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   ABSTRACT  

 The Gran Paradiso National Park (GPNP) has recently approved an eradication plan, 
fi nanced within the LIFE+ project BIOAQUAE (Biodiversity Improvement of Aquatic Alpine 
Ecosystems), to restore some mountain lakes impacted by the introduction of brook trout 
( Salvelinus fontinalis ). This extensive eradication project involves the use of intensive gill 
netting as a non- invasive conservation measure. The aim of this study is to support, with 
technical data, the choice of the capture devices needed for the eradication program and 
to discuss some technical and practical aspects associated with the use of different nets. To 
this purpose we compared the effi ciency, the size selectivity and the induced mortality of 
three kinds of nets: a trammel and two different multi- mesh gill nets, sampling brook trout 
in 7 alpine lakes in GPNP. The obtained results allowed us to better defi ne the technical 
features of the capture devices needed to eradicate brook trout and provide several sugges-
tions on how to conduct the eradication campaign.  

   Keywords:     Salvelinus fontinalis , brook trout, Gran Paradiso National Park, intensive gillnet-
ting, size selectivity, fi shing effi ciency   
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    1.  INTRODUCTION 

 Studies show that stocking fi sh into once fi shless alpine lakes is a misguided prac-
tice exacting a heavy toll on fragile alpine aquatic ecosystems (Knapp  et al. , 2001; 
Schabetsberger  et al. , 2009). Introduced fi sh cause a series of detrimental direct 
and indirect effects (Eby  et al. , 2006), which lead to the loss of native species and 
to the degeneration of the natural food- web structure (Knapp  et al. , 2001; Eby 
 et al. , 2006). Unaware of its ecological consequences, the practice of introducing 
fi sh in high altitude lakes is still present throughout the Alps. In the 1960s, some 
naturally fi shless lakes of the Gran Paradiso National Park (GPNP; North-Western 
Italian Alps) underwent fi sh stocking with brook trout ( Salvelinus fontinalis ), an 
alien salmonid from North America. This species is well adapted to extremely cold 
environments (Hutchings, 1996) and thanks to its broad ecological valence, brook 
trout could survive and establish reproductive populations in the stocked lakes 
(Alessio  et al. , 1987; Tiberti, 2012). Brook trout are now present in almost all the 
artifi cial reservoirs of the Park (lakes Serrù, Agnel, Teleccio and Valsoera), in some 
natural alpine lakes (Nivolet inferiore, Rosset, Leità, Leynir, Djouan, Nero, 
Miserino, Dres and Muanda) and in some stretches of mountain streams, including 
the main courses of the lower river segments. Despite fi sh introductions, fi shing 
has been forbidden within the protected area since the 1970s and all fi sh popula-
tions, including brook trout populations, have not been affected by fi shing activi-
ties since then. Recent studies confi rmed that the presence of brook trout in the 
alpine lakes of GPNP have the same strong ecological impact as observed in other 
mountain regions (Eby  et al. , 2006), with a dramatic impact on the macroinverte-
brates and zooplankton communities (Tiberti, 2012) and on  Rana temporaria  
(Tiberti and von Hardenberg, 2012). 

 To restore the lakes impacted by fi sh introduction, the Gran Paradiso National 
Park has recently approved an eradication plan, fi nanced within the LIFE+ project 
BIOAQUAE (Biodiversity Improvement of Aquatic Alpine Ecosystems). This 
extensive eradication project involves four alpine lakes (Dres, Djouan, Nero and 
Leynir) using intensive gill netting as the main eradication technique. Intensive gill 
netting is considered an effective noninvasive practice, which has been successfully 
experimented in a few restoration programs (Knapp and Matthews, 1998; Parker 
 et al. , 2001; Knapp  et al. , 2007) without producing lethal effects for non- target 
species. The success of the eradication project will depend on the ability of nets to 
capture all the fi sh in the lakes. To this purpose the nets should be highly effi cient 
and little selective, to catch all the fi sh independently of their size. 

 The aim of this study is to support with technical data the choice of the nets 
needed for the eradication program. To this purpose we compared the effi ciency, 
the size selectivity and the induced mortality of three net types that are united by 
the fact of being little selective, a trammel (TR) and two different multi- mesh gill 
nets (MMG-1 and MMG-2), sampling brook trout in 7 alpine lakes in GPNP. 

 Considering that a gill net consists of a single wall of net, a multi- mesh gill net 
is just the result of many gill net panels with different mesh sizes put side by side 
and sewn together. On the other hand a trammel is composed of three panels of 
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net: the inner panel is included into two outer panels with a larger mesh size. Both 
types of nets are held vertically and both can catch the fi sh in three different ways: 
fi sh can be gilled (held by the mesh around their gills), wedged (held by the mesh 
around their body), or tangled (held by teeth, spines or other protrusions without 
necessarily penetrating the mesh). However, only trammels can bag- fi ll the fi sh (a 
fi sh passing through the large meshed outer panel hits against the small meshed 
inner panel which carries through one of the large openings of the opposite large 
meshed outer wall). Both the net types are considered little selective: multi- mesh 
gill nets because they have all the mesh sizes needed to capture the entire dimen-
sional spectrum of fi sh populations and trammels because they can capture every 
fi sh big enough not to pass through the inner panel (Hovgård and Lassen, 2000; 
Sutherland, 2006). For their little selectivity (Backiel and Welcomme, 1980; Fabi 
 et al. , 2002; Karukalak and Erk, 2008) both trammels and multi- mesh gill nets 
were considered as potentially effective devices for a successful eradication plan 
and some technical, practical and economical aspects associated with the use of 
different capture devices are discussed in this article.  

   2.  MATERIALS AND METHODS 

   2.1.  Study area 

 Gran Paradiso National Park (GPNP) is located between 45°25ʹ and 45°45ʹ N and 
between 7° and 7°30ʹ W in the Western Italian Alps. The protected area shows a 
large altitudinal extension (between 800 and 4061 m) and a typical alpine climate. 

 The studied lakes are all included in GPNP a.s.l. belonging to the catchments of 
rivers Orco and Dora di Savarenche. In this paper, toponyms of the lakes will be 
replaced by abbreviations: Nivolet inferiore – NIV, Leità – LEI, Leynir – LEY, 
Djouan – DJO, Nero – NER, Dres – DRE, Rosset – ROS. Main geographical, 
morphological, watershed and chemical data are reported in Table 1. The lakes 
are not affected by hydromorphological alterations, they are larger than 10,000 
m 2  and are all located above 2,000 m a.s.l. Their watersheds belong to the Alpine 
and nival belts. They are placed in two geologically separated areas: the fi rst is 
entirely dominated by acidic gneiss, while the second is dominated by a thick 
covering of calcareous schists variously metamorphosed (Compagnoni  et al. , 
1974). The geology affects the vegetation development in the watershed as well as 
the hydrochemistry of the lakes (Tiberti  et al. , 2010). The studied lakes are well 
preserved by acidifi cation risk and their conductivity is low because of the low 
ionic content. Phosphorus is the phytoplankton growth- limiting element assuming 
a leading role in shaping the biotic community and its concentration is an index of 
oligotrophy.  

   2.2.  Sampling methods 

 During the summers of 2009 and 2012 we sampled the study lakes once (NER, 
LEI), twice (ROS, DJO, LEY), three times (DRES) or four times (NIV) to compare 
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   Figure 1     Map of the sampled lakes showing the positioning of trammel (TR) and multi- mesh 
gill nets (MMG 1 and MMG 2) and the dates of sampling. LEY: Leynir; NIV: Nivolet inferiore; DJO: 
Djouan; DRE: Dres; ROS: Rosset; NER: Nero; LEI: Leità.     

the effi ciency, selectivity and mortality of MMG-1, MMG-2 and TR. MMG-1 
was a multi- mesh gill net crafted by Retifi cio Moretti (Peschiera Maraglio, 
Italy) and made of mono- fi lament nylon, it was 30 m long and 1.5 m tall and 
was composed of 10 panels (each 3 m long) with standard mesh size for pelagic 
samples (55 mm, 45 mm, 40 mm, 30 mm, 24 mm, 19.5 mm, 15.5 mm, 12.5 mm, 
10 mm, 8 mm; APAT, 2007). MMG-2 was a multi- mesh gill net specially produced 
by Oy Lindeman Ab (Raippaluoto, Finland) on the experience gained during the 
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eradication projects performed in Sierra Nevada, California (Knapp and Matthews, 
1998; Knapp  et al. , 2007). It was made of double- knotted monofi lament 
(diameter: 0.15–0.20 mm), was 36 m long and 1.8 m tall, and contained six panels 
with different mesh sizes (38 mm, 33 mm, 25 mm, 18.5 mm, 12.5 mm, 10 mm). 
TR was made of nylon, it was 30 m long and 1.5 m high and the inner panel mesh 
size was 17 mm. 

 In 2009 we compared the effi ciency, selectivity and induced mortality of TR and 
MMG-1, while in 2012 we compared TR with MMG-2. In 2012, we used two 
MMG-2 at the same time in DRE, DJO and NER. We fi xed the nets to the shore-
line with ropes and we stretched the nets side by side at the surface (Figure 1), 
where  Salvelinus fontinalis  stays in the summer time (Dawidowicz and Gliwicz, 
1983). In Figure 1 we show the position of the nets during each date of sampling. 
In 2009, to avoid useless overfi shing, TR, which was more effi cient than MMG-1, 
was sometimes retreated before MMG-1. The nets were inspected from an infl at-
able dinghy every 1–2 hours during the diurnal sampling sessions to reduce 
mortality, but during the night the inspections of nets was suspended. Fishes were 
temporarily stocked in a bucket and the length of each fi sh was measured at the 
end of the inspection. Finally, limited to this preliminary study, fi shes were released 
and considered alive when they were able to autonomously swim away.  

   2.3.  Data analysis 

 Effi ciency of TR and of the two kind of MMGs was compared using only the data 
collected when nets were in use at the same time. We fi rst compared the effi ciency 
of TR and MMG-1 with a Chi- square test. Having TR and MMG-1 in the same 
fi shing area (45 m 2 ), the expected frequency of captured fi sh was equal for TR and 
MMG-1. Then we compared the effi ciency of TR and MMG-2 with two addi-
tional Chi- square tests, the fi st to compare the effi ciency of TR and MMG-2 when 
a single MMG-2 was used (in DRE, DJO and NER) and the second when two 
MMG-2 were used (in NIV, LEI, LEY and ROS). Indeed, MMG-2 have a greater 
fi shing area (64.8 m 2 ) than TR, thus the expected probabilities to catch brook 
trout was smaller in TR than in MMG-2 and was ∼0.41 when a single MMG-2 
was used and ∼0.26 when two MMG-2 were used. 

 We thus compared the effi ciency of each single panel of MMG-1 and MMG-2 
with the effi ciency of TR with a Chi- square test, but, when the expected frequen-
cies were less than fi ve, we calculated the cumulative binomial probability to 
obtain the observed results, considering that the expected probability to catch 
brook trout was ∼0.91 (45 m 2 /49.5 m 2  = 10/11) in TR, ∼0.09 (4.5 m 2 /49.5 m 2   = 
1/11) in each panel of the MMG-1 and ∼0.81(45 m 2 /55.8 m 2 ) and ∼0.19 (10.8 m 2 /
55.8 m 2 ) respectively for TR and for each panel of MMG-2. 

 To avoid pseudoreplication due to repeated sampling in the same lake at 
different times, the size selectivity of TR, MMG-1 and MMG-2 was compared 
using a Linear Mixed-Effects model implemented in the lme function of the 
package nlme of the R statistical software, version 2.12.1 (Pinheiro  et al. , 2007; 
R Development Core Team, 2010) and fi tted by Restricted Maximum Likelihood 
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with the length of fi shes as dependent variable. A factorial variable indicating the 
method of sampling and a factorial variable indicating each different sampling 
session were added to the model as fi xed effects, while the sampled lakes were 
added as a random effect. The signifi cance of fi xed terms was assessed using condi-
tional  F -tests. We compared the selectivity of each mesh size both for MMG-1 and 
MMG-2 with an ANOVA and a Tukey test for multiple comparisons. 

 The mortality induced by TR, MMG-1 and MMG-2 was compared with a test 
for the equality of proportions. The data collected in 2012 with TR and MMG-2 
was used to asses if the different ways in which fi shes can be caught (bag- fi lled, 
gilled, wedged or tangled) could induce different mortality rates. To this purpose 
we used a generalized mixed effect linear model fi tted by Laplace approximation 
and with an underlying binomial distribution (log link) implemented in the func-
tion glmer of the package lme4 of the statistical software R (R Development Core 
Team, 2010). The survival of each sampled fi sh (0 = dead, 1 = alive) was added to 
the model as a binary dependent variable. We added as fi xed effect a variable 
(Way) standing for the different ways in which fi shes are caught (gilled, wedged, 
tangled and bag- fi lled) and the lake where we sampled the fi sh (Lake) as a random 
effect. Mortality data were obtained by counting the individuals died in the nets or 
during their extraction, handling or transport. The analysis did not include the 
mortality events that happened after the release of fi shes and induced by stress or 
undetected damages.   

   3.  RESULTS 

 378 fi shes were sampled within 15 sampling sessions (Table 2, Figure 1). 184 
fi shes were collected within 56h 15ʹ of sampling with TR, 43 within 65h 40ʹ of 
sampling with MMG-1 and 151 within 22h 50ʹ of sampling with MMG-2. Fish 
length ranged from 15.5 cm to 34.5 cm and their average length ±SD depended on 
the sampling site: it was 23.0 ± 3.9 cm (N = 77) in DJO, 28.4 ± 2.2 cm (N = 12) in 
NER, 27.3 ± 4.0 cm (N = 103) in DRE, 30.2 ± 3.5 cm (N = 80) in NIV, 21.2 ± 1.4 cm 
(N = 23) in LEI, 22.4 ± 4.4 cm (N = 77) in LEY and 26.8 ± 3.9 (N = 56) in ROS 
(Figure 2). 

 TR was more effi cient than MMG-1 ( χ  2  = 69.48, df = 1, p < 0.0001), but it was 
less effi cient than MMG-2 ( χ  2  = 27.50, df = 1, p < 0.0001, for NIV, LEI, LEY and 
ROS;  χ  2  = 0.53, df = 1, p = 0.47 for DRE, DJO and NER). Only three panels of 
MMG-1, but all the panels of MMG-2, captured fi shes during the sampling 
campaign. When we partitioned the effi ciency analysis on each single panel, 
performing the analysis just on the fi shing panels, the panels of MMG-1 with 24 
and 40 mm mesh size did not show any signifi cant difference with TR, but the 
panel with 30 mm mesh size of MMG-1was more effi cient than TR in DRE and 
NIV (p < 0.05) and showed the same tendency in ROS (p = 0.06). We found 
coherent results also for some panels of MMG-2, with some mesh sizes which 
were more effi cient than others and than TR. The panels with 10 and 12.5 mm 
mesh sizes proved to be more effi cient than TR just in NIV (p < 0.01), the panel 
with 18.5 mesh size in NIV (p < 0.01) and LEI (p < 0.0001), the panel with 25 mm 
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mesh size in NIV (p < 0.01), in LEI (P < 0.05), in ROS (p < 0.0001), in LEY 
(p < 0.0001) and NER (p < 0.01), the panel with 33 mm mesh size in none of the 
lakes and the panel with 38 mm mesh size just in NIV (p < 0.01). However some 
of the results from NIV are probably spurious due to the fact that MMG-2 was 
positioned too close to the shore. 

 We did not fi nd a signifi cant difference between the size selectivity of TR and 
MMG (F 2.366  = 2.56, p = 0.08) (Figure 2) and in the size of fi shes captured in different 
sampling sessions (F 1.366  = 0.02, p = 0.89). After testing that the variance of the 
lengths of fi sh captured in each panel was homogeneous (Levene test: F 2.41  = 0.475, 
p = 0.63), we found that the size of fi sh was signifi cantly different among the fi shing 
panels of MMG-1 (F 2.44  = 33.45, p < 0.001). In Table 3 we show the results of the 
Tukey test for multiple comparison. The panel with 24 mm mesh size selected 
signifi cantly smaller fi sh than the 29 and 35 mm mesh sizes in MMG-1. The size 
of fi shes was signifi cantly different also among the different panels of MMG-2 
(F 5.145  = 8.26, p < 0.001). The results of the Tukey test for multiple comparison are 
reported in Table 3. 

 Total mortality was 22.4% (20.7% in TR, 20.9% in MMG-1 and 25.0% in MMG-2) 
and the difference in the mortality induced by MMG-1, MMG-2 and TR was not 
signifi cant ( χ  2  = 0.97, df = 2, p = 0.62). However, the different ways in which fi shes can 
be caught induced different mortality rates, which were signifi cantly lower when fi sh 
were tangled or wedged than when they were gilled (wedged vs. gilled: beta = 1.61, 
z = 3.47, p < 0.001; tangled vs. gilled: beta = 2.24, z = 3.82, p < 0.001) or bag- fi lled 
(wedged vs. bag- fi lled: beta = 2.21, z = 3.58, p < 0.001; tangled vs. bag- fi lled: 
beta = 1.59, z = 3.14, p < 0.01), while the induced mortality was not signifi cantly 
different between gilled and bag- fi lled fi sh (beta = −0.02, z = −0.06, p = 0.95) and 
between tangled and wedged fi sh (beta = −0.63, z = −0.97, p = 0.33).  

   Figure 2     Length distribution of sampled fi sh divided by sampling site.     
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   4.  DISCUSSION 

 This study provides information supporting the choice of the capture devices to be 
used for the eradication program planned within the BIOAQUAE LIFE+ project. 
This information is very useful if we consider that the literature concerning fi sh 
eradication by gill netting in mountain lakes is still limited to a few examples from 
North America (Knapp and Matthews, 1998; Parker  et al. , 2001; Knapp  et al. , 
2007). 

 Since the eradication process in high altitude lakes can take a long time (about 
two years of continuous gill netting; Knapp and Matthews, 1998; Knapp  et al. , 
2007), speeding up the capture rate is important. Thus, one of the most important 
characteristics of the nets needed for the eradication project is a high capture effi -
ciency. This study shows that the effi ciency of the capture devices depended both 
on the kind and on the quality of nets. TR showed a higher effi ciency than MMG-1, 
which was manufactured without special features for fi shing in high altitude lakes, 
but a lower effi ciency than MMG-2, which was of the same kind as MMG-1, but 
with a clearly higher quality than MMG-1 (e.g. thinner monofi lament diameter). 
Moreover, the panels with an appropriate mesh size of both MMG-1 and MMG-2 
were often more effi cient than TR. Considering these results, we suggest to use 
large gill nets with the most effi cient mesh size to eradicate brook trout from the 

    Table 3     Tukey test for multiple comparison of the selectivity of diff erent mesh- sizes within 
multi- mesh gillnets MMG-1 and MMG-2. Data were collected in 7 alpine lakes in Gran Paradiso 
National Park.  

 Net  Mesh size  Mean 
diff erence 

 P  95% confi dence intervals 

 MMG-1  24 vs 29 mm  −4.72  <0.001  −6.18  −3.27 
 MMG-1  24 vs 35 mm  −4.53  <0.001  −6.65  −2.42 
 MMG-1  29 vs 35 mm   0.19  0.972  −1.82  2.20 
 MMG-2  10 vs 12.5 mm   1.73  0.860  −2.62  6.07 
 MMG-2  10 vs 18.5 mm   5.50  <0.001  1.64  9.37 
 MMG-2  10 vs 25 mm   3.57  0.071  −0.18  7.31 
 MMG-2  10 vs 33 mm   1.30  0.973  −3.63  6.23 
 MMG-2  10 vs 38 mm  −2.38  0.831  −8.07  3.30 
 MMG-2  12.5 vs 18.5 mm   3.77  <0.01  0.68  6.87 
 MMG-2  12.5 vs 25 mm   1.84  0.464  −1.10  4.78 
 MMG-2  12.5 vs 33 mm  −0.43  0.999  −4.77  3.92 
 MMG-2  12.5 vs 38 mm  −4.11  0.206  −9.30  1.08 
 MMG-2  18.5 vs 25 mm  −1.94  0.110  −4.11  0.24 
 MMG-2  18.5 vs 33 mm  −4.20  <0.05  −8.07  −0.34 
 MMG-2  18.5 vs 38 mm  −7.89  <0.0001  −12.68  −3.09 
 MMG-2  25 vs 33 mm  −2.27  0.50  −6.01  1.48 
 MMG-2  25 vs 38 mm  −5.95  <0.01  −10.65  −1.25 
 MMG-2  33 vs 38 mm  −3.68  0.42  −9.37  2.00 
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pelagic area. The technical features of gill nets (mesh size, length and height) 
should be decided on the basis of the dominant size of brook trout in the pelagic 
samples and considering the bathymetry of the lakes. Moreover, there are further 
practical reasons to prefer gill nets: the time required to remove fi shes from gill 
nets is much shorter than that needed for the trammel. This latter feature is very 
important, especially in the early stages of eradication when there is expected a 
high number of captured fi sh, and the nets should be frequently and quickly 
inspected. 

 However, the effi ciency of the nets is not the only important characteristic. For 
example, the most effi cient nets are probably highly selective for the dominant size 
classes, but they may completely miss the smaller size classes. The length distribu-
tion of captured fi sh indicates that the pelagic area of the lakes is populated only 
by adult fi sh and that young individuals are excluded from this area, probably due 
to the cannibalistic behavior of adult brook trout (Scott and Crossman, 1973; 
Griffi th, 1974). Direct observations indicate that smaller size classes of brook 
trout used to stay in the littoral area: near the shorelines, in the littoral vegetation 
or in the fi rst segment of inlets and outlets. To successfully complete the eradica-
tion, all the fi sh should be captured, including the ones not belonging to the domi-
nant size classes sampled in the pelagic area. Thus, in the littoral area it would be 
better to use a less effi cient, but also less selective net to also catch the smaller 
individuals and the possibility to support the eradication with other capture 
devices should be evaluated (e.g. electrofi shing along the colonized segments of the 
inlets and outlets, where it is not possible to stretch a net). Previous successful 
experiments (Knapp and Matthews, 1998; Parker  et al. , 2001; Knapp  et al. , 2007) 
suggest to set MMGs perpendicular to the lake shoreline, with one end of the nets 
containing the smallest mesh size anchored to the shore and the other end of the 
net containing the largest mesh size anchored in deep water. 

 The number of nets needed to eradicate brook trout is a function of lake surface 
area (Knapp  et al. , 2007) and probably also of its depth. Considering a 36 m long 
and 1.8 m tall MMG, with six 6 m long panels with bar mesh sizes of 10, 12.5, 
18.5, 25, 33, and 38 mm (MMG-2, standard net features from Knapp and 
Matthews, 1998; Knapp  et al. , 2007) it is common to use as many as 10 nets per 
hectare of lake surface area. Indeed, the effort needed to complete the eradication 
provides the continuous use of many gill nets over a period of several months. 

 The mortality induced by fi shing with nets is not a problem from a conservation 
point of view, since the caught fi sh are non- native and are intended to be elimi-
nated. However there are ethical reasons which are imposed to minimize the pain 
of the captured animals and further practical reasons to prevent the death of fi sh 
in the nets. Indeed, still- alive fi sh can be temporarily stocked in tanks or submerged 
closed nets and taken away when it is possible or more convenient, while dead fi sh 
should be rapidly taken away and eliminated. The observed mortality rates are 
rather high (20–25%) and it is predictable that many nets used at the same time 
during the eradication process will be more diffi cult to be frequently inspected to 
reduce mortality. We did not fi nd any signifi cant difference between the mortality 
induced by MMG-1, MMG-2 and TR, but we are aware that gilled and bag- fi lled 



72  R. Tiberti, E. Acerbi, and R. Iacobuzio

fi sh are subject to higher mortality rates, because nets close their gills and prevent 
breathing. Unfortunately, fi shes are effi ciently captured when they are gilled by the 
appropriate mesh size and many gill nets with these mesh sizes will likely be used 
in the pelagic area during the eradication process. The use of highly effi cient and 
highly lethal gill nets and the predicted decrease of the frequency of inspections to 
the nets due to the huge number of nets in the water at the same time – at least 10 
per hectar according to Knapp  et al.  (2007) – will probably result in an increase of 
the mortality rates during the eradication process, that will probably be higher 
than 20–25%. For this reason it is important to well organize a frequent down-
stream transport of dead fi sh during the eradication. We are also aware that the 
weather is one of the main factors inducing mortality: fi sh manipulation with 
windy and cold weather can kill a fi sh in a few seconds (e.g. the mortality rate 
during the fi rst sampling in DJO was 71% due to the extremely harsh weather 
conditions). We therefore suggest maximizing the efforts for the inspection of nets 
during the early stages of the eradication project, when catch rates are high, and 
to consider the weather forecast before starting with the eradication.  
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