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Abstract: The rapid development and intensive production of aquaculture have brought to light
various environmental problems. In particular, fish farming adversely affects the benthic environ-
ments through the accumulation of organic matter (OM), which leads to the degradation of aquatic
sediments and associated biotic communities. To prevent environmental degradation, proper site
selection for fish farming is a prerequisite for sustainable aquaculture practices. An important physi-
cal factor in selecting a site for fish farming is sediment structure. Coarser sediments are preferred,
while their mineral composition is rarely discussed. To investigate relationships between sediment
characteristics and the content of OM, sediments were collected from three different sites with dif-
ferent aquaculture practices under different climatic and environmental conditions and analyzed
during the one-year monitoring period. Grain size distribution, mineral composition, carbonate
content, and organic matter content were determined for three fish farm sites (Ilova, River, Krka
River, and PeljeSac) and their reference sites. Preliminary results from all studied sites showed that
sediment texture in combination with natural mineral composition is one of the key factors for the
accumulation of OM in the sediment. In particular, the mineral composition of the fine-grained
sediment should be known when conducting an environmental impact assessment of fish farms.

Keywords: Adriatic Sea; fish farm; fishpond; grain size; Ilova River; Krka River; mineral composition

1. Introduction

Aquaculture is now the fastest growing food production sector in the world, with
an annual growth rate of 6-8%, and currently provides about 50% of the world’s fish
food [1]. In many Mediterranean countries, e.g., Spain, France, Italy, Portugal, and Greece,
aquaculture (shellfish farming followed by marine fish farming) is leading [2]. This is
also true in Croatia, where marine fish farming produced 17,000 t/year in 2019, compared
to ~3000 t/year in freshwater aquaculture [3]. Marine fish farms are generally located in
coastal waters, where a variety of activities take place. The rapid expansion of aquaculture
around the world has led to growing concerns about environmental degradation and
associated conflicts, especially with other users of freshwater and marine resources [4-9].

Regardless of the category of fish farming, aquaculture facilities can generate sig-
nificant amounts of effluents and wastes that emit a wide range of particulates and so-
lutes, mainly from fecal material and uneaten food, as well as various metabolites from
excreta [10]. Excessive input of organic material (OM) leads to its accumulation on the sedi-
ment surface and reduces the oxygen supply to benthic organisms [11]. Organic sediment
accumulation is considered the main cause of benthic habitat degradation [12], which can
gradually transform the sediment surface into an anoxic environment [13,14]. Nutrient
input from OM can lead to eutrophication, which causes further oxygen depletion or toxic
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blooms [11]. In addition, various chemicals (e.g., pharmaceuticals and antibiotics) used
to enhance fish growth or treat/prevent fish diseases/infections may enter the marine
system and affect non-target species [11,15-20]. Therefore, the intensive and sustained
discharge of organic and inorganic materials from fish farms can cause chemical, physical,
and biological changes in the receiving environment, both in the water column and in the
sediment [21]. However, seafloor sediment acts as a preferential sink for a variety of organic
and inorganic compounds [22]. Anoxic conditions can also lead to the formation of toxic
gases (e.g., hydrogen sulfide, ammonia, and methane) and remobilization of trace metals
(e.g., copper, zinc, cobalt, cadmium) [23,24]. An altered sediment environment could thus
serve as a source of pollutants, further degrade water quality, and affect the food web [25].

The fate of any kind of waste that enters the water column is highly dependent
on a variety of physical characteristics of aquaculture sites: wind and wave patterns,
currents, tidal regime, bathymetry, and geomorphology [26-30]. To avoid environmental
pollution, proper site selection is a prerequisite for sustainable aquaculture practices [6].
One of the most important physical factors in the selection of sites for fish farms is the
sediment structure: coarse sediment is preferred, which indicates adequate lateral water
transport [31]. According to the Official Gazette of the Republic of Croatia, the structure
and composition of sediment is listed as one of the physical characteristics within the
biophysical criteria for aquaculture site selection [32]. In the scientific literature, sediment
structure, which is often described as coarseness, is considered an adequate sediment
property [6], while sediment mineral composition is usually less discussed. The coarse-
grained nature of sediments is a typical feature of high-energy environments through which
waves or bottom currents flow. Such environments are less affected by waste accumulation
due to the dispersion caused by the higher hydrodynamics [27].

The aims of this study are: (a) To investigate the relationship between sediment
characteristics (texture and mineral composition) and OM at three different aquaculture
sites (Ilova fishpond—IF, Krka fish farm—KE, Peljesac fish farm—PF) and their control sites
(Hova River—IR, Krka River—KR, Peljesac reference site—PR) over a period of one year.
Differences between the studied sites include climate (continental and Mediterranean),
environmental conditions (clay fishponds, fish farms in karst rivers, fish farms in the sea),
management practices in terms of water flow, and size of farms (ponds, tanks, and cages in
the open sea). (b) To determine sediment characteristics that could affect the concentration
of OM, and (c) to initiate the environmental impact assessment of selected aquaculture sites.

2. Materials and Methods
2.1. Study Sites and Sampling
2.1.1. Ilova River Site

The Ilova River and its fishponds are located in the continental part of Croatia
(Figure 1). The Ilova River is a small river of the Black Sea watershed. It is located in
a region with a temperate rainy climate: the average annual air temperature is 10-11 °C and
the annual precipitation ranges from 800 to 900 mm. The total duration of solar radiation
is between 1700 and 1800 h [33]. As shown in Figure 2, the area around the Ilova River is
a rural agricultural area [34]. Due to its broad flood line within the middle reaches, Ilova
aquaculture ponds include several earthen fishponds on the left bank of the river (Figure 2),
covering 1350 hectares. The ponds are roughly north—south elongated and follow the main
direction of the natural river course, so they are filled by gravity. In addition, canals and
river weirs have been constructed to control the water level in the ponds. The average
depth of the ponds is 1.5 m. About 90% of the fish produced are carp (Cyprinus carpio),
while the remaining 10% are other common freshwater species. The annual fish production
is estimated to be 600-750 tons. Data on the amount of fish feed used in Ilova ponds are
not available.



Minerals 2022, 12, 696

3 0f20
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Figure 1. Locations of aquaculture sites: (A) Ilova River site, (B) Krka River site, and (C) Peljesac site.
(A—C) Squares are matching Figure 2a, Figure 3a and Figure 4a, respectively. Note that Neretva River
is the only river near the Peljesac study site (C).

Most of the middle reaches of the Ilova River are surrounded by Holocene alluvial
deposits of the Ilova River (gravels to clays) and Pleistocene loess deposits. Clastites of
Miocene and Pleistocene age are more abundant in the hills (Figure 2) [35,36]. Sediment
samples were collected seasonally three times (June, September, and November) in 2016
from a fishpond (samples IF) at a 2 m depth and from the reference station in the Ilova
River (samples IR) at a 1 m depth (Figure 2). Due to the late start of the research project,
sampling was not possible in February 2016.

Surface sediment was sampled at both sites in several replicates for all analyses using
an extendable, hand-made plastic drill with a diameter of 5 cm. The extracted sediment
was sealed with labeled rubber caps on both sides of the drill (first at the top, then at
the bottom) to prevent sediment loss. The surface sediment layer of 4 cm was carefully
separated and stored at —20 °C until analysis. Frozen storage was chosen to preserve OM
in case of prolonged laboratory work.
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Figure 2. (A) Geological map of the Ilova River study site: 47—Miocene limestone-clastic com-
plex; 48—Miocene clastites; 52—Plio-Quaternary clastic deposits; 54a—Pleistocene loess; 58b—
Holocene alluvial deposits; blue lines—streams and rivers; blue areas—fishponds; red lines—main
faults; thin brown lines—isohipses (after [35,36]). Red/yellow dots represent sampling locations.
(B) Topographic map of the Ilova study site wider area. Red/yellow dots represent sampling locations.
The altitude of the Ilova site is 108 m above the sea. Maximal altitude here is 640 m, near Donji Borki.
(C) Location of the Ilova River and the Ilova fishpond sampling sites (after Google Earth). Red and
yellow dots represent sampling locations. (D) Ilova fishpond with exact sampling location (yellow
arrow; red arrow indicates sampling point in the Ilova River).

2.1.2. Krka River Site

The Krka fish farm is located in the upper reaches of the Krka River (Figure 1), about
300 m downstream from the main source of the Krka River in connection with the Kr¢i¢
tributary (Figure 3). This aquaculture facility is a fish farm created as a flow system
separated from the Krka riverbed. It was built in the form of contiguous rectangular
concrete basins, into which the diverted water of the Krka River continuously enters and
exits via the outflow channel. The study areas of the Krka River are located in the Dalmatian
hinterland with a moderately warm and humid climate: the average annual air temperature
in this area is 12-13 °C and the annual precipitation ranges from 1100 to 1200 mm. The total
duration of annual solar radiation is between 2200 and 2400 h [33]. The study area of the
Krka River is considered an urban area [34]. The fish species produced here are rainbow
trout (Oncorhynchus mykiss) and brown trout (Salmo trutta). The annual fish production is
about 100 tons. As in the case of the study area on the Ilova River, there are no available
data on the amount of fish feed used for the fish farm on the Krka River.
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Figure 3. (A) Geological map of the Krka River study site: 13a—Permian evaporites and clastites;
14—Triassic clastites; 15—Triassic carbonates; 16—Triassic clastic and pyroclastic deposits;
20—Triassic dolomites; 21-24—]Jurassic limestones and dolomites; 32—Cretaceous limestones and
dolomites; 34—Cretaceous limestones; 39—Paleocene-Eocene limestones; 41—Eocene-Oligocene car-
bonate deposits; 57b—Holocene lake deposits; 58a—Holocene alluvial deposits; blue lines—streams
and rivers; red lines—main faults; thin brown lines—isohipses (after [35,36]). Red-black dot repre-
sents sampling locations. (B) Topographic map of the Krka River study site wider area. Red-black dot
represents sampling locations. The altitude of the Krka River site is 220 m above the sea. Maximal
altitude here is 800 to the east. (C) Location of the Krka River and the Krka fish farm sampling sites
(after Google Earth). Red and yellow dots represent sampling locations. (D) Krka fish farm with
concrete basins. The right-most basin shown is a sedimentation tank.

The geological environment of the upper reaches of the Krka River is tectonically
quite complex. However, the whole area is characterized by various carbonates with a
wide age range. Triassic dolomites, Jurassic limestones and dolomites, and Cretaceous
limestones and dolomites are the most widespread (Figure 3). The fish farm is located in
this karst carbonate, while downstream of the Krka River, proluvial and alluvial deposits
of Holocene age have formed [35,36]. Sediment samples in the Krka fish farm (samples
KF) were collected with a hand-made, extendable plastic drill with a diameter of 5 cm in
several repetitions at the end of the basins (in the sedimentation basin, Figure 3D). Due
to the relatively thin sediment cover within the artificial sedimentation basin, the entire
amount of sediment collected was considered surface sediment.

The same sampling technique was applied at the reference site on the Krka River
downstream (samples KR), at a river depth of 0.5 m. The surface sediment was carefully
collected without losing fine-grained material. After sampling, the sediment was stored
at —20 °C until laboratory analysis. The reference station on the Krka River was sampled
three times seasonally in 2017 (June, September, and November). Sampling at the fish farm
was not conducted in February because the settling ponds were unexpectedly cleaned, and
the sediment was completely removed before fieldwork.

2.1.3. PeljeSac Study Site

Peljesac fish farm is located south of Dubovac Island in the Malo More Bay
(Figures 1 and 4), between Peljesac Peninsula and the mainland. This coastal study site is lo-
cated in the south of the Croatian coast, which is characterized by a Mediterranean climate
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with mild and humid winters and dry, hot summers. The average annual air temperature in
this coastal area is 15-16 °C, and the annual precipitation ranges from 1100 to 1200 mm. The
total duration of annual solar radiation is between 2600 and 2700 h [33]. According to [34],
the study area of PeljeSac is a rural area with scattered settlements, mainly used during
the tourist season. The farm is a stationary fish farm containing platforms and cages of
different shapes. The main fish species produced here are European sea bass (Dicentrarchus
labrax) and gilthead sea bream (Sparus aurata). The annual production of these fish is about
50 tons. Data on the fish feed used here are not available.

Peljesac
ﬁile

Figure 4. (A) Geological map of the Peljesac study site: 20—Triassic dolomites; 21-23—Jurassic
limestones and dolomites; 32—Cretaceous limestones and dolomites; 34—Cretaceous limestones;
39—Paleocene-Eocene limestones; 40—Eocene-Oligocene carbonate deposits; blue lines—streams
and rivers; blue areas—coastal lakes; red lines—main faults; dotted red line—border; thin brown
lines—isohipses (after [35,36]). Red and yellow dots represent sampling locations. (B) Topographic
map of the PeljeSac study site wider area. Red and yellow dots represent sampling locations.
(C) Location of the Peljeac fish farm and the PeljeSac reference site (after Google Earth). Red
and yellow dots represent sampling locations. (D) PeljeSac sampling sites near carbonate islands.
Yellow arrow points to fish farm cages; red arrow points to reference site.

The Malo More Bay is an elongated, channel-like body of water between the Neretva
River channel in the northwest and Mali Ston Bay. Most of the Malo More Bay is sur-
rounded by Cretaceous and Eocene carbonates, with no sediments from the river directly
entering the fish farm study area (Figure 4) [35,36]: the mouth of the Neretva River is in
the northwestern direction (see Figure 1). Sediment samples were collected seasonally in
February, June, September, and November 2017 with the grab (Hydrobios box sampler;
Altenholz, Germany) at a 17-18 m depth near PeljeSac fish farm (samples PF) and at the
same depth near the PeljeSac reference site (samples PR) on Pulenjak island (Figure 4).
The first 4 cm of sediment were carefully separated by the box borer to prevent loss of
fine fraction.
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2.2. Sediment Analyses
2.2.1. Grain Size Analysis

A defrosted sediment subsample was taken for each analysis and dried at 50 °C for
24 h. A total of 100 g of each dried and previously homogenized sediment sample was
separated and wet-sieved with a set of 7 ASTM (American Society for Testing and Materials)
standard sieves (Retsch, Austria) at 1¢ intervals to characterize the grain size of the gravel
and sand fractions. The silt fraction (<0.063 mm) was collected in suspension and then
analyzed on the Micromeritics Sedigraph 5100 using the standard sedigraph method [37].
The dried gravel sand fractions collected from the sieves were weighed and merged with
the data obtained by sedigraph using the Gradistat statistical package [38]. The sediments
were classified according to the scheme of Folk [39]. The statistics of the granulometric
parameters were calculated using the formulas proposed in [40].

2.2.2. Carbonate Content

Five to six grams of each sediment sample were homogenized and pulverized using
an agate mill. The carbonate content of all samples was determined by gas (CO,) volumetry
using the Scheibler instrument (Standard: HRN ISO: 10693:2014) [41,42]. The method is
based on the evolution of carbon dioxide after the reaction of carbonates with hydrochloric
acid diluted with distilled water (1:1). A standard (pure CaCOj3) was analyzed before
the sediment analysis. The analysis of each sample was performed in duplicate. The
differences between the subsamples of each sediment sample were within 2%, and the
results presented are the averages of two measurements.

2.2.3. Mineral Composition

Qualitative mineral composition was performed on previously pulverized bulk sam-
ples by X-ray diffraction (XRD) (Malvern Panalytical Ltd, Malvern, UK) analysis using a
Philips X-Pert PRO diffractometer. Analyses were performed at 40 kV, 40 mA, with Cu Ko
radiation ranging from 4° to 63° 20. The semiquantitative abundance of each mineral was
estimated from the relative intensity of the mineral peaks.

2.2.4. Organic Matter (OM) Content

Total OM was estimated as weight loss on ignition loss (LOI) on loose sediment
samples using the slightly adapted method applied in [43]. Dried sediment samples were
pulverized and subsamples of 0.8-0.9 g were separated and incinerated at 400 °C for
7 h. These sample amounts and method conditions were applied to ensure consistency,
as variation in sample size and change in method conditions can affect LOI results [42].
Each sample was analyzed in duplicate, and the results presented are the average of two
measurements.

2.2.5. Statistical Analysis

To investigate the relationship between sediment properties (grain size fractions,
carbonate fraction, and OM), we performed principal component analysis (PCA) using the
R platform. Prior to PCA, log-transformed data were standardized by subtracting the mean
from each value and dividing by the standard deviation.

3. Results
3.1. Grain Size Analysis
3.1.1. Ilova River Site

The main visible difference between the Ilova fishpond and the Ilova River is the
presence or absence of the gravel fraction. Unlike the Ilova River reference site, where no
gravel was found during the monitoring period, Ilova fishpond had a significant amount
of gravel particles (Table 1).



Minerals 2022, 12, 696

8 of 20

Table 1. Summarized grain size data for Ilova fishpond (IF) and Ilova River reference site (IR).

Sample Date Gravel (%) Sand (%) Mud (%) Texture Md (mm) Mz (mm) So (¢p)
IF Feb 2016 NS NS NS NS NS NS NS
IF Jun 2016 61.8 10.6 27.6 mG 4.39 0.63 4.33
IF Sep 2016 22.5 19 58.5 M 0.03 0.06 4.85
IF Nov 2016 39.2 15.3 51.8 mG 0.24 0.17 4.61
IR Feb 2016 NS NS NS NS NS NS NS
IR Jun 2016 0 13.1 86.9 sM 0.006 0.007 2.71
IR Sep 2016 0 2.2 97.8 M 0.003 0.008 2.13
IR Nov 2016 0 12.4 87.6 sM 0.005 0.008 2.7
Md—median; Mz—mean size; So—sorting; NS—not sampled.

In general, sediments in Ilova fishpond were classified as muddy gravel (mG) or
gravelly mud (gM). Sediment samples from the Ilova River were determined to be sandy
silt (sM) or mud (M). Accordingly, the mean (Md) and median (Mz) particle sizes of the
llova fishpond samples exhibited greater variation and were extremely poorly sorted. The
median and mean particle sizes of the samples from the Ilova River had less variation and
the sorting of the sediments was slightly better, but still very poorly sorted (Table 1).
3.1.2. Krka River Site

All sediment samples from the study area on the Krka River showed higher similarity
compared to the study area on the Ilova River. Two of the three samples collected in the
fish farm were classified as sandy gravel (sG), while one was determined to be gravelly
muddy sand (gmS) (Table 2). A greater difference between Md and Mz was observed for
sample KF collected in November 2017, which was attributed to the higher proportion of
gravel particles and the distribution of grain size within the gravel fractions. In the case
of the reference site on the Krka River, three out of four samples were classified as sandy
gravel (sG), while only one sample was determined to be slightly gravelly sand ((g)S). The
Md and Mz values were generally closer together in the Krka River than in the Krka fish
farm. Accordingly, the sorting of sediments from the Krka River was better than that from
the Krka fish farm (Table 2).

Table 2. Summarized grain size data for Krka fish farm (KF) and Krka River reference site (KR).

Sample Date Gravel (%) Sand (%) Mud (%) Texture Md (mm) Mz (mm) So (¢p)
KF Feb 2017 NS NS NS NS NS NS NS
KF Jun 2017 21.2 70.1 8.7 gmS 1.09 0.81 2,03
KF Sep 2017 35.8 62.8 1.4 sG 0.43 0.76 2.13
KF Nov 2017 56.7 41.6 1.7 sG 4.32 1.75 2.16
KR Feb 2017 0.5 96.4 3.1 (g)s 0.19 0.20 0.77
KR Jun 2017 32.8 66.2 1 sG 0.55 091 1.90
KR Sep 2017 54.1 44.2 1.7 sG 2.46 1.74 1.84
KR Nov 2017 40 58.5 1.4 sG 1.06 1.16 1.91

Md—median; Mz—mean size; So—sorting; NS—not sampled.

3.1.3. Peljesac Site

The marine sediments collected from both the PeljeSac fish farm and the Peljesac
reference site showed the dominance of two coarse fractions: sand and gravel (Table 3). In
general, both sites yielded sediment samples where Md and Mz values are relatively close.
Nevertheless, sediments from both sites are poorly sorted, with one exception: the sample
PF collected in September 2017 contained a much higher proportion of a muddy fraction
compared to the other samples in Table 2.
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Table 3. Summarized grain size data for PeljeSac fish farm (PF) and PeljeSac reference site (PR).

Sample Date Gravel (%) Sand (%) Mud (%) Texture Md (mm) Mz (mm) So (¢p)
PF Feb 2017 12.6 81.6 5.8 (g)s 0.73 0.64 1.73
PF Jun 2017 9.7 85.6 4.8 (g)s 0.59 0.57 1.63
PF Sep 2017 359 10.9 53.1 mG 0.02 0.05 5.16
PF Nov 2017 41 55 4 sG 1.54 1.48 1.7
PR Feb 2017 56 39.7 4.3 sG 2.54 2.1 1.69
PR Jun 2017 50.2 46.8 3 sG 2.02 1.7 1.82
PR Sep 2017 14.2 82.6 3.2 (g)s 0.74 0.73 1.47
PR Nov 2017 50.3 474 2.3 sG 2.04 1.93 1.58

Md—median; Mz—mean size; So—sorting.

Due to the higher proportion of the mud fraction combined with the gravel fraction,
the sorting of this sample was extremely poor compared to the other Peljesac samples. This
is reflected in the mean and average grain size: the significantly lower Md and Mz values
show that the mud fraction is abundantly represented (>50%).

3.2. Carbonate Content

Summary data of the carbonate content analysis for all sediment samples are presented
in Table 4. The sediment samples from the Ilova River reference site contained a low
percentage of carbonates or no carbonates at all (Table 4). Surprisingly, the sediment from
the Ilova fishpond contained between 18% and 47% carbonate minerals. As expected,
the sediments from both the Krka and Peljesac study areas were high in carbonates. The
sediment from the Krka fish farm contained between 81% and 98% carbonates, while the
reference site on the Krka River had a similar range of carbonate minerals (88-96%). The
marine sediment at the PeljeSac reference site was consistently high in carbonates, similar
to the sediment below the Peljesac fish farm (between 90% and 96%). The only exception is
the sample PF collected in September 2017, with only 56% carbonate minerals (Table 4).

Table 4. Summarized carbonate content in sediment samples from all studied locations and all
sampled seasons.

Sample Date Carbonates (%) Sample Date Carbonates (%)
IF Feb 2016 NS IR Feb 2016 NS
IF Jun 2016 18.53 IR Jun 2016 0
IF Sep 2016 23.03 IR Sep 2016 6.17
IF Nov 2016 46.57 IR Nov 2016 0
KF Feb 2017 NS KR Feb 2017 95.32
KF Jun 2017 97.33 KR Jun 2017 88.68
KF Sep 2017 87.57 KR Sep 2017 90.98
KF Nov 2017 81.65 KR Nov 2017 91.7
PF Feb 2017 95.2 PR Feb 2017 92.17
PF Jun 2017 929 PR Jun 2017 95.47
PF Sep 2017 56.33 PR Sep 2017 95.33
PF Nov 2017 94.52 PR Nov 2017 90.2
NS—not sampled.

3.3. Mineral Composition

The presence of mineral phases varied among the study sites, but the mineral compo-
sition of sediments from fish farms and reference sites at each study site was quite similar
(Table 5). The predominant mineral at the Ilova River site was quartz. Minerals from the
mica group, dolomite, and plagioclase were also present, while clay minerals and calcite
were present to a lesser extent.
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Table 5. Summarized mineral composition for all study sites and both fish farms and reference sites.
Selected diffractograms are presented in the Supplementary Materials, Figures S1-56.

Study Site Quartz Calcite Mg-Calcite =~ Dolomite Aragonite  Plagioclase Mica Clay Minerals
Ilova +++ (+) - + - ++ ++ +
Krka (+) +++ - +++ - - - -
Peljesac (+) +++ +++ (+) ++ - - -

Semiquantitative analysis: +++ very abundant (>30%); ++ abundant (10-30%); + fairly abundant (5-10%); (+)
detected (<2%); - not detected.

The mineral composition of the Krka River site was unique throughout: carbonate
minerals were predominant, with calcite and dolomite as the main minerals. Small amounts
of quartz were also detected (Table 5).

Carbonate minerals were the main mineral phases found at the PeljeSac study site.
The predominant minerals were calcite and magnesian calcite, with aragonite also found in
some sediment samples.

The intensity peak of aluminum was found in all samples and reflected the sam-
ple holder. Examples of diffractograms can be found in the Supplementary Materials,
Figures 51-S6.

3.4. Organic Matter

The reference site on the Ilova River had a consistently slightly higher OM content
compared to the Ilova fishpond (Table 6). The highest OM content was in November (6.84%)
and the lowest in June (5.72%). Conversely, the highest OM content under Ilova fishpond
was in June (4.55%) and the lowest in November (3.87%). In general, season-specific
changes were small at both Ilova sites.

Table 6. Summarized OM content in sediment samples from all studied locations and all sampled seasons.

Sample Date OM (%) Sample Date OM (%)
IF Feb 2016 NS IR Feb 2016 NS
IF Jun 2016 4.55 IR Jun 2016 5.72
IF Sep 2016 432 IR Sep 2016 6.55
IF Nov 2016 3.87 IR Nov 2016 6.84
KF Feb 2017 NS KR Feb 2017 1.8
KF Jun 2017 419 KR Jun 2017 1.08
KF Sep 2017 4.07 KR Sep 2017 1.49
KF Nov 2017 4.05 KR Nov 2017 1.39
PF Feb 2017 11.46 PR Feb 2017 5.96
PF Jun 2017 3.67 PR Jun 2017 3.77
PF Sep 2017 4.73 PR Sep 2017 3.28
PF Nov 2017 2.85 PR Nov 2017 8.18
NS—not sampled.

Seasonal OM dynamics were also low at both sites in the Krka study. In contrast to
the Ilova fish farm, the Krka fish farm had a consistently higher OM percentage (~4%)
compared to the Krka reference site (just over 1%) (Table 6).

The highest seasonal dynamics of OM content was recorded at the study site PeljeSac.
The highest OM content at the PeljeSac site was recorded under the fish farm in February
(11.49%), while the lowest was in November (2.85%). The reference site Peljesac had lower
values in the warm season, while the percentage was higher in winter (Table 6).

3.5. Statistical Analysis

The results of the PCA are presented in the form of a biplot showing the variables and
their relationship (Figure 5). The first two principal components, Dim1 and Dim 2, account
for 77.7% and 13.8% of the variance in the plot data, respectively. In general, three main
groups can be identified: The first includes the Krka River (red dots) and PeljeSac sites
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(blue dots), both characterized by coarse sediments and high carbonate content. The second
includes the Ilova fishpond (fluorescent green dots), which is somewhat distant from the
third Ilova River assemblage (dark green dots) due to its gravel content. Based on the angles
between the variable arrows, a positive correlation can be observed between mud and OM,
while both are far from the other three variable arrows (gravel, sand, and carbonates).
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Figure 5. Principal component analysis (PCA) biplot of the first two PCs. The larger circles represent
the geometric mean of the data within each group.

4. Discussion
4.1. OM Content in Sediment

As reported in the Results Section, OM showed no seasonal dynamics in the sediment
of the reference site on the Ilova River, nor in the Ilova fishpond. The Ilova River is a
continental river with muddy sediments, much of which is transported as suspended load
(Table 1; Figure 6a). It is known that OM is positively correlated with the distribution of
fine-grained particles [44,45], and therefore a higher percentage of OM was expected in
the bulk sediment. However, recently, it was shown that OM ranges from 0.5% to 10%
in sediments of continental rivers in Croatia [46]. Moreover, the same authors showed
that the Ilova River contained ~3% OM in sediment samples downstream from our site,
which is half of the lower concentration determined in our study. However, it should be
emphasized that the particle size distribution reported by the same authors was somewhat
different, with a lower percentage of mud (~70%) compared to our study. Moreover, the
same authors showed that the Ilova River contained a slightly higher percentage of OM
in the fine-grained fraction than in the bulk sediment [46]. Therefore, it is obvious that
particle size distribution plays a role in the percentage of OM, as expected: a higher OM is
associated with a sediment containing more fine-grained particles. However, in the future,
a different relationship should be considered: the distribution of silt and clay fractions
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in the mud and their mineral composition should be known to distinguish the effects
of mineral composition on OM accumulation. It is known that the clay fraction usually
contains a higher proportion of clay minerals than the silt fraction [46]. In both Ilova River
and Ilova fishpond sediments, the clay fraction was less abundant compared to the silt
fraction (detailed grain size data are available upon request). The OM content in the Ilova
fishpond was slightly lower compared to the Ilova River reference station, which may be
related to the generally coarser sediment, as mentioned above.

(b)

Figure 6. Sampling reference station at studied rivers: (a) high amount of suspended matter as one

of the noticeable features of the Ilova River regardless of the season. (b) Clear karstic water of the
Krka River in its upper course. Coarseness of the sediment was visible even from the position the
photograph was taken from.

The results of OM content at the study site in the Krka River were as expected: the
Krka fish farm showed slightly higher OM values compared to the reference site in the
Krka River, while both sites showed low OM dynamics over one year (Table 6). The slightly
higher OM content in the sediment of the Krka fish farm could be due to a generally lower
water flow associated with the materials emitted from the fish farm, such as feces and
uneaten food. Other upstream sources of OM are less likely, as the main source of water
from the Krka River is a karst spring located about 300 m upstream from the Krka fish
farm. However, the data presented in [46] show that further downstream, the values of OM
reach 6.5% in the bulk sediment of the Krka River and >3% OM in fine sediment. Again, it
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should be noted that in the sediments analyzed by these authors, the mud represents >50%
of the sample, with the fine-grained fraction containing less OM compared to the bulk
sediment. This opposite trend compared to the llova River indicates a possible local input of
organic material, probably in the form of flocculated sand-sized material partially removed
during sand removal [46]. Even higher amounts (up to 10%) of OM in the sediment of the
Krka River were also found in its downstream estuary, and the composition suggests that
much of it may be of terrestrial origin [47]. An example of the proximity of terrestrial OM
sources in the Krka River study area is shown in Figure 6b. However, further detailed OM
characterization is needed to clarify the temporal and site-specific dynamics of OM.

Organic matter content ranged from 2.85% to 8.18% at both sites in the PeljeSac study
area (Table 6). These results are consistent with other studies in the central and southeastern
Adriatic (0.55-8.72%) [48,49]. An exception is the result of the sample taken in February
from PF with a content of 11.5% OM. In addition to the fish farm itself, there are other
identified sources of OM near the study area. The first and probably the most influential is
the vicinity of the mouth of the Neretva River (Figure 1) and its water plume in the area of
the semi-closed channel [50]. The Neretva River is an allogenic coastal river, with the delta
extending over the last 36 km of the river course. As a wetland, the delta itself is a natural
source of organic material. In addition, the delta is an area of intensive agricultural use,
combined with tourism and transportation activities. This anthropogenic load combined
with natural features (high suspended sediment load from the upper reaches) affects the
area of the Neretva Channel and the Malo More Bay [50], where our PeljeSac study area is
located (Figure 4). Due to its nivo-pluvial regime [33], its effects are expected in autumn
and spring. The second cause is the proximity to other pollutant sources, such as domestic
sewage outlets within the closed bay. A similar situation was observed in Spain [21]. As
shown in Table 6, the seasonal dynamics of OM content in sediment samples from PF and
PR is much higher compared to the two river study sites. Nevertheless, no discernible
seasonal pattern could be identified during the monitoring period, and a longer monitoring
period is recommended for future research.

4.2. OM in Relation to Carbonate Content, Grain Size, and Mineral Composition
4.2.1. Ilova River Site

The middle reaches of the Ilova River are surrounded by alluvial sediments deposited
by the river itself, comprising a variety of sedimentary grains (gravels, sands, silts, and
clays). The upstream part of the Ilova River basin is covered by loess deposits (Figure 2).
The main mineral phase in this loess is quartz, sometimes in amounts of 70% [35,36]. The
dominance of quartz is evident in both sampling sites, the Ilova River and the Ilova fishpond
(Supplementary Materials, Figures S1 and S2), thus reflecting the mineral composition
of the catchment. Part of the alluvial deposits of the Illova basin drains the area of Plio-
Quaternary clastic deposits, in which clay layers are found along with quartz. These
clays are illite-kaolinite, montmorillonite-kaolinite-illite, and muscovite [35,36]. The clay
minerals found in the Ilova River and Ilova fishpond sediment belong to the kaolin group,
while muscovite represents the mica group (Table 5; Supplementary Materials, Figures S1
and S2), again showing that the mineral composition of the sediment from the two Ilova
sampling sites reflects the lithology of the surrounding area.

The distinctive feature of the mineral composition found at the Ilova sampling sites
is the group of carbonate minerals (Table 5; Supplementary Materials, Figures S1 and S2).
Their occurrence in the Ilova River sediment was negligible or absent, while in the Ilova
fishpond, about 20-45% of the sediment samples consisted of carbonates (Table 4). Although
the Ilova River had ~6% of total carbonates in September, they were not identified in
the diffractogram (Supplementary Materials, Figures S1 and S2), confirming their low
proportion. On the other hand, dolomite and calcite were found in the Ilova fishpond,
where dolomite was identified as one of the most abundant minerals (Table 5). Middle and
Upper Triassic dolomitic deposits (dolomites and dolomitic limestones) occur at the Papuk
Mountain, northeastern of the town of Daruvar (Figure 2) [51]. It is likely that these deposits
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are the source rocks of the detrital dolomite found in the Ilova fishpond. In particular,
dolomitic limestones could form detrital dolomite as a result of selective dissolution of
calcite and dolomite under subaerial weathering [52]. Several small tributaries of the
Ilova River coming from the eastern slopes of the Papuk Mountain drain this dolomitic
terrain and carry detrital dolomitic material directly to the Ilova fishpond area [51]. Such
dolomite grains can have a variety of sizes and shapes [53]. As could be seen in the
sediment samples collected during laboratory analyses at Ilova fishpond, the presence
of the coarsest gravel particles can be directly associated with detrital dolomite. Earthen
fishponds are aquatic environments where water flow is regulated by natural gravity and
a weir system. In general, the flow energy of the water here is lower than in an open
stream /river, which causes the fishpond to act as a sediment trap and prevent sediment
runoff, especially the coarse-grained fraction. Therefore, the consistently higher carbonate
content and increased gravel fraction in the Ilova fishpond could be the result of long-term
accumulation of detrital dolomite. In contrast, the increased hydrodynamics in the Ilova
River could ensure that such detrital grains are transported downstream, leaving behind
predominantly muddy, carbonate-free sediment, especially at hydrodynamically protected
sites where fine-grained sediment can settle (Figure 6a) and cohesively bind. The calcite in
the traces identified at both Ilova sites could be derived from the surrounding loess (and
other calcite-bearing deposits) or from autochthonous shell production within the pond, or
a combination of both.

4.2.2. Krka River Site

Sediments sampled at both Krka River sites are strongly carbonaceous (81-96% car-
bonates) sedimentary materials dominated by calcite and dolomite (Table 5). This mineral
composition is consistent with the environment: it is a karstic relief developed in Triassic
dolomites, Lower Jurassic limestones and dolomites, and Middle Jurassic thick-bedded
limestones and dolomites (Figure 3) [35,36]. Quartz was also found at both sampling
sites, mostly as trace minerals (Table 5; Supplementary Materials, Figures S3 and S4). Its
origin could be related to Holocene alluvial deposits or clastic deposits in the vicinity that
contain quartz (Figure 3) [35,36]. Krka River sediments are coarse-grained sandy gravels
and gravelly sands with mud content less than 10% (mostly less than 2%, Table 2). Based
on these characteristics, it was expected that the content of OM would be low. This was
true for the Krka River reference site, which consistently had low OM (1-1.5%) (Table 6).
However, despite the same mineral composition and similar grain size characteristics,
sediment collected at the Krka fish farm consistently contained OM levels slightly above 4%
(Table 6), indicating an increased input of OM from the fish farm. Higher OM in sediment
from the Krka fish farm could be due to insufficient water flow through the farm. As a
karst river with the regime of the Dinaric pluvial-nival type, the discharge of the Krka
River varies seasonally: the highest discharge occurs in spring and autumn, and the lowest
in summer [54]. Despite the seasonal differences in discharge, there are no sea-specific
dynamics of OM content at the two monitoring stations of the Krka River. Therefore, we
suspect that the higher OM content at the Krka fish farm is not directly related to water
flow, but to fish farm practices. The four times lower OM at the downstream reference
site of the Krka River suggests only local effects on sediment quality within the fish farm.
However, this hypothesis should be further investigated by introducing an additional
upstream reference site.

4.2.3. Peljesac Site

Similar to the Krka River, sediment samples collected from both sites in the PeljeSac
study area were generally high in carbonates (~90-95%) and contained a mixture of calcite,
magnesian calcite, and aragonite (Tables 4 and 6). Such mineral composition indicates a
considerable amount of biogenic skeletal remains (Figure 7), similar to other surface sedi-
ments along the Eastern Adriatic coast [41,55,56]. Detrital carbonates (litoclasts) and debris
left after bioerosion of the carbonate rocks and bioconstruction are usually found in small
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amounts (Figure 7). Terrigenous minerals such as quartz and clay minerals were found
only in trace amounts or not at all (Table 5; Supplementary Materials, Figures S5 and S6).
The low input of terrigenous sediments is the result of the predominant carbonate lithology
along the coast [55-57]. All sediment samples at the PeljeSac site were classified as sands
and gravels (Table 3). The high coarseness of the sediments is another typical feature of the
Eastern Adriatic surface sediment cover, resulting from the original size of the shell and
skeletal remains and the product of their fracturing [41,55,56].

Figure 7. Domination of skeletal debris followed by carbonate litoclasts in a randomly subsampled
PR sample collected in September. Coin is 2.4 cm in diameter.

The described textural sediment of the PeljeSac study area is a typical coarse-grained
biological carbonate surface sediment dominated by shell and skeletal remains found along
most of the Eastern Adriatic coast [56]. As mentioned earlier (Section 4.1.), OM contents
in the surface sediment of PeljeSac are comparable to the contents at other sites along the
Eastern Adriatic coast, both at fish farm sites and away from them [48,49]. Once biogenic
inorganic remains were identified as dominant in the sediment, it was obvious that some
(usually unquantified) amount of autochthonous organic remains of organisms remained
in the inorganic skeletal remains. This was to be expected since the seafloor of the Eastern
Adriatic is a marine environment with high species diversity. These organic remains
were included in the calculation of OM during the loss on ignition analysis. Therefore,
we assume that the variability of OM content without the obvious seasonal pattern is
also due to the presence of living organisms in the biogenic sediment and should be
considered in the future as an additional OM source besides the input from fish farms
OM, the influence of the Neretva River, and the possible domestic sewage system. We
believe that a longer monitoring period is needed to determine the pattern of OM seasonal
variability, while more detailed chemical OM characterization (e.g., organic carbon and
total nitrogen analyses, together with stable carbon and nitrogen isotope analyses, etc.) is
recommended in the future as a tool to distinguish OM source and composition. A CHN
elemental analysis is considered suitable for total OM and total N measurement [48,49].
Moreover, total N allows to determine the C/N ratio as a tool for distinguishing between
marine and terrestrial organic matter. However, additional care has to be taken during
measurements in carbonate-rich sediments [58].

Of all the sediment samples from the PeljeSac study area, only one (PF, collected
in September) differed from the other sediments in the group by a higher percentage
of mud (>50%) and a lower carbonate content (~50%; Tables 1 and 4). Considering the
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general positive correlation between mud content and OM content in various aquatic
sediments [44,45], a higher OM content in this sample was expected. However, this
sample contained only 4.37% of OM (Table 6). Similar results in terms of significant
differences in the proportion of fine-grained particles and carbonate content have already
been observed in other seafloor environments of the Eastern Adriatic Sea [56,59]. In places
where shallower or deeper depressions are present on the seabed, the texture of the surface
sediment can vary significantly. Even with short distances between the depressions and
the rest of the seabed, depressions are places where fine-grained particles can settle [56].
This is confirmed by the fact that the calculated OM content in this finer sediment sample
remained low, and clay minerals were hardly (if at all) present. The most important question
to be answered is: which minerals occur and dominate in the mud fraction of the eastern
Adriatic? According to [50,59], extremely muddy sediments collected in the Neretva Chanel
(near our study area, PeljeSac) had the following minerals, in decreasing order: quartz,
calcite, dolomite, magnesian calcite, chlorite, muscovite, and plagioclase. The carbonate
minerals are mainly of marine biogenic origin and derived from destructive diagenesis
in situ [60]. Dolomite and a minor amount of calcite may be of detrital origin [56,57]. In
addition, quartz and plagioclase are typical terrigenous minerals. All the listed minerals
have a diluting effect on OM absorbers (e.g., clay minerals) in the mud fraction, and clay
minerals are known to play the main role in the enrichment of OM sediments due to
their physical and chemical properties [61-63]. Therefore, it can be concluded that the
natural mineral composition of the mud fraction could play an important role in OM
enrichment/reduction in a complex environment such as the Eastern Adriatic Sea. Hence,
mud composition should be considered in environmental studies in the future.

4.2.4. Role of Mineral Composition and Grain Size at all Study Sites

All three studied sites are located in different climatic and environmental conditions
and have different farming management practices in terms of water flow, water characteris-
tics (marine or freshwater), and size of the management environment. Sediment from the
Ilova River and Ilova fishpond contained the highest percentage of mud in the sediment.
At both Ilova sampling sites, the OM content was classified as low (Table 6). However, a
slightly lower OM content was found at the Ilova fishpond. It is likely that this result is
due to the higher proportion of coarse carbonate particles, while the generally low OM
percentage (compared to other study sites in this work and to literature data, e.g., [46])
in the case of the Ilova River may be due to the abundance of mineral phases other than
clay minerals in the mud fraction (Supplementary Materials, Figures 54 and S5). At both
Krka River sites, coarse-grained carbonate sediments (sand and gravel) and a very small
amount of mud were found. In this case, grain size seems to be the main factor preventing
accumulation of OM, and grain size is the result of the prevailing local carbonate lithology
and the hydrodynamics of the river. Regardless of the coarseness of the sediment, the Krka
fish farm OM had a comparable percentage to the two sites in the Ilova River and a higher
percentage than the reference site in the Krka River, suggesting that the local impact of
the fish farm may increase OM in the sediment. Future research should investigate the
upper limit of OM content in the Krka fish farm during a longer monitoring period and
under the same conditions. In the case of the PeljeSac site, the natural coarseness and the
predominant carbonate mineralogy of the sediment ensured a relatively low OM content,
comparable to other fish farms along the eastern Adriatic and to the seabed, which was not
affected by farming practices [48,49]. Nevertheless, the impact of other OM sources near the
Peljesac site should be investigated in the future. In addition, for muddier sediments, the
mineralogy of the sediments could play the main role in maintaining a relatively low OM
load (Tables 3 and 6). This is due to the presence of minerals (such as quartz, carbonates,
feldspar, etc.) that have a diluting effect on clay minerals, which are naturally susceptible
to OM adsorption.

Despite the short monitoring period and different environmental conditions at all
study sites, PCA results indicated that, based on the group positions at an angle of 90° or
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more, coarse-grained carbonaceous sediments tended to collect less OM (Figure 5). The
distant position between the groups of the two Ilova sites suggests that more than two
processes/characteristics determine the distribution of OM in the sediments, or that one of
them may play a leading role in the distribution of OM. The latter was recognized in the
case of the Ilova fishpond, where a significantly higher gravel fraction was found compared
to the Ilova River, while the bulk mineral composition was quite similar (Table 1, Figure 5;
Supplementary Materials, Figures S1 and S2).

According to our preliminary results, both the coarseness of the sediment and the
mineral composition can influence the OM content to a great extent. Depending on the
lithology, water dynamics, or other environmental conditions, one property may be of
greater importance.

In addition, the mineral composition of the mud fraction is an under-researched
sediment property that should be considered in the future when selecting fish culture sites.

5. Conclusions

Sediment properties of three fish farms operating under different climatic and environ-
mental conditions were studied to investigate the relationship between sediment properties
and the content of OM. Sediment texture was found to be one of the major factors affecting
the accumulation of OM in sediment. Coarse sediment accumulates lower amounts of
OM, which directly reflects hydrodynamic conditions as well as natural suitability for
conducting fish farm activities. For muddy sediments, mineral composition is another
important sediment characteristic to consider when selecting the fish farm site. In particular,
the mineral composition of the fine-grained fractions should be known before the site is
selected for fish farming and when an environmental impact assessment is conducted
for fish farms. According to the third objective of this study, the values of OM at the
studied fish farm sites are comparable to the results of their reference sites, indicating
an acceptable environmental health status. An exception to some extent is the Krka fish
farm. It is located in a pristine headwater area of the karstic Krka River as a separate basin
system, and the impacts of fish farming were largely confined to the farm itself during
the monitoring period. However, further sediment studies at all sites (e.g., bacterial and
infaunal community structure and functioning, detailed OM composition, etc.) are needed
for a detailed assessment of impacts.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/min12060696/s1, Figure S1: Diffractogram (typical mineral composition) of IF sample
collected in September: I1t/Msc—illite/muscovite; KIn—kaolinite, Plg—plagioclase; Qtz—quartz;
Cal—calcite; Dol—dolomite. Figure S2: Diffractogram (typical mineral composition) of IR sample
collected in September: Ilt/Msc—illite/ muscovite; KiIn—kaolinite, Plg—plagioclase; Qtz—quartz.
Figure S3: Diffractogram (typical mineral composition) of KF sample collected in September: Qtz—
quartz: Cal—calcite, Dol—dolomite. Figure S4: Diffractogram (typical mineral composition) of KR
sample collected in September: Qtz—quartz: Cal—calcite, Dol—dolomite; black dot—aluminum
sample holder. Figure S5: Diffractogram (typical mineral composition) of PF sample collected in
September: Cal—calcite; Mg-Cal-—magnesian calcite; black dot—aluminum sample holder. Figure
S6: Diffractogram (typical mineral composition) of PR sample collected in September: Cal—calcite;
Arg—aragonite; Mg-Cal—magnesian calcite; black dot—aluminum sample holder.
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