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Abstract

Understanding the trophic ecology of fish in mountain lakes is essential for interpreting
their functional roles and managing these ecosystems. This study investigated the diet,
population structure, and prey selectivity of lake charr (Salvelinus umbla) in three glacial
basins of the Eastern Italian Alps: Fusine Superiore, Fusine Inferiore, and Raibl Lakes. In
summer 2024, 106 fish were sampled using multi-mesh gillnets, alongside Surber sampling
of littoral macrobenthos. Biometric analysis revealed populations dominated by larger size
classes (>18 cm), with significant sexual dimorphism, as females were longer and heavier
than males. Dietary analysis showed strong reliance on littoral Hexapoda (~90% of prey).
High Schoener’s overlap index values (« > 0.90) indicated no clear ontogenetic dietary
shifts in the sampled size classes, suggesting that the productive littoral zone provides a
stable resource. Ivlev’s electivity index revealed lake-specific prey selection patterns, with
Hexapoda positively selected in Lake Fusine Inferiore, Bivalvia and Malacostraca positively
selected in Lake Raibl, and weak or absent selectivity in Lake Fusine Superiore. S. umbla
appears to be a broad opportunistic feeder with site-specific prey selectivity shaped by local
resource structure. Given its debated native status, these findings provide an ecological
baseline for assessing its potential effects on benthic communities.
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coupling among littoral, pelagic, and profundal habitats [1,6,7]. Incorporating benthic
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Mountain lake fish communities are frequently dominated by salmonids of the genus
Salvelinus, a group characterized by marked ecological plasticity and adaptability to harsh
environmental conditions [8-10]. These species are generally opportunistic foragers, capa-
ble of adjusting their dietary niches in response to spatial and temporal variation in resource
availability [11,12]. In mountain lakes, these salmonids (both native and introduced) can
exert strong predatory pressure on littoral macroinvertebrate assemblages, influencing
their abundance, size structure, and taxonomic composition [1,13-16].

Ontogenetic dietary shifts are common among the genus Salvelinus, with larger in-
dividuals often exploiting a broader prey spectrum, including larger benthic taxa and
terrestrial inputs, reflecting increased energetic demands and foraging capacity [7,17]. On-
togenetic dietary shifts are essential processes that balance consumer-resource dynamics
and facilitate species coexistence through resource partitioning [18]. These transitions are
primarily driven by bioenergetic constraints, occurring when the surplus energy available
for growth in a current niche is depleted [19]. Community structure further dictates these
shifts; for instance, interactive segregation often forces subordinate species like Arctic charr
(S. alpinus) or brook trout (S. fontinalis) into pelagic or profundal habitats when in sympatry
with brown trout (Salmo trutta) [18-20]. In low-productivity mountain lakes, terrestrial
subsidies, ranging from flying insects to small mammals, provide vital energy pulses that
sustain fish populations above the carrying capacity of aquatic resources [20,21].

The present study focuses on lake charr (Salvelinus umbla Linnaeus, 1758) populations
inhabiting three glacial lakes of the Julian Alps (northeastern Italy). Formerly included
within S. alpinus, S. umbla is now recognized as the taxon native to central and south-
ern Alpine regions based on morphological and genetic evidence [9,22]. However, its
autochthonous status in several Alpine basins remains debated due to a long history of
human-mediated translocations [23-25]. Historical sources and recent ichthyological as-
sessments suggest the possible native occurrence of S. umbla in parts of northeastern Italy,
including the Friuli-Venezia Giulia region [26]. The populations examined in this study
are subject to recreational fishing and live in exploited mountain lake systems, where
knowledge of trophic ecology is crucial for informed management and conservation.

Despite the extensive literature on Salvelinus ecology in northern Europe, detailed
information on local-scale dietary patterns in southern Alpine lakes remains limited. In
particular, few studies explicitly relate stomach content data to the composition of the avail-
able littoral benthic community [27,28]. Integrating diet analyses with benthic assemblage
data allows for the assessment of prey selectivity, trophic opportunism, and the role of
salmonids in shaping littoral food webs. Stomach content analysis remains one of the most
direct and informative methods for investigating fish diet and resource use, providing
detailed insights into feeding behaviour, habitat exploitation, and energy pathways [29,30].

The aim of this study was to characterize the diet of S. umbla in three alpine lakes of
the Friuli-Venezia Giulia region (Fusine Inferiore, Fusine Superiore and Raibl Lake), and to
evaluate spatial and ontogenetic variation in feeding patterns. While S. trutta is present in
low numbers in Lakes Fusine Inferiore and Raibl, S. umbla represents the dominant and
ubiquitous salmonid across all three basins, making it the ideal focus for a comparative
study. Specifically, we (i) described stomach content composition across lakes and fish
size classes, (ii) quantified prey selectivity in relation to the littoral macrobenthic com-
munity, and (iii) assessed the occurrence of ontogenetic shifts or sex-related differences
in feeding habits. The study of these lakes is of particular interest because, despite their
close geographic proximity, they exhibit distinct ecological characteristics that likely in-
fluence the trophic dynamics of S. umbla. Applying a small-scale analytical approach to
these neighbouring but ecologically diverse basins allows for a detailed investigation into
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how site-specific factors interact with fish predation to determine dietary patterns and
functional roles.

2. Materials and Methods
2.1. Study Area

The study was conducted in three glacial lakes of the Tarvisio area (Eastern Italian
Alps): Raibl Lake (also known as Predil Lake) and Fusine Inferiore and Superiore Lakes
(Figure 1). The Fusine Lakes form a connected hydrological system within a glacial cirque
beneath the northern slopes of the Mangart massif. Fusine Superiore Lake (929 m a.s.l.) has
a quadrangular shape, a surface area of 0.13 km?, and a maximum depth of ~10 m; it is
fed by streams draining from the Ponza Grande-Mangart ridge. Through subsurface flow
across a moraine ridge, it supplies Fusine Inferiore Lake (924 m a.s.l.), which is triangular
in shape, covers 0.11 km?, and reaches ~24 m depth. Both lakes typically freeze from early
December to March, and share a single outflow, the Rio del Lago.

QM

Fusine

Inferiore Lake

Figure 1. Study area: Fusine Superiore and Fusine Inferiore Lakes, Raibl Lake (Friuli-Venezia Giulia
Region, Italy).

Raibl Lake is located at 959 m a.s.l., below the Predil Pass, has an elongated glacial
basin, a surface area of 0.61 km?, and a maximum depth of 27 m. The Rio del Lago (same
name of the Fusine lakes outflow, but different creek) acts as both its primary inflow and
outflow. The study area lies at the interface between oceanic and continental climatic
influences; winters are typically cold and snowy, whereas summers tend to be warm.
Annual precipitation is high, generally ranging from about 1400 to 2300 mm. Much of
the surrounding landscape remains relatively wild and supports a rich assemblage of
vertebrate and invertebrate species [31,32]. Angling is allowed in all these lakes [33].

2.2. Benthic Macroinvertebrates Sampling and Identification

Littoral benthic macroinvertebrates were sampled in August 2024. Sampling was
restricted to nearshore areas of the lakes where light reaches the bottom and allows
benthic organisms to develop. In total, five littoral sites were investigated in Lake
Fusine Superiore, five in Lake Fusine Inferiore, and seven in Lake Raibl, with the
higher number of sites in Raibl reflecting its larger size and shoreline heterogene-
ity (Figure S1 in Supplementary Materials). Sampling locations were selected follow-
ing a preliminary survey of the lake perimeters to encompass the range of available
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littoral substrates while also considering practical accessibility of the shoreline. Ge-
ographical coordinates and a short description of the sampling sites are available in
Tables 51-53 in the Supplementary Materials.

At each site, macroinvertebrates were collected using a multihabitat sampling ap-
proach with a Surber sampler (32 x 32 cm, 250 um mesh, SCUBLA S.r.l., Remanzacco, Italy).
Samples were taken from shallow waters, from the shoreline down to approximately 90 cm
depth [34]. Three replicate samples were collected per site, with effort distributed across
the different microhabitat types and according to the presence of inlets or outlets [35,36].
During each replicate, the substrate was disturbed for a fixed duration of two minutes to
ensure comparable sampling effort among sites.

All samples were preserved immediately in 70% ethanol and transported to the
laboratory for analysis. Organisms were separated from debris, counted, and identified
using stereomicroscopy (model NB50T, TEKNO Series, ORMA s.r.1, Sesto San Giovanni,
Italy, led illumination, from x8 to x50 magnifications). Oligochaetes and chironomid larvae
were further examined using microscopy (model K900BL, BIOTEK, ORMA s.r.l., Sesto San
Giovanni, Italy from x60 to X100 magnifications) to allow finer taxonomic resolution.
Identification was carried out to the lowest practicable taxonomic level, generally at genus
level. Taxon-specific abundances were converted to densities (individuals m~—2) for each
sampling site. To facilitate statistical comparisons, ensure data robustness, and allow for the
calculation of selectivity indices, the identified macroinvertebrate taxa were aggregated into
broad taxonomic categories, specifically: Hexapoda, Oligochaeta, Malacostraca, Bivalvia,
Gastropoda, and Hirudinea.

2.3. Fish Sampling

The aim of the fish sampling was to collect specimens of S. umbla. All activities de-
scribed in the present study were performed according to European (Directive 2010/63/EU),
Italian (D. Lgs. 26/2014) and regional laws and were approved by the Regional Authority
for the Safeguard of the Fish Heritage of Friuli-Venezia Giulia, dealing with procedures for
the protection of animals used for scientific purposes [37,38]. Fish and benthic macroinver-
tebrates sampling were conducted in the same period (August 2024) to ensure that prey
availability reflected the conditions experienced by fish at the time of feeding.

Fish were sampled using multi-mesh gillnets following a standardized protocol
adapted to lake morphology, consistent with procedures developed for the assessment of
the Lake Fish Index [39]. The sampling design was based on the European standard for
fish sampling in lakes using multi-mesh gillnets [40]. The benthic gillnets (B) (30 m long,
1.5 m high; total surface area 45 m?) consisted of 12 panels (2.5 m each) with mesh sizes
ranging from 5 to 55 mm. The pelagic gillnets (P) (27.5 m long, 6 m high; total surface
area 165 m?) followed the same mesh size sequence but included 11 panels. In Fusine
Superiore, three benthic gillnets were deployed; in Fusine Inferiore, three pelagic and
five benthic gillnets were used; and in Raibl Lake, three pelagic and four benthic gillnets
were set. Both pelagic and benthic nets were set in deep areas, while only benthic nets
were deployed in the shallow littoral zones, according to each lake’s bathymetric profile
(Figure S1 in Supplementary Materials). Gillnets were placed in the evening at approx-
imately 19:00 and retrieved 12 h later. Each lake was sampled one single night. Fish
were removed from the nets, measured for total length (cm) and weight (g). Fish were
assigned to five size classes based on 3 c¢m total length intervals: Class A (<12 cm),
Class B (12 < x <15 cm), Class C (15 < x < 18), Class D (18 < x < 21 cm), Class E (>21 cm).
This grouping is a standard approach in salmonid diet research [28], furthermore, categori-
cal cohorts were necessary for calculating Schoener’s dietary overlap index (x). Fish were
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immediately placed on ice for transport to the laboratory, where specimens were stored
frozen at —20 °C until further analysis.

2.4. Stomach Content Analysis

Fish were dissected and the entire gastrointestinal tract was removed. Sex was identi-
fied whenever possible based on gonadal inspection; immature individuals without visible
sexual differentiation were classified as undetermined (n.d.). The stomach was isolated,
and the stomach walls were cut with scalpels and fine scissors to expose the contents. The
material was gently washed with deionized water to recover all possible prey remains,
which were then preserved in 70% ethanol until analysis. Stomach contents were defined
strictly as the material contained between the posterior end of the esophagus and the
pyloric sphincter; the pyloric caeca were not examined. Stomach dissection remains the
most reliable and informative approach for diet assessment, providing higher precision and
a greater amount of biological information compared to non-lethal alternatives [30,41]. Prey
identification was performed under a stereomicroscope (Stereomicroscope Binocular Zoom
0.8x-8x-LED illumination, Eurotek, Orma) using standard taxonomic keys [42—44]. Identifi-
cation was generally carried out to the family level, as the advanced digestion state of many
specimens often prevented finer resolution to genus or species. To minimize systematic
bias arising from differential digestion rates, prey items were identified and numerically
quantified based on digestion-resistant diagnostic structures (e.g., insect head capsules,
mouthparts). Amorphous, highly digested organic matter lacking these diagnostic features
was excluded from the analysis. Prey taxa were grouped into broader categories (Bivalvia,
Malacostraca, Gastropoda, Oligochaeta, Hirudinea, Hexapoda, and Terrestrial) for further
statistical and comparative analyses.

For each stomach, the number of prey items (N) was recorded, and two quantitative
indices were calculated [45,46]:

- The frequency of occurrence (F%), defined as the proportion of stomachs containing a
given prey taxon relative to the total number of non-empty stomachs:
nj
F; = = %100
1 N *

where n; is the number of stomachs containing prey type i, and N is the total number of
stomachs examined,;

- The relative abundance (N%), representing the numerical proportion of each prey
type relative to the total number of prey items in each stomach:

_ Number of items of type i
~ Total number of prey items

i

2.5. Statistical Analysis

The relationship between total length (TL) and body weight (W) of S. umbla was exam-
ined using linear regression models. To test whether this relationship differed among lakes,
an ANCOVA was performed with TL as the covariate and lake as a fixed factor; pairwise
comparisons of slopes were then used to identify significant differences between lakes.
Differences in body size between sexes were evaluated by comparing TL and W of males
and females separately. Because the data did not meet normality assumptions, sex-specific
differences in TL and W were tested using Wilcoxon rank-sum tests. The relationship
between total length (L, cm) and total weight (W, g) of S. umbla was evaluated using the
standard power function W = aLP [47]. To linearize the model, both variables were log10-
transformed and a linear regression was fitted (log W = log a + blog L). Differences in the
length—weight relationships among lakes were assessed using ANCOVA, with log W as

https://doi.org/10.3390/d18060336


https://doi.org/10.3390/d18060336

Diversity 2026, 18, 336

6 of 22

the dependent variable, log L as a covariate, and Lake as a fixed factor. The interaction
term (log L x Lake) was used to test differences in slopes (b), while the Lake main effect
tested differences in intercepts (a). Differences in total length and weight between males
and females were assessed using Wilcoxon rank-sum tests, as the data did not meet the
assumptions of normality and homoscedasticity required for parametric tests.

Differences in stomach content composition among sex, lake, and size classes were
assessed using permutational multivariate analysis of variance (PERMANOVA). Analy-
ses were based on Bray—Curtis dissimilarities calculated from prey relative abundance
data. Prior to analysis, data were square-root transformed to reduce the influence of
dominant prey categories. PERMANOVA models were fitted with 9999 permutations,
using lake, sex, and size class as fixed factors. To verify that any observed differences
were not driven by unequal multivariate dispersion among groups, we applied a test for
homogeneity of multivariate dispersions (PERMDISP) using the same distance matrix and
permutation scheme.

For each lake and size class, cumulative prey-group richness curves were generated
using the specaccum function in the vegan R package [48]. To assess sampling complete-
ness, asymptotic richness estimators were calculated using the specpool function, which
provides Chao and Jackknifel estimates of total prey richness [49-51]. Comparisons be-
tween observed and estimated values were used to evaluate whether the sampling effort
was sufficient to capture the diversity of prey groups consumed by S. umbla in each lake.

Dietary overlap between size classes was quantified using Schoener’s index
(x=1—0.5YIpx — pyil), where p; represents the proportional abundance (% N) of
each prey group in the diet [52]. Overlap was interpreted qualitatively following standard
thresholds (x < 0.4 = low, 0.4-0.6 = moderate, >0.6 = high). This metric has been widely
used in fish diet and salmonid resource-partitioning studies [53,54] and was here applied
as a descriptive measure of broad dietary similarity rather than a strict ecological threshold.
To quantify prey selectivity, we calculated Ivlev’s electivity index (E) [55] for each prey
group within each lake. Electivity was computed using lake-level prey composition derived
from stomach contents and the corresponding lake-level benthic prey availability. Ivlev’s
index was calculated for each prey group as:

r—r

Cr+p

where r represents the relative abundance of the prey group in stomach contents and p
its relative abundance in the benthic community. Because our macroinvertebrate surveys
were focused on the littoral benthic habitat, Ivlev’s electivity index was used to evaluate
the degree to which S. umbla relied on this prey pool. This approach is appropriate for
testing selection among benthic littoral prey, but it should be noted that it doesn’t represent
a complete estimate of whole-lake prey availability.

All analyses were conducted in R (version 2023.12.1+402) [56], and figures were
generated using either R or Microsoft Excel (version 16.108.1).

3. Results
3.1. Benthic Macroinvertebrates Sampling

The littoral benthic macroinvertebrate assemblages showed varying patterns of density
and taxonomic composition across the three study lakes (Figure 2). Lake Fusine Superiore
exhibited the highest overall abundance, with peak densities exceeding 10,000 ind m~2.
This community was characterized by the overwhelming dominance of Hexapoda, primar-
ily represented by several subfamilies of Chironomidae (e.g., Tanypodinae, Tanytarsini,
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Chironomini and Orthocladiinae), and by Oligochaete families such as Lumbriculidae
and Naididae.

Fusine Superiore Fusine Inferiore
12000 6000
— 10000 — 5000
§ £
E 8000 - 4000
£ £
> 6000 > 3000 .
£ k7]
§ 4000 l § 2000 -
e : =
2000 1000 . . ]
0 ! = - — 0 Il ==
1 2 3 4 5 1 2 3 4 5
Sampling site Sampling site
Raibl
1000
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= A
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2 600
= m Oligochaeta
4
é 400 Gastropoda
a
200 = Malacostraca
. | Bivalvia
0 _
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Figure 2. Mean density (ind m~2) and taxonomic composition of littoral benthic macroinvertebrate
assemblages across sampling sites in Lake Fusine Superiore, Lake Fusine Inferiore, and Lake Raibl.

In contrast, Lake Fusine Inferiore displayed intermediate densities (1200-4800 ind m~2)
but hosted the greatest variety of taxonomic groups. Here, Hexapoda and Malacostraca
(specifically the family Gammaridae) co-dominated the assemblage, with contributions
from Odonata (e.g., family Platycnemididae), Hirudinea (e.g., family Glossiphoniidae), and
a diverse range of Gastropod families, including Ancylidae, Lymnaeidae, and Planorbidae.

Lake Raibl showed moderate densities (800-2500 ind m~2) with a community pri-
marily composed of Hexapoda and Oligochaeta. The Chironomidae (mainly Tanytarsini
and Orthocladiinae) were the most abundant insect group, while the Oligochaeta were
well represented by the families Enchytraeidae and Naididae. Notably, Lake Raibl was
distinguished by a high richness of Gastropod families (e.g., Hydrobioidea, Valvatidae, and
Planorbidae), whereas Malacostraca were virtually absent from the littoral sampling sites.

A comprehensive list of all macroinvertebrate taxa identified across the three study
lakes is provided in Tables S4-56 of the Supplementary Materials.

3.2. Results of the Fish Sampling

A total of 106 S. umbla were sampled across the three lakes (Table 1). Males were
more abundant than females (except in Fusine Superiore Lake). The highest number of
individuals was collected in Raibl (n = 61), followed by Fusine Inferiore (1 = 25) and Fusine
Superiore (n = 20). Sex could not be determined for 18 individuals, primarily due to small
body size. The overall sex ratio did not differ significantly from the expected 1:1 ratio
(chi-square goodness-of-fit test: x> = 2.27 df = 1, p = 0.13).

Table 1. Number of female, male, and undetermined individuals sampled in each lake.

Lake Female Male Not Determined
Fusine Inferiore 6 12 7
Fusine Superiore 12 8 0

Raibl 19 31 11

Total 37 51 18
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The distribution of size classes varied among lakes (Figure 3). Fusine Superiore was
composed exclusively of individuals in the largest size class (E; n = 20). Fusine Inferiore
and Raibl showed a wider range of size classes, although larger individuals (classes D
and E) predominated, while smaller classes (A—C) were less represented (Fusine Inferiore:
A=5B=2C=5D=6E=7Raibl: A=9,B=6,C=13,D=17,E = 16).

100%

75%

Size class
A(<12cm)
B (12 <x <15 cm)
C(15<x<18)
D (18 <x<21cm)
E(>21cm)

50%

Proportion of individuals

25%

0%

Fusine Inferiore Fusine Superiore Raibl

Lake

Figure 3. Proportional distribution of S. umbla size classes across the three study lakes. Bars represent
the relative contribution of each size class to the total number of individuals sampled per lake.

Mean total length and weight of S. umbla varied among lakes and between sexes
(Table 2). Overall, females were significantly longer than males (Wilcoxon rank-sum
test, W = 1178, p = 0.033) and also significantly heavier (Wilcoxon rank-sum test,
W =1172.5, p = 0.037), indicating a generally larger body size of females in the sam-
pled population (Figure 4). The highest mean length and weight for both sexes were
observed in Fusine Superiore, whereas individuals from Fusine Inferiore and Raibl showed
lower and more comparable biometric values, particularly among males. Total length,
weight, size class, and sex of each fish sampled in each lake are reported in detail in
Tables S7-59 of the Supplementary Materials.

Table 2. Summary of biometric data of S. umbla in the three lakes. Values represent mean to-
tal length (cm) and total weight (g) + standard deviation (SD) for females (F), males (M) and
not-determined (n.d).

Fusine Superiore Fusine Inferiore Raibl
Length (cm) Weight (g) Length (cm) Weight (g) Length (cm) Weight (g)
(mean =+ sd) (mean =+ sd) (mean =+ sd) (mean =+ sd) (mean =+ sd) (mean =+ sd)
F 31.33 £3.35 337.08 £ 107.42 2227 +£2.83 93.67 + 38.68 20 +3.14 67.32 + 35.50
29.06 £ 6.22 257.38 £ 164.73 19.11 £242 5717 £2825 1926 421  61.90 + 39.40
n.d. - - 11.47 +0.83 12 +2.45 11.76 +£2.57 13.45 £9.67

The ANCOVA on log-transformed data showed a highly significant length-weight
relationship (p < 0.001), with no significant differences in slope or intercept among lakes,
indicating a common growth pattern across lakes (R? = 0.99) (Figure 5).
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Figure 4. Boxplots showing differences in total length (top) and weight (bottom) between female (F)
and male (M). A single asterisk indicates a statistically significant difference between sexes (p < 0.05,
Wilcoxon rank-sum test). Only individuals with determinable sex were included in the analysis.
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=
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Raibl: R =0.988, p < 0.001
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Fusine Superiore: R? = 0.932, p < 0.001

10 20 30 40
Total length (cm)

Figure 5. Relationship between total length and total weight of S. umbla in the three study lakes.
Non-linear length-weight regressions were fitted separately for each lake. The annotation re-
ports, for each lake, the coefficient of determination (R?) and the significance level (p-value) of the
regression model.

3.3. Comparison Between Fish Diet and Benthic Composition

Across lakes, the comparison between littoral benthic assemblages and stomach con-
tents showed different patterns (Figure 6). In Lake Raibl and Fusine Inferiore, some prey
groups that were relatively abundant in the environment (e.g., Oligochaeta and Malacos-
traca) were only marginally represented in stomachs, whereas other poorly available prey
(e.g., Bivalvia, Malacostraca in Raibl) were nonetheless consumed. In contrast, Lake Fusine
Superiore showed a closer correspondence between environmental availability and diet
composition. Overall, these patterns indicate that prey consumption does not simply mirror
benthic availability.
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Figure 6. Relative abundance of the main prey groups in the littoral benthic community and in the
stomach contents of S. umbla across the three lakes. Bars represent the mean relative abundance (%).
Only the dominant prey groups are shown.

Ivlev’s electivity index revealed distinct prey selection patterns across the three lakes
(Figure 7). In Lake Raibl, fish showed positive selection for Bivalvia and Malacostraca,
whereas most other prey groups were avoided. In Lake Fusine Inferiore, fish displayed
a moderate preference for Hexapoda but avoided all other prey groups. In Lake Fusine
Superiore, electivity values were generally close to zero, indicating weak or absent prey
selectivity and a diet more closely aligned with benthic availability.

Positive = preference | Negative = avoidance
Bivalvia Malacostraca Gastropoda Oligochaeta Hirudinea Hexapoda

1.0 097
0.89

0.5 0.46

ibo Lake
. o . _ _|:|_ 001 Fusine Inferiore
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|| Raibl
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o
o
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|
\
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Figure 7. Ivlev’s electivity index (E) for the main prey groups of S. umbla across the three lakes.
Positive values indicate selective preference for a prey group, whereas negative values indicate
avoidance. Bars represent electivity per prey group for each lake, with a horizontal reference line at
zero indicating neutral selection.

3.4. Fish Diet

Advanced gastric digestion constrained the fine taxonomical identification of stom-
ach contents, consequently, preys were aggregated into broader categories (Hexapoda,
Oligochaeta, Malacostraca, Bivalvia, Gastropoda, Hirudinea and Terrestrial). Across all
lakes, Hexapoda were the dominant prey group, occurring in nearly all stomachs exam-
ined. Other invertebrates such as Bivalvia, Malacostraca, and Oligochaeta contributed only
marginally to the diet and were present in a smaller proportion. At Raibl, diet composition
was slightly more diversified, with measurable contributions of Bivalvia and Malacostraca.
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In contrast, Fusine Inferiore and Fusine Superiore were characterized by a nearly exclusive
dominance of Hexapoda (Figure 8 and Table 3).
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Figure 8. Abundance of the main prey groups in S. umbla stomachs by size class and lake. Only
the four main prey groups (Hexapoda, Oligochaeta, Malacostraca, and Bivalvia) are shown; rare
prey items were excluded. Boxplots show the number of prey items per stomach for each size class:
Class A (<12 cm), Class B (12 < x < 15 ¢cm), Class C (15 < x < 18), Class D (18 < x < 21 cm),
Class E (>21 cm).

The PERMANOVA based on Bray—Curtis dissimilarities indicated no significant dif-
ferences in stomach content composition among sexes (F = 1.21, R? = 0.023, p = 0.288). The
associated PERMDISP test (F = 0.37, p = 0.718) confirmed homogeneity of dispersion. The
PERMANOVA based on Bray—Curtis dissimilarities also detected no significant differences
in diet composition (F = 1.25, R? = 0.12, p = 0.235), although interpretation is constrained
by the uneven representation of size classes among lakes. The associated PERMDISP tests
confirmed that multivariate dispersion was homogeneous among both lakes (p = 0.463) and
size classes (p = 0.65), indicating that the observed patterns are not driven by differences in
within-group variability.

The proportion of Hexapoda in stomach contents did not differ significantly among
size classes (Kruskal-Wallis, x? = 0.91, df = 4, p = 0.924). A near-significant difference was
observed among lakes (Kruskal-Wallis, x> = 5.84, df = 2, p = 0.054), suggesting a slightly
higher contribution of this group in some sites but no strong spatial effect overall.

Cumulative prey-group richness curves showed that dietary diversity increased with
the number of analyzed stomachs (Figure 9). Larger size classes (particularly class E)
generally exhibited higher cumulative prey-group richness compared to smaller classes.
In Raibl, prey-group accumulation was steeper, indicating greater dietary heterogeneity
among individuals, whereas curves from Fusine Inferiore and Fusine Superiore were flatter,
with more homogeneous diets. The number of observed prey groups ranged from 2 in
Fusine Superiore to 6 in Raibl, with intermediate richness in Fusine Inferiore (5 prey groups).
Asymptotic richness estimators were consistent with observed values, indicating that the
analyzed stomach samples adequately represented the diversity of prey groups in each
lake (Table 4).
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Table 3. Stomach content composition of S. umbla from the three lakes. The table reports the absolute
number of prey items recovered from all stomachs (Number of items), their relative contribution to
the total prey count in each lake (N%) and the frequency of occurrence across stomachs (%F).

Lake Prey Group Number of Items N (%) F (%)
Bivalvia 377 5.61 21.31
Malacostraca 337 5.01 6.56
Gastropoda 0 0.00 0.00
Raibl Oligochaeta 28 0.42 9.84
Hirudinea 2 0.03 1.64
Hexapoda 5948 88.50 93.44
Terrestrial 29 0.43 1.64
Bivalvia 23 0.72 16.00
Malacostraca 102 3.18 36.00
Gastropoda 2 0.06 4.00
Fusine Oligochaeta 3 0.09 12.00
Inferiore
Hirudinea 0 0.00 0.00
Hexapoda 3076 95.95 100.00
Terrestrial 0 0.00 0.00
Bivalvia 0 0.00 0.00
Malacostraca 0 0.00 0.00
Gastropoda 0 0.00 0.00
Fusine -
Superiore Oligochaeta 5 0.76 10.00
Hirudinea 0 0.00 0.00
Hexapoda 651 99.24 100.00
Terrestrial 0 0.00 0.00
Fusine Inferiore Fusine Superiore Raibl
6
8
g
o
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Figure 9. Cumulative prey group richness in S. umbla stomachs across size classes and lakes. Each
line represents the accumulation of distinct prey groups per stomach.
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Table 4. Observed and estimated prey-group richness in the diet of S. umbla across the three lakes.

Lake Observed Chao Jackknifel
Fusine Inferiore 5 5.00 5.96
Fusine Superiore 2 2.00 2.00

Raibl 6 6.98 7.97

Schoener’s overlap index («) revealed high dietary similarity among size classes
within lakes (Table 5, Figure S2 in Supplementary Materials). At Fusine Inferiore, o values
ranged from 0.99 to 1.00, indicating near-complete overlap. Raibl showed slightly lower
values (0.78-0.98), but all pairwise comparisons remained above the threshold for high
overlap (« > 0.6), indicating high dietary similarity with only minor differences among
size classes. No comparison was possible for Fusine Superiore, where only class E was
sampled. Overall, dietary composition was largely consistent across size classes.

Table 5. Pairwise dietary overlap (Schoener’s «) among size classes of S. umbla in each lake. Values
close to 1 indicate high overlap in diet composition between size classes, while lower values denote
greater differentiation. Only lakes with more than one size class are included in the analysis.

Lake Class 1 Class 2 Schoener Alpha «
Fusine Inferiore A B 0.996
Fusine Inferiore A C 0.996
Fusine Inferiore A D 0.997
Fusine Inferiore A E 0.995
Fusine Inferiore B C 1
Fusine Inferiore B D 0.998
Fusine Inferiore B E 0.992
Fusine Inferiore C D 0.998
Fusine Inferiore C E 0.992
Fusine Inferiore D E 0.994

Raibl A B 0.98

Raibl A C 0.983

Raibl A D 0.932

Raibl A E 0.8

Raibl B C 0.995

Raibl B D 0.912

Raibl B E 0.782

Raibl C D 0.915

Raibl C E 0.783

Raibl D E 0.866

Schoener’s overlap index (o) for the same size class across lakes showed generally high
dietary similarity (Table 6). The strongest overlap was observed between Fusine Inferiore
and Raibl for class B (o« = 0.98) and class D (x = 0.91), indicating a largely comparable
prey composition. Lower values were recorded for class C (x = 0.77) and for the largest
individuals (class E, « = 0.75-0.92), suggesting some site-specific differences in the diet of
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small and large fish. Overall, dietary overlap across lakes was high, pointing to similar
trophic niches among populations of equivalent size.

Table 6. Schoener’s overlap index (x) between lakes for each size class of S. umbla. Values close to
1 indicate a high similarity in diet composition between lakes.

Size Class Lake 1 Lake 2 Schoener Alpha «

A Fusine Inferiore Raibl 0.877

Fusine Inferiore Raibl 0.977
C Fusine Inferiore Raibl 0.768
D Fusine Inferiore Raibl 0.908
E Fusine Inferiore Fusine Superiore 0.747
E Fusine Inferiore Raibl 0.796
E Fusine Superiore Raibl 0.919

4. Discussion
4.1. Benthic Macroinvertebrates

Evaluating the trophic role of S. umbla requires a clear understanding of the resources
available in its environment, as a predator’s ecological impact is defined by the relationship
between its diet and the local prey pool. The littoral macroinvertebrate assemblages
of Lakes Fusine and Raibl align with the general ecological patterns observed in other
European mountain ecosystems, which are typically characterized by the overwhelming
dominance of Hexapoda (particularly Chironomidae) and Oligochaeta. The presence of
cold-adapted, stenothermal taxa confirms a strong faunal affinity with other oligotrophic
alpine systems across the central and southern Alps [57-59]. However, our study sites
exhibited some distinctive traits compared to other mountain basins. While many alpine
lakes, especially those located on granitic bedrocks, are characterized by a rarity of molluscs
due to acidic conditions or low calcium availability [58], Lakes Fusine and Raibl hosted a
remarkable diversity of Gastropoda and Bivalvia. Additionally, the significant presence of
Malacostraca (specifically Echinogammarus spp.) further distinguishes these communities
from the simpler assemblages often found at higher elevations. These patterns suggest
that while broad-scale factors, like altitude, structure the general community, site-specific
abiotic features such as substrate composition and nutrient concentrations play a primary
role in shaping local biodiversity and density, a phenomenon also observed in small-scale
studies of other alpine systems [57,60]. These data establish the ecological baseline required
to interpret the foraging behaviour of S. umbla in the studied lakes.

4.2. Fish Population Structure

The fish population structure in the studied lakes, characterized by a clear dominance
of larger size classes (>18 cm) and the near absence of juveniles in Lake Fusine Superiore,
aligns with patterns observed in other stable, demographically mature alpine salmonid
populations [10,61]. Such systems often show limited representation of juvenile classes
and a relatively stable size structure, consistent with a population approaching long-term
equilibrium [10,62]. This pattern was particularly evident in Lake Fusine Superiore, where
only the largest individuals were captured, suggesting a structurally stable population
with limited recruitment of smaller size classes. This stability is often a trait of undisturbed
systems where ontogenetic trajectories remain remarkably consistent over long periods,
fostering community resilience despite fluctuations in abundance [18]. A notable finding
is the significant sexual dimorphism in size, with females being significantly longer and
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heavier than males. This result aligns with observations in other lakes where females tend
to outlive males, potentially allowing them to achieve greater maximum sizes [61].

The scarcity of smaller individuals (Classes A-C) must be interpreted with caution,
as it may reflect the inherent selectivity of the sampling equipment [63]. Gillnets are
intrinsically size-selective, and larger, fast-swimming predatory fish are significantly more
likely to be captured in static nets than slower, smaller individuals [62]. Furthermore,
the lack of juveniles in the samples could be a result of spatial segregation; literature on
alpine Salvelinus spp. populations indicates that young fish often occupy shallow littoral
microhabitats or rock shelters to avoid cannibalism by larger adults [28,64]. These marginal
habitats are often difficult to sample effectively with standard net sets, leading to an
underrepresentation of younger cohorts in the catch data. Therefore, while the current data
suggest a stable and mature population, the potential for methodological bias to influence
the captured size distribution needs to be considered.

4.3. Trophic Ecology and Diet Composition

Because many stomach items were highly digested, prey could only be identified
to broad taxonomic categories. This limits inference about fine-scale prey selectivity, so
our results should be interpreted as broad trophic composition and coarse-scale feeding
patterns rather than exact prey-level specialization.

The asymptotic behaviour of the cumulative prey-group richness curves across all
three study lakes indicates that the sampling effort was robust enough to capture most of
the prey groups consumed by S. umbla during the summer.

Although more males than females were collected overall, the sex ratio did not dif-
fer significantly from the expected 1:1 proportion, suggesting the absence of a strong
population-level sex imbalance. Females were significantly larger and heavier than males,
but diet composition did not differ between sexes, and dietary differences across size classes
were also weak. These results indicate that the observed body-size dimorphism does not
correspond to clear trophic segregation. Accordingly, neither sex nor size appears to be a
major driver of feeding habits in these populations, and the observed trophic patterns are
better explained by local prey availability.

The dietary analysis reveals that S. umbla is a broad opportunistic feeder in the study
area, a trait well-documented for the genus Salvelinus across its range [9,19]. However, prey
selectivity varied among lakes, indicating that this general feeding strategy is expressed
locally in different ways. Hexapoda were selected most strongly in Fusine Inferiore whereas
Fusine Superiore showed weak or absent selectivity. The preference for insect larvae and
pupae is common in alpine Salvelinus spp. populations, often linked to the high energy
content and visibility of these prey items during the ice-free season [65,66]. Lake Raibl
exhibited a more complex selection profile, with strong positive electivity for Bivalvia and
Malacostraca. The selection of bivalves is particularly interesting; while in some extreme
systems these are considered a survival food consumed primarily under ice when nothing
else is available [65], the fish in Raibl actively selected them during the open-water season.
This suggests trophic flexibility similar to that observed in some Icelandic populations,
where local habitat productivity shapes functional feeding roles [67].

Oligochaeta and Gastropoda were consistently avoided across all three lakes, showing
negative electivity values near —1. This strong negative selection mirrors findings in other
studies, where soft-bodied or less visible organisms are frequently underrepresented in
stomach contents [4,28,68,69]. Two non-exclusive mechanisms may explain this pattern:
a methodological bias, because soft-bodied preys are rapidly digested and thus rendered
difficult to detect, and a behavioural component, because visual predators like charr
preferentially consume more conspicuous, chitinized prey such as chironomids rather
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than burrowing forms. Because stomach-content analysis alone cannot fully distinguish
between these mechanisms, our results should be interpreted cautiously. Nevertheless,
the persistent underrepresentation of these taxa despite their benthic availability suggests
that prey selection likely contributed to the pattern, although digestion-related loss may
also have occurred. Complementary approaches, such as prey recovery experiments or
molecular diet methods, would be needed to separate these alternatives more robustly.

The total absence of zooplankton in our samples diverges sharply from several Eu-
ropean studies, where Salvelinus showed high positive selection for cladocerans, like
Daphnia spp. [69-71]. In our study, the abundance of littoral resources appears to have
rendered the pelagic energy pathway less profitable, a phenomenon described as interactive
niche segregation. As documented in other mountain lakes, when benthic prey is suffi-
ciently abundant or when larger individuals dominate, the incentive to shift to the more
energy-demanding capture of small pelagic zooplankton is significantly reduced [4,67].

Despite the potential biases, the reliance on littoral macroinvertebrates observed
in our study is consistent with patterns in other ultra-oligotrophic subarctic and alpine
systems, where Salvelinus spp. derives most of its energy from littoral rather than pelagic
food webs [4]. Ontogenetic changes in resource use are common in fish, often involving
discrete transitions from zooplankton to littoral invertebrates and eventually to piscivory
as body size and energetic requirements increase [72]. These shifts typically occur when
the surplus energy available for growth in a current niche becomes limited [19]. However,
our data do not show clear ontogenetic dietary shifts, with high Schoener’s overlap values
(o often >0.90) between all size classes. This pattern should be interpreted cautiously,
because size classes were unevenly represented among lakes, and Fusine Superiore included
only class E individuals. Even so, the high overlap suggests that the littoral zone provides a
sufficiently productive resource to support the sampled population, reducing the energetic
incentive to shift toward a pelagic or piscivorous niche [67].

The near absence of cannibalism in our samples, recorded in almost 2% of stomachs in
other studies [4,28], further suggests that these populations maintain a stable equilibrium
with their invertebrate prey. Likewise, the scarcity of terrestrial prey in the stomachs is
notable because high-altitude salmonids often rely heavily on terrestrial insects during
summer [63]. In other alpine regions, such as the Western Italian Alps, terrestrial prey
has been recorded with a frequency of occurrence as high as 84% in brook trout, serving
as a vital opportunistic resource when aquatic prey is limited [63]. Similarly, in the Ap-
palachian Mountains, brook trout derive significantly more energy from terrestrial than
aquatic organisms during the ice-free season [73]. The lack of such high proportions of
terrestrial preys in the stomachs of the investigated populations suggests a different trophic
configuration driven by the characteristics of these specific basins [74-76].

In contrast to granitic alpine systems where molluscs and other benthic taxa are often
scarce due to low calcium or acidic conditions, the studied lakes host dense and diverse
littoral assemblages [58,59]. This likely provides a stable energy source throughout the sum-
mer, potentially rendering surface foraging less efficient or unnecessary for adult fish [10].
Within this context, the populations appear to function as specialized benthivores, relying
mainly on underwater resources. This strategy distinguishes these fish from populations in
more barren basins that must rely heavily on the terrestrial subsidies, often documented in
other mountain systems [28,74].

4.4. Native or Introduced?

The status of S. umbla in the Julian Alps remains a subject of scientific debate, po-
sitioned between the hypotheses of postglacial relics and ancient introductions. This
inevitably affects the management interpretation of our results: if these populations are
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native in the studied lakes, our findings provide an ecological baseline for conservation
and sustainable management of a long-established component of the lake fauna. Con-
versely, if they were introduced into lakes that were originally fishless, a plausible scenario
as salmonids generally cannot surmount physical barriers like waterfalls without hu-
man aid [15], these findings establish a baseline for assessing their predatory impact on
previously fish-free communities. In alpine lakes ecosystems, introduced salmonids are
documented to cause profound food web alterations, typically involving a decline in large-
bodied macroinvertebrates and a reduction in aquatic insect emergence [13,77,78], which
disrupts energy flow to terrestrial consumers in the surrounding landscape [79-81].

However, in contrast to many other studies that characterize terrestrial insects as a
critical summer energy subsidy, we found that the direct predatory impact on the terrestrial
insect community was negligible, with such prey accounting for only 0.00% to 0.43% of
the diet in the studied basins. This suggests that if the species was introduced, its negative
impact is focalized mainly on the macrobenthic community. In that scenario, by acting as a
“selective filter” on benthic resources rather than external inputs, the fish could drive the
decline of large-bodied macroinvertebrates while leaving the terrestrial-aquatic energy link
relatively undisturbed [14,51,82].

In both cases, the study offers a reference point for future monitoring and
management decisions.

4.5. Limitations and Future Perspectives

While the observed results provide a characterization of S. umbla diet in the studied
lakes, several methodological limitations must be acknowledged. First, the use of multi-
mesh gillnets introduces an inherent size bias, as this static gear is significantly more likely
to capture larger, active individuals than smaller cohorts. This may explain the predomi-
nance of larger size classes and the relative scarcity of juveniles, who often occupy shallow
littoral microhabitats or rocky shelters to avoid cannibalism [62]. Second, differential diges-
tion and anatomical constraints represent potential sources of systematic bias in our dietary
estimates. Soft-bodied prey, such as rotifers, oligochaetes, and fragile macroinvertebrates,
undergo rapid gastric degradation compared to heavily chitinized insect taxa. Because our
analysis was strictly restricted to stomach contents, omitted the pyloric caeca (which can
retain partially digested material), and excluded unidentifiable organic matrix, the trophic
contribution of these rapidly digested groups may be conservatively underestimated. The
complete absence or low abundance of these fragile taxa in our samples may reflect these
methodological limitations rather than a true lack of consumption.

Moreover, this study relied exclusively on numerical abundance and frequency of
occurrence to characterize the diet. While these are robust metrics, they do not account for
the gravimetric contribution of prey items: as a result, the energetic importance of large
or heavy items, such as the Bivalvia and Malacostraca observed in Lake Raibl, may be
underestimated compared to small, numerous insects [30,66].

Furthermore, this study offers only a summer snapshot, and the dietary dominance
of littoral Hexapoda observed here should be interpreted as a season-specific pattern.
In mountain lakes, many macroinvertebrates show seasonal changes in abundance and
emergence, and salmonids may alter habitat use and diet accordingly. As a result, prey
availability and fish foraging behaviour may differ substantially across seasons, which can
affect prey selectivity, and the species perceived functional role. This is particularly relevant
for Salvelinus species, which are highly cold-adapted and remain active under ice [10,12].
Future research should therefore investigate trophic ecology across the full annual cycle,
encompassing spring, autumn, and winter, to better resolve seasonal shifts in diet and
littoral habitat use.
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Future sampling should specifically target juvenile cohorts in shallow littoral mi-
crohabitats and rock shelters to evaluate the total predatory pressure on zooplankton
communities, which may be more significant for younger fish than was observed here for
adults. Finally, resolving the ongoing debate regarding the native or introduced status of
these populations in the study area would require the application of palaeoecological and
molecular techniques. Specifically, analysing environmental DNA from sediment cores
could provide definitive evidence of the species’ presence prior to the widespread historical
translocations documented across the Alps [24].

5. Conclusions

In conclusion, this study provides the first characterization of the trophic ecology of S.
umbla in the Fusine and Raibl Lakes. Across the study area, populations were dominated by
larger size classes, showed sexual dimorphism, showed no clear of ontogenetic dietary shift,
and relied heavily on littoral Hexapoda. Despite these similarities, site-specific differences
in prey selectivity were evident: the Lake Raibl population showed selection for Bivalvia
and Malacostraca, whereas the Lake Fusine Superiore population was the least selective,
with diets closely matching local benthic prey availability. These differences may be driven
by site-specific abiotic features. Although these results provide an important ecological
baseline for managing these basins, they should be interpreted as a summer snapshot
of adult cohorts. Nevertheless, this research serves as a starting point; future studies
covering the full annual cycle and targeting juvenile individuals will be necessary to better
understand the species” trophic dynamics and ecological role in these lakes.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/d18060336/s1. Figure S1. Sampling sites: the red
lines indicate the pelagic (P) and benthic (B) gillnets, the light-blue stars indicate the littoral benthic
macroinvertebrates sampling sites (S). (A) Raibl Lake, (B) Fusine Inferiore Lake, (C) Fusine Superiore
Lake. Table S1. Geographical coordinates of the Fusine Superiore Lake sampling sites. Table S2.
Geographical coordinates of the Fusine Inferiore Lake sampling sites. Table S3. Geographical coor-
dinates of the Raibl Lake sampling sites. Table S4. Densities (ind m-2) of the littoral macrobenthic
invertebrates sampled in the five sampling sites of Fusine Inferiore Lake. Table S5. Densities (ind m-2)
of the littoral macrobenthic invertebrates sampled in the five sampling site in Fusine Superiore Lake.
Table S6. Densities (ind m-2) of the littoral macrobenthic invertebrates sampled in the seven sampling
site in Raibl Lake. Table S7. Total length, weight, size class and sex of Salvelinus umbla sampled in
Lake Fusine Inferiore. Individuals for which sex could not be determined are indicated as n.d. (not
determined). Table S8. Total length, weight, size class and sex of Salvelinus umbla sampled in Lake
Fusine Superiore. Table S9. Total length, weight, size class and sex of Salvelinus umbla sampled in
Lake Raibl. Individuals for which sex could not be determined are indicated as n.d. (not determined).
Figure S2. Dietary overlap (Schoener’s ) among size classes of Salvelinus umbla in the lakes. Each
cell represents pairwise overlap in prey composition between two size classes within the same lake.
Values close to 1 indicate high dietary similarity, while lower values reflect greater differences in prey
use. Only lakes with more than one size class are shown.
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