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Abstract

:

The present study assessed the effect of agricultural practices on biomarker response in white stork (Ciconia ciconia) nestlings from continental Croatia. During the breeding season of 2022, blood was sampled (n = 54) from the landfill Jakuševec and the agricultural areas Baranja and Srijem. Different patterns of biomarker response in regard to the sampling site were detected. Results demonstrate the presence of inhibitory pollutants from the landfill Jakuševec and agricultural area Baranja, which is reflected in lower cholinesterase (ChE) activity. Oxidative stress biomarkers show different responses concerning study sites. Glutathione reductase (GR) activity was higher in Baranja and Srijem, suggesting a different mixture of pollutants inducing an antioxidative response. Leachate from the landfill Jakuševec is suspected to affect the white stork nestlings by elevating the concentrations of reactive oxygen species (ROS). An environmental combination of pollutants appears to induce oxidative stress in white stork nestlings. In addition to agricultural practices, white stork nestlings may also be under environmental pressure from the surrounding pollution. Further research is warranted to include additional chemical analysis to associate the environmental concentrations with the potential adverse effects in apex predators, such as the white stork.
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1. Introduction


Agricultural practices have formed the environment in the world and significantly affected the variety of bird populations [1]. Nearly two thousand bird species are directly impacted by specific types of biological resource use and agriculture. The largest impact on birds is from annual and perennial crop production [2]. Over the past century, the use of organochlorine pesticides, e.g., DDT, aldrin, dieldrin, and heptachlor, have significantly affected the reproduction of apex birds [3,4,5,6]. Industrialized agriculture, i.e., increased farming practices, started to dominate, resulting in manufactured, human-maintained, and anthropogenically oriented ecosystems [7]. The formation of man-made deserts is the repercussion of the enduring mismanagement of natural resources under the duress of uncontrolled livestock and human population. That said, land misuse may drive ecosystems beyond their degree of plasticity, resulting in irreversible changes [8]. Due to this, bird species richness and abundance have significantly decreased—the driving factors being extensive cultivation and crop monoculture [9]. These factors are perceived as triggers for a decline in bird species richness and abundance, and the highest impact on bird communities can be seen at the local magnitude [10,11]. In addition to agricultural and industrial sources, today, pollution impacts at least 225 threatened bird species. Over the past century, the use of organochlorine pesticides, e.g., DDT, aldrin, dieldrin, and heptachlor, have significantly affected the decline of birds of prey populations [2,3,4,5]. Chronic ingestion of organochlorine pesticides in birds results in infertility and thinning of eggshells, which finally leads to a decline in breeding success and a decline in bird populations. Today, nearly half a century after the DDT ban, agrochemicals remain a major threat to wild birds [2]. The breeding success of different bird species was previously studied in agricultural landscapes [12] and landfills [13]. Promising and interesting in this respect is the white stork.



The white stork (Ciconia ciconia) is a breeding species distributed in the western Palearctic, associated with agriculture and arable (farmland) lands. They appear to be well-adapted to agricultural habitats. Although according to BirdLife [14], the global white stork population is the Least concern (LC), a decrease has been observed locally [15]. This inconsistency in population trend represents an unexpected issue warranting an investigation into its causes. Potential drivers could be land use in lowlands, i.e., cropland and grasslands. The drainage of wet meadows robs storks of their basic food supply. In the countries of Central and Eastern Europe, the intensification of agriculture is a major threat to storks [15]. These land use changes introduce diverse technologies, for instance, selective breeding and biofortification, as well as the application of different agrochemicals (pesticides and fertilisers) for the purpose of ecosystem management for the agricultural sector. All these practices, directly and indirectly, affect the environment [15,16,17,18].



When considering agricultural practices, several factors influence the use of arable lands by farmland birds, including white storks [18]. For example, a frequently studied factor is foraging efficiency [7,10,18,19]. Domesticated animals prevent succession, enriching the environment with small mammals and invertebrates—suitable prey for the white stork. That being said, this factor is considered to have a positive effect on the white stork population, and farmland birds in general [19]. On the other hand, agricultural practices include pesticide and fertilizer use as well, which is often associated with negative effects on birds [16,17]. Namely, the main effects of pesticides operating through the food chain are depleting the prey abundance and reducing the vegetation needed for herbivorous bird species and their prey [16]. An additional concern is a potential effect that arises after ingestion of polluted prey since pesticide exposure can affect homeostasis and cause physiological changes at different magnitudes [17,20].



For appropriate risk assessment, the exposure to environmental pollutants can be estimated in white storks, and farmland birds in general, using biomarkers in the blood [21,22,23]. Their nestlings could ingest polluted prey foraged by their parents and suffer secondary poisoning, which can be reflected in pollutant accumulation and consequential effects on biomarker responses in the blood. Biomarkers indicate normal biological homeostasis as well as disruption. For that purpose, they are an essential part of biomonitoring [24]. When assessing the magnitude of pesticide (also other pollutants) exposure, esterases are traditionally the biomarkers of choice [25]. The inhibition of cholinesterase is regarded as a suitable indicator of pesticide exposure and has been analysed in white stork blood [26]. Carboxylesterase activity is recommended as a biomarker of pesticide exposure in birds as shown in red-tailed hawks (Buteo jamaicensis), Swainson’s hawks (Buteo swainsoni), Cooper’s hawks (Accipiter cooperii), and red-shouldered hawks (Buteo lineatus) [25]. An additional effect of pollutant exposure includes an increase in oxidative stress biomarker response [27,28]. Oxidative stress is a result of excessive reactive oxygen species production and/or depletion of antioxidants [29]. These effects can be measured by analysing a battery of enzymatic and non-enzymatic biomarkers. The white stork has been previously used as a sentinel species for biomonitoring assessment as several oxidative stress biomarkers have been evaluated. In particular, glutathione-dependent enzymes have been analysed in white stork nestlings’ blood: glutathione S-transferase activity [22,23], glutathione reductase activity [30], glutathione peroxidase activity [31] and the concentration of glutathione [22,23].



In Croatia, the white stork is a regular breeding species in continental rural areas surrounded by intensively managed, mosaic agricultural land [32]. The last national census indicated breeding of over 1841 pairs with breeding pair densities from 0.5–12.4 pairs/100 km2 [33,34]. In the present research, non-destructive sampling was performed, i.e., blood sampling, which is relevant for longitudinal (seasonal) biomonitoring and has practical application. Blood, as a potential matrix for assessment, is an easily accessible biological tissue, especially during ringing and this approach is beneficial to reduce the stress of each nestling [35]. The main objective of the present study was to assess the potential toxic pressure of environmental pollutants on the biomarker response in regard to different sampling areas. Namely, two sampling areas are known for distinctive agriculture, horticulture, and farming, while the landfill Jakuševec is an artificial habitat under human management. The second objective was to explore the biomarker response between the sexes of white stork nestlings, seeing as male white stork nestlings are approximately 5% heavier and larger [36].




2. Materials and Methods


2.1. Study Site


White stork breeding status has been monitored for more than 70 years, and the ringing scheme is performed annually [34]. White stork nestlings were sampled from nests located at the landfill Jakuševec and the agricultural areas Baranja and Srijem. The landfill Jakuševec has been a breeding site for white storks since 2012 (Jurinović, pers. obs.; Figure 1) and it is the only site in Croatia where breeding white storks are highly dependent on a landfill as the main foraging site. It is located in eastern Zagreb, proximal to the Sava River. The landfill is a disposal site for non-hazardous waste and a source of environmental pollutants, including biological and anthropogenic waste [37]. Srijem and Baranja incorporate different habitats: flood plains, extensively farmed meadows, pastures, and cultivated landscapes with nutrient-rich small water bodies near the Danube River (Figure 1). Although both areas are located in the proximity of the Danube floodplain, the surrounding area of Baranja is surrounded by large-scale cultivation of orchards, vineyards, maize agriculture, and cereal crops, while Srijem is covered by large- and small-scale cereal agriculture. Overall, intensive agriculture, horticulture, and farming, as well as the subsequent pesticide and fertiliser use might be the pollution source for both Baranja and Srijem [38]. During the breeding season, white storks forage within the radius of cca. 5 km from the nest. Within the single settlement, distances among occupied nests were from 10–500 m, while distances among different settlements with breeding storks were from 2–8 km [39,40].




2.2. Sampling Procedure and Blood Preparation


The present research was performed under the permit of The Ministry of Environment and Energy of the Republic of Croatia (Classification code: UP/I-612-07/20-48/130; Registry number: 517-05-1-1-20-4). Sampling was conducted during the breeding season of 2022 on 6–8 weeks old white stork nestlings (n = 54). From the landfill Jakuševec, 10 nestlings were sampled from 10 nests. Regarding the agricultural areas, 24 nestlings from 10 nests were sampled from Baranja and 20 nestlings from 13 different nests were sampled in Srijem. Approximately 4 mL of blood was collected with a 0.8 mm needle and sterile 5 mL syringe from the brachial vein and transferred to lithium heparin tubes. Samples were stored under cold and dark conditions for 6–8 h. Prior to centrifugation to obtain the supernatant—plasma (3000× g, 10 min, 4 °C)—200 µL of whole blood was transferred in a sterile tube for molecular sex determination. Plasma samples were transferred to sterile tubes and stored at −80 °C until biomarker analysis. Afterwards, pellets (blood cells) were prepared as described in detail in Bjedov et al. [21]. Briefly, the blood cells were suspended in a 5 mL phosphate buffer (0.1 M, pH 7.2), sonicated, and centrifuged (9000× g, 20 min, 4 °C) to acquire the blood cell homogenate—post mitochondrial fraction (S9). S9 samples were kept at −80 °C until further biomarker analysis. All biomarkers were analysed in both types of samples—plasma and S9.




2.3. Chemicals


In the present research, the following analytical grade chemicals were used for biomarker measurement: 5,5′–dithiobis–(2–nitrobenzoic acid) (DTNB) ([–SC6H3(NO2)CO2H]2, CAS 69–78–3, 396.35 g mol−1), (2–Mercaptoethyl) trimethylammonium iodide acetate (acetylthiocholine iodide) (CH3COSCH2CH2N(CH3)3I, CAS 1866–15–5, 289.18 g mol−1), acetonitrile (C2H3N, CAS 75–05–8, 41.05 g mol−1), p–nitrophenyl acetate (C8H7NO4, CAS 830–03–5, 181.15 g mol−1), 1–chloro–2,4–dinitrobenzene (CDNB) (C6H3ClN2O4, CAS 97–00–7, 202.55 g mol−1), β–nicotinamide adenine dinucleotide 2′–phosphate reduced tetrasodium salt hydrate (β–NADPH) (C21H26N7Na4O17P3 × H2O, CAS 2646–71–1 (anhydrous), 833.35 g mol−1 (anhydrous basis)), glutathione disulphide (GSSG, C20H32N6O12S2, CAS 27025–41–8, 612.60 g mol−1), dimethyl sulphoxide (DMSO) (C2H6OS, CAS 67–68–5, 78.13 g mol−1), CellTracker™ Green CMFDA Dye (C25H17ClO7, CAS 136832–63–8, 464.86 g mol−1) (ThermoFisher Scientific, Waltham, MA, USA), CM–H2DCFDA (C27H19Cl3O8, CAS 1219794–09–8, 577.80 g mol−1) (ThermoFisher Scientific), disodium hydrogen phosphate (NaH2PO4, CAS 7558–79–4, 141.96 g mol−1), sodium dihydrogen phosphate dihydrate (NaH2PO4 × 2H2O, CAS 13472–35–0, 156.01 g mol−1). For molecular sex determination, the following analytical grade chemicals were used: 2–amino–2–(hydroxymethyl)–1,3–propanediol (Trizma® base) (C4H11NO3, CAS 77–86–1, 121.14 g mol−1), sodium dodecyl sulphate (SDS, C12H25NaO4S, CAS 151–21–3, 288.38 g mol−1), ethylenediaminetetraacetic acid disodium salt dihydrate, (EDTA, C10H14N2Na2O8 × 2 H2O, CAS 6381–92–6, 372.24 g mol−1), sodium chloride (NaCl, CAS 7647–14–5, 58.44 g mol−1), proteinase K (solution 20 mg mL−1, CAS 39450–01–6), 1,4–Dithiothreitol (DTT, C4H10O2S2, CAS 3483–12–3, 154.2 g mol−1), sodium acetate anhydrous (NaCH3COO, CAS 127–09–3, 82.03 g mol−1), acetic acid (C2H4O2, CAS 64–19–7, 60.05 g mol−1), Fast Gene Agarose (Nippon Genetics EUROPE), EmeraldAmp MAX PCR Master Mix (Takara), primers (Metabion), Midori Green Advance DNA stain (Nippon Genetics EUROPE), Fast gene 50 bp DNA ladder RTU (Nippon Genetics EUROPE). For the protein concentration assay, the Pierce™ BCA Protein Assay Kit was used.




2.4. Esterase Activity


Esterase activity was analysed as described in detail in Bjedov et al. [21]. Briefly, cholinesterase (ChE) activity was determined with DTNB (1.6 mM) and phosphate buffer (0.1 M, pH 7.2) [41]. Using the p–nitrophenyl acetate (1 mM), carboxylesterase (CES) activity was measured according to the protocol developed by Hosokawa and Satoh [42].




2.5. Oxidative Stress Biomarkers


Samples were analysed according to the protocol described in Bjedov et al. [21] In brief, the activity of glutathione S–transferase (GST) activity was analysed using Habig and Jakoby’s [43] protocol with CDNB (1 mM) and GSH (25 mM). Glutathione reductase (GR) activity was measured with GSSG (2 mM), β–NADPH (1 mM), and phosphate buffer (0.1 M, pH 7.2) [43]. Detection of glutathione (GSH) was performed using CellTracker™ Green fluorescent dye (9.78 μM). For the detection of reactive oxygen species (ROS), fluorescent dye CM–H2DCFDA (7.87 μM) was applied. Samples and negative and positive controls as well as blanks were performed in parallel and measured in triplicates using Tecan Spark 10M microplate reader with the following settings: 485 nm (excitation wavelength), 530 nm (emission wavelength), and 50 (gain).




2.6. Protein Content


Protein content determination was performed with a PierceTM BCA Protein Assay Kit. The concentration of the proteins was performed with the Tecan Spark 10M microplate reader. With the combination of the protocol provided in the kit and the protocol described in Bjedov et al. [21], the working solution was prepared. Bovine serum albumin was used as a reference standard.




2.7. Molecular Sex Determination


Molecular sex determination was performed from whole blood samples, according to the protocol as described in Bjedov et al. [21], based on CHD gene amplification [44]. In brief, DNA was isolated from blood with extraction buffer Tris-NaCl-EDTA buffer (EDTA (10 mM), Tris-Cl (10 mM, pH 8.0), NaCl (100 mM), 2% SDS), proteinase K (10 mg mL−1 stock concentration), and DTT (1 M). After the incubation, NaOAc was added and samples were incubated on ice. Samples were centrifuged, and isopropanol was added, following additional centrifugation. A supernatant containing genomic DNA was obtained and DNA was quantified using a NanoPhotometer. Amplification of the CHD gene and visualisation of PCR products were performed according to the protocol of Begović et al. [45].




2.8. Data Analysis


Data analysis was performed using R version 4.2.3. In the preliminary investigation of the data, potential outliers were visually inspected with a Cleveland dot plot and subsequently investigated with the Grubbs test (package outliers [46]). A Shapiro-Wilk test was used to test the normality of the data distribution [47]. For normally distributed datasets, linear mixed-effect modelling was performed, using the lme function (package nlme [48]).



To identify the spatial differences in enzymatic and non-enzymatic biomarker response, the linear mixed-effects model (LMM) for nested random effects was used. The LMM was constructed using the variables sampling location and biomarker response as fixed effects and the variable nest as a random effect. An analysis of variance (ANOVA; [49]) was performed on LMM, and post-hoc comparisons were performed using the estimated marginal means (least-squares means) emmeans function, adjusted by the Tukey method for multiple comparisons (package emmeans; [50]).



To determine sex differences in enzymatic and non-enzymatic biomarker response, an LMM was created with the variables biomarker response and sex as fixed effects, and nest as a random effect. An ANOVA was performed on this LMM, and a post-hoc test was carried out using the emmeans function, adjusted by the Tukey method for multiple comparisons.



Different LMM output candidates were identified for each analysed biomarker, and the selection procedure was performed using Akaike’s Information Criterion corrected for small sample sizes (AICc). Candidate models were reconstructed to test the hypothesis regarding the variation in biomarker response using the aictab function (package AICcmodavg [51]). In addition, the null model was included, meaning no effect, and the model with the most parsimony was defined based on the AICc value and AICc weight (wi) [52]. The variables biomarker response, sampling location, and sex were fixed factors, while the variable nest was a random variable.



Data regarding specific ChE activity in S9 did not follow normal data distribution; therefore, non-parametric tests were applied. The median for each nest was calculated and the Kruskal-Wallis test was performed. Dunn’s post-hoc test corrected for multiple comparisons was used to specify spatial differences. The null hypothesis was rejected at α = 0.05 throughout the study.





3. Results


Results showed a significant difference in biomarker responses. A complete overview of descriptive statistics regarding esterase activity (ChE and CES) and oxidative stress biomarker response (GST, GR, GSH, and ROS) is shown in Table 1, and detailed outputs of statistical analyses are shown in Table S1. To simulate reference values, a table was constructed with the previously analysed biomarker responses [22,23] to compare with the values from the present study, in relation to the year of sample collection (Table S3).



Results of esterase activity are shown in Figure 2 and Table 1. The difference in ChE activity was detected only in plasma, and not in S9 (Figure 2, Table 1). Specifically, changes in plasma ChE activity were observed in nestling from Srijem compared to Jakuševec (p = 0.01). Significant differences between the study sites regarding CES activity in plasma and S9 were not observed (Figure 2, Table 1).



Results of enzymatic oxidative stress biomarkers are shown in Figure 3, Table 1. There were no statistically significant differences in GST activity in both plasma and S9 (Figure 3, Table 1). Significant differences were detected in GR activity between the study sites (Figure 3, Table 1). Plasma GR activity was significantly higher in nestlings from Baranja compared to Srijem (p = 0.04). Similar GR activity in S9 was observed between all sampling sites (Figure 3, Table 1).



Results of fluorescent non-enzymatic oxidative stress biomarkers are shown in Figure 4 and Table 1. No changes in plasma or S9 GSH concentration in regard to sampling areas were observed. In addition, similar responses regarding ROS levels were not detected in both plasma and S9 (Figure 4, Table 1).



An overview of candidate model output and their succession based on the AICc value and wi is shown in Table 2. Although there were no significant differences in biomarker response between sexes (Figure 2, Figure 3 and Figure 4), several models included explanatory variables sampling location and sex. Variation in the biomarker responses CES activity in plasma, GST activity in plasma and S9, GR activity in S9, GSH concentration in S9, and ROS concentration in plasma and S9 was best elucidated by sampling location and association to sex. On the other hand, the biomarker responses ChE activity in plasma and S9, CES activity in S9, GR activity in plasma, and GSH concentration in plasma are best explained by spatial variability.



Results of molecular sex determination showed 25 females and 26 males (Table S2). In particular, 6 nestlings were female and three nestlings were male from the landfill Jakuševec, 12 nestlings were female and 11 nestlings were male from Baranja, and 7 female nestlings and 12 male nestlings were recorded in Srijem. Regarding analysed biomarkers, there were no significant differences between the biomarker response between female and male nestlings (Table S2).




4. Discussion


The present study assessed the potential impact of foraging and breeding in the vicinity of the previously mentioned ecosystem management and landfill on white stork nestlings via biomarker measurements in blood. It is frequently used for environmental pollution monitoring and fitness assessment of the nestlings is reflected in haematological parameters and molecular biomarkers [53,54]. Moreover, the effect of current exposure to pollutants can be determined in blood, regardless of their subsequent accumulation in different tissue [55,56].



The impact of various pollutants can be detected on ChE activity in white stork nestlings’ plasma (Figure 2, Table 1). The main difference between plasma and S9 ChE activity can be attributed to the fact that ChE is primarily found in the nervous system and muscular systems in the role of neurotransmitter hydrolysis [57]. Changes in ChE activity, namely inhibition, are traditionally used as a potential biomarker of organophosphate insecticide exposure [58,59,60]. For example, reduced ChE activity was observed in pigeons, Columba livia, American kestrels, Falco sparverius, Swainson’s hawks, B. swainsoni, Cooper’s hawks, A. cooperi, and Red-shouldered hawks, B. lineatus after exposure to organophosphate pesticides [25]. Surprisingly, the lowest observed ChE activity was recorded in white stork nestlings from the landfill Jakuševec. Exposure to pesticides can occur in non-agricultural areas as well. In addition, a mixture of different chemicals can also affect ChE activity. For example, research on ambient air in Jakuševec showed traces of persistent organic pollutants (POPs), e.g., organochlorine pesticides (dichlorodiphenyltrichloroethane, DDT and metabolites), polychlorinated biphenyls (PCB congeners) [61], polycyclic aromatic hydrocarbons (PAHs) [62] and polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) [63]. Furthermore, in the Sava River (water measuring station Jankomir and Rugvica) adjacent to the Jakuševec landfill, Croatian Waters [64], reported elevated concentrations of tributyltin compounds (TBT), mercury (Hg), and Hg-compounds [64]. Hg neurotoxicity has been previously investigated in the common loon, Gavia immer, and bald eagle, Haliaeetus leucocephalus [65]. Other chemicals are also known to cause ChE activity inhibition, for example, quaternary ammonium cations [66,67,68]. Quaternary ammonium salts could be found in landfills as they are often used in medicine as disinfectants and surfactants as well as in common household items such as fabric softeners and shampoos [69]. Overall, it is possible that the white stork nestlings from the landfill Jakuševec are exposed to leachate consisting of a mixture of inhibitory agrochemicals and various pollutants.



Eastern Croatia is known for its agricultural practices, although some differences are present between the regions (Baranja and Srijem). For example, Baranja is more developed in the agricultural sense, with many orchards, vineyards, and cereal farming, and uses more pesticides than any other county in Croatia [38,70]. The above-mentioned agricultural activities may contribute to pesticide pollution, especially since the soil and plants are treated during the breeding season (April–June) and can subsequently affect the developing white storks [33]. According to Romić et al. [38], most commonly used pesticides contributing to environmental pollution are herbicides, fungicides, aminophosphonates, pyrimidines, and dithiocarbamates [38]. For instance, dithiocarbamate is a fungicide used for treating seeds that alters endocrine and metabolic activities, as shown in red munia, Amandava amandava [71]. These changes in agricultural practises may introduce the pollutant impact on oxidative stress in white stork nestlings’ blood. Changes in GR activity are observed in the nestlings from Baranja, compared to nestlings from Srijem in plasma (Figure 3, Table 1). The differences between the plasma and S9 can be attributed to GR being a primarily cellular enzyme. GR usually accumulates in the regions within the cell that are associated with high electron flux [72]. Baranja and Srijem are areas influenced by the Danube flooding regime, introducing pollutant concentrations that affect the GR activity. In Baranja, Croatian Waters [59], reported a high concentration of polybrominated diphenyl ethers (PBDE; brominated diphenyl ethers −28, −47, −99, −100, −153, and −154), mercury (Hg), and Hg-compounds in the Danube (Batina measuring station) [59]. PBDE association with oxidative stress has been investigated in several bird species. Experimental dosing of American kestrels (F. sparverius) to PBDEs induced oxidative stress in the liver, particularly in females, as well as a decrease in plasma and hepatic retinol and plasma thyroxine concentrations [73]. PBDEs induced blood changes regarding oxidative stress on both biochemical levels and gene expression in spotted owlet (Athene brama) and black kite (Milvus migrans). On the other hand, several biomarkers of oxidative stress—thiobarbituric acid reactive substances (TBARS) GSH, GSSG and total sulfhydryl (TSH) concentration—do not appear to be affected by environmental PBDEs levels in tree swallow (Tachycineta bicolor) nestlings. Overall, PBDE can induce changes in GSH metabolism, increase oxidative stress biomarker response, and alter antioxidant concentrations, In addition, Hg-compounds, in particular methylmercury, are known to alter GSH metabolism in mallards, Anas platyrhynchos [74]. In previous research from Poland, GR activity was analysed in white stork nestlings, reporting significant changes in GR activity in regard to heavy metal concentrations [30]. Higher plasma GR activity in white stork nestlings from Baranja may be attributable to more intense agricultural practises as well as elevated levels of PBDE, Hg, and Hg compounds.



As a part of cell homeostasis, ROS are a by-product of metabolism and have advantages, e.g., a role in cell signalling, as well as disadvantages—the disbalance can lead to damaging biomolecules such as DNA, RNA, and proteins [75]. The difference between the plasma and S9 can be attributed to the sources of ROS. Plasma sources may be due to oxidases localised at the plasma membrane and generating ROS for cell signalling. In S9, a mitochondrial mechanism might be the source of cellular ROS [76]. As mentioned previously, the surrounding area of the landfill Jakuševec has elevated concentrations of POPs—DDT and its metabolites, PCB congeners, PAHs, PCDD/s, TBTs, Hg, and Hg compounds. POPs are known to affect cellular oxidative stress, both singularly and in combination [77]. On the other hand, PCDD/Ts and PCBs usually do not affect oxidative stress [78]. However, an interplay between the compounds and other environmental pollutants is possible and thus may be affecting ROS concentrations in the cell.



Sexual dimorphism in adult white storks is present in body size, with adult males being about 12.5% larger than females. Even though it is not very apparent, male nestlings are approximately 5% heavier and larger [36]. We found sex to be a non-significant variable (Table S2). Furthermore, candidate model outputs from the present study stipulate that changes in plasma ChE activity and plasma GR activity may be explained by both spatial variability and sex (Table 2). There is a possibility that white stork nestlings are too immature at the time of blood sampling to manifest differences regarding accumulating pollutants to induce significant change. This may be due to sex hormones not being expressed enough to exhibit strong sexual dimorphism in nestlings. Tryjanowski et al. [36] confirmed significant variance in blood biochemical parameters with nestlings concerning sex. To our knowledge, there is a lack of an explanation to elucidate the reason there is a significant difference, or lack thereof, in biomarker responses analysed in blood between sexes in the early stages of white stork development.



Overall results indicate the possibility that agrochemicals are affecting the white stork nestlings; however, the cause for concern is not limited to modern agricultural practices. As one of the first modern synthetic insecticides in the 1940s, DDT and its metabolites are present in the environment today. DDT and its metabolites, as well as other POPs, are still current in the water, ambient air, and biota from continental Croatia, even though their use was banned or restricted in Croatia from the 1970s to the 1980s [79,80,81,82]. Considering POPs are chemical formulations that are highly persistent and have the ability to bioaccumulate, their effect might be interlaced with the effect of modern-day agrochemicals, causing synergistic effects in biota, and subsequently in apex predators, such as the white stork. For that purpose, there is a need to monitor the entire ecosystem at locations that are suspected of insufficient treatment and/or mitigation strategies to avoid secondary pollution sources.




5. Conclusions


The present study assessed several biomarker responses in two blood fractions in the white stork nestlings from continental Croatia. Results demonstrate the presence of inhibitory substances in the landfill Jakuševec and the agricultural area Baranja, which is reflected in lower ChE activity. Oxidative stress biomarkers show different responses in regard to study sites. GR activity in plasma was higher in Baranja, suggesting a different mixture of pollutants inducing an antioxidative response. Sex did not affect the biomarker response. Although we cannot conclude the range of pollutant effects, the effect of agricultural practices is possible. In addition, it appears white stork nestlings are generally under pressure from various pollutants in the surrounding environment making them suitable indicator species. Further research is warranted to include research on dietary aspects in terms of prey items as well as more sensitive biomarker endpoints as well as additional chemical analysis to associate the environmental concentrations to the potential adverse effects in apex predators, such as the white stork.
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Figure 1. Sampling areas during the breeding season of 2022 in continental Croatia: landfill Jakuševec and agricultural areas Baranja and Srijem. 
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Figure 2. Biomarker responses between sexes: specific cholinesterase (ChE) and carboxylesterase (CES) activity in white stork (Ciconia ciconia) nestlings’ blood—plasma and S9 from landfill Jakuševec, and agricultural areas Baranja and Srijem. Data are shown with a boxplot: the box represents values in the 25th and 75th percentile with the median as a central line. Black dots represent outliers. Orange boxplots represent females and bone-white boxplots represent males. Significant differences (LMM, ANOVA followed by Tukey post-hoc) between the study sites are marked with * (p < 0.05). 
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Figure 3. Biomarker responses between sexes: specific glutathione S-transferase (GST) and glutathione reductase (GR) activity in white stork (Ciconia ciconia) nestlings’ blood—plasma and S9 from landfill Jakuševec, and agricultural areas Baranja and Srijem. Data are shown with a boxplot: the box represents values in the 25th and 75th percentile with the median as a central line. Black dots represent outliers. Orange boxplots represent females and bone-white boxplots represent males. Significant differences (LMM, ANOVA followed by Tukey post-hoc) between the study sites are marked with * (p < 0.05). 
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Figure 4. Relative fluorescence of glutathione (GSH) and reactive oxygen species (ROS) concentration between sexes in white stork (Ciconia ciconia) nestlings’ blood—plasma and S9 from landfill Jakuševec, and agricultural areas Baranja and Srijem. Data are shown with a boxplot: the box represents values in the 25th and 75th percentile with the median as a central line. Black dots represent outliers. Orange boxplots represent females and bone-white boxplots represent males. 
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Table 1. Descriptive statistics of esterase activity and oxidative stress biomarkers from two blood fractions (plasma and S9) analysed in white stork (Ciconia ciconia) nestlings from landfill Jakuševec and agricultural areas Baranja and Srijem.
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Jakuševec

	
Baranja

	
Srijem




	

	

	
Plasma

	
S9

	
Plasma

	
S9

	
Plasma

	
S9






	
ChE

(nmol min−1 mgPROT−1)

	
n

	
10

	
10

	
24

	
24

	
19

	
20




	
min.

	
16.22

	
3.29

	
19.61

	
2.65

	
21.20

	
2.37




	
max.

	
51.51

	
7.00

	
37.56

	
8.02

	
47.47

	
10.03




	
range

	
35.29

	
3.70

	
17.95

	
5.36

	
26.26

	
7.66




	
mean

	
27.31

	
4.76

	
27.83

	
4.63

	
32.49

	
4.22




	
SD

	
10.02

	
1.42

	
5.43

	
1.50

	
7.97

	
1.88




	
CES

(nmol min−1 mgPROT−1)

	
n

	
10

	
10

	
24

	
24

	
19

	
20




	
min.

	
10.22

	
6.67

	
17.78

	
6.38

	
19.69

	
6.64




	
max.

	
62.77

	
12.84

	
53.44

	
10.65

	
67.80

	
11.42




	
range

	
52.55

	
6.18

	
35.66

	
4.28

	
48.11

	
4.78




	
mean

	
32.89

	
8.31

	
37.33

	
8.25

	
36.07

	
8.55




	
SD

	
16.43

	
1.73

	
9.52

	
1.16

	
11.68

	
1.29




	
GST

(nmol min−1 mgPROT−1)

	
n

	
10

	
10

	
24

	
24

	
17

	
19




	
min.

	
9.87

	
8.30

	
9.39

	
8.60

	
9.30

	
7.06




	
max.

	
17.22

	
17.90

	
18.77

	
25.22

	
17.49

	
25.52




	
range

	
7.35

	
9.61

	
9.38

	
16.62

	
8.19

	
18.46




	
mean

	
13.17

	
13.25

	
13.67

	
14.64

	
12.65

	
13.94




	
SD

	
2.63

	
3.65

	
2.31

	
3.74

	
2.18

	
5.02




	
GR

(pmol min−1 mgPROT−1)

	
n

	
10

	
10

	
24

	
23

	
19

	
20




	
min.

	
141.50

	
535.40

	
158.30

	
479.50

	
144.50

	
556.40




	
max.

	
364.70

	
1534.00

	
605.80

	
1543.00

	
431.60

	
1623.00




	
range

	
223.20

	
998.20

	
447.50

	
1064.00

	
287.10

	
1067.00




	
mean

	
266.30

	
923.00

	
290.40

	
845.90

	
234.40

	
1028.00




	
SD

	
79.16

	
285.20

	
97.18

	
265.40

	
72.17

	
250.20




	
GSH (RFU)

	
n

	
10

	
10

	
24

	
23

	
18

	
17




	
min.

	
2062

	
17,294

	
2940

	
17,990

	
2012

	
15,363




	
max.

	
6306

	
23,564

	
7426

	
25,407

	
4571

	
24,685




	
range

	
4244

	
6270

	
4486

	
7418

	
2558

	
9323




	
mean

	
4097

	
21,066

	
4055

	
21,955

	
3509

	
21,097




	
SD

	
1116

	
1987

	
1026

	
1749

	
585

	
2752




	
ROS (RFU)

	
n

	
10

	
10

	
24

	
24

	
19

	
20




	
min.

	
90.33

	
26.67

	
92.33

	
21.33

	
97.67

	
21.33




	
max.

	
137.30

	
80.67

	
137.70

	
72.00

	
133.00

	
71.67




	
range

	
47.00

	
54.00

	
45.33

	
50.67

	
35.33

	
50.33




	
mean

	
118.50

	
52.13

	
111.80

	
39.19

	
118.50

	
38.65




	
SD

	
14.11

	
16.84

	
10.50

	
13.98

	
8.22

	
17.77








ChE—cholinesterase; CES—carboxylesterase; GST—glutathione S-transferase; GR—glutathione reductase; GSH—glutathione; ROS—reactive oxygen species; RFU—relative fluorescence unit; n—number of nestlings; min.—minimum value; max.—maximum value; SD—standard deviation.
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Table 2. Model selection outputs for individual candidate linear mixed effect models (variable nest as a random factor) potentially interpreting the observed enzymatic and non-enzymatic biomarker response in the blood of white stork (Ciconia ciconia) nestlings’ blood—plasma and S9 from landfill Jakuševec and agricultural areas Baranja and Srijem.
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	Candidate Models
	K
	AICc
	Δi
	wi
	Res. LL





	ChE Plasma ~ sampling location + sex
	6
	336.87
	0.00
	0.57
	−161.48



	ChE Plasma ~ sampling location
	5
	337.54
	0.67
	0.41
	−168.10



	ChE Plasma ~ null
	3
	343.76
	6.89
	0.02
	−168.63



	ChE S9 ~ null
	3
	195.07
	0.00
	0.61
	−94.29



	ChE S9 ~ sampling location
	5
	195.94
	0.87
	0.39
	−92.33



	ChE S9 ~ sampling location + sex
	6
	209.58
	14.51
	0.00
	−97.86



	CES Plasma ~ sampling location + sex
	8
	381.89
	0.00
	1.00
	−181.23



	CES Plasma ~ sampling location
	5
	393.29
	11.40
	0.00
	−190.99



	CES Plasma ~ null
	3
	398.61
	16.73
	0.00
	−196.06



	CES S9 ~ null
	3
	173.55
	0.00
	0.76
	−83.53



	CES S9 ~ sampling location
	5
	175.87
	2.31
	0.24
	−82.30



	CES S9 ~ sampling location + sex
	6
	336.87
	163.32
	0.00
	−161.48



	GST Plasma ~ sampling location + sex
	6
	234.15
	0.00
	0.67
	−110.10



	GST Plasma ~ null
	3
	236.81
	2.66
	0.18
	−115.15



	GST Plasma ~ sampling location
	5
	237.04
	2.89
	0.16
	−112.85



	GST S9 ~ sampling location + sex
	6
	292.95
	0.00
	0.50
	−139.52



	GST S9 ~ sampling location
	5
	294.22
	1.27
	1.27
	−141.46



	GST S9 ~ null
	3
	294.54
	1.60
	0.23
	−144.02



	GR Plasma ~ sampling location
	5
	332−89
	0.00
	1.00
	−160.79



	GR Plasma ~ null
	3
	344.04
	11.16
	0.00
	−168.77



	GR Plasma ~ sampling location + sex
	6
	578.28
	245.40
	0.00
	−282.19



	GR S9 ~ sampling location + sex
	6
	678.64
	0.00
	1.00
	−332.36



	GR S9 ~ sampling location
	5
	717.68
	39.05
	0.00
	−353.20



	GR S9 ~ null
	3
	738.77
	60.13
	0.00
	−366.14



	GSH Plasma ~ sampling location
	5
	794.85
	0.00
	0.94
	−391.76



	GSH Plasma ~ sampling location + sex
	6
	800.47
	5.61
	0.06
	−393.28



	GSH Plasma ~ null
	3
	820.31
	25.45
	0.00
	−406.90



	GSH S9 ~ sampling location + sex
	6
	817.38
	0.00
	1.00
	−401.67



	GSH S9 ~ sampling location
	5
	872.89
	55.51
	0.00
	−430.76



	GSH S9 ~ null
	3
	899.66
	82.28
	0.00
	−446.57



	ROS Plasma ~ sampling location + sex
	6
	377.38
	0.00
	1.00
	−181.73



	ROS Plasma ~ sampling location
	5
	393.67
	16.30
	0.00
	−191.20



	ROS Plasma ~ null
	3
	401.37
	23.99
	0.00
	−197.44



	ROS S9 ~ sampling location + sex
	6
	424.95
	0.00
	1.00
	−206.54



	ROS S9 ~ sampling location
	5
	445.28
	20.33
	0.00
	−217.02



	ROS S9 ~ null
	3
	456.63
	31.68
	0.00
	−225.07







K—number of estimated parameters; AICc—Akaike’s Information Criterion value corrected for small sample size; Δi—the difference in AICc value compared to that of the model with most parsimony; wi—Akaike weight (model probability); Res. LL—restricted log-likelihood of each model.
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