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Abstract: This study aimed to assess the biological and sanitary conditions of alien fish in a
high-mountain lake (Balma Lake) located in the Cottian Alps. A single fish sampling session
(August 2018) using gillnets collected 90 specimens of brook trout (Salvelinus fontinalis). Sex and
age were determined (59 females and 31 males, age class 0+ to 4+). Regression analysis showed no
difference in total weight and total length between males and females (ANCOVA: F = 0.453; p = 0.954).
The mean condition factor (Kmean) decreased with increasing age for males and females. Terrestrial
insects were the main prey found in the fish stomachs. The parasitological exam was negative,
and the bacteriological exam was positive for Carnobacterium maltaromaticum and C. divergens in 33%
of specimens. The total mercury, cadmium, and lead concentration in muscle tissue was within the
maximum limit established by the European Commission for human consumption. The brook trout
population was found to be well structured; these findings may help local administrations in the
implementation of eradication measures.
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1. Introduction

The environmental conditions of high-mountain lakes are extreme for survival (e.g., ice and
snow cover for months, high UV-B radiation during the ice-free period) [1]. These once-pristine and
unpolluted ecosystems due to their remote location have been under anthropogenic impact since
the 1980s: deposition of pollutants transported from lowland emission sources and introduction of
non-native fish species [2]. Isolated from watercourses by physical barriers that have prevented natural
colonization by fish [3,4], high-mountain lakes can provide a habitat for alien fish species released
for recreational fishing [5,6]. However, because originally fishless, high-mountain lakes have a low
resilience to disturbances and can be especially sensitive to the introduction of alien fish that can
significantly reduce or eliminate native organisms [6,7]. Studies in high-mountain lakes have focused
mainly on the ecological effects of the introduction of alien fish on native fish species. Tiberti et al. [7]
studied the pressure of brook trout (Salvelinus fontinalis) on crustacean zooplankton, macrobenthic
invertebrates, and amphibians in lakes in the Italian Alps. Similar studies on lakes in the Pyrenees
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assessed the effects of non-native salmonids (Salmo trutta, Oncorhynchus mykiss, and Salvelinus fontinalis)
and minnow (Phoxinus phoxinus) on local biodiversity [4].

The introduction of alien species can also cause the spread of pathogenic agents (e.g., parasites,
bacteria, viruses, fungi) that may be more virulent in new hosts due to the lack of innate immunity in the
native species [8]. To date, few studies have investigated the role that alien fish introduction can play
in the dispersal of pathogens to a new environment. For example, Pseudorasbora parva (Cyprinidae) has
been implicated in the introduction of pathogenic parasites (e.g., Sphaerothecum destruens) responsible
for the decline of native fish in European freshwater bodies [9]. In their preliminary studies on fish
sanitary condition after the introduction of alien fish in lakes in the Italian Alps, Pastorino et al. [10]
isolated Yersinia ruckeri (the etiological agents of the enteric red mouth disease in salmonids) and
Aeromonas spp. (ubiquitous in aquatic environments), which, because of their virulence and antibiotic
resistance, could pose a threat for local amphibian species.

Stocking Italian mountain lakes with salmonids began in the 1960s when recreational angling
became popular [11]. Brook trout Salvelinus fontinalis, native to eastern North America, has an
almost worldwide distribution [12]; it is one of the most widely used non-native species for stocking
high-mountain lakes [13]. It is appreciated by anglers for its readiness to take baits and by fishery
managers for its ability to maintain itself in such marginal situations as are frequently found in
high-mountain lakes. The main difficulties involved in studying alien fish populations in remote
environments are access to the sites (most often only on foot), absence of information about the
introduction/release (origin and date of fish stock), and angling impact. After their release in the Alpine
lakes in Italy, brook trout have established reproductive populations in many lakes in the Cottian Alps,
a mountain range in the southwestern Alps that forms a natural border between France (Hautes-Alpes
and Savoie) and Italy (Piedmont).

Moreover, high-mountain lakes also act as a medium-to-long-term receptor for organic and
inorganic pollutants from industrialized lowland regions [2]. Fish, being at the top of the trophic chain,
may accumulate contaminants (e.g., trace elements) from dietary uptake [14].

With the present study, we assessed the biological (population structure and stomach content
analysis) and sanitary conditions (parasitological and bacteriological exams) of a brook trout population
in a typical high-mountain lake (Balma Lake) in Piedmont, northwest Italy. We also measured Pb, Cd,
and Hg level in fish muscle to determine whether the concentration exceeded the maximum limit for
human consumption established by the European Commission.

2. Materials and Methods

2.1. Study Site

Balma Lake (45◦02′14” N; 07◦10′52” E; Figure 1a) is located at 2100 m above sea level (a.s.l.) in
the municipality of Coazze (Piedmont, northwest Italy) within the Site of Community Importance
(SCI)/Special Areas of Conservation (SAC) IT1110006 - Orsiera Rocciavrè (Cottian Alps). The lake is
covered by ice from November to early June. The main pressures are recreational fishing and grazing
in summer. Originally a fishless lake, brook trout (Salvelinus fontinalis) was introduced probably in
the 1970s for recreational fishing [10]. The lake measures 414 m in perimeter, 1.21 ha in surface area,
and 6.42 m in maximum depth in the central zone. These data are provided by GeoStudio RC (Giaveno,
Italy), which performed a morphometric and bathymetric survey of the lake using drones.

2.2. Physicochemical Parameters of Water and Nutrients

Water temperature (◦C), pH, conductivity (µS cm−1), dissolved oxygen (mg L−1), and oxygen
saturation (%) were measured during a single fish sampling session (3 August 2018) at five sites in the
littoral zone (L1–L5) in the first centimeters of water and at three sites in the deep zone (B1–B3) in the
water column (Figure 1b) using portable probes (HI 9033 conductivity meter, HI 9125 pH/ORP meter,
HI 9147 dissolved oxygen meter, Hanna Instruments Inc. Woonsocket, RI, USA). Three replicates
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were measured for each parameter. Water samples were collected at each site in sterile containers
(three 1 L bottles for each site), taking care to avoid inclusion of sediment particles, and then brought
to the laboratory in a refrigerated container within a few hours. Concentrations of NH4

+ (mg L−1),
NO3

− (mg L−1), and PO4
3− (mg L−1) were measured using a multi-parameter benchtop photometer

(HI 83200-02, Hanna Instruments Inc.) according to the standard methods for water and wastewater
examination [15].
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Figure 1. (a) Location of Balma Lake (northwest Italy). (b) Water sampling sites and gillnet placement.
L1−L5 = littoral sites; B1−B3 = deep sites for sampling physicochemical parameters of water.
Fish sampling: B1−B4 = benthic gillnets; A1−A2 = pelagic gillnets.

2.3. Fish Sampling

A single fish sampling session (3 August 2018) was performed following the protocol to assess the
Lake Fish Index [16]. The protocol was developed from a standardized method for fish sampling in
European lakes (EN 14757:2005) [17] that requires a single fish sampling session using benthic and
pelagic gillnets in relation to the lake typology, depth, and surface area. Six gillnets were used for
sampling: 2 pelagic (P) and 4 benthic (B) gillnets. The benthic gillnets (30 m long, 1.5 m high, 45 m2

total surface area) were composed of 12 panels (2.5 m long) with a mesh size from 5 to 55 mm (Table 1).
The pelagic gillnets (27.5 m long, 6 m high, 165 m2 total surface area) had the same sequence of panels
as the benthic gillnets but lacked panel 5 (11 panels in total). Gillnets were placed according to the lake
bathymetry profile (Figure 1b) [16]. Only benthic gillnets were placed in shallow water, while both
pelagic and benthic gillnets were placed in the deeper water. The gillnets were placed at 6 p.m. and
recovered 12 h later. Permission for fish sampling was obtained from the Città Metropolitana di Torino
(authorization no. 176-19040/2017), as required by local laws.

Table 1. Sequence and mesh size (mm) of gillnets panels.

Panel (P) Mesh Size (mm)

1 43
2 19.5
3 6.25
4 5
5 55
6 8
7 12.5
8 24
9 15.5

10 10
11 35
12 29
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2.4. Stomach Content Analysis

Stomach content analysis was performed to obtain information about brook trout diet.
The stomachs were sampled, preserved in 70% alcohol, and then identified in the laboratory using a
stereomicroscope (Zeiss Stemis V8, Carl Zeiss, Jena, Germany) and an optical microscope (Olympus
BX40, Olympus, Tokyo, Japan). The ingested prey were identified to the order or family level because
a more precise identification was often impossible due to the digestion status of the prey. Frequency of
occurrence (Fi) was calculated for the prey items to describe the diet [18]:

Fi = (Ni/N) 100,

where Ni is the number of fish with prey i in their stomach and N is the total number of stomachs.

2.5. Sanitary Condition Evaluation

Specimens were necropsied and evaluated for possible pathological alterations. For the
parasitological exam, tissue scrapings from skin and gill filaments were prepared with a drop
of water, covered with a clean cover slip (wet mount preparation), and examined under an optical
microscope (Olympus BX40, Olympus) at 10× to 40× magnification. The bacteriological exam was
performed from the kidney, brain, and eye tissue (vitreous humor). The inoculum was directly plated
out on first isolation media (Columbia Blood Agar or Tryptic Soy Agar) immediately after fish recovery
from gillnets. The samples were incubated at 22 ± 2 ◦C for 24–72 h; the colonies were cloned and
identified by matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF
MS) technology on a VITEK MS system (bioMérieux, France). Finally, lead (Pb) and cadmium (Cd)
concentrations in muscle tissue were measured by inductively coupled plasma-mass spectrometry
(ICP-MS Xseries II, Thermo Scientific, Bremen, Germany) after microwave digestion following the
protocol described by Squadrone et al. [19]. Total mercury concentration was measured using a
direct mercury analyzer (DMA-80 Analyzer from Milestone, Shelton, CT, USA). For heavy metal
determination, five specimens of similar size (total length: 20 ± 2 cm) were selected and muscle tissue
samples were taken from each fish. Samples were homogenized with an electric mill and divided into
two samples: One to determine Hg, the other to determine Cd and Pb. The limit of quantification
(LOQ) was 0.010 mg kg−1 for Hg and 0.020 mg kg−1 for Cd and Pb.

2.6. Biometric Measures and Statistical Analysis

Catch per unit effort (CPUE) and biomass per unit effort (BPUE) were calculated for benthic and
pelagic gillnets. CPUE was calculated as the number of fish per square meter of net per 12 h [20].
BPUE was determined as the weight (g) of fish per square meter of net per 12 h [21]. Furthermore,
the number and weight of each fish captured per net were recorded. The non-parametric Kruskal−Wallis
test was used to compare the distribution of length of the fish captured with panels (P) of different
mesh size. The Conover−Iman test was used as a post-hoc test to assess the presence of significant
differences between panels of different mesh size.

Total length (Lt; cm) and total weight (W; g) were recorded for each specimen. Five scales above
the lateral line were collected from each specimen to determine age. Scale annuli were identified using
standard criteria based on the spacing and continuity of circuli around the scale, following the protocol
by Zymonas and McMahon [22]. The relationship between total length and total weight for males and
females was determined by non-linear regression [23]:

W = a Lt
b,

where W = fish weight (g); a = intercept on the y-axis; Lt = total fish length (cm); b = exponent of the
arithmetic form of the weight−length relationship and the slope of the regression line in the logarithmic
form. The coefficient of determination (r2) was obtained by curve interpolation and used to determine
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whether the curve values fit the data [24]. Analysis of covariance (ANCOVA) was used to compare
b-values as slopes of linear form of the standard length−weight regression equations. Differences in
biometric parameters (Lt and W) between males and females of different age classes were checked
using the non-parametric Mann−Whitney U test. Fish health status was checked using the mean
condition factor (Kmean), which is the average condition factor for a given length obtained from the
respective weight−length relationship [25], making it suitable for comparison of different populations
of the same species. The mean condition factor was calculated as follows:

Kmean = 100 a Lt
b−3,

where Kmean = mean condition factor; Lt = total length (cm); a = coefficient of the arithmetic
weight−length relationship and the intercept of the logarithmic form; b = exponent of the arithmetic
form of the weight−length relationship and the slope of the regression line in the logarithmic form.
A non-parametric Kruskal−Wallis test followed by a post-hoc Conover−Iman test was used to detect
significant differences in Kmean between age classes of males and females. The significance of the
results was set at p < 0.05. All analyses were performed using software RStudio version 1.1.463.

3. Results

3.1. Hydrochemistry

The temperature ranged from 14.60 ◦C (site B1) to 16.10 ◦C (site L4) in line with the seasonal
trend. The conductivity was very low and ranged from 17 µS cm−1 (site B1) to 20 µS cm−1 (site L4).
Oxygenation ranged from 6.10 mg L−1 (site L1) to 8.80 mg L−1 (site B1). Oxygen saturation ranged
between 86% and 101%. pH ranged between 6.53 (site 1) and 7.31 (site 4). NH4

+ ranged from
0.04 mg L−1 (site L1) to 0.13 mg L−1 (site L4). NO3

− ranged from 8.87 mg L−1 to 12.00 mg L−1. Finally,
PO4

3− ranged from 0.01 mg L−1 (site L1) to 0.02 mg L−1 (site L3). Table 2 presents the mean and
standard deviation (SD) of physicochemical characteristics.

Table 2. Mean and standard deviation (SD) of the physicochemical parameters of water.

Parameter Mean ± SD

Temperature (◦C) 16.08 ± 0.54
Dissolved oxygen concentration (mg L−1) 6.82 ± 0.42

Oxygen saturation (%) 87.82 ± 6.36
pH 6.70 ± 0.34

Conductivity (µS cm−1) 18.74 ± 1.03
NH4

+ (mg L−1) 0.09 ± 0.07
NO3− (mg L−1) 9.59 ± 1.67
PO4

3− (mg L−1) 0.02 ± 0.01

3.2. Fish Population

A total of 90 specimens of brook trout (Salvelinus fontinalis) were collected. The number of fish
ranged from 12 to 17 per benthic gillnet; 16 individuals were captured with both pelagic gillnets.
The CPUE for benthic gillnets ranged from 0.267 (B1) to 0.378 (B4) fish per m2 per 12 h. The CPUE was
0.100 fish per m2 per 12 h for the pelagic gillnets (A1 and A2). BPUE ranged from 21.39 to 24.05 g m−2

per 12 h for benthic gillnets and from 7.73 to 8.85 g m−2 per 12 h for pelagic gillnets (Table 3).
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Table 3. Number of fish (n) captured with pelagic (A) and benthic (B) gillnets; the catch per unit
effort-CPUE (no. of fish per m2 per 12 h), the weight (W; g) of each fish; and the biomass per unit
effort-BPUE (weight of fish per m2 per 12 h).

Gillnet A1 (n = 16) A2 (n = 16) B1 (n = 12) B2 (n = 14) B3 (n = 15) B4 (n = 17)

CPUE 0.100 0.100 0.267 0.311 0.333 0.378

W1 78.26 67.53 58.72 116.53 18.41 18.45
W2 146.86 79.55 73.58 98.35 17.29 15.12
W3 120.16 53.16 64.59 45.81 58.75 17.34
W4 92.80 94.46 71.24 50.49 14.75 20.87
W5 114.85 96.58 44.52 54.76 11.70 38.23
W6 109.4 61.10 128.00 65.32 6.07 43.02
W7 93.45 50.64 133.41 50.90 14.70 50.46
W8 97.53 45.44 122.89 61.75 102.2 56.54
W9 73.02 62.71 107.24 60.65 138.63 59.87

W10 52.64 58.78 100.94 92.05 131.99 61.67
W11 113.44 111.75 105.23 49.63 83.74 69.98
W12 77.91 71.39 72.06 62.25 91.99 67.43
W13 89.88 133.82 59.32 117.30 61.07
W14 69.64 101.88 104.17 112.74 101.4
W15 47.85 68.02 42.17 116.32
W16 82.21 118.96 123.25
W17 146.7

BPUE 8.85 7.73 24.05 21.60 21.39 23.73

The mean fish biomass per unit effort was 17.89 g m−2 (summing the BPUE of the pelagic and
the benthic gillnets). The distribution of the length of fish differed across panels (P) of different mesh
size (Kruskal−Wallis test; p = 0.0013); pairwise comparison showed significant differences in fish
length distribution between P3 and P12 (p = 0.0011), P5 and P12 (p = 0.0004), P8 and P12 (p = 0.0010),
P10 and P12 (p = 0.0001), and P4 and P10 (p = 0.0004) (Figure 2). No fish were captured in panels 1
(43 mm) and 11 (35 mm). Specimens smaller than 8 cm were not captured by the gillnets. These very
small individuals inhabit shallow areas near the shoreline. These findings were derived from visual
observations during gillnet placement.
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Sex and age class were determined for all 90 specimens (59 females and 31 males, age class 0+ to
4+). The highest number of individuals was recorded for age classes 1+ and 2+ (Figure 3).
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Figure 3. Distribution by age class of male and female S. fontinalis.

There were more females in all age classes (except for age 0+, in which the number of males
and females was the same). It is remarkable that the oldest recovered specimen (class 4+) was a
female. Within each age class, Lt and W did not differ significantly between males and females
(Table 4); length−weight regression showed clearly overlapping curves with a similar trend (Figure 4).
Regression analysis between W and Lt did not differ significantly between males and females (ANCOVA
F = 0.453; p = 0.954). Generally, the Kmean decreased with increasing age for both males and females
(Table 5). Kmean differed significantly across age classes for females (Kruskal−Wallis test; p < 0.0001;
Conover−Iman test p < 0.0001 for all comparisons) and for males, except between age classes 2+ and
3+ (Kruskal−Wallis test; p < 0.0001; Conover−Iman test p < 0.001 for all comparisons, except between
classes 2+ and 3+, p > 0.05).
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Table 4. Total length Lt (cm) and total weight W (g) of male and female S. fontinalis (no.) for each
age class.

Age Class
Females (F) Males (M) Mann−Whitney Test

(F vs. M)

Lt (cm) W (g) Lt (cm) W (g) Lt W

0+

Mean 11.58 16.46 10.70 14.48
Median 11.50 17.29 11.10 14.75

SD 1.12 3.37 1.33 5.05 p = 0.3016 p = 0.0659
Min 9.90 11.70 8.40 6.07
Max 11.50 20.87 11.70 18.41

CV % 9.68 20.45 12.00 34.24
No. 5 5

1+

Mean 17.46 58.38 17.14 55.69
Median 17.40 58.73 17.00 53.16

SD 1.45 9.93 1.36 12.14
Min 13.00 38.23 14.80 42.17 p = 0.4333 p = 0.4625
Max 19.50 79.55 19.00 78.26

CV % 8.28 17.00 7.99 22.83
No. 22 11

2+

Mean 20.48 97.41 19.92 86.38
Median 20.55 99.70 19.90 84.95

SD 1.38 18.84 1.87 22.68
Min 18.30 62.25 17.60 58.78 p = 0.2589 p = 0.1821
Max 22.90 133.41 23.30 122.89

CV % 6.76 19.34 9.39 26.25
No. 20 12

3+

Mean 23.06 119.64 23.07 122.33
Median 23.30 118.96 22.20 123.25

SD 1.14 21.50 1.68 10.15
Min 21.30 83.74 22.00 123.25 p = 0.9725 p = 0.999
Max 24.40 146.86 25.00 131.99

CV % 4.96 17.97 7.27 8.30
No. 11 3

4+

Mean 26.00 100.94 - -
Median - - - -

SD - - - -
Min - - - -
Max - - - -

CV % - - - -
No. 1 0

Table 5. Age class, sex, and relative Kmean (mean ± standard deviation) for S. fontinalis.

Age Sex Kmean

0+
M 1.03 ± 0.04
F 1.14 ± 0.01

1+
M 0.89 ± 0.02
F 1.08 ± 0.01

2+
M 0.86 ± 0.02
F 1.05 ± 0.01

3+
M 0.82 ± 0.02
F 1.03 ± 0.01

4+
M -
F 1.01
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The mean and standard deviation of prey items per stomach was 14.63 ± 14.71 (range 2–70).
We identified three prey groups (Diptera Chironomidae, Imenoptera, and Coleoptera) and grouped
them into two macrogroups (benthic invertebrates and terrestrial invertebrates). Table 6 presents a
summary of the diet of S. fontinalis.

Table 6. Diet of Salvelinus fontinalis; Fi = frequency of occurrence (in percentage).

Prey Group Fi (%)

Benthic invertebrates 7.55
Diptera Chironomidae 7.55

Terrestrial invertebrates 83.55
Imenoptera 68.00
Formicidae 1.33
Coleoptera 15.55

3.3. Sanitary Condition of Fish

No clinical signs of disease or pathological alterations were noted. The parasitological exam
was negative, while the bacteriological exam was positive for Carnobacterium maltaromaticum and
C. divergens in 33% of individuals and was isolated from the eye. Cd was <LOQ; Pb ranged from
0.041 to 0.12 mg kg−1 (mean ± SD: 0.070 ± 0.034) and Hg from 0.013 to 0.015 mg kg−1 (mean ± SD:
0.014 ± 0.001).

4. Discussion

The physicochemical characteristics of water were consistent with those reported by
Tiberti et al. [26] for 12 Alpine lakes in Gran Paradiso National Park (Western Alps, Italy). As Balma
Lake lies on granite bedrock, its pH is lower compared to lakes on limestone or sandstone bedrock [27].
The pH was in line with the published literature on high-altitude lakes [28–30]. The oxygenation level
was high, as expected for mountain lakes. The low conductivity was also in line with the literature:
The conductivity of silty-like lakes tends to be <50 µS cm−1 [28–30]. No decrease in oxygen with
depth was observed, consistent with the absence of temperature stratification. Nutrient levels (NH4

+,
NO3

−, and PO4
3−) showed water oligotrophy and were also in line with previous studies on Alpine

lakes [27–30].
Gillnets of smaller mesh size are not very selective for fish. P10 (mesh size 10 mm) captured

specimens from 8.4 to 24.4 cm. The capture efficiency was dictated by the ability of the smaller mesh
size to entangle the fish. These observations are shared by Tiberti et al. [31] who showed that gillnets
with a mesh size from 10 to 25 mm entangled brook trout of different size in four high-altitude lakes in
the Italian Alps. By contrast, larger mesh sizes (35, 43, 55 mm) were too large to efficiently capture the
relatively small brook trout in Balma Lake. Cavalli et al. [20] observed in Plan Vianney Lake (French
Alps, 2250 m a.s.l.) that the CPUE of the surface and bottom nets for S. fontinalis was 0.02 individuals
m−2 h−1. Our hourly CPUE values were similar: 0.008 individuals m−2 h−1 for both pelagic gillnets
and 0.02–0.03 individuals m−2 h−1 for benthic gillnets.

In a study on a brook trout population from Grand Mesa, Uncompahgre, and Gunnison National
Forests (USA), Adams et al. [32] sampled both juveniles and adults: Only 16% of the total fish sampled
were larger than 20 cm (most ranging between 7.5 and 25.0 cm) similar to our results. Changes in mean
length reflect the trophic condition of the environment. For example, the brook trout population in an
ultraoligotrophic high-altitude lake (2703 m a.s.l.) in the Western Alps measured 15–18 cm in total
length at age 3+ and 20–22 cm at age 5+ [33]. In contrast, the brook trout in Lake Nero (Western Alps,
2007 m a.s.l.) measured 18−20 cm at age 2+, as this is a more productive environment [34].

The mean biomass of the brook trout in Balma Lake (17.89 g m−2) was similar to that recorded for
Lake Dres (18 g m−2) in Gran Paradiso National Park, Italy [31]. Lake Dres is similar in hydrochemistry
(phosphorus 0.04 mg L−1; pH 7 ± 0.5), altitude (2087 m a.s.l.), and depth (7.4 m) to Balma Lake.
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The biomass of the brook trout population is related to its abundance, phosphorus concentration,
and altitude, which are related to the trophic and thermal state of Alpine lakes [31]. Balma Lake lies at
2100 m a.s.l and is characterized by oligotrophic conditions (P < 0.02 mg L−1); under such conditions,
brook trout cannot grow to considerable biomass.

In our study, the scalimetric method for age determination was found to be reliable for small
specimens, which have a relatively stable growth rate. For larger specimens (standard length > 15 cm),
however, in which growth rates vary and can rapidly decrease, this method may underestimate
specimen age [35]. This problem was reported by Dutil and Power [36] for brook trout. Kozel and
Hubert [37] found that neither scales nor otoliths produce reliable age estimates for brook trout from a
high-elevation environment, and that age estimates based on otoliths tended to be higher than those
based on scales. Accordingly, we did not analyze otoliths in this study. Nevertheless, the age structure
of the brook trout population from Balma Lake was the same as that obtained by Šanda et al. [35] that
reported a maximum age of 4+ for brook trout in two high-mountain lakes. Our findings are shared by
other studies that the majority of brook trout populations reach their maximum age of 3+ or 4+ in
high-altitude environments [38–41].

Several mechanisms may influence the sex ratio, which constitutes a parameter of pivotal
importance for population viability [42]. In our study, the higher number of females than males may
be explained by the low water temperature throughout the year. Pavlidis et al. [43] showed that
temperature during very early developmental stages is a key factor for sex differentiation: Low rearing
temperatures (13–15 ◦C) result in higher proportions of females. Furthermore, epigenetic mechanisms
can work with genomic and environmental factors to modify gene activity that generates a particular
phenotype and sex determination as a consequence [44].

The mean condition factor (Kmean) showed a declining trend from age 0+ to 4+ in line with the
changes in body length, indicating a steady loss of weight in relation to length. Compared to females,
the Kmean for males was lower across all age classes, which could suggest differences in the use of
resources for growth. Unfortunately, we have no Kmean data for brook trout from other mountain lakes
for possible comparison. Nevertheless, Reimers [45] showed a downward trend for Fulton’s condition
factor (K) in brook trout from a small high-altitude lake in the eastern Sierra Nevada. Cavalli et al. [20]
reported a minimum condition factor of 0.86 in May of brook trout from Plan Vianney Lake (French
Alps), which was indicative of poor food availability, whereas with the increased availability of prey,
the condition factor rose to close to 1.1 in July–August.

Summer food of brook trout consists mainly of terrestrial insects, accounting for more than 80% of
food intake [46]. We found that the brook trout feed on mostly terrestrial invertebrates. This observation
is consistent with the two-year study by Utz and Hartman [47] on brook trout diet in the Appalachian
Mountains of Randolph County (West Virginia). They found that during warmer months, the fish feed
on terrestrial invertebrates, whereas aquatic animals and macrobenthic invertebrates contributed less to
sustaining the brook trout populations. In our study, we noted that the benthic component accounted
for only a limited portion of the diet. The large number of taxa found in the stomachs revealed,
however, that Salvelinus fontinalis is an opportunistic and visual predator, as reported elsewhere [18,47].
The finding of taxa belonging to the Formicidae family showed that brook trout also feed on organisms
that accidentally fall into the water, underlining the opportunistic dietary behavior of this salmonid.
The observed prevalence of terrestrial invertebrates in the diet of brook trout in Balma Lake is shared
by previous studies on the same species in other Alpine lakes [18,46–49].

The aquatic communities of invertebrates in mountain lakes are composed of few taxa:
Diptera Chironomidae (Hexapoda) and Oligochaeta may make up more than 70% of the whole
community [28,29,50,51]. Only members of the Chironomidae family were found in the fish stomachs,
albeit at low frequency. Hyslop [52] found that Oligochaeta are underrepresented in the fish diet due to
their poor resistance to digestion, which can hamper their occurrence. Our results show that the brook
trout population has a negative pressure on terrestrial insects. Stocking fish into fishless lakes is known
to trigger negative effects that propagate through the whole food web [53]. For example, stocking
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arctic char (Salvelinus alpinus) into streams resulted in a reduction of emergency rate by macrobenthic
invertebrates, with consequences for spiders and birds that inhabit the riparian zone [54,55]. A decrease
in carbon flux from aquatic to terrestrial ecosystems has also been noted [56]. Furthermore, negative
pressure on terrestrial invertebrates can also affect the pollination of terrestrial plants [57].

Finally, regarding the evaluation of sanitary condition, the bacteriological exam was positive
for Carnobacterium maltaromaticum and C. divergens. Carnobacterium is a genus of Gram-positive
bacteria within the family Carnobacteriaceae. These bacteria are frequently isolated from diverse
environments and foods [58]. Furthermore, C. maltaromaticum (previously C. piscicola) was also isolated.
Considered an opportunistic pathogen [59], this bacterium has been associated with renal congestion,
splenomegaly, thickening of the swim bladder wall, and accumulation of a mucoid exudate in the
lake whitefish (Coregonus clupeaformis) from Lake Michigan [60]. We observed no clinical signs in
the brook trout from Balma Lake. The isolation of Carnobacterium leads us to hypothesize that this
opportunist pathogen may remain in a sort of latent state in the eye (Trojan horse effect as described by
Zlotkin et al. [61]), but then exert its pathogenic action when immune defenses are reduced due to
stress caused by adverse environmental conditions. The pathogenesis of Carnobacterium needs to be
better studied and investigated.

Trace element accumulation in aquatic organisms from high-mountain lakes has mostly focused
on fish. For example, Köck et al. [62] detected Cd, Pb, Zn, and Cu in S. alpinus from five oligotrophic
lakes in the Tyrolean Alps (Austria) and showed that the levels were similar to those recorded in
fish from freshwater polluted by direct discharge of metals. These findings suggest that mountain
lakes are an important sink site for contaminants transported from industrialized lowland areas.
We measured mercury levels of <0.015 mg kg−1 in all samples, which is far below the maximum
limit (0.5 mg kg−1) set by EU Regulation 1881/2006 [63] and subsequent amendments for human
consumption. Rognerud et al. [64] found that Hg concentrations in fish from European Alpine lakes
ranged from 0.021 to 0.179 mg kg−1, similar to our results. The cadmium content was also below the
LOQ (<0.02 mg kg−1) in all samples and within the limit (0.05 mg kg−1) for cadmium in fish muscle [63].
The mean lead level was 0.064 mg kg−1, also below the limit of 0.30 mg kg−1 [63]. As no previous
studies have been performed, we assume that the heavy metals detected in the brook trout from Balma
Lake originate from anthropogenic and pedogenic sources.

5. Conclusions

Our findings show that the brook trout population in Balma Lake is well structured, with
individuals in age class from 0+ to 4+. As fish sampling was performed only with gillnets, no smaller
fish (<8 cm) were caught. This precluded evaluation of the fish pressure on zooplankton, the main
prey ingested by young brook trout [18]. We did find a high predation pressure on terrestrial insects,
however. Areas surrounding the lake include protected habitats. For example, Alpine prairies are
included in annex I of the “Habitat Directive” 92/43/EEC [65] and host endangered species, which can
be negatively impacted by the direct and/or indirect effects of fish predation. These considerations
should be considered by local administrations for the implementation of concrete conservation actions
such as fish eradication. As all heavy metal concentrations are in line with the limit established by the
European Commission for human consumption, parallel strategies close to eradication may also be
implemented, for example, the use of angling sessions to support eradication campaigns.
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