history of the lake.

Coring of sediments
Several surface sediment cores were retrieved through the ice in April 2009 using a HTH-
Kajak type gravity corer (Renberg & Hansson 2008) (III, IV). Cores were taken from the 
deepest part of each lake, which were assumed to represent the highest accumulation 
areas. One core per lake was reserved for sediment dating, the other cores were sub-
sampled for loss-on-ignition (LOI), macro- and micro-invertebrates, diatoms, and plant 
pigment analysis at intervals of 2.5 mm, representing a temporal resolution of ca. 1-10 
years. A Limnos-type gravity corer was used to derive a 19.5 cm long sediment sequence 
from the deepest part of Lake Kuutsjärvi in spring 2011 and sub-sampled for LOI and 
stable isotopes of C and N at intervals of 5 mm. Sediment cores were sliced on the field 
in a dark room and each sub-sample was stored in labeled 0.25 l air-tight plastic bag. 
Sediment sub-samples were stored at low temperatures (max 4 ºC) until further analysis.

Sediment dating and correlation
Freeze-dried sediment samples were analysed for 210Pb, 226Ra, and 137Cs by direct gamma 
assay in the Liverpool University Environmental Radioactivity. The CRS dating model 
(Appleby & Oldfield 1978) was then used to calculate the 210Pb chronology.

Correlation between the dating core and the other cores from the same lake was based on 
the analysis of organic content, through LOI (Heiri et al. 2001). A subsample of about 2 
ml (0.5 g for already dried samples) of each layer was accurately weighted with a precision 
scale and then dried at 105 ºC for 16 hours. The subsample was then weighted again 
before and after a 550 ºC/4 hours ignition to evaluate the organic content.

Macro- and micro-invertebrate paleolimnological data
Sediments subsamples were treated with a 10% KOH solution for about 30 minutes, then 
rinsed and sieved trough a 40 μm filter. Subsequently they were mixed with a lycopodium 
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tablet treated with a 10% solution of HCl and centrifuged at 3500 rpm for 4-5 minutes. The 
resulting sample was then mounted on a glass slide with safranine glycerol and analyzed 
trough a binocular microscope at 200X magnification. To account for dilution effects, 
influx rates (individuals cm-2 y-1) of macro- and micro-invertebrates were estimated 
using the known abundance and sedimentation rates (III). Macro-invertebrates subfossil 
remains such as head capsules (Chironomidae), mandibles (Gammarus lacustris (L.)) 
and ephippia (Daphnia longispina (L.)) were analysed as proxies of different ecological 
regions by treating samples with KOH and sieving ~ 3 ml sediment subsamples from Lake 
Kuutsjärvi. Macro-invertebrates influx rates were not available from Lake Tippakurulampi. 
Micro-invertebrates (Cladocera) subfossil remains were analysed for both lakes from 1 
ml subsamples, using nomenclature from (Szeroczyńska & Sarmaja-Korjonen 2007). 
Relative abundances of Cladocera species were estimated based on a minimum of 200 
remains from each subsample, except for 9 subsamples from Lake Tippakurulampi that 
contained too low abundance of remains. The length of Eubosmina carapaces, mucri and 
antennulae were measured (Korosi et al. 2008) for every subsample from Lake Kuutsjärvi 
(n = 900). However, Eubosmina remains were too fragmentary in Lake Tippakurulampi, 
and hence it was possible to measure body sizes only for antennulae (n = 7–21) and 
mucri (n = 8–12) and for fewer subsamples (6 in total).

Diatoms
Diatoms were prepared using H2O2 digestion and HCl-treatment and cleaned diatoms 
were mounted in Naphrax® (Battarbee 1986) (IV). A minimum of 300 diatom valves from 
each sample were identified and counted along random transects at 1000x magnification. 
Diatom identification was based mainly on Krammer and Lange-Bertalot (1986, 1988, 
1991a).

Plant pigments
Pigments were quantitatively extracted from freeze-dried sediments in acetone: methanol: 
water (80:15:5), filtered (0.2 μm PTFE), dried under nitrogen gas, re-dissolved into 
acetone, ion-pairing reagent and methanol (70:25:5) and injected into an Agilent 1200 
series high performance liquid chromatography (HPLC) system (Leavitt & Hodgson 
2001) (IV). Separation conditions were a modification of (Chen et al. 2001) using solvent 
A (80:20 methanol: 0.5 M ammonium acetate), solvent B (9:1 acetonitrile: water) and 
solvent C (ethyl acetate) with a Thermo Scientific ODS Hypersil column (205 x 4.6 mm; 
5 μm particle size) for the stationary phase. Pigments were identified based on spectra 
and retention times, and quantified by calibration with commercial standards (DHI, 
Denmark).

Carbon and nitrogen stable isotopes
To compute the carbon (C) to nitrogen (N) ratio in sediment layers, the masses of C and 
N were determined using an elemental analyser (TruSpec Micro, LECO Corporation, 
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St. Joseph, Michigan, U.S.A.) (IV). Samples for δ13C were weighed and loaded into silver 
cups, then fumigated for 24 hours under 37 % HCl vapours to dissolve inorganic C. A 
minimum of 0.3 mg of sediment was measured for each C sample. Samples for δ15N 
were weighed and loaded into tin cups, then directly analysed. A minimum of 0.4 mg 
of sediment was measured for each N sample. Sediment samples were analysed with the 
apparatus described for biological samples.

3.4 Modeling and statistical analyses

Models
The isotopic data of fish tissues as well as the putative prey items from small lakes were 
entered in a Bayesian based isotopic mixing model SIAR (Parnell et al. 2010) with the aim 
to estimate the relative importance of aquatic and terrestrial sources to introduced brown 
trout diet (I). The analysis was performed using statistical software R 3.2.0 (R Core Team 
2015) assuming fractionation values of 0.4 ± 1.2‰ S.D. for δ13C and 2.3 ± 1.6‰ S.D. for 
δ15N (McCutchan et al. 2003)as they were previously used for similar ecosystems and 
species (i.e. Parnell et al. 2010). Separate model runs were made for each year and lake 
system; fish data was analyzed at the population level in each run. Terrestrial reliance was 
also measured through an alternative isotopic model (Karlsson & Byström 2005), taking 
into account the slope of the trophic fractionation of C and N in the food web and the 
slope of the linear relationship between the aquatic and terrestrial baselines according 
to (Meili et al. 1996) (II). The results of SCA and SIA analyses were also entered in 
SIAR (Parnell et al. 2010) with the aim to estimate the niche width using SIBER ellipses 
(Jackson et al. 2011) and Layman metrics (Layman et al. 2007).

The fatty acid ratios of fish muscle and putative prey items were also analyzed with 
SIAR (Parnell et al. 2010) in a similar way as stable isotope ratios (I). This approach 
was undertaken in order to provide quantitative estimations of assimilated energy. 
Fractionation values, 0.548 ± 0.396 S.D. for n3/n6 and 0.0071 ± 0.0553 S.D. for 
16:1n-7/18:1n-9, were derived from previous feeding trials conducted on brown trout, 
at similar ambient temperature to our study system, and sampled for the same tissue i.e. 
muscle (Turchini et al. 2003). The values used are averages from five different dietary 
groups of brown trout feed diets, with varying ratios of n-3/n-6 and 16:1n-7/18:1n-9.

Consumption and excretion rates of brown trout were calculated using a temperature-
dependent bioenergetic model (Thornton & Lessem 1978; Hanson et al. 1997) fit on the 
cohorts and their biomasses, utilizing stomach content data to define prey proportions 
(IV). Population parameters from year 2009, before sampling began, were used to model 
the population in undisturbed conditions. Species-specific parameters were derived from 
values reported in (Dieterman et al. 2004) for stream dwelling populations of brown 
trout. In the bioenergetic model, daily temperatures, recorded by loggers at 12:00 and 
at a depth of 2 m throughout year 2009, were used to estimate the feeding activity of 



 Materials and Methods 25

trout. Energy contents of specific prey items and brown trout were derived from direct 
calorimetric measures (Cummins & Wuycheck 1971). Detritus (e.g. plant matter) was 
considered to be non-energetic. Values of N content in trout and their prey were directly 
measured in our samples, whereas Phosphorus (P) content was derived from several 
literature sources. The model also accounted for annual diet shifts (due to ice cover) and 
population dynamics, with an average 10 % weight loss at spawning, due to the release 
of gametes (Jonsson & Jonsson 1999) and 10 % mortality for all cohorts after spawning 
and ice-cover. Nutrient load in excretion was estimated through a special function of the 
model (Kitchell et al. 1977) that takes into account specific nutrient content of prey and 
fish (Kraft 1992). N and P not assimilated by brown trout (egested in faeces) would not be 
immediately available to phytoplankton. In contrast, assimilated nutrients subsequently 
evacuated (excreted in urine) were assumed to be directly available to primary producers 
and contribute to internal load (Braband et al. 1990; Lall 1991).

Statistical analysis
Terrestrial reliance (both SCA and SIA derived), trophic position and Levins’ B were 
analyzed for significant differences on the annual or seasonal scale (II). Due to its 
non-normal distribution, SCA terrestrial reliance data analysis was performed with a 
generalized linear model logistic regression and post-hoc Kruskal-Wallis tests under 
PMCMR (Pohlert 2014) Levins’ B and SIA data, on the other hand, were normally 
distributed and analyzed with a two-way ANOVA and subsequently with a linear mixed-
effects model nested ANOVA. Finally, overlap between SCA and SIA ellipses was assessed 
using SIAR’s overlap function. Where reported, size and relative overlap in SIBER ellipses 
and convex hulls are given in square permil units (‰2) in SCA Levins’ B–terrestrial 
reliance ingested diet space and in SIA trophic position–terrestrial reliance assimilated 
diet isotopic space.

Differences in macro-invertebrate abundances between the fish-present Lake Kuutsjärvi 
and fishless Lake Tippakurulampi were tested using a Student’s t-test, under the null 
hypothesis that the lakes would have identical distributions. Non-parametric tests such as 
the Mann-Whitney U-test and the Kruskal-Wallis test (Kruskal & Wallis 1952) were used 
to verify differences in Cladocera species richness and influx as well as in Chironomidae, 
G. lacustris and D. pulex influx rates or in Eubosmina body sizes (including the carapax/
mucro ratio), under the null hypothesis that the periods before and after fish introduction 
would have identical distributions. The piecewise linear regression method (Toms & 
Lesperance 2003) was used to test for changes in Cladocera, Chironomidae, G. lacustris 
and D. pulex influx rates in Lake Kuutsjärvi, without assumptions on the expected change. 
Additionally, changes in Cladocera influx rates were also tested in Lake Tippakurulampi, 
as a control. The piecewise linear regression was also used to test changes in Eubosmina 
carapax maximum size, antennulae length and mucro length, across the period examined. 
Each of these was tested separately, but, in order to check whether these variables were 
all independent, also the ratio between carapax and mucro was tested as an additional 
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variable. Differences between the empirical distribution functions of Eubosmina body 
sizes were also tested with the Kolmogorov–Smirnov test, under the null hypothesis that 
the samples are drawn from the same distribution. The analyses were performed using 
statistical software R 3.2.0 (R Core Team 2015), with the R package SiZer (Chaudhuri & 
Marron 1999; Sonderegger et al. 2008) and the statistical software SPSS v21.0 (IBM Corp. 
2012) (IV). 

Water temperature, specific conductance, pH, dissolved oxygen, BOD5, dissolved 
inorganic nitrogen, total phosphorus and total suspended solids were analyzed 
using principal component analysis (PCA). Mean fish abundance and biomass in the 
catch were compared among years using one-way ANOVA and, if significant, further 
analyzed using a Tukey HSD test set at 5% significance level. Community parameters 
were ln-transformed to meet the assumptions of normality and homoscedasticity and 
transformed by 4th-root to reduce the influence of abundant species (Clarke 1993). Non-
metric multi-dimensional scaling (nMDS) ordinations were used to graphically display 
groupings (similarities) and distances (dissimilarities) within and between year-groups 
based on the Bray–Curtis similarity matrices. These ordinations were iterated several 
times to ensure that a global optimum was achieved (indicated by no decline in the 
stress value) (Clarke & Warwick 2001). Clusters were also produced in a dendrogram 
format using a group average hierarchical sorting strategy. Differences in fish assemblage 
structure between years were tested using the analysis of similarity (ANOSIM) with year 
as factor, combined with a randomization test for significance (Hope, 1968). Species 
responsible for most of the dissimilarity between year-groups were identified through 
similarity of percentage analysis (SIMPER) (Clarke, 1993; Clarke and Warwick, 2001). 
Environmental parameters were linked to fish assemblages using the BIO-ENV routine, 
measuring the agreement between the Euclidean distance similarity matrices of water 
variables and Bray–Curtis similarity matrices of fish abundance and biomass data. Data 
were analyzed with STATISTICA/w 6.0 (StatSoft 2001), using the PRIMER-6 software 
package (V).
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4. MAIN RESULTS AND DISCUSSION

Are high densities of introduced fish supported by terrestrial energy in lakes with low 
productivity? Does this support vary with fish density and according to annual or seasonal 
resource availabilities?
A total of 135 trout individuals (size range 16.0–39.7 cm, mean total length 32.8 ± 3.78 
cm S.D.) were captured, with a total biomass of 52.55 kg and a density of 78.44 kg ha-1. 
Combined scales and otoliths aging indicated that brown trout were born in 1997–2009 
and that three year-classes (2000–2002) constituted 79.25 % of the population while no fish 
were born in 2006–2007. Visual inspection of gonads indicated that trout were mature after 
4 years of age, at a size of 29.4 cm and 272 g of weight, and that the sex ratio was equal. In 
2010-2011, terrestrial prey constituted ~ 29% of the stomach contents of brown trout (Fig. 
3), to which rodents (22.9%) and adult terrestrial arthropods (6.5%) contributed the most. 
The relative importance of terrestrial energy was highlighted by the fact that 70% of the 
trout individuals had terrestrial prey in their stomach content. In stable isotope analysis, 
trout grouped in between the terrestrial and the aquatic sources, suggesting marked dietary 
flexibility. According to the SIAR mixing model run for all samples of liver and dorsal 
muscle, terrestrial prey respectively constituted 68.5% ± 0.5% (mean ± 95% probability 
interval) and 63.5% ± 0.5% of trout diet (Fig. 3). The terrestrial contribution to the diet, 
estimated with FAA, was 71.5% ± 0.5% (mean ± 95% probability interval) (Fig. 3).

Figure 3 – Dietary contribution of terrestrial (grey) and aquatic (white) sources during the period 
2010-2011, as derived from four different proxies giving increasingly longer timeframe from stomach 
content to fatty acids (SCA=stomach content analysis, SIA=stable isotope analysis, FAA= fatty acid 
analysis) in Lake Kuutsjärvi. Black category in SCA includes macrophytes and unidentified prey. Values 
for SIA and FAA are medians as a result of SIAR runs, error bars represent 95% credibility intervals.
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Muscle tissue stable isotopes ratios for years 2005, 2009 and 2012, revealed assimilated 
terrestrial energy contributions of 57% ± 0.5% (95% P.I.), 61.5% ± 1% (95% P.I.) and 
60.5% ± 0.5% (95% P.I.), respectively, thus being comparable to values (58% and 65%) 
observed during 2010–2011. While fluctuations in terrestrial energy contribution to 
the diet derived from stable isotope mixing models (2005 and 2009–2012) were modest 
(Δmax 8%), sharp changes were observed in the abundances of rodents between the years 
and the seasons (Fig. 4). Despite the fact that rodent were abundant in SCA analysis for 
2010 (9.8%) and 2011 (33.8%), according to SIA no correspondence between terrestrial 
energy contributions to the trout diet and rodent abundance was directly evident.

Figure 4 – Temporal variations in terrestrial prey contribution (median values, with error bars 
representing 95% credibility intervals) to the trout diet, as derived from SIA of muscle samples, and 
rodent abundances (black dots=autumn abundance, white dots=spring abundance) in the study area.

Some signs of annual shifts could be seen in graphical representations of dietary niche 
positions and size derived from SCA and SIA of liver, but muscle tissue did not show 
evident changes. However, statistical tests applied to the SCA or the LME applied to 
Levins’ B (F1,64 = 0.007, p = 0.95), liver- and muscle-derived trophic position (F1,67 = 23.25, 
p = 0.13 and F1,68 = 0.759, p = 0.54, respectively), or liver- and muscle-derived terrestrial 
reliance estimates (F1,67 = 0.862, p = 0.52 and F1,68 = 0.001, p = 0.97, respectively) did not 
reveal significant differences across all years.

Annual overlap between SCA or SIA ellipses did not indicate consistent patterns among 
sampling events but seasonal patterns were most evident in the SCA and in the SIA 
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of liver, as predicted. The logistic regression, applied to the SCA derived terrestrial 
reliance across all years, did not indicate differences between June and August (p > 0.05), 
but showed significant differences between July and the other months (p < 0.01). No 
difference was revealed in the monthly values of Levins’ B (F2,64 = 0.50, p = 0.66), muscle-
derived trophic position (F2,68 = 0.07, p = 0.3), or liver- and muscle-derived terrestrial 
reliance (F2,67 = 0.02, p = 0.97 and F2,68 = 0.29, p = 0.77, respectively). Only a marginal 
difference was found in liver-derived trophic position estimates (F1,67 = 12.89, p = 0.07) 
but the significance was not relevant when the nested nature was accounted for (F2,67 = 
0.69, p = 0.59). Post-hoc Kruskal-Wallis tests revealed that, across all years, there were 
no differences in SCA derived terrestrial reliance between June and August (p > 0.05 
in all cases), whilst July was always significantly higher (p < 0.01) creating a consistent 
unimodal pattern in each year (Fig. 5). 

Figure 5 – SIBER ellipses representing seasonal niche width derived from ingested and assimilated diet 
(liver and muscle isotopes) based on terrestrial reliance (columns from left to right), for different years: 
2010, 2011 and 2012 (rows top to bottom). All ellipses are represented with different lines for different 
months: solid black line for June, solid grey line for July and dashed black line for August. The SCA 
ellipse for June 2012 is not represented because its area was 0, being the ingested diet fully aquatic.

Shifts in the dietary niche of trout were not significantly correlated to the population 
density and none of the examined Layman niche metrics correlated significantly with 
fish density (linear regression p = 0.06–0.9), for either SCA or SIA (II). None of the other 
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statistical tests revealed differences between SCA or SIA derived terrestrial reliance in the 
same months across different years (p > 0.05 in all cases). However, a trend of increasing 
condition factor was evident as a result of decreasing density.

The total volume of terrestrial prey was relatively low but ~ 70% of fish had some 
terrestrial prey in their stomach, highlighting that a terrestrial diet did not depend on 
occasional vertebrate ingestion. While stomach content offered information on the diet 
ingested over a few days, the importance of terrestrial energy was more evident when 
longer timespans were examined through SIA and FAA. These provide information on 
the importance of different prey in terms of assimilated energy, not of volume, mass or 
frequency. Lipid-corrected SIA values mainly reflect the dietary protein sources, while 
FAA solely focuses on dietary lipid sources. The timespan covered by these analyses 
varies depending on the type of tissue examined, but despite these differences, both 
suggested a significant long-term role for terrestrial prey in the diet of trout. Our 
results were largely in agreement with previous studies undertaken in large lakes and 
other geographical areas. For example, Francis and Schindler (Francis & Schindler 
2009) found that 40% of cutthroat trouts Oncorhynchus clarkii (Richardson, 1836) and 
other fish species consumed terrestrial insects in relatively larger (>13 ha) naturally 
forested lakes of North America. In Europe, common bleak Alburnus alburnus (L.) was 
also found to rely heavily (83.8%) on terrestrial insects in a 12 hectares lake (Mehner 
et al. 2005). Also the diet of largemouth bass Micropterus salmoides (Lacepede, 1802) 
has been found to rely for 22% on terrestrial invertebrate and vertebrate prey in a small 
lake of 1.5 ha (Hodgson & Hansen 2005). The results from lake Kuutsjärvi were also 
consistent with the observational results fromLake Pirunkuru, where the terrestrial 
contribution to trout diet, calculated through SIA of the muscle, was even higher 
(81.5% ± 1.5% (mean ± 95% probability interval), Milardi unpublished data). Our 
findings underlined that the terrestrial contribution to the diet of trouts in small lakes 
could be as much as two or three times as high as previously noted. The dietary intake 
of terrestrial biomass is a top-down pathway of terrestrial carbon assimilation that has 
been relatively less explored than the bottom-up pathways. Previous studies suggested 
that the pathway through the fish diet might play only a small role in lake ecosystems 
(Cole et al. 2006). Our results, however, suggest that a terrestrial diet could be more 
important than previously thought and that the consistent availability of terrestrial 
prey resources could potentially sustain brown trout populations above the carrying 
capacity provided by the aquatic prey alone. 

The aquatic resource depletion by intense fish predation, the seasonality in the availability 
of aquatic food sources and the size of the lakes are all factors that might play a strong 
role in determining the terrestrial reliance of fish. Several studies have linked rodent 
cycles and biotic/abiotic interactions in terrestrial ecosystems but only few have so far 
dealt with their interactions with aquatic ecosystems (Lisi et al. 2014). In our study, 
rodents seem to constitute a relatively large percentage of the diet of trout (22.9 %) and 
they were found in the stomach of almost 10% of individuals in 2010 and 2011, yet their 
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share of the diet does not seem to be directly linked to their abundance in the area (I). 
Furthermore, the terrestrial diet, as suggested by SIA of fish muscle in different years, 
did not strictly depend on peaks in rodent abundance (Fig. 4). Therefore, it is reasonable 
to hypothesize that rodents constitute only an occasional prey for fish and, in years with 
a lower rodent abundances, the contribution of other terrestrial sources, particularly 
invertebrates, could be higher. Although the volume of terrestrial invertebrates was 
relatively low (6.5 %), they were frequently found in the stomach of trouts in both 2010 
and 2011. Terrestrial energy is likely to be a consistently significant source of energy 
for introduced fish in small, high- latitude lakes; however, its exact composition could 
highly depend on prey availability. Our results suggest that terrestrial and aquatic 
sources could be similarly important in supporting introducedfish populations across 
different years and fish densities. However, their importance could vary considerably 
over the course of the open-water season. Turnover rates of fish liver and muscle tissues 
were longer than previously thought, therefore constituting a likely explanation for 
the lack of recorded information on terrestrial resource pulses in fish muscle on the 
annual scale. The same limitations explain why only ingested diet recorded variations 
in the terrestrial reliance, at the seasonal level. However, both liver tissue and ingested 
diet did not show annual differences in terrestrial reliance, lending further support to 
the hypothesis that consistent terrestrial subsidies to the higher levels of the food web 
might be a constant feature across years. Trout density did not play a role in explaining 
either terrestrial reliance or niche width, as assessed with either ingested or assimilated 
diet. While the small lake size could further enhance the interaction between trout 
individuals, it is also true that smaller lake have a higher shoreline/surface ratio which 
favors the interaction between fish and the terrestrial environment. As a consequence, 
density-dependent effects might be more evident when analyzing reliance on aquatic 
prey, rather than on terrestrial one. The slight increase of trout condition factor and 
stomach fullness throughout the study, in the absence of a significant shift towards 
terrestrial prey, seems to further support this view.

Do the introduced fish cause changes in the lake food web through a trophic cascade? Is the 
nutrient cycling alteration induced by fish enough to alter lake productivity?
Aquatic macro-invertebrates were effectively predated by brown trout and were thus 
displaced from the pelagic areas of Lake Kuutsjärvi towards refuge in the littoral area. 
Macro-invertebrates were completely absent from the pelagic area of Lake Kuutsjärvi and 
were not found in any of the 27 net samples collected between 2010 and 2012, even when 
the sampling was conducted at night to account for vertical migrations. Conversely, the 
average macro-invertebrate density in Lake Tippakurulampi was 1.33 mg l-1 (± 0.72 mg 
l-1 S.D.), over the same period, and the community was composed mainly by G. lacustris 
and different instars of Chaoborus flavicans. Zooplankton constituted the entirety of 
pelagic netting samples from Lake Kuutsjärvi, with an average density of 2.6 mg l-1 (± 
1.46 mg l-1 S.D.). In Lake Tippakurulampi large zooplankton was rarer, constituting 1–2 
% of the total biomass sampled, for an average density of 0.015 mg l-1 (± 0.007 mg l-1 S.D.). 
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No differences in the qualitative composition of benthic and littoral macro-invertebrates 
were found between the lakes.

The sediment record indicated that the fish did not clearly influence negatively the 
abundance of macro-invertebrates and possibly influenced positively the abundance 
of benthic ones. This was not due to climate warming as this change was not observed 
in the fishless Lake Tippakurulampi, which is located closely. Based on SCA, aquatic 
prey constituted 50.6 % of the trout ingested diet during the open water season. 
Dipteran larvae and pupae were the most abundant (32.6 %), as the trout preyed on 
them during emergence. G. lacustris was the second most abundant aquatic prey (9 
%), while Corixidae were the third (2 %). Trout preyed on a wide range of aquatic 
prey, but the abundance of all other taxa was below 2 %. No zooplankton species were 
found in trout stomach content. Brown trout predation mainly focused on aquatic 
macro-invertebrates and it is likely that, in order to minimize the predation effects, 
aquatic macro-invertebrates have adopted predator avoidance mechanisms (Pierce 
1988; Warfe & Barmuta 2004) which can explain their presence only in littoral and 
benthic refuge. 

As pelagic macro-invertebrates were unable to predate on the micro-invertebrates, 
this resulted in an abundant zooplankton community (in particular Cladocera) and 
thus an increased grazing pressure on algal production (Carpenter et al. 1985; Pace 
et al. 1999). After fish introduction, the influx rates of Cladocera (Kruskal-Wallis p 
< 0.01, Fig. 6a), Chironomidae (Kruskal-Wallis p < 0.05, Fig. 6b) and D. longispina 
(Kruskal-Wallis p < 0.01, Fig. 6d) changed, but no changes were found in Gammarus 
sp. (Kruskal-Wallis p = 0.342, Fig. 6c) influx rates. No increase was evident in the 
Cladocera influx rates of Lake Tippakurulampi (Fig. 6g), in the regional average 
temperatures during the open water period (Fig. 6f) and in the diatom-inferred pH of 
both lakes (Figs. 6e and 6h).

However, the release of macro-invertebrate predation pressure in the pelagic area 
likely caused a trophic cascade effect that slightly increased the species richness of 
Cladocera and markedly increased their abundance in Lake Kuutsjärvi (min. n = 131 
in rarefaction; p < 0.05) but not in Lake Tippakurulampi (min. n = 53 in rarefaction; 
p = 0.902). The release of macro-invertebrate predation pressure did not lead to the 
expected changes in the body shapes of Eubosmina, which for the most part did not 
show significant differences after fish introduction (Kruskal-Wallis for carapax p = 
0.075, mucro p = 0.393 and the carapax/mucro ratio p = 0.318). An uncertain effect 
could only be detected in the antennulae size, but the increase in antennulae length 
(Kruskal-Wallis p < 0.05) was opposite than what the theory predicted (Mort 1986; 
Tollrian 1990). Eubosmina in Lake Tippakurulampi appeared to have markedly bigger 
mucri and, to some degree, also longer antennulae, when compared to the ones in Lake 
Kuutsjärvi (Fig. 7).
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Figure 7 – Mean mucro (black dots) and antennulae sizes (open dots) of Eubosmina in Lake 
Kuutsjärvi (upper plot) and Lake Tippakurulampi (lower plot). Error bars represent standard 
deviations from the mean, dashed line represents the date of fish introduction in Lake Kuutsjärvi.

However, only limited studies have been carried out on Gammarus predation on micro-
invertebrates (Wilhelm & Schindler 1999) and it is possible that multiple factors played a 
role in shaping the Cladocera community of Lake Kuutsjärvi. For example, given its size 
and unspecialized predatory behaviour, Gammarus could have effectively preyed upon all 
sizes of Eubosmina and was not deterred by the length of their appendages, while younger 
age-classes of trout could have selected Eubosmina only for a limited period of time. C. 
flavicans, in particular, was present only in Lake Tippakurulampi but was never present 
in Lake Kuutsjärvi, as seen also in the sediment record (Susanna Siitonen, unpublished 
data). Chaoborus predation is known to trigger the growth of defensive structures in 
Cladocera (Tollrian 1995a; Tollrian 1995b), which might explain the difference in mucro 
size between the Eubosmina of Lake Kuutsjärvi and Lake Tippakurulampi. 

The bioenergetic model of fish nutrient regeneration suggested that brown trout acted 
more as sources, rather than sinks, of nutrients. Fish-derived P load represented a more 
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important load component (62.3 % of the total P load) than the external load. Runoff 
from the catchment area dominated the N input, but brown trout regenerated N was still a 
substantial component (25.6 % of the total N load). Despite the results of the nutrient load 
model, which predicted a significant increase in bioavailable nutrients due to fish presence, 
Lake Kuutsjärvi did not increase its productivity. Diatoms were likely the most important 
indicator for possible eutrophication, as they were particularly abundant in the lake, but 
did not indicate changes in lake productivity. This was also supported by Chlorophyll 
and carotenoid pigments analysis. C:N ratios and sediment stable isotope ratios (shifting 
towards lower δ13C and δ15N values) did not indicate an increase in terrestrial carbon loads. 
However, all paleolimnological proxies indicated a likely shift from pelagic to benthic 
production. A possible explanation of the discrepancy between model and reality could 
be the overestimation of fish derived nutrients in the model; but this could be due also to 
the short water retention time (under 2 months, which could flush some of the nutrients 
regenerated by trout out of the system (Kozerski et al. 1999; Köhler et al. 2005). Although 
wide fluctuations in the trout population structure are unlikely over a short time span (c.a. 
5 years, (Platts & Nelson 1988), they could have been significant over the 34 years since 
the introduction of brown trout, thus influencing the overall effect. Macro-organisms, on 
the other hand, would be reduced by trout predation, therefore potentially reducing their 
overall nutrient regeneration rates (Vanni 2002). The sub-fossil record of Lake Kuutsjärvi 
showed a marked rise in Cladocera influx rates after fish introduction, which could be 
linked with the release of predation pressure on the zooplankton population rather than 
changes in pelagic algal biomass which were not detected in Chapter IV. However, as the 
two are closely linked, the over five-fold increase in Cladocera abundances identified in 
Chapter III could explain why Chapter IV could not detect an increased pelagic green 
algae biomass, as grazing would effectively control planktonic algae blooms thus partly 
reducing the effects of an increased pelagic productivity. More in general, despite no clear 
signs of an overall increase of primary production the shift towards benthic production as 
a result of brown trout introduction could alter significantly the overall nutrient cycling 
and further magnify the carbon burial rate, thus having some effect of global carbon sinks.

How do multiple introductions affect native species in a complex environment?
A poor correlation between both fish abundance and water variables (highest r = 0.092 
using water temperature and DIN, p = 0.29) and fish biomass and water variables (highest 
r = 0.1 using water temperature and DIN, p = 0.23) indicated that the fish communities 
observed were most likely little affected by water physic-chemical parameters. While all 
sites were eutrophic, most pollutants remained below the methods’ detection limits or 
presented low values (e.g. Ni, Pb and Cd), in all studied canals indicating a generally low 
chemical disturbance. The PCA ordination plot did not show any clear temporal and 
spatial trend across environmental variables.

A total of 29,333 individuals belonging to 12 families and 30 species of freshwater fishes 
were collected, Cyprinids being the most represented family. In 1991, at the beginning 
of the study, the fish fauna of the lower River Po plain consisted of 22 species, 14 native 
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and 8 exotic. Native species were accounting for 44% of the total number of individuals 
and for 18% of the total biomass. In 2009, at the end of the study, the fish assemblage 
comprised 17 species, 4 native and 13 exotic. Nine exotic species accounted for 91% of 
the total biomass and four of them, wels catfish (62%), common carp (16%), grass carp 
(11%), freshwater bream (4.2%) and silver carp Hypopthalmichthys molitrix (Richardson, 
1845) (4%) accounted for 97% of the introduced fish biomass. The four native species 

Figure 8 - Fish relative abundance (left) and biomass (right) log transformed data for the most 
representative species. The graphs refer to (a) exotic predators of recent introduction, (b) native 
species, (c) exotic species of ancient introduction, (d) exotic species of recent introduction.
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remaining accounted for 8% of the total number of the individuals and for 0.2 % of the 
total biomass. Cluster analysis showed that the greatest difference in the fish assemblages 
occurred between 1991 and 1997, with a separation at the 38% similarity relating to fish 
abundance, and at the 44% relating to fish biomass.

Wels catfish had low abundance and biomass while pikeperch was not present in the 
studied canals in 1991; they both increased steeply in 1997, and at lower rates until 2009 
(Fig. 6a). Consistently, relative abundance and biomass of the native fish species, most 
abundant and suitable as prey for wels catfish and pikeperch, declined until 2009 (Fig. 
6b).

Water quality is unlikely to have affected fish communities in the study area during 
the study period as environmental parameters were not positively correlated with the 
decline in native fish species and remained stable, even if variable, throughout the study 
period. No mass mortality was reported during the study period, so other forms of 
heavy pollution (e.g. episodic discharge of pollutants) or critical events such as winter or 
summer fish kills were not the cause of the decline of native species. Oxygen minimums 
during hot summers might have been a source of stress and habitat degradation was in 
place before the start of this study and remained at a steady state throughout the whole 
18 years period.

As all canals were eutrophic and turbid, without morphological complexity and scarce in 
vegetation, the absence of refugia may have further exposed some species to predation 
which could have been further enhanced by water level variations during the year. 
Obstacles to natural migrations might also have favored species that are more resistant 
and better dispersers such as, wels catfish, an opportunistic scavenger whose introduction 
consequences could be severe when “other human impacts are already in force” (Copp et 
al. 2009). An ideal thermal regime could explain the extremely rapid invasion by S. glanis 
in the lower reaches of the Po, bordering the sampled Po di Volano sub-basin, where the 
measured growth rate, according to von Bertalanffy model, was found to be much higher 
than those recorded in Eastern European basins (Rossi et al. 1991). It is well documented 
that S. glanis takes advantage of its great diet plasticity and capability to utilize the most 
abundant available species of a suitable size within its habitat (Syväranta et al. 2009; Carol 
et al. 2009; Martino et al. 2011) and is particularly adapted to predation in turbid waters. 
Among introduced cyprinids that colonized the Po di Volano sub-basin from the Po river 
during the study period, freshwater bream was the only one to expand throughout the 
entire period. This success might be explained with the reduction and disappearance of 
competitors, that left a large availability of food resources, and possibly by a co-evolved 
capacity to escape from wels catfish predation (Wysujack & Mehner 2005).
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5. CONCLUSIONS AND FUTURE PROSPECTS
Evidence provided in our studies suggests that introduced fish alter the ecosystem and 
its processes. We provided clear quantitative evidence that introduced brown trout in 
small lake ecosystems are consistently supported by terrestrial energy. However, the 
exact composition of this energy may vary, at least seasonally, and did not correlate 
with fish density. Likely, the magnitude and pulsed nature of these terrestrial subsidies 
could explain this, but unfortunately it could not be tracked with markers with a long 
turnover time. Introduced brown trout were successful in predating and displacing 
macro-invertebrates from the pelagic areas, creating cascading effects that increased 
micro-invertebrate abundances but did not modify their body sizes, which might 
depend on the selectivity of macro-invertebrate predators. According to a bioenergetic 
model, introduced brown trout predation also had a significant effect on the total 
nutrient load of the lake, but the sediment record indicated that only benthic algal 
production increased as a result of this nutrient recycling effect. Increased abundances 
of micro-invertebrate grazers could have played a role in suppressing planktonic algal 
blooms. Finally, we found that in complex freshwater ecosystems impacted by human 
activities environmental deterioration was not one of the likely causes of native species 
disappearance. Rather, the interaction between introduced and native species was 
favored by the extreme simplification and hydrological regime of the study area, leading 
to local extinctions of some natives as a result of predation and habitat modification 
created by some of the introduced species.

Evaluating the effects of fish introductions on host freshwater ecosystems has proven 
to be a difficult task over and again. This is partly reflected in the different approaches 
and techniques that were used in our studies to approach the research question. There 
seems to be no silver bullet to address all cases, especially when long term or historic 
information is lacking and thus it is difficult to establish a credible baseline level. Long-
term or historic information is one of the core elements of my thesis and I demonstrated 
how, through paleo-limnology, it is possible to infer the baseline levels even when direct 
long-term monitoring data is not available. This, at least, helps to define a baseline of 
environmental parameters, although it rarely provides information on the highest 
level of the food web (e.g. fish) and thus limits the amount of conclusions that can be 
drawn in complex systems. However, that multidisciplinary techniques can address the 
question in a more comprehensive way is surely a lesson that can be learned from my 
studies. New techniques (such as those employed on fatty acids) need to be developed 
in order to increase the resolution and move from qualitative to quantitative evaluation 
of effects, one of the key themes of our work. Often researchers are left with the difficult 
task of disentangling introduction effects a-posteriori, which can prove a particularly 
difficult mission, especially in complex cases. Biomanipulation and monitoring of its 
consequences in model ecosystems can offer a powerful tool to understand the dynamics 
of more complex cases.
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Future research should aim at clarifying whether our results on direct terrestrial support 
of top consumers, derived from small lakes studies, would apply on a wider range of lakes 
with size, productivity and number of species gradients. At present, some indications 
exist that these could be intrinsic features of small systems, where introduced fish could 
increase further their connection to the terrestrial environment. Unfortunately, sharp 
pulsed resources might not be easily detectable in northern ecosystems through stable 
isotopes, due to the long turnover time in different tissues which imposes a limit on 
the possible studies. Longer monitoring durations may give further insights on how 
terrestrial prey use or fish growth and condition would shift along decreasing fish 
densities gradients and clarify the effects of competition and lake-size, which might play 
antagonizing roles in regulating terrestrial support. More attention should also be given 
to the cascading effects of fish introduction, even in those cases where they are believed 
to be relatively minor. Further studies should assess their effect on the ecosystem and on 
the paleolimnological proxies used to reconstruct recent climate changes. As we showed, 
cascading effects are often difficult to predict, and thus particular attention should be 
given to the verification of modelled changes. It is entirely possible that this will prove a 
challenging task, as the disentangling of these effects could prove nearly impossible. Little 
research has been performed thus far on the impacts of fish introductions on freshwater 
ecosystems in Italy, a country rich in endemic freshwater fish species and with an even 
higher number of introduced species. Future research should select case studies where it 
is possible to model or reconstruct environmental changes, which given the limitations 
on funding could focus on those species known to negatively interact with endemics 
or the habitat and with the goal of identifying innovative guidelines on prevention and 
management solutions.

Unauthorized fish introductions are likely to continue unchecked and, as more habitats 
will become available due to climate warming, affect a larger number of previously fishless 
lakes at northern latitudes. At lower latitudes, fish introductions have already caused 
severe alterations in the biological communities, but, so far, we are only seeing one stage 
of the process. Our understanding of the effects of human-mediated fish introductions 
has improved dramatically and quickly in the past few decades, yet we struggle to 
manage our natural resources accordingly. In the future, greater caution should be used 
to manage fish introductions in freshwater ecosystems and research should also increase 
the focus on the socio-economic dimension of the problem. This would allow scientist 
and managers to identify the key changes and messages needed to improve current 
management and solutions oriented at preventing and mitigating the impacts of fish 
introductions. In particular, involving citizen participation or simply support seems to 
be a key element to address to achieve better results. Improved management (and maybe 
the industrial downturn caused by the economic crisis) is already helping to improve the 
habitat quality, and thus aid the struggle of native species against the introduced ones. 
However, we should not forget the drive to maintain and (when possible) restore the 
original biodiversity of our environment and further actions that address the problem 
directly are needed.
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