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Jakovljević, M.; et al. Sustainability

Assessment of Brown Trout

Populations in Serbia (Central

Balkans) Using the Modified

ESHIPPO Model. Fishes 2024, 9, 423.

https://doi.org/10.3390/

fishes9110423

Academic Editors: Xinjun Chen and

Lourdes Jiménez-Badillo

Received: 19 September 2024

Revised: 9 October 2024

Accepted: 16 October 2024

Published: 22 October 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fishes

Article

Sustainability Assessment of Brown Trout Populations in Serbia
(Central Balkans) Using the Modified ESHIPPO Model
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Abstract: In the inland waters of the Balkans, many brown trout populations have been severely
depleted. Therefore, identifying potential threats to their continued survival and ranking populations
based on their biological and evolutionary importance enables setting conservation priorities. To
assess the sustainability of the brown trout populations in the territory of Serbia (central Balkans), a
modification of the ESHIPPO model was performed. The main modification involves incorporating
the investigated populations’ genetic structure into the model. Therefore, the new ESHIPPOsalmo
model includes an analysis of biological parameters and the impact of multiple factors, including
habitat alterations, invasive species, pollution, human population growth, and over-exploitation. In
order to investigate individual levels of influence of the model’s analyzed parameters, a combination
of supervised and unsupervised machine learning methods was used. The structure of the model is
based on general and easily measurable indicators, which enables its application in any salmonid river
in the world. By evaluating the parameters of the ESHIPPOsalmo model, we were able to establish
that, of the analyzed populations from 46 localities, 37% have a moderate level of sustainability, 43%
low, and 20% critically low.

Keywords: conservation model; Salmo spp.; manifold and machine learning; sustainable use

Key Contribution: In this work, we improved the ESHIPPO model used in Serbia in order to assess
the sustainability of brown trout populations with the ultimate goal of proposing measures for their
protection and sustainable management.

1. Introduction

Brown trout Salmo trutta L. is a widespread salmonid species with a natural range in
Eurasia and North Africa [1]. It is characterized by the existence of numerous divergent
local populations [2]. In response to the ecological heterogeneity of the environment, brown
trout show remarkable morphological and ecological plasticity, even in a small geographical
area [3].
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The Balkan Peninsula is characterized by the most phenotypically diverse populations
of Salmo spp. [4–6]. Moreover, the findings of several authors suggest that the brown trout
lineages originated in the Eastern Mediterranean basin, possibly in the Balkans [7–11]. In
the inland waters of the Balkans, salmonids play an important economic and social role
in both commercial and recreational fisheries. Unfortunately, this has led to many of the
stocks being severely depleted [12].

The hydrographic characteristics of Serbia, located in the central part of the Balkan
Peninsula, are the result of paleogeographical, paleoclimatic, and geotectonic events [13]
that caused the emergence of separate, locally specific populations of brown trout [14].
Solely based on mitochondrial DNA analysis, 38 haplotypes were detected on the territory
of Serbia belonging to the Danube, Adriatic, and allochthonous (non-native) Atlantic
phylogenetic lineages [11,14–18]. The high variability between watersheds in Serbia is also
accompanied by a high interpopulation variability within watersheds, which is most likely
a consequence of recent isolation and local differentiation within populations [19,20].

The extinction of local populations, i.e., the reduction or loss of intraspecies diversity of
brown trout, is mainly the result of anthropogenic activities. The most pronounced adverse
effects occur indirectly, due to habitat degradation, but also directly through excessive
fishing and unplanned and inadequate stocking [21–24]. The introduction of allochthonous
lineages of the brown trout complex and their hybridization with autochthonous popula-
tions is one of the main threats to the diversity of this taxon. Due to their easy cultivation
and fast growth, the Atlantic domesticated strains have largely spread beyond their natural
range to the Danube and Mediterranean basins [23]. Moreover, stocking with individuals
from hatcheries of unknown origin is almost a regular practice in all parts of the area
where brown trout populations are actively managed [23–27]. The first introductions,
re-introduction, and translocation of salmonids in the Balkan Peninsula can be dated to the
end of the 19th century [28]; these practices have considerably intensified during the 20th
century, mainly to support recreational fishing [29].

In the aquatic ecosystems of Serbia, a multi-decade brown trout population decline
has been recorded [30,31], with the main threatening factors being introgression (the entry
or introduction of a gene from one gene complex into another), overfishing, and habitat
destruction due to the construction of hydropower facilities. These facilities have led to
changes in the water regime, habitat type, and quality.

Identifying potential threats to their continued survival and ranking populations based
on their biological and evolutionary importance enable setting conservation priorities. In
this way, the efficient allocation of limited resources and the targeted implementation
of protection measures can be enabled [32]. Models such as ESHIPPO are designed to
assess the extinction risk and conservation priorities of aquatic organisms at the national
and local level [31,33–36], contributing to species’ long-term protection and recovery. The
ESHIPPO model [33] is based on the quantitative measurement of two elements, the first
of which refers to the Ecological Specialization (ES) of the taxon in relation to the habitat,
diet, reproductive strategy, life cycle, body size, and level of endemism of the investigated
taxon [37]. The second element refers to the impact of threatening factors on diversity,
which are defined by the acronym “HIPPO”, which is derived from the initial letters of the
following: H—Habitat alteration, I—Invasive species, P—Pollution, P—Population growth,
and O—Over-exploitation [38].

This work aimed to improve the ESHIPPO model [34] by also incorporating genetic
characterization of brown trout into the model. We applied and tested the improved
model in Serbia in order to assess the sustainability of brown trout populations with the
ultimate goal of proposing measures for their protection, conservation, and sustainable
management.

2. Materials and Methods

Field research was carried out between 2014 and 2018. Brown trout individuals were
sampled from 46 watercourses in the Danube and Aegean basins in the territory of Serbia
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(Table 5, Supplementary Table S1). Fish sampling was performed using the electrofishing
method (Aquatech IG 1300, AquaTech, Kitzbühel, Austria; [39]), and subsequently, the
standard body length (cm), total body length (cm), and body weight (g) of the caught
individuals were measured.

The sustainability of brown trout populations and conservation priorities were as-
sessed by modifying the ESHIPPO-fishing model [34]. The newly designed ESHIPPOsalmo
model also incorporates the population’s genetic structure (GS). For that purpose, results of
genetic characterization were retrieved from Veličković et al. [11] (Supplementary Table S1).
Moreover, a partially modified evaluation system of the ILSFP element (Index of Local
Sustainability of Fish Population [34]) was also included in the ESHIPPOsalmo model. In
order to adequately assess the condition of brown trout populations, the ILSFP is estimated
based on population density (number of individuals per m2), actual production (calculated
as the ratio of real and potential production, obtained by Chapman [40] and Lager and
Huet [41] methods, respectively), number of age classes, average length of individuals,
and percentage of population present within the protected area. Finally, within the HIPPO
element of the model, the invasive/non-native species (I) parameter was modified. Namely,
in addition to data on invasive/non-native species in the habitat, information on the pres-
ence of allochthonous individuals that may hybridize with individuals from the studied
populations is also included; in this case, the presence of individuals carrying allochthonous
brown trout mitochondrial DNA (mtDNA) haplotypes for the territory of Serbia.

The concept and elements of the ESHIPPOsalmo model are presented in Tables 1–3.
The specified parameters of the model elements are evaluated on a three-level point scale
(1, 3, and 5 points). The priority of conservation and the population’s sustainability level
depends on the sum of the values of the ES, GS, ILSFP, and HIPPO elements. Higher values
of the sum of elements indicate a higher degree of sustainability of populations. Table 4
presents the point scale used to determine the level of sustainability and conservation
priorities of brown trout populations, which are defined by the total number of points
according to the ESHIPPOsalmo model.

Table 1. Parameters and scoring system for the assessment of Ecological Specialization (ES) in the
ESHIPPOsalmo model.

Ecological Specialization (ES)

Indicator Code * Point ES

Habitat (h) h1, h2, h3, h4, h5
1–(h) (d) (rs) (lc): low specialized, tolerant; eurivalent (euritope) for all or >3
indicators-h. (d): d1. (rs): rs1.1, rs2.1, rs3.1, rs3.2, rs4.3, (lc): lc1.1, lc1.3, lc2.1,

lc3.1, lc3.4, lc4.1, lc4.4, lc6.2.
(bs): bs1.1. (re): re1.Diet (d) d1, d2, d3

Reproductive strategy (rs) rs1, rs2, rs3, rs4 3–(h) (d) (rs) (lc): Moderately specialized and sensitive; stenovalent
(moderate), for 1–3 indicators-h. (d): d2; (rs): rs2.2, rs3.3, lc): lc1.2, lc2.2, lc3.2,

lc3.5, lc4.2, lc4.5; (bs): bs1.2; (re): re2.Life cycle (lc) lc1, lc2, lc3, lc4

Body size (bs) bs1 5–(h) (d) (rs) (lc); high specialized; stenovalent (stenotope) for all or >3
indicators-h. (d): d3, (rs): rs1.3, rs2.3; (lc): lc1.3, lc3.3, lc3.6, lc4.3, lc4.6, lc6.1;

(bs): bs1.3; (re): re3.Range endemic and isolation of
population (re) re1, re2, re3

* (h): (h1) distribution across ecoregions; (h2) altitude < 200, 200–500, 500–800, 800–1500 and >1500; (h2.1)
ecosystem type and ecological zone: (h2.1a) running waters: eukrenon, hypokrenon, epirithron, metaritron,
hyporitron; (h2.1b) standing waters: littoral, sublittoral, profundal; (h3) morphometry of aquatic biotope: depth
(m), bottom characteristic (%); (h4) abiotic factors: temperature (◦C), water velocity, conductivity, oxygen (mg/L,
%), pH, total hardness (dH), biochemical oxygen demand, BOD (mg/L); (h5) water quality: specific adaptations
or sensibility on particular chemical, toxic or radioactive substances; (d): (d1) eriphagy-omnivore; (d2) specific
feeding type and specific morphologic adaptations are present; (d3) stenophagy, specific adaptations for feeding;
(rs): (rs1) reproduction—no specific type of reproduction, (rs2) specific timing of reproduction, (rs3) duration
of emergence period; (lc): (lc1) life cycle (years), (lc1.1) < 1, (lc1.2) approximately 1, (lc1.3) > 1; (lc2) (lc2.1)
mobility/movement type—highly mobile/swimming, (lc2.2) moderately mobile/swimming, (lc3) social life,
(lc3.1) solitary, (lc3.2) form periodic aggregations, (lc3.3) live in the flock (lc3.4) non-territorial, (lc3.5) occasionally
territorial, (lc3.6) permanently territorial, (lc4) parental care, (lc4.1) absent, (lc4.2) guarding eggs, (lc4.3) exist
caring for juveniles, (lc4.4) no sexual dimorphism, (lc4.5) sexual dimorphism during the spawning, (lc4.6) sexual
dimorphism present; (bs): body length, TL (cm): <0.5 (bs1.1), 0.5–3 (bs1.2), >3 (bs1.3); (re): (re1) not endemic and
not threatened, (re2) endemic to one ecoregion, vulnerable, (re3) stenoendemic to relatively small or very small
territories (one ecosystem, one biotope), and isolated populations, endangered and critically endangered.
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Table 2. Parameters and scoring system for the assessment of the genetic structure (GS) and index of
local sustainability of fish population (ILSFP) of the ESHIPPOsalmo model.

Genetic Structure (GS) of the Population

Parameter Scoring Criteria Point
GS

Phylogeographic structure of the population
(ps) a

the presence of allochthonous mtDNA haplotypes 1
uncertainty exists whether the recorded mtDNA haplotypes are truly

autochthonous to a specific locality despite belonging to the
autochthonous lineage

3

the presence of autochthonous and/or new/private mtDNA
haplotypes 5

Index of Local Sustainability of Fish Population

Parameter Scoring Criteria Point
GS

Population density (pd; N/m2)
<0.1 1
0.1–1 3

>1 5

Actual production (ap; kg/km)
real: potential production < 30% 1

real: potential production 30–60% 3
real: potential production > 60% 5

Number of age classes (nAge)
<2 1
2–3 3
>3 5

Average recorded length of individuals in the
population (Lmean; cm) b

<20 cm 1
20–25 cm 3
>25 cm 5

Percentage of population in the protected area
(pa; %)

the population is not within the protected area 1
≈50% of the population in protected area 3

the entire population is within the protected area 5
a based on the findings regarding the Serbian brown trout populations in Veličković et al. [11] and Veličković
[20]. b Value set in relation to the average length estimated for the species (river ecological form of brown trout:
20–30 cm; Kottelat and Freyhof [4]).

Table 3. The protocol of the HIPPO factors of the ESHIPPOsalmo model: parameters and scoring system.

HIPPO

Parameter Scoring Criteria Point HIPPO

Habitat alterations–without
fragmentation (H)

present due to continuous negative anthropogenic influence 1
expected due to natural processes or anthropogenic influence

(predicted or planned activities in the near future) 3

absent 5

Habitat destruction (de)

present due to negative anthropogenic influence and/or ecosystem
sensitivity already recorded 1

expected due to natural changes or anthropogenic influence
(predicted or planned activities in the near future) 3

absent 5

Fragmentation (and isolation)
of habitat (fe)

present with a complete lack of communication between populations 1
processes occurring due to anthropogenic influence are still ongoing,

but the communication between populations is not present 3

absent and very low likelihood of occurring in the near future
(protected area) 5
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Table 3. Cont.

HIPPO

Parameter Scoring Criteria Point HIPPO

Invasive species (I) = Allochthonous
species and/or brown trout individuals

presence of allochthonous species and/or allochthonous mtDNA
haplotypes of the brown trout complex 1

presence of allochthonous species while allochthonous mtDNA
haplotypes of the brown trout complex are not recorded 3

absence of allochthonous species and allochthonous mtDNA
haplotypes of the brown trout complex 5

Pollution (P) (eutrophication, organic
pollution, toxic pollution, acidification,

mixed pollution)

negative effects present 1
moderate negative effects present 3

absence of pollution with potential for occurrence 5

Population growth (P)
accelerated growth 1
moderate growth 3
absence of growth 5

Overexploitation (O)
uncontrolled exploitation present 1

plans for exploitation exist, but it is not yet happening 3
absent and not planned in the future 5

Table 4. Score scale for sustainability assessment and conservation priorities of brown trout pop-
ulations according to the ESHIPPOsalmo model. The sustainability assessment and conservation
priorities of populations are defined by the total number of points. The cell colors illustrate the level
of population sustainability: critically low (red), low (yellow), moderate (green), and high (blue).

ESHIPPOsalmo Model
Ecological Specialization (ES) ≤10 11–20 21–30 >30

critically low low moderate high
Genetic structure (GS) of population / 1 3 5
Index of local sustainability of fish
population (ILSFP) ≤6 7–15 16–20 >20

Level of ILSFP critically low low moderate high
Impact of HIPPO factors ≤10 11–20 21–30 >30
Level of negative impacts of HIPPO
factors high moderate low critically low

Total number of points
(ES + GS + ILSFP + HIPPO) ≤60 61–70 71–80 >80

Level of population sustainability critically low low moderate high
0 1 2 3

Additional data for assessment of the degree of sustainability of the populations
were obtained from the BAES ex situ (Biodiversity of Aquatic Ecosystems of Serbia, ex
situ protection [42]) database, which contains population monitoring data for the period
between 2003 and 2022. Based on those data, all the mentioned parameters of the ES-
HIPPOsalmo model were estimated. In order to investigate individual levels of influence
of the analyzed parameters of the ESHIPPOsalmo model and to visualize the obtained
results, a combination of unsupervised machine learning methods using the UMAP model
(Uniform Manifold Approximation and Projection [43]) and supervised learning using the
decision tree classification algorithm in the BioVinci program v.3.0.9 was used (BioTuring
Inc., San Diego, CA, USA) in order to provide more nuanced insights into the relationships
between variables affecting brown trout sustainability.

The input matrix consisted of 46 rows (each row represented a population from one
locality) and 19 columns that represented the analyzed parameters of the ESHIPPOsalmo
model (Tables 1–3). Since the UMAP model is based on the Euclidean distance, the Hellinger
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transformation of the data was performed prior to the analysis to reduce the influence of the
gradient length [44–47]. The determination of the most significant parameters that group
populations into different subsets (clusters) was performed using algorithms that iteratively
create all possible subsets and then, based on the classification algorithm, estimate which
subset has the best performance [48,49]. The 2D-UMAP space was used to cluster the
virtual sampling sites based on their similarities using hierarchical graph-based clustering.
Additionally, we set the min_dust to 0.1 and spread to 1.0, which controls how dense
UMAP is allowed to pack data points together. This approach leverages UMAP’s strength
in capturing complex, non-linear relationships and effectively reducing dimensionality [50].
Finally, we applied a versatile supervised machine learning algorithm, decision tree, for
classification.

3. Results

By applying the ordination process, the UMAP model’s main discriminating param-
eters of the ESHIPPOsalmo model for assessing the sustainable use and conservation
priorities of the analyzed brown trout populations were isolated (Figure 1a). Populations
from 46 localities were ordered by applying the UMAP model in two-dimensional space
and distributed into four clusters using the decision tree algorithm (Figure 1b). Both Princi-
pal Components Analysis (PCA) [44] and UMAP are techniques for dimension reduction.
In ecological and biodiversity studies (including genetic markers), PCA is commonly ap-
plied; however, as it is a linear projection tending to obscure final patterns [51] and lose
important dependencies [46], we further explored our complex ecological and genetic
datasets with UMAP. This relatively novel manifold learning technique, already success-
fully applied in the classification of biological indicators in aquatic ecology [45], should
explore complex ecological and genetic datasets to retain as many variations as possible
from the data. Moreover, combined unsupervised UMAP and supervised decision tree
represent robust, highly predictive tools for exploring complex ecological datasets [50]. The
division of populations into clusters and their position in the UMAP space was primarily
influenced by threatening factors on diversity, which are defined by the acronym “HIPPO”.
The presence of individuals carrying allochthonous mtDNA haplotypes for the territory
of Serbia (parameter I; Figure 1a) is the main parameter that influenced the separation of
populations into four clusters. In Figure 1a, the gradient is clearly defined: from the left
side (Cluster 0-blue, which consists of 17 localities with a rating of 1, parameter I) to the
right side (Clusters 1, 2, and 3, which make up 31 localities with a rating of 5, parameter I)
of the UMAP space.

In the lower left side of the UMAP space (Cluster 0), 17 populations with the recorded
allochthonous mtDNA are grouped, in contrast to the upper right side, where the remaining
three clusters are distinguished. Populations not within the protected area (or less than
50% of the population is in the protected area; parameter pa; Figure 1b) are grouped
into Clusters 2 and 3, located in the upper right corner of the UMAP space. Cluster 1,
located next to Clusters 2 and 3, consists of populations from 12 localities almost entirely
within the protected area (Figure 1a). Also, habitat fragmentation (parameter fe; Figure 1b)
was identified as one of the significant parameters for the distribution of populations into
Clusters 2 (populations from eight localities where habitat fragmentation was recorded) and
3 (populations from nine localities where habitat fragmentation was not present) (Figure 1a).
Actual production (parameter ap) and habitat destruction (parameter de) contributed to
the distribution of populations in Cluster 2; however, they refer only to the additional
differentiation of populations within the mentioned cluster (Figure 1b). Identifying these
clusters is essential for prioritizing conservation efforts, as it highlights endangerment
factors needing immediate intervention to prevent further decline or population. Cluster 0,
for example, consists of populations with low or critically low sustainability, indicating a
need for targeted management strategies to address the key factors driving these patterns.

Based on the total number of points of the ESHIPPOsalmo model, the level of sustain-
ability of the analyzed populations was estimated (Table 5). The spatial distribution and
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presentation of the sustainability of populations in the territory of Serbia, together with
their geographical distribution, are shown in Figure 2.
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Figure 1. (a) Grouping of analyzed populations using the ordination process of the UMAP model.
The four identified clusters using the decision tree algorithm are marked with different colors. The
analyzed populations are shown with ordinal numbers in the UMAP space, which correspond to
both the ordinal number and name of the locality from Table 5 as well as the color coding in (b). Each
cluster represents populations grouped by their vulnerability. The cluster along the lower left part
of the UMAP space (blue) is characterized by the presence of allochthonous mtDNA haplotypes. A
polygon is drawn through all the outer sample points for each location. (b) Schematic presentation of
the results of the decision tree algorithm that detected the most important parameters for grouping
the analyzed populations into clusters in (a). I—the presence of allochthonous species and/or brown
trout mtDNA haplotypes (blue); pa—the percentage of population presence in the protected area
(green); fe—habitat fragmentation (and isolation; red); ap—actual production; de—destruction of the
habitat (orange).

In the lower left side of the UMAP space (Cluster 0), 17 populations with the recorded
allochthonous mtDNA are grouped, in contrast to the upper right side, where the remaining
three clusters are distinguished. Populations not within the protected area (or less than
50% of the population is in the protected area; parameter pa; Figure 1b) are grouped
into Clusters 2 and 3, located in the upper right corner of the UMAP space. Cluster 1,
located next to Clusters 2 and 3, consists of populations from 12 localities almost entirely
within the protected area (Figure 1a). Also, habitat fragmentation (parameter fe; Figure 1b)
was identified as one of the significant parameters for the distribution of populations into
Clusters 2 (populations from eight localities where habitat fragmentation was recorded) and
3 (populations from nine localities where habitat fragmentation was not present) (Figure 1a).
Actual production (parameter ap) and habitat destruction (parameter de) contributed to
the distribution of populations in Cluster 2; however, they refer only to the additional
differentiation of populations within the mentioned cluster (Figure 1b). Identifying these
clusters is essential for prioritizing conservation efforts, as it highlights endangerment
factors needing immediate intervention to prevent further decline or population. Cluster 0,
for example, consists of populations with low or critically low sustainability, indicating a
need for targeted management strategies to address the key factors driving these patterns.
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Table 5. The results of the ESHIPPOsalmo model for assessing the sustainability of the investigated populations of brown trout. UMAP model cluster—population
ordination into clusters based on UMAP analysis (Figure 1). Species ecological specialization (ES): h—habitat, d—diet, rs—reproductive system, lc—life cycle,
bs—body size, re—population isolation level; population genetic structures (GS): ps—population phylogeographic structure; index of local sustainability of fish
population (ILSFP): pd—population density, ap—actual production, nAge—number of age classes, Lmean—average recorded length of individuals in the population,
pa—percentage of population presence in protected areas; HIPPO factors: H—habitat alterations, I—allochthonous species and/or brown trout individuals,
P—pollution, P—Population growth, O—overexploitation. Cell colors illustrate the degree of population sustainability: critically low (red), low (yellow), and
moderate (green).

UMAPModel
Cluster

ES ∑
ES GS

ILSFP ∑
ILSFP

HIPPO ∑
HIPPO

∑
Degree of

Population
Sustainabilityh d rs lc bs re pd ap nAge Lmeanpa H I P P O

1. Boranjska R. 3 5 3 5 3 5 3 24 5 1 3 3 1 1 9 5 5 5 5 5 5 5 35 73 moderate
2. Ljubovid̄a 2 5 3 5 3 5 1 22 3 3 1 3 3 1 11 3 5 3 5 5 3 3 27 63 low
3. Rača 1 5 3 5 3 5 1 22 5 3 3 1 1 3 11 3 3 3 5 5 5 5 29 67 low
4. Gračanica 1 5 3 5 3 5 5 26 3 1 1 1 1 5 9 1 5 3 5 5 5 5 29 67 low
5. Vapa 1 5 3 5 3 5 5 26 3 3 3 5 1 3 15 5 5 5 3 5 3 3 29 73 moderate
6. Povlenska R. 3 5 3 5 3 5 3 24 5 3 5 3 1 1 13 5 5 5 5 5 5 5 35 77 moderate
7. Gradac 0 5 3 5 3 5 3 24 1 5 3 3 3 3 17 3 3 3 1 5 5 3 23 65 low
8. Ðetinja 3 5 3 5 3 5 3 24 5 5 5 3 1 3 17 1 3 3 5 5 3 5 25 71 moderate
9. Katušnica 1 5 3 5 3 5 1 22 5 1 3 3 1 3 11 3 3 3 5 5 3 5 27 65 low
10. Veliki Rzav 0 5 3 5 3 5 1 22 1 3 3 3 3 5 17 1 3 3 1 5 5 3 21 61 low
11. Panjica 1 5 3 5 3 5 3 24 5 3 3 3 1 3 13 3 3 3 5 5 5 5 29 71 moderate
12. Tolišnica 2 5 3 5 3 5 3 24 5 1 1 3 1 1 7 3 5 3 5 5 5 5 31 67 low
13. Brvenica 0 5 3 5 3 5 3 24 1 3 3 3 1 3 13 5 5 5 1 5 5 5 31 69 low
14. Maglička R. 2 5 3 5 3 5 3 24 3 1 1 3 1 1 7 1 3 3 5 3 5 5 25 59 critically low
15. Bresnička R. 3 5 3 5 3 5 3 24 3 3 3 1 1 1 9 5 5 5 5 5 5 5 35 71 moderate
16. Studenica 1 5 3 5 3 5 3 24 3 1 1 1 1 5 9 3 3 3 5 3 3 1 21 57 critically low
17. Izubra 1 5 3 5 3 5 3 24 5 3 1 1 1 5 11 5 5 5 5 5 5 5 35 75 moderate
18. Brevina 1 5 3 5 3 5 3 24 3 3 3 3 1 5 15 5 5 5 5 5 5 5 35 77 moderate
19. Gokčanica 0 5 3 5 3 5 3 24 1 3 3 3 1 1 11 3 3 3 1 5 5 5 25 61 low
20. Samokovska R. 0 5 3 5 3 5 3 24 1 1 3 1 1 3 9 1 3 3 1 3 3 3 17 51 critically low
21. Brzećka R. 0 5 3 5 3 5 3 24 1 1 3 1 1 5 11 3 3 5 1 5 3 3 23 59 critically low
22. Štavska R. 3 5 3 5 3 5 5 26 3 3 5 3 1 1 13 5 5 5 5 3 3 3 29 71 moderate
23. S. Moravica 0 5 3 5 3 5 5 26 1 1 3 3 3 3 13 3 5 3 1 3 3 5 23 63 low
24. Toplodolska R. 3 5 3 5 3 5 3 24 5 3 5 3 1 1 13 5 5 5 5 5 5 3 33 75 moderate
25. Visočica 0 5 3 5 3 5 3 24 1 3 3 3 3 5 17 5 5 5 1 5 3 3 27 69 low
26. Dojkinačka R. 1 5 3 5 3 5 3 24 3 5 3 1 1 5 15 5 5 5 5 5 5 3 33 75 moderate
27. Dursunska R. 2 5 3 5 3 5 5 26 5 1 3 3 1 1 9 1 1 1 5 5 5 3 21 61 low
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Table 5. Cont.

UMAPModel
Cluster

ES ∑
ES GS

ILSFP ∑
ILSFP

HIPPO ∑
HIPPO

∑
Degree of

Population
Sustainabilityh d rs lc bs re pd ap nAge Lmeanpa H I P P O

28. Bistrička R. 2 5 3 5 3 5 5 26 3 1 1 3 3 1 9 1 1 1 5 5 5 3 21 59 critically low
29. Vlasina 0 5 3 5 3 5 5 26 1 1 3 3 1 3 11 1 1 1 1 3 1 3 11 49 critically low
30. Polomska R. 1 5 3 5 3 5 5 26 5 1 1 3 1 5 11 5 5 5 5 5 5 5 35 77 moderate
31. Vučja R. 0 5 3 5 3 5 5 26 1 1 3 3 1 3 11 5 5 5 1 5 5 5 31 69 low
32. Jerma 0 5 3 5 3 5 3 24 1 3 3 3 1 3 13 3 3 3 1 3 3 3 19 57 critically low
33. Jelašnička R. 2 5 3 5 3 5 3 24 5 1 5 1 1 1 9 1 1 1 5 5 5 3 21 59 critically low
34. Garvanica 2 5 3 5 3 5 5 26 5 1 3 3 1 1 9 1 1 1 5 5 5 3 21 61 low
35. Šaovice 0 5 3 5 3 5 5 26 1 3 1 1 1 5 11 3 5 5 1 5 5 5 29 67 low
36. Resava 3 5 3 5 3 5 3 24 3 5 5 3 1 3 17 3 5 5 5 5 3 3 29 73 moderate
37. Mlava 0 5 3 5 3 5 3 24 1 3 5 5 3 3 19 3 5 5 1 3 3 3 23 67 low
38. Krupaja 0 5 3 5 3 5 3 24 1 3 3 3 1 3 13 3 3 3 1 5 5 3 23 61 low
39. Kožica 0 5 3 5 3 5 5 26 1 1 3 1 1 5 11 5 5 5 1 5 5 5 31 69 low
40. Vratna 0 5 3 5 3 5 5 26 1 3 3 3 1 3 13 5 5 5 1 5 5 5 31 71 moderate
41. Zlotska R. 1 5 3 5 3 5 3 24 3 3 3 1 1 3 11 3 5 5 5 5 5 3 31 69 low
42. Mirovštica 3 5 3 5 3 5 5 26 3 5 3 3 1 1 13 3 5 5 5 5 5 3 31 73 moderate
43. Janjska R. 1 5 3 5 3 5 3 24 3 3 3 3 1 5 15 5 5 5 5 5 5 5 35 77 moderate
44. Tripušnica 0 5 3 5 3 5 5 26 1 3 1 1 3 3 11 1 1 1 1 5 5 3 17 55 critically low
45. Lisinska R. 2 5 3 5 3 5 3 24 5 3 3 3 3 1 13 3 1 1 3 5 5 3 21 63 low
46. Dragovištica 3 5 3 5 3 5 3 24 5 3 5 3 3 1 15 3 5 5 5 5 5 1 29 73 moderate
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Based on the total number of points of the ESHIPPOsalmo model, the level of sustain-
ability of the analyzed populations was estimated (Table 5). The spatial distribution and
presentation of the sustainability of populations in the territory of Serbia, together with
their geographical distribution, are shown in Figure 2.
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Figure 2. The results of the sustainability assessment of the investigated brown trout populations
using the ESHIPPOsalmo model. The nominal number and name of the locality from Table 5
correspond to the number of localities on the map. Circles next to the nominal numbers represent
the sustainability assessment results of the brown trout population by locality (red—critically low,
yellow—low, green—moderate). The circular chart in the top right corner shows the percentage
distribution of results from the ESHIPPOsalmo model for all analyzed populations.
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The scoring components of the model—ES, GS, ILSFP, and HIPPO—differ in how
they influence the overall sustainability score. ES has the least influence; in contrast, ILSFP
exerts the greatest impact on the overall score (Table 5). These elements are synthesized
into a comprehensive sustainability score, which is then used to prioritize conservation
actions based on the most critical endangerment factor for maintaining population viability
and habitat integrity.

By evaluating the parameters of the ESHIPPOsalmo model, it was noted that none
of the analyzed populations had a high level of sustainability (Table 5). Of the analyzed
populations from 46 localities, 37% have a moderate level of sustainability, 43% low, and
20% critically low level of sustainability (Figure 2).

Based on the total number of points of ecological specialization, genetic structure,
index of local sustainability of fish populations, and HIPPO factors, 17 populations were
found to be moderately sustainable (Table 5, Figure 2). The mentioned populations were
detected in all analyzed river systems of the Danube basin and the Struma basin (Figure 2).

The sample’s highest value of the sum of analyzed parameters was recorded for the
population from the Povlenska, Brevina, Polomska, and Janjska rivers (77 points each)
(Table 5). A low level of sustainability was assessed for populations from 20 localities
belonging to the Drina, Kolubara, West Morava, South Morava, and Timok river systems,
including direct tributaries of the Danube (Figure 2).

Nine populations possessed a critically low level of sustainability based on the sum of
the estimated parameters of the ESHIPPOsalmo model. By reviewing their distribution
into clusters using the ordination process of the UMAP model, it was observed that habitat
fragmentation was the main threatening factor to the populations from the Maglička,
Bistrička, and Jelašnička rivers. The sustainability of the remaining six populations is
questionable due to the presence of allochthonous individuals (Clusters 2, 0, respectively;
Figure 1a, Table 5). In the sample, the lowest obtained value of the sum of the analyzed
parameters is for the population from the Vlasina River (49 points; Table 5), on which nine
mini hydropower plants have been built in the salmonid area in the last ten years.

4. Discussion
4.1. The Utility of the ESHIPPOsalmo Model for Assessing the Vulnerability and Sustainable Use
of Brown Trout Populations

In the western Balkans, many salmonid stocks have been severely depleted and, in
some cases, almost destroyed [12]. Moreover, extensive anthropogenic pressure has led
to a reported reduction of nearly 50% in the region inhabited by salmonids in Serbia over
the past two decades [31,34,52]; an assessment of conservation priorities is necessary so
that conservation measures are first applied to critically endangered populations. This
required the application of the ESHIPPO model and its modification, which was carried out
in this work, to enable the detection of specific problems within each studied population
in a simple and holistic way. Moreover, the model provides insights into population
self-sustainability rather than the overall population conservation.

Data on the phylogenetic structure associated with the population endangerment
level enable decisions on conservation priorities [53]. On the other hand, the analysis
of the ecological characteristics of the habitat can provide information about potential
environmental limitations of selection and the presence of alleles associated with adaptation
to certain environmental conditions [54]. Therefore, the improved ESHIPPOsalmo model
can be compared with the Population Adaptive Index (PAI; [55]) concept, based on which,
in addition to the genetic diversity of populations, ecology and demographic characteristics
of populations are taken into account for the formation of conservation strategies. However,
despite the high genetic diversity recorded for the territory of Serbia [11], previous research
indicates a declining trend in the number of brown trout populations in almost 80% of
habitats in the territory of Serbia [31,34,52], additionally confirmed by the model in this
work (Tables 4 and 5).
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Jakovljević et al. [46], for the first time, applied the UMAP model in combination
with the decision tree classification algorithm to link the mutual influence of ecological
and population parameters of fish species. Also, in the study by Milošević et al. [45], the
UMAP model was applied to analyze an ecological data set, including the analysis of fish
populations. The results of both studies confirmed that the dimensionality reductions
obtained by the UMAP model are ecologically significant. Moreover, the UMAP model
and the decision tree analysis as applied in this study enabled us to highlight the most
critical factors that affect the sustainability of brown trout populations, offering deeper
insights needed for better conservation strategies. These new insights, coupled with an
extensive dataset on the vulnerabilities of brown trout populations in Serbia stemming
from a long-term focus on conservation research of this species [11,14,30,31], helped us
identify key vulnerability and sustainability parameters. These parameters (especially
stocking and inadequate management practices) should be closely monitored in future
studies for a better assessment of conservation efforts.

In this study, the presence of allochthonous individuals, a crucial engagement factor
identified by the machine learning method (Cluster 0; Figure 1), results from decades of
stocking or translocating individuals. Moreover, stocking, particularly if it has occurred re-
cently, may further artificially elevate the points of the ILSFP index. Stocking as a practice is
recorded in almost all parts of the brown trout distribution [56–58]. Moreover, in the inland
waters of the Western Balkans, stocking with non-native brown trout has often resulted in
genetic introgression into the autochthonous populations of Salmo trouts and loss of their
genetic integrity [12]. Splendiani et al. [59] showed that the success of biological invasion
and domesticated brown trout lineages is strongly related to the ecological characteristics
of the habitat. Namely, aquatic ecosystems, which are characterized by unpredictable
hydrological conditions, were originally inhabited by small trout populations; with the
mass introduction of domesticated individuals, the limited autochthonous genetic diversity
rapidly decreased [60]. This can be assumed for the population from upper Jerma, in
which the autochthonous genetic structure was replaced entirely [11,30]. It is particularly
important to take into consideration the state of populations containing certain Danubian
haplotypes, as repeated stocking activities and translocations between river systems [30]
have raised questions about the autochthony of these haplotypes in specific locations in Ser-
bia. For example, the native origin of the Da2a haplotype was previously questioned [17];
therefore, the assumptions of it being the autochthonous haplotype in certain locations
(e.g., the Boranjska and Povlenska rivers) needs to be further examined.

Along the brown trout distribution range, of particular concern is that inadequate
population management also occurs within protected areas, e.g., [61,62]. The same situation
is noted for Serbia (Table 5; Figure 1). Within the Kopaonik National Park, the Samokovska
and Brzećka rivers possessed a sustainable population of brown trout until the construction
of the mini-hydroelectric power plant and stocking with allochthonous individuals (Table 5).
A similar situation was recorded in the Golija Nature Park brown trout populations [31,52].
The challenges in establishing effective protected areas in the Balkans, particularly for
freshwater biodiversity, have been highlighted in recent studies. For instance, Stojanović
et al. [63] discussed the distribution of two trichopteran species, emphasizing that existing
protected areas may not adequately support the conservation of freshwater ecosystems.
This example underscores the broader issue of whether current management practices
and protected areas are sufficient for preserving freshwater biodiversity, which is also
crucial for sustaining trout populations. In Serbia, other significant threats to brown
trout populations include habitat degradation and fragmentation, which disrupt essential
ecological processes. These threats diminish suitable habitats and impede the movement of
trout between critical spawning and feeding areas. However, restoring natural connectivity
along river systems is a promising solution. It is crucial to help re-establish the natural
diversity patterns in brown trout as observed in salmon populations [64]. Such restoration
efforts would likely have broader ecological benefits, positively impacting other freshwater
species, including fish and invertebrates, such as crayfish.
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Considering all factors, based on the ESHIPPOsalmo model, the first priority for
protection must be assigned to nine populations with a critically low degree of sustainability.
The 20 populations with a low level of sustainability should be given the second priority for
protection within Serbia (see Table 5). On the other hand, for management purposes, it may
be more effective to prioritize conservation efforts towards the populations that are already
preserved both genetically and in terms of habitat quality, aiming to further enhance their
sustainability to a high level (the 17 populations with moderate sustainability). The current
state of the analyzed populations indicates that sustainable use must be implemented in
a planned and selective manner. The potential for sustainable use within Serbia is most
evident in the Aegean basin, particularly in the Struma River basin. The populations
there are autochthonous and the watershed stands out for its high productivity, with
registered finds of large individuals that are attractive for fishing (Table 5; [31]). Once
the analyzed populations stabilize and habitat conditions improve, reducing the impact
of factors threatening population diversity, sustainable use at the current level should be
reconsidered and adapted to the specificities of the population. Conversely, populations in
lower river reaches which are at least partially introgressed with allochthonous trout (e.g.,
Gradac, Veliki Rzav, Sokobanjska Moravica, Visočica, and Mlava rivers, Table 5) may be
commercially valuable and attractive for fishing under-regulated practices. Based on the
state of brown trout populations in Serbia, conservation efforts must focus on implementing
measures necessary to preserve habitat, abundance, population structure, and genetic
diversity. These activities require consistent implementation in future conservation and
management practices.

4.2. Utility of ESHIPPOsalmo Model for Fisheries Management Guidelines

This study provides insights into the sustainability assessment of brown trout popula-
tions in Serbia and offers a practical framework for addressing similar management issues
of salmonid waters worldwide, as well as of other organisms threatened by hybridization.
Conservation decision frameworks are essential tools used by practitioners worldwide to
guide actions and achieve conservation goals in specific projects [65,66]. Resource man-
agement agencies and non-governmental organizations widely adopt these frameworks,
such as the Open Standards for the Practice of Conservation (CMP, [67]), which involve
identifying conservation targets, assessing threats, and prioritizing actions with continuous
monitoring to meet conservation objectives [68]. The brown trout is uniquely placed to
inform freshwater fisheries and river ecosystem management in the 21st century. As a pop-
ular sport fish reliant on good water quality and functioning river ecosystems, brown trout
enjoy enduring interest from anglers, the public, and government agencies [69]. Therefore,
the model developed in this study of brown trout is an example of applying these stan-
dards. It includes detailed assessments of habitat requirements, threats from environmental
changes and human activities, and prioritized conservation actions that may be applied in
different parts of the brown trout geographical range. Moreover, continuous monitoring
is a crucial component of this model, allowing for adjustments based on new data and
changing conditions to ensure the long-term sustainability of brown trout populations.

Inland fisheries management in much of continental Europe is largely private, highly
fragmented in spatial terms, and characterized by a heavy reliance on stocking programs [70,71].
Therefore, in the case of brown trout, any future breeding program strategy should aim to
establish regional broodstocks in order to mitigate the effect of stocking with non-native
individuals. This would also reduce instances of genetic homogenization, the risk of losing
local adaptations, and the risk of replacing the recipient’s genetic background [72].

In the example of Serbia, it is evident that national legislation should be improved
so that genetic differences between populations should also be taken into account for the
effective conservation of brown trout. Moreover, effective population management includes
measures for habitat preservation and monitoring population abundance, structure, and
diversity [12,73]. Therefore, separate management of brown trout populations, based on
regular genetic monitoring, should become a regular practice for better biodiversity protec-
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tion. Although the use of genetic markers in fisheries is perceived as costly, their absence
could be even more damaging in environmental, financial, and socio-economic terms.

Based on the experience gained in this work and leveraging 20 years of data [42] on
brown trout populations (Table 5), several points should be taken into account for future
studies and further implementation and improvement of the model. In addition to mtDNA,
it is crucial to use markers that are inherited not uniparentally to assess the autochthony
and genetic structure of populations. While the genetic results obtained provide valu-
able insights, the reliance on mtDNA alone has certain limitations. Mitochondrial DNA
represents only the maternal lineage; therefore, including nuclear markers (e.g., microsatel-
lites) inherited from both parents could offer a more comprehensive view of the genetic
structure and origin of populations (wild vs. domesticated). Microsatellites are highly
polymorphic markers useful for examining genetic diversity, population structure, gene
flow, and identifying genetic differentiation among populations [74]. Combining mtDNA
and microsatellite or other more advanced nuclear markers would allow a more in-depth
detection of introgression with allochthonous populations, offering a more comprehensive
understanding of genetic dynamics and contributing to a better interpretation of results in
the context of conservation and biodiversity management.

The ILSFP element may also be further improved. It is anticipated that the abundance
of juveniles is primarily influenced by female fecundity, whereas the abundance of adult
individuals is likely more dependent on habitat availability. Specifically, the size of the
stream or river may play a crucial role due to competition for territory and the presence
of a greater number of microhabitat refuges during periods of drought and thermal stress.
For future studies, it may be more suitable to monitor the abundance of juvenile and adult
individuals separately and correlate it to the stream size.

5. Conclusions

The conservation of species such as brown trout is layered and very complex. There-
fore, the ESHIPPOsalmo model was conceived to introduce a systematic approach to
biodiversity conservation and it represents an innovative approach that incorporates differ-
ent aspects of brown trout research. Additionally, the obtained results that point out the
most threatening factors for the species’ sustainability enable further improvement of the
model in future studies.

It is also important to imply that machine learning techniques inherently rely on the
quality and completeness of the input data. As a result, any deficiencies in the data, such as
missing values or biases, can significantly impact the accuracy and generalizability of the
model’s predictions, which need to be considered for any planned future studies.

This study underscores the dire consequences of fisheries management that still
heavily relies on stocking programs and the urgent need for distinct management of each
brown trout population in the central Balkans. Regular genetic monitoring needs to be
a standard practice for biodiversity conservation. This call to action is urgent for their
survival. The unfavorable state of trout populations is further threatened by the fact
that adverse anthropogenic activities will intensify due to ongoing climate changes. This
imposes the need for more intensive attention and urgent undertaking of concrete measures
for species conservation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fishes9110423/s1. Table S1: Sample locations, and geographical
coordinates of brown trout populations. Sample sizes (N) and frequency distribution of brown trout
mitochondrial DNA haplotypes in Serbia are retrieved from Veličković et al. [11]. GenBank Accession
numbers of the haplotypes are presented in parentheses.
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12. Schöffmann, J.; Marić, S. Salmonid fish species—Opportunities for sustainable use under multiple pressures and current climatic
change. In Ecological Sustainability of Fish Resources of Inland Waters of the Western Balkans. Freshwater Fish Stocks, Sustainable Use and
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14. Marić, S.; Sušnik, S.; Simonović, P.; Snoj, A. Phylogeographic study of brown trout from Serbia, based on mitochondrial DNA
control region analysis. Genet. Sel. Evol. 2006, 38, 411–430. [CrossRef]
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Uniform Manifold Approximation and Projection (UMAP) for unconstrained ordination and classification of biological indicators
in aquatic ecology. Sci. Total Environ. 2022, 815, 152365. [CrossRef] [PubMed]
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