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was the most affected site, although higher metal concentrations were also found at
other locations compared to KRS. Overall, spatial metal contamination followed the
order: TOR>KRK>TKO>TBU>KBL>KRS. Seasonality was not pronounced, although the
highest levels for most metals were observed in summer, dry season when the self-
purification processes are reduced. Almost all elements had low tendency to bind with
particles, therefore showing high presence in dissolved fraction and confirming their
bioavailability and potential toxicity. Although metal concentrations increased over time,
they were still low compared to metal-contaminated rivers. However, observed metal
exposure and inter-site differences present a warning and indicate the need for the

targeted continuous monitoring of potential hotspots to protect this karst ecosystem.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Karst aquifers are considered extremely sensitive ecosystems, susceptible to contamination due to their unique
hydrological (rapid flow of contaminants through fractures), morphological (presence of numerous cavities) and geological
(fractured carbonates) characteristics (Brinkmann and Parise, 2012; Campanale et al., 2022; Kovaci¢ and Ravbar, 2003;
Padilla and Vesper, 2018; Selak et al., 2022). Contaminants are easily dispersed and transported over long distances in
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karst aquifers, whether through sinking streams, caves, sinkholes or open fractures and shafts in carbonate rocks, which
are characterized by conduit porosity and highly permeable zones (Padilla and Vesper, 2018; Kalhor et al., 2019). In
addition, the porosity and high sediment content of karst aquifers allow significant storage capacity for various types
of contaminants, which can then be released into the water column slowly and over a long time (Padilla et al,, 2011;
Padilla and Vesper, 2018; Vadillo and Ojeda, 2022).

Among contaminants, metal(loid)s always pose a major threat due to their enhanced releases from natural and
anthropogenic sources, persistence, toxicity and possible accumulation. As seasonal variations in precipitation regime,
temperature, interflow or groundwater flow have a significant impact on river discharge and consequently on the
concentration of metals in river water (Vega et al., 1998), the assessment of spatial, as well as temporal variability of
metal(loid) concentrations is important for the ecological characterization of aquatic ecosystems and estimation of water
quality.

Although groundwater from karst aquifers is one of the most important drinking water sources and reservoirs
(Bakalowicz, 2005), not many studies have focused on the water quality assessment of the karst rivers in Europe, even
worldwide, as confirmed by Sariri et al. (submitted for publication) using CiteSpace. Namely, combination of the keywords
“karst”, “water quality” and “river” resulted in only 237 published papers around the world, mostly in China and USA.
Further, only small portion of these papers deals with water pollution and anthropogenically-induced degradation, which
was indicated as major environmental problem investigated in the modern world. Since many karst terrains in the
world have also been declared protected areas due to their biotic and abiotic values together with high sensitivity and
vulnerability (Telbisz and Mari, 2020), special awareness and establishment of permanent monitoring and protection
measures in such areas are necessary.

The Krka River is a typical karst river in the Dinaric region of Croatia, the largest part of which has been declared a
national park, with the aim of protecting and preserving this region of exceptional natural value characterized by tufa-
barriers, waterfalls and great plant and animal biodiversity. Although most of the Krka River watercourse is relatively
sparsely populated and seemingly pristine, the upper part is exposed to anthropogenic influences including industrial
and municipal wastewaters, agricultural runoff, fertilizers, tourism and gypsum factory (Cukrov et al., 2008; Filipovic¢
Mariji¢ et al., 2018). In recent years, the limited number of studies in the upper course of the Krka River investigated
the potential threat to the national park and confirmed ecological disturbances and negative impact of wastewaters by
variety of physico-chemical and microbiological parameters and metal(loid) contamination at the sites downstream of
the wastewater’s discharges in the period 2004-2021 (Cukrov et al., 2008, 2012; Filipovi¢ Mariji¢ et al., 2018; Sertic¢
Peri¢ et al., 2018; Sariri et al., submitted for publication). As for the temporal changes of metal(loid)s in water, previous
studies in the upper part of the Krka River covered only some seasons in a limited spatial area (usually two characteristic
locations, pristine and contaminated) or presented only few elements (Cukrov et al., 2012; Filipovi¢ Mariji¢ et al., 2018;
Sertic¢ Peri¢ et al., 2018), while a comprehensive study covering temporal changes in all four seasons at a number of target
locations in the wider area was never conducted. Therefore, we presented for the first time long-term trends in variability
of 20 metal(loid) concentrations in the karst river and estimated the use of their current and long-term levels as chemical
indicators of pollution impacts.

As a continuation of the mentioned research in this important area, we aimed to conduct a comprehensive study of the
metal exposure assessment of the upper part of the Krka River by: (a) characterizing for the first time seasonal dynamics
of metal(loid) concentrations at locations of variable pollution impact; (b) comparing the results with previously reported
data to assess long-term trends and changes in metal concentrations; (c) estimating and comparing the bioavailability
of 20 elements at unpolluted and polluted sites by calculating ratios of dissolved to total metal concentrations; (d)
characterizing the main pollution sources and their direct and long-term impact on the Krka River watercourse; (e)
identifying the influence and consequences of long-term exposure to industrial and municipal wastewaters on this
sensitive ecosystem.

2. Materials and methods
2.1. Study area

Presented research was conducted in the Dinaric karst Krka River in Dalmatian part of Croatia. Although its lower part
is protected as a national park, the upper course of the river is nowadays under influence of anthropogenic activities,
which mostly include technological wastewaters from the screw factory, municipal wastewaters from the Town of Knin
and agricultural runoff (Filipovi¢ Mariji¢ et al., 2018; Serti¢ Peri¢ et al., 2018). Wastewater outlets represent serious threat
for the living world of the Krka River, as well as for the KNP, considering that wastewater is discharged into the river
without adequate treatment only about 2 km upstream of the KNP border (Fig. S1). Previous research in this area has
pointed to ecological disturbances and evidently higher metal concentrations and negative impact downstream of the
existing wastewater outlets (Filipovi¢ Mariji¢ et al., 2018). Conductivity, chemical oxygen demand, levels of ammonium,
total nitrogen and phosphorus, nitrates and bacteria counts were below good water quality status even near the border
of the KNP (Filipovi¢ Mariji¢ et al., 2018). Further, 2-400 times higher levels of Al, Co, Fe, Li, Mn, Ni, Sr, Ti, and Zn were
previously recorded in the technological/municipal wastewaters and the locations under the anthropogenic influence
downstream of the Town of Knin (Filipovi¢ Mariji¢ et al., 2018; Serti¢ Peri¢ et al., 2018) compared to the Krka River
source.
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Therefore, to make comprehensive spatial and temporal assessment of environmental conditions in the upper part
of the Krka River, 8 locations were selected: Krka River source without known anthropogenic impact as the reference
site (KRS), downstream of the municipal wastewaters of the Town of Knin (KRK), industrial wastewaters from the screw
factory (IWW), Brljan Lake situated in the Krka National Park (KBL), tributary Kr¢i¢ flowing near the Krka River source
(TKR), tributary Kosovcica influenced by gypsum factory (TKO), tributary Orasnica which flows along IWW (TOR) and
tributary ButiSnica, affected by agricultural activities (TBU) (Fig. S1).

2.2. Water sampling

The river water samples for the analysis of inorganic elements, except total mercury (THg), were collected in pre-
cleaned polyethylene bottles in triplicates in all four seasons during 2021. Exception was TKR, where water was not
collected in summer and autumn since this tributary had dried up. In all samplings, appropriate aliquots from each
bottle were transferred into pre-cleaned 20-mL polyethylene bottles for determination of total metal concentrations.
Other aliquots from each bottle were filtered using a 0.45-wm pore diameter cellulose acetate filter (Sartorius, Germany)
mounted on syringes for the measurements of dissolved metal(loid) concentrations. All samples were acidified with
concentrated nitric acid (Rotipuran Supra 69%, Carl Roth, Germany) and stored at 4 °C before analysis in the laboratory.

Water samples for THg analysis were collected concurrently with the collection of samples for other elements according
to the method described by Bravo et al. (2018). Briefly, unfiltered and filtered (0.45-pwm CA filters; Sartorius, Germany)
water samples for the analysis of total and dissolved THg fraction and corresponding locational blanks were collected
in pre-cleaned 100-mL amber borosilicate glass bottles, acidified with hydrochloric acid (HClI, 30%, Suprapur, Merck,
Darmstadt, Germany) and stored at 4 °C in plastic zip-sealed bags for further THg analyses.

2.3. Measurements of trace and macroelement concentrations in water samples

Concentrations of trace and macroelements in collected and acidified water samples were measured directly, without
prior dilution using inductively coupled plasma mass spectrometry (ICP-MS) on an Agilent 7500cx instrument (Agilent
Technologies, Tokyo, Japan) under working conditions presented in Table S1. Helium and hydrogen collision gases were
used to remove interference and an internal standard solution containing 3 wg L~! Ge, Rh, Tb, Lu and Ir (SCP Science,
Quebec, Canada) was used to correct for instrumental drifts and plasma fluctuations. Standard solutions used for external
calibration were prepared from individual PlasmaCAL Single-Element Standard solutions (SCP Science, Quebec, Canada).
The preparation and analysis of samples were carried out in a laboratory with a HVAC system (Heating, Ventilating and
Air Conditioning) combined with HEPA filters. The limits of detection (LODs) of the analyzed elements ranged from 0.0005
ng L~1 for Cs to 30 wg L~! for K (individual LOD values are given in Table S2). Three standard certified reference materials
(NIST SRM 1643e, NIST SRM 1643f, NRCC SLRS-5) were analyzed as part of quality control. The accuracy for the analyzed
elements in the referent water samples was within +10% of the certified values, with recoveries ranging from 92% (Ni)
to 109% (Ba). Detailed data on all elements in reference materials is given in Table S2.

2.4. Measurements of mercury in water samples

Concentrations of THg in filtered and un-filtered water samples were analyzed directly, using cold-vapor atomic
absorption spectrometry (CV-AAS) on AMA 254 Mercury Analyzer (LECO, Korea). Briefly, an aliquot of the water sample
was added to the sample boat and gradually heated to 750 °C. After thermal decomposition and catalytic removal of
impurities, mercury vapors were concentrated on a gold trap. Mercury was then released from the gold trap by heating
to 900 °C and measured on the detector. Standard solutions used for external calibration were prepared from standard
solution of inorganic mercury (10 mg L~!; Inorganic Ventures, Christiansburg, USA). The LOD of the method was 0.03 pg
L~!. Standard certified reference material NIST SRM 1641e was analyzed with each batch of samples as part of quality
control, with recoveries ranging from 95% to 101% of the certified value.

2.5. Data processing and statistics

Statistical analyses and creation of images was performed in SigmaPlot 11.0 for Windows. We presented data on metal
concentrations as mean =+ standard deviation (S.D.). Variability of metal concentrations in water samples between the sites
and seasons was tested using two-way ANOVA and Holm-Sidak test. In all cases level of significance was set at p < 0.05.
As TKR was dried up in two seasons, it was not analyzed and presented in graphs. Statistically significant differences
between sites within each season are always indicated with different numbers in the graphs: 0 Significant difference
from all other locations; 1-6 Significant difference from the location indicated by a specific number as follows: 1—KRS;
2—KRK; 3—KBL; 4—TOR; 5—TBU; 6—TKO. Differences between seasons for each location are indicated by different letters
or asterisk: * Significant difference between all seasons; a-d Significant difference from season indicated by a specific
letter as follows: a—winter; b—spring; c—summer; d—autumn.
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3. Results and discussion
3.1. Concentration ranges of dissolved metal(loid)s in IWW, point source of pollution

Data related to the inadequately purified wastewaters from the screw factory were characterized and presented
separately from other riverine locations, as an artificial pool presenting point source of pollution and the most serious
threat for the whole karst ecosystem of the Krka River. The concentrations of trace elements in IWW were in the following
ranges, depending on the season (g L™1): 50-3850 (Mo<Ba<Mn<Fe<Sr<Zn); 0.5-10 (As<Cu<Cr<Ni<Co); 0.001-0.5
(Tl<Cd<Cs<Se<Sb) (Table S3). Macroelements were found in the following concentration ranges (mg L™'): Ca (424-
1560) > Na (102-246) > K (85.7-318) > Mg (16.4-27.1). We have also measured THg in waters, but all the values,
even at IWW, were close to the limit of detection (0.03 g L™1), indicating there was no significant pollution with total
mercury in this area. Contrary to expectations, given that the values of certain physico-chemical parameters and nutrients
(chemical oxygen demand (COD), ammonium, nitrites, total nitrogen, phosphorus) at this location exceeded the regulatory
emission limits (Sariri et al. submitted for publication), obtained concentrations of investigated elements in IWW in all
seasons were below the legally defined threshold values for wastewater emissions (GRC, 2020). This particularly applies
to As, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Se and Zn concentrations, which were many times lower than prescribed by the
regulation.

Concentrations of most elements at IWW were significantly higher compared to all riverine locations, and especially
compared to the river source water (KRS) with up to 46689 times higher values for Mn, 566 for Zn, 405 for Co, 263 for
Cs, 114 for Fe and 80 for Ni, depending on the season (Table S3). That could be expected considering that these are all
elements often used in the industry of iron and steel alloys, as present in this area (Filipovi¢ Mariji¢ et al., 2018; Serti¢
Peric¢ et al,, 2018). Besides KRS, significant differences in metal(loid) levels were also found between IWW and other
locations, even TOR, as presumably the most contaminated site on the Krka River, which is directly influenced by IWW
due to possible spillover of wastewaters during rains and/or floods, and karst porosity.

Comparison of our data with the previous research of these technological wastewaters in autumn 2015 (Filipovi¢
Mariji¢ et al., 2018) indicated a significant increase in the concentrations of many elements (including As, Ba, Cr, Cu,
Mo, Sr, Ca, K, Mg), but also a decrease in the concentrations of Cd, Fe, Mn, Ni, Se and Zn over time at the IWW. Since
concentrations of most of the “industrial” elements (Fe, Mn, Ni, Zn) at the IWW were lower in 2021 than in 2015, this
may reflect positive improvements in the treatment of the wastewater and construction of the dam between the waste
basins and TOR to prevent spillover of wastewater. As a follow up to 2015 research, the study of the of organic and
inorganic pollution in sludge and waters in lagoons in the immediate vicinity of the screw factory in 2019 showed extreme
contamination with different types of hydrocarbons, while sludge, as the only medium in which inorganic pollutants were
measured, was highly contaminated with Zn, Cr, Ni, Mn, Al, Mg, Ca and K (Kisi¢ et al., 2019), many of which were also
highly increased in this research. Therefore, enhanced metal releases are still evident and are a cause for concern due to
the karst nature of the terrain, which allows industrial wastewaters to reach the groundwater and enter the Krka River
through the numerous underground fracture networks.

3.2. Concentration ranges of dissolved metal(loid)s in the Krka River catchment

Generally, element concentrations in the Krka River watercourse were in the following ranges (g L™1): < 0.5
(TI<Cs<Cd<Sb<Se<As; Fig. 1); 0.5-3.0 (Co<Cu<Mo=(r; Fig. 2); 3.0-2800 (Zn<Ba<Ni<Mn<Fe<Sr; Fig. 3). As expected,
the highest metal concentrations in water were observed for macroelements (0.2-300 mg L~!, K<Na<Mg<Ca; Fig. 4).
Since THg concentrations of more than 50% of samples at all locations and seasons were below the LOD of the used method
and the other values were only slightly higher than the LOD, THg was not further presented and discussed.

Among investigated elements, only Cd, Hg and Ni are regulated by Croatian and European legislations (EPCEU, 2013;
GRC, 2019) and Cd and Hg are additionally considered as priority hazardous substances by the Water Framework Directive
(EPCEU, 2013). According to these legislations, tolerable annual average concentrations of dissolved forms (g L™') are
0.15 for Cd and 4 for Ni, while maximum allowable concentrations (MAC; pg L™!) are 0.9 for Cd, 34 for Ni, and 0.07
for THg, respectively. Even the highest concentrations of Cd measured in our study were around 7 times lower than the
recommended values, while THg values, being below 0.03 g L™!, were also few times lower than the recommended MAC,
indicating the good condition of the upper reaches of the Krka River with regard to Cd and THg concentrations. Several
times lower values compared to the recommended annual average were also observed for Ni, except for the values at
KRK and TOR in winter (~29 pg L~! and ~14 pg L™, respectively) (Fig. 3), which were close to the MAC.

Maximum concentrations of most elements were obtained at TOR and KRK, directly impacted by industrial and
municipal wastewaters, respectively. As exception, Cd and Tl had the highest concentrations at the reference site KRS
(Fig. 1), probably reflecting the geological background of the catchment area. This applies especially to Cd considering
that Jurassic dolomites, as the main feature of the geological background of the Krka River basin, may contain naturally
high Cd concentrations (Cukrov et al., 2008).

Comparison of the obtained values with already available data on metal(loid) concentrations in the Krka River in period
from 2004 to 2015 (Cukrov et al., 2008, 2012; Filipovi¢ Mariji¢ et al., 2018) revealed mostly higher values in our research,
indicating an increase of concentrations of most elements over time (Table S4). That was especially evident for Cr, Cu,
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Fig. 1. Dissolved concentrations of metal(loid)s with maximum average concentrations <0.5 wg L~! in water from six sites of the Krka River sampled
in four seasons. The description of the labels (numbers and letters) are given in Section 2.5 “Data processing and statistics”.

Fe, Mn and Ni, which are all often used in industrial and agricultural activities. The only elements whose concentrations
were mostly comparable in all research during the past 18 years are Mo, Sb, Se, Tl and Zn (Table S4). Comparison with
another research conducted only in the Kosovcica River (TKO) in 2011 also indicated an increase in concentrations of
Cd, Cr, Sr, Zn, and especially Fe and Mn during 11 years (Ternjej et al,, 2014). Although “industrial* elements measured
directly at IWW showed certain decrease over the years, the same trend could not be seen in the Krka River watercourse
probably as a consequence of long-term contamination, whereby sediments serve as the potential sink and, in the case
of resuspension, important source of metals over longer period (Filipovi¢ Mariji¢ et al., 2018).

Comparison of our results with the data for typical Croatian karst ecosystems with low level of anthropogenic pollution,
such as Plitvice Lakes and Una River, showed lower concentrations of all elements except Cd, and Mg in the Plitvice
Lakes, and Ba, Ca, and Mn in the Una River (Dautovi¢, 2006; Dautovic¢ et al., 2014). Since Ca, Cd and Mg are elements
characteristic for the karst ecosystems, these differences are due to differences in natural characteristics of the areas of
origin and dependence on the weathering of the dolomite carbonates (Hartmann et al., 2014). Comparison with the karst
MreZnica River showed comparable concentrations of most elements at the reference sites of both rivers. However, higher
concentrations of Ba, Cr, Cu, Fe, Mn, Ni, Sr, Zn, Ca, K, and Na were observed in anthropogenically affected sites of the Krka
River (Dragun et al., 2022). Although concentrations of most of the elements mentioned above, except Ba, Na and Sr, are
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naturally higher in the soils of coastal Croatia (where Krka River is located) than in central Croatia (location of MreZnica
River) due to differences in geologic and lithogenic composition in these two regions (Halami¢ and Miko, 2009; Halami¢
et al,, 2012), Krka River water samples probably also reflect a more significant impact of the active screw factory on the
Krka River compared to the influence of the former textile industry (closed in 2015) which was located on the MreZnica
River.

However, although the Krka River is more contaminated than those pristine Croatian karst ecosystems mentioned
above, comparison with other Croatian rivers of different degrees of contamination (Sava, Ilova and Sutla rivers) pointed
to lower concentrations of most elements in the Krka River than in those moderately to heavily contaminated rivers (Table
S4). The main exceptions were Co, Cr, Cu, Mn and Ni which sometimes showed even higher concentrations at some sites
of the Krka River than at the polluted sites of the Sava, Sutla and Ilova rivers (Dragun et al., 2009, 2011; Filipovi¢ Mariji¢
et al,, 2016; MijoSek et al., 2020).

Based on the above, the water quality of the Krka River is still mostly good considering metal contamination and
the impact of wastewaters and agriculture can be considered as moderate. Nevertheless, we were still able to recognize
possible threats for the whole karst ecosystem, especially national park (Figs. 1-4).

3.3. Spatial and temporal variability of dissolved metal(loid) concentrations in the upper part of the Krka River catchment

Metal(loid) concentrations varied considerably between sites and seasons (Figs. 1-4), although elements accumulation
was shown to be more site than season dependent. Therefore, temporal (4 seasons) and spatial trends (8 locations,
including tributaries) of metal(loid) concentrations were presented for the first time for the upper part of the Krka River
watercourse showing some specific but also long-term trends.

3.3.1. Spatial variability of dissolved metal(loid) concentrations in the upper course of the Krka River basin

Concentrations of dissolved metal(loid)s in water mostly pointed to significant element increases at anthropogenically
affected sites compared to the reference location, but differences between all sites were often observed (Figs. 1-4).
Concentrations of elements at TKR, sampled only in two seasons, were in similar ranges as KRS in winter and spring, so
it can be considered as an additional reference site. Spatial differences were only sometimes comparable, but generally,
concentrations of Co, Fe, K, Mn and Zn were the highest at TOR, of Cr and Cu at KRK, of Ca and Se at TKO, of Mg, Mo,
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Fig. 3. Dissolved concentrations of metal(loid)s with maximum average concentrations >3 g L~ in water from six sites of the Krka River sampled
in four seasons. The description of the labels (numbers and letters) are given in Section 2.5 “Data processing and statistics”.

and Sr at TBU, and of Cd and Tl at KRS, while other elements showed considerable variations depending on the season
(Figs. 1-4). Overall, metal contamination followed the order: TOR>KRK>TKO>TBU>KBL>KRS.

Altogether, the most pronounced spatial differences existed between KRS and the two wastewater impacted sites, TOR
and KRK (Figs. 1-4). That was especially evident for Ba, Co, Fe, K, Na, Ni, Sb and Zn, as consistent with the previous
research in this area (Cukrov et al., 2008; Filipovi¢ Mariji¢ et al., 2018). Many of these elements, including Co, Fe, Ni and
Zn are regularly used in different kinds of industrial activities (Wang et al., 2005; Serti¢ Peri¢ et al., 2018; Gemeda et al.,
2021). If KRK and TOR are compared, Mg, K, Ca, Na, Mn, Zn, Ba and Sr were mostly significantly higher at TOR, influenced
by industrial wastewaters, while As, Cr, and Mo had higher concentrations at KRK, influenced by municipal wastewaters.
Therefore, TOR, a potential recipient of waters from IWW, represents a direct connection and the most significant source
of metal(loid)s contamination directly in the Krka River watercourse.

Nevertheless, many significant differences were also observed between other two tributaries (TBU and TKO) and KRS
(Figs. 1-4). If TBU and TKO are compared, more elements had higher concentrations in TKO, except Ba, Cr, Mg, Mo, Sr,
and T, which were higher in TBU, probably as a result of more extensive agricultural activity in this area and nearby field
Kninsko polje. Tributary Kosov¢ica is also influenced by agriculture from the nearby Kosovo polje, but also by gypsum
factory, whose wastewaters, resulting from mining activities and gypsum production, may be contaminated with variety of
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Fig. 4. Dissolved concentrations of macroelements in water from six sites of the Krka River sampled in four seasons. The description of the labels
(numbers and letters) are given in Section 2.5 “Data processing and statistics”.

metals (Carbonell-Barrachina et al., 2002; Mihara et al., 2008; Ternjej et al., 2014). In the previous research of Ternjej et al.
(2014), investigating the impact of gypsum mine water on organisms in Kosovcica River, concentrations of most elements
were mostly lower than in our research, indicating an increase of the pollution impact over time. However, concentrations
at TBU and TKO are still mostly lower than at KRK and TOR, with the exceptions of Ca, Cd, Mg, Mo, Sb, Se, and Sr in some
seasons (Figs. 1-4), which are elements that can often be found in fertilizers and/or phosphogypsum (Carbonell-Barrachina
et al,, 2002; Thomas et al., 2012; MijoSek et al., 2020). Concentrations of Cd and Tl tended to be higher in the reference site
than in the downstream, anthropogenically affected sites of the Krka River. Martinez et al. (2002) assumed that elevated
Cd concentrations in river sources are often associated with leaching of soil enriched with organic matter and sulphur.
Another explanation is that limestones and dolomites, predominant in Dinaric area, are enriched with Cd compounds in
karst areas (Cukrov et al., 2008).

Comparison of concentrations of metal(loid)s at KBL, chosen site located in the protected KNP, with river source
water (KRS) showed higher concentrations of Ba, Ca, Cu, Fe, Mg, Mo, and Sr, and lower of Cd, Cs, Mn, and Na at KBL
(Figs. 1-4), while concentrations of other elements were comparable. In general, metal concentrations were higher in
the anthropogenically affected sites than in KBL, while the higher levels in the national park were found for Mo and Tl
than in TOR, for Sr than in KRK and TOR, and for Cs than in TBU (Figs. 1-3). Such trends confirm that the impact of
wastewaters is still not significant in the area of KNP. However, enhanced accumulation of some elements and higher
concentrations of many elements compared to the river source, represent a possible danger to preserving this sensitive
ecosystem in the future. This is still not cause for concern since numerous small cascade lakes are formed by tufa-barriers
in the central course of the Krka River and they serve as traps for trace elements, resulting in self-purification of the
water and prevention of downstream metal(loid)s increase (Cukrov et al., 2008). This process is enabled by the strong and
intensive sedimentation, which starts in KBL, so even lower metal concentrations can probably be expected in the area of
the KNP in the downstream direction (Cukrov et al., 2008). This is also supported by a comparison of physico-chemical
parameters, which over the years did not show an evident increase in pollution impact in the area of KNP (Filipovi¢ Mariji¢
et al., 2018; Sariri et al., submitted for publication).

Observed differences in metal concentrations between sites were generally supported by the spatial distribution of
physico-chemical parameters (Sariri et al., submitted for publication). Namely, waters at TOR, KRK and TKO were classified
as waters below good quality (GRC, 2019) in all seasons due to COD and content of nutrients, which, together with metal
accumulation, confirmed long-term impact of municipal and industrial wastewaters (Mihaljevic¢ et al., 2011; Ternjej et al.,
2014; Filipovié Mariji¢ et al., 2018; Serti¢ Peri¢ et al., 2018; Sariri et al., submitted for publication). On the other hand, the
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best ecological conditions considering physico-chemical parameters were confirmed in KRS and TKR, which were classified
as waters of very good quality, while the water parameters at TBU were either within the range for very good or good
ecological status (GRC, 2019), all supporting the patterns of metal accumulation in our research (Sariri et al., submitted
for publication), but also previous findings of Filipovi¢ Mariji¢ et al. (2018).

3.3.2. Temporal variability of dissolved metal(loid) concentrations in the Krka River basin

Temporal variability of metal(loid) concentrations may depend on different factors such as water level and flow, rain
intensity, soil erosion, pH values, water hardness, agricultural activities or wastewater discharge. In our research, higher
water levels representing wet seasons were recorded in winter and spring (219 cm in January; 117 cm in April) and
lower in summer and autumn as dry seasons (77 cm in July; 80 cm in October), according to Croatian Meteorological and
Hydrological Service.

Dissolved concentrations of many metal(loid)s often differed considerably between seasons in many locations (Figs. 1-
4). However, the uniform seasonal variations pattern of most elements was not obvious, except for significantly higher
values observed in summer at most locations, probably due to the lowest water level (77 cm), which additionally reduces
the dilution effects and the self-purification ability of the Krka River. The high summer concentrations pattern was evident
for Cs, Cu, Mg, Mo, Na, Sb, Sr, and mostly for As, Ba, and Ca (Figs. 1-4). On the contrary, the lowest concentrations of Ca,
Co, Cs, Cu, Fe, K, Mg, Mn, Mo, Na, Sr, Tl, and Zn were observed in winter (Figs. 1-4), the season specified by the highest
precipitation, when high water level and water velocity contribute to the dilution and more effective purification processes
which decrease metal concentrations. However, some elements showed the opposite trend and the highest concentrations
in winter were mostly observed for Cd, Cr, Ni and Se, as well as for As and Ba in some locations (Figs. 1-3), probably due
to considerable rainfalls which wash down the waste and can cause soil erosion and metal desorption from sediments
to the water column (Dural et al., 2007; Gunes, 2022). Some of these elements, like As, Cd, Cr, and Ni, are often found in
fertilizers (Thomas et al., 2012) and additional rains or floods can contribute to the wash-up of agricultural soils to the
river water (MijoSek et al., 2020).

Most elements showed differences among seasons in almost all locations, except Fe, K, Mn, Sb and Zn, which showed
poor temporal changes compared to other elements (Figs. 1-4). Namely, significant differences between seasons were
observed for Fe and K only at KRK and TOR, for Mn and Sb at KRK, TOR and TKO, and for Zn in KRS, KRK and TOR,
showing that temporal variability of many elements at the wastewater impacted sites probably often depends on their
(ir)regular wastewaters discharges.

Therefore, seasonal changes in the dissolved metal(loid)s concentrations are partially influenced by wastewaters inputs
and partially by the rainfalls and water level, which were at a maximum in winter and a minimum in summer.

Previous research by Filipovi¢ Mariji¢ et al. (2018) in this area, which covered only two seasons (spring and autumn),
pointed to significantly higher levels of majority of elements in dry season. That was not the case in our study, but such
inter-annual differences are normal for water samples, depending on the changes in flood season duration, rain intensity
or the level of anthropogenic pressure (Guo et al., 2022). This highlights the need of long-term monitoring, to get the
most reliable results and accurate estimation of water quality of the ecosystem.

3.4. Ratios of dissolved and total metal(loid) concentrations in the upper course of the Krka River

Dissolved elements are easily transported over longer distances and are much more available, and, as such, are
potentially more toxic to aquatic organisms than the elements which are mostly attached to particles (Janssen et al.,
2003; de Paiva Magalhdes et al., 2015; Adams et al., 2020). Therefore, it is important to know the distribution of elements
between dissolved and particulate phase since average ratios of dissolved and total concentrations of elements might give
us basic information on the metal(loid)s behavior in the Krka River and their tendency to bind with particulate matter
(Table 1). It is commonly expected that the dissolved concentrations of trace metals in waters, which are available to
aquatic organisms, are lower than the total concentrations of those elements (Cleven et al., 2005).

All macroelements were almost completely (>95%) present in the dissolved fraction in all locations of the Krka River,
regardless of the season (Table 1). Many trace elements (Co, Sb, Ba, Se, Sr and Mo) also showed high presence (>90%)
in dissolved fraction. Average ratios of dissolved to total concentrations of Tl, Ni, As, Mn, Cr, Cd and Cu ranged between
70 and 90% pointing to their still relatively low affinity of binding to particles in this ecosystem and high bioavailability
for organisms. Average ratio of Zn was 68.6%, while the only elements with average presence in dissolved form below
50% were Cs and Fe (Table 1), pointing to their predominant association with particles and/or suspended matter and
consequently lower risk of manifestations of their toxicity.

Regarding the spatial distribution of the dissolved/total ratios, the presence of macroelements in dissolved form at the
IWW location did not differ significantly from the locations in the Krka River watercourse. However, majority of trace
elements, including Co, Ba, Se, Mo, As, Cr, Cu, Zn and Fe, showed lower ratios of dissolved to total concentrations at IWW
than other locations, indicating higher portion of trace metals associated to particulate matter of the industrial source
(Table 1). Smaller spatial differences were also evident between other locations in the Krka River, showing lower ratios
of many elements (Se, Sb, Co, T, Ni, As, Mn, Cr, Cd, Cu, Fe) in some of the anthropogenically affected locations (e.g. KRK,
TOR, TBU, TKO), which have more particulate and suspended matter from an anthropogenic source. This is also supported
by the highest values of TDS, TOC and DOC recorded previously in IWW and anthropogenically influenced sites of the
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Table 1

Average ratios of dissolved and total metal(loid) concentrations in the investigated locations of the Krka River in four seasons.
Mg Na Mo K Sr Se Ca Ba Sb Co Tl Ni As Mn Cr Cd Cu Zn Cs Fe

% % % % % % % % % % % % % % % % % % % %

IWW

average 1003 102.1 90.5 986 968 89 99.1 870 841 749 755 791 60.1 898 148 91.6 326 581 96.1 4.0
SD 4.4 5.6 13.8 2.8 3.6 10.1 5.7 172 150 393 34 31,6 261 118 11.1  21.1 200 444 49 22
KRS

average 100.8 101.2  98.1 988 981 978 956 956 86.0 955 982 82 929 766 869 924 748 68.0 649 333
SD 4.5 8.1 2.8 38 5.0 114 113 77 7.4 3.7 52 58 4.8 7.4 124 107 479 575 223 265
KRK

average 103.1 102.1 968 998 987 938 998 938 981 903 795 920 899 919 913 658 658 784 546 241
SD 33 5.4 7.5 32 3.0 221 43 22 17.8 6.1 338 145 118 100 151 33.0 355 6.5 12.5 8.5
KBL

average 102.8 102.7 1002 988 99.6 1032 964 982 943 963 974 840 921 798 894 726 73.0 611 426 354
SD 4.4 4.7 3.5 4.6 2.8 6.0 6.0 2.8 3.7 6.8 147 124 53 14.9 6.2 6.2 179 134 278  36.1
TOR

average 101.4 1022 100.7 984 983 980 974 954 952 84 768 822 746 893 576 372 721 628 504 256
SD 4.1 4.8 29 2.7 2.1 15.8 4.7 3.7 5.7 113 140 245 6.6 9.4 140 167 17.8 21.0 285 274
TBU

average 102.5 1005 100.7 99.1 986 984 946 963 860 86.1 8.3 8.6 876 632 721 81.8 824 746 322 195
SD 39 5.8 3.9 4.2 2.3 13.3 1.4 2.3 9.5 19.1 11.8 9.9 109 240 33 156 292 331 292 17.1
TKO

average 103.6 102.4 101.7 1003 1003 97.0 979 980 977 86.0 842 868 833 780 698 768 554 667 229 10.8
SD 35 5.4 24 32 2.3 17.1 4.1 1.8 5.8 14.1 8.4 78 7.6 258  20.0 57 139 28.0 128 23
Average* 102.4 1019 997 992 989 98.0 970 962 929 904 874 871 8.7 798 779 711 70.6 68.6 446 248
SD 1.1 0.8 1.9 0.7 0.8 3.0 1.8 1.7 5.5 45 9.0 3.6 6.9 103 135 189 9.2 6.7 153 9.1
RSD 1.0 0.8 1.9 0.7 0.9 3.1 1.9 1.7 5.9 5.0 10.3 4.1 79 129 173 265 13.0 9.8 343 36.6

*Final average value corresponds to the locations in the Krka River watercourse, without IWW which were separated as in the whole paper.

Krka River (Sariri et al., submitted for publication) which are all well known to complex trace elements (Buffle, 1988).
Seasonal patterns were not always uniform and were probably caused by both natural and anthropogenic environmental
conditions. Average ratios of dissolved and total metal(loid) concentrations in locations of the Krka River followed the
order: Mg>Na>Mo>K>Sr>Se>Ca>Ba>Sb>Co>Tl>Ni>As>Mn>Cr>Cd>Cu>Zn>Cs>Fe (Table 1).

Altogether, high variability in average ratios of dissolved and total metal(loid) concentrations between locations,
supported by higher RSD values (>15%), were confirmed only for Cr, Cd, Cs and Fe (Table 1), possibly as a consequence
of irregular discharges of these elements from industry, agriculture and municipal activities. Although more particulate
matter at wastewater impacted locations can bind higher amount of some metals and decrease their dissolved concen-
trations, generally much higher concentrations at these sites, despite binding capacity, still point to significant risk of
negative effects on the Krka River and possible toxic effects for biota.

4. Conclusions

Conducted research showed spatial and temporal variations in metal(loid) concentrations in the Krka River, reflecting
direct and long-term consequences of wastewater discharges and physico-chemical water properties in this sensitive karst
area. The highest element concentrations were mostly observed in summer, as the dry season characterized by the lowest
water level and poor purification processes in the river and its tributaries. Dissolved metal concentrations indicated clean,
pristine conditions at the river source, while industrial wastewaters contained the highest concentrations of all elements,
particularly Mn, Zn, Co, Cs, and Fe, than other locations. The most significant impact of IWW was observed at its closest site
TOR, which turned out to be the most contaminated site in the upper reaches of the Krka River. Although IWW was found
to be the most important source of many elements, municipal effluents of the Town of Knin, agricultural practice, and
gypsum factory were the main route of contamination with As, Ca, Cr, Mg, Mo, and Sr, showing the highest concentrations
in KRK, TBU or TKO. Brljan Lake (KBL), as the location in the KNP, had higher concentrations of Ba, Ca, Cu, Fe, Mg, Mo,
and Sr than KRS. However, most of the levels were still much lower than at other anthropogenically affected locations,
confirming the moderate impact of the contamination sources on the KNP and self-purification processes specific to karst
flow systems.

Most elements, except for Zn, Cs and Fe, were present in dissolved fraction with >70%, showing a low tendency to
bind with particulate matter and suggesting possible high risk of toxicity during time. The long-term comparisons showed
increased concentrations of most elements over time in the Krka River watercourse, especially for Cr, Cu, Fe, Mn, and Ni,
as elements often used in industrial activities. Altogether, the influence of industrial and municipal activities over time
still seems moderate in the Krka River but observed differences and metal increases emphasize possible accumulation
over time. Therefore, continuous monitoring and control of contamination sources and adequate wastewater treatment
are required to protect this karst ecosystem.

10



T. MijoSek, Z. Kljakovic-Gaspic, T. Kralj et al. Environmental Technology & Innovation 32 (2023) 103254

Our study contributes to a better understanding of the dynamics of dissolved and total metal(loid) concentrations
in sensitive karst river systems under anthropogenic impact, represented by the Krka River, a typical karst basin of the
Dinaric region, which is one of the largest karst areas in Europe. In this way, both the vulnerability of the karst ecosystem
in general and the potential threat to the Krka National Park were assessed.
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