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Abstract: Dichlorodiphenyltrichloroethane (DDT) contamination in the Toce River in northern Italy
was studied by collecting data from 2016 to 2021 upstream and downstream of a production factory
which in the past had discharged technical DDT. Analysis of sediments and of bioaccumulation in
different benthic invertebrate taxa (Gammaridae, Diptera, Ephemeroptera Baetidae and Heptageni-
idae) was carried out to assess the transfer of DDT from sediments to benthic invertebrates and
the environmental risk of this legacy pollutant for the river ecosystem. DDT and its metabolites
dichlorodiphenyldichloroethylene (DDE) and dichlorodiphenyldichloroethane (DDD), here called
DDx, were analyzed by isotope dilution gas chromatography-mass spectrometry (GC-MS/MS). DDx
values in sediments in upstream stations (1.14-2.25 ng g~ 1% Organic Carbon) were lower than
downstream of the industrial site (5.60-7.60 ng g*1 1% Organic Carbon), often exceeding Sediment
Quality Guidelines for total DDx. Peak levels derived from new inputs of parental DDT, as confirmed
by fingerprint analysis. Bioaccumulation was higher at downstream sites (up to 5107 ng g_1 lipid
weight), confirming the bioavailability of residual DDT as well as active metabolism, with the forma-
tion of DDD and DDE. The Biota-Sediment Accumulation Factor evidenced the highest values (over
4.2) for Diptera and Gammaridae, highlighting that invertebrates can transfer contamination from
sediments to the trophic chain. Linear regression models were developed to estimate DDx concen-
trations in benthic invertebrates from DDx concentrations in sediments. However, determination
coefficients R? remained in the range of 0.36-0.51, highlighting the necessity of bioaccumulation
analysis to fully estimate environmental risk. The results show that DDT contamination, even if
residual, may still represent a risk due to its effective transfer to the trophic chain.
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1. Introduction

In the past, the organochlorine pesticide DDT has been employed in Italy, as well as in
many other countries in Europe and in the United States, as an insecticide for agricultural
purposes such as controlling mosquitoes that spread malaria and as a remedy against
epidemic typhus [1-3]. However, due to its persistence and toxicity, the use of DDT was
banned in the 1970s (in 1978 in Italy), and the chemical was classified as a persistent
organic pollutant under the Stockholm Convention in 2001 and as a priority substance
under European Directive 2013/39/EU. Despite this, DDT is still used in many developing
countries [4]. Due to its persistence and long-distance transport through the atmosphere,
this chemical undergoes widespread distribution in the environment [5]. DDT shows a
high bioaccumulation potential due to its lipophilicity and slow elimination rates, and
this tendency is shared by its key metabolite 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene
(DDE). These characteristics result in the biomagnification of DDT through the food chain,
with peak concentrations at the top levels of the trophic chain, where secondary poisoning
phenomena can occur [6-8].

Sustainability 2023, 15, 6493. https:/ /doi.org/10.3390/su15086493

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15086493
https://doi.org/10.3390/su15086493
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-0787-5710
https://orcid.org/0000-0003-4321-0721
https://orcid.org/0000-0002-0857-4143
https://doi.org/10.3390/su15086493
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15086493?type=check_update&version=2

Sustainability 2023, 15, 6493

20f18

DDT can reach freshwater ecosystems through many pathways, for instance, as runoff
from contaminated soils, sewage effluents or atmospheric deposition [9]. Due to its hy-
drophobic characteristics, DDT and its metabolites tend to be absorbed onto suspended
solids and particulate organic matter and to accumulate in bottom sediments, where they
can be stored for decades [10]. From sediments, stored DDT can be released back into the
water column [11,12] and can bioaccumulate in benthic organisms living in contact with
the sediments, with potential biomagnification in the aquatic food web [13]. For these
reasons, even if environmental concentrations may be residual, the ecological risk from
DDT contamination may be significant and thus needs to be assessed.

Our study focused on the Toce River in northern Italy, which is characterized by
documented legacy DDT contamination [14-16]. Here, an environmental risk assessment
based on chemical, ecotoxicological and ecological analyses carried out in 2014 highlighted
levels of DDT in sediments that were potentially toxic for aquatic invertebrates [17]. These
concentrations were compared to the Sediment Quality Guidelines (SQGs), i.e., reference
values considered to be protective for aquatic organisms, such as the consensus-based
Threshold Effect Concentrations (cb-TECs) and Probable Effect Concentrations (cb-PECs)
developed by [18]. Values in the Toce River exceeded the cb-TECs, i.e., the threshold
below which adverse effects on aquatic organisms are not expected [17]. This approach
provided an initial screening to evaluate environmental risk and pointed out reasons
for environmental concern. However, the site-specific bioavailability of the contaminant,
which depends on local chemical and physical factors hardly predictable in highly dynamic
ecosystems such as rivers, was not assessed [19,20].

For this purpose, analysis of bioaccumulation in aquatic organisms can be carried out.
Benthic invertebrates live in proximity to the bottom sediments of rivers, streams and lakes,
they have small home ranges and limited dispersal abilities, and they are widely used
as bioindicators of water quality [21]. Moreover, different taxa show specific ecological
traits and functional feeding groups; therefore, they can be used to highlight different
contamination transfer pathways, i.e., through passive diffusion across gills, dermal sur-
faces and digestive organs, from the water and/or sediment compartment or through
predation. Despite these potentials, analysis of DDT in freshwater invertebrates has been
scarcely carried out. For example, DDx levels were measured in dragonfly larvae (Odonata,
Gomphidae) in the Olifants River Basin in South Africa [22], in other aquatic invertebrates
in the Ga-Selati River in South Africa and in the Gudbrandsdalslagen and Rena Rivers in
Norway [23]. These works emphasized significant DDT concentrations in some inverte-
brate taxa, showing the capacity of these organisms to transfer contamination from abiotic
compartments (water, sediments) to the trophic chain. Invertebrates represent the basal
level of the aquatic food chain; therefore, they may play a key role in the biomagnification
potential of the contaminant.

DDT bioavailability can be quantified using the Biota Sediment Accumulation Factor
(BSAF), i.e., the ratio between concentrations in biota and in sediments [24]. Usually this
factor is calculated for organisms that live in contact with the sediment, for which a direct
partitioning occurs between the sediment and the organism [25]. As regards DDT, this
approach has been used to assess the bioaccumulation potential of this pollutant in fishes in
the Cinca River in Spain to highlight the impact of a dicofol manufacturing factory [25], but
also in mussels and fishes in the Oder River in Poland, where pollution was determined by
intensive agriculture and big industrial-municipal agglomerations located in its catchment
area, as well as significant loads of pollutants from industrialized areas in the Czech
Republic, Germany, Upper Silesia and Lower Silesia [26]. The BSAF approach has also
been applied in coastal areas, such as in Korea, where DDT was measured in Manila clams
(Ruditapes philippinarum) to verify the safe consumption of this organism in this area [27].

In this study, both isomers of DDT and their metabolites DDD and DDE were ana-
lyzed in sediments and in four different benthic invertebrate taxa in the Toce River along a
gradient of residual DDT contamination. Our aim was to quantify DDT bioavailability in
this river ecosystem and to evaluate the potential role of invertebrates in contamination
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transfer from sediments to higher trophic levels through bioaccumulation analysis. Rela-
tions between concentrations in sediments and invertebrates were assessed using BSAF
calculation and regression models.

2. Materials and Methods
2.1. Study Area

This study was carried out along the Toce River in the Ossola Valley, which is located
in the Central-Western Alps, northern Italy. The Toce River originates in the upper Val
Formazza by the confluence of some streams in the plain of Riale and is 84 km long. The
basin is 1800 km? wide, and land use is mainly natural (about 92% of the total surface) [28].
The Toce is one of the main tributaries of Lake Maggiore, flowing into the Pallanza Basin
with an average annual flow of 62 m3s~! (Figure 1). A factory producing technical DDT,
located at Pieve Vergonte (VB), about 20 km upstream from the river mouth, discharged
wastewater into the river during the last century, causing heavy DDT pollution, as proven
by the contaminant peaks of 13.000 ng g~! in sediments in the 1960s and 1970s. DDT
production was stopped definitively in 1996. DDT contamination was first pointed out
by [29], which reported high concentrations of DDT in some fish species in Lake Maggiore,
such as the twaite shad fish, above the fixed limit for human consumption of 1 mg 1<g’l
wet weight (w/w). Further analyses carried out on sediments and soils proved that the
point source was the factory at Pieve Vergonte, where high concentrations of DDT can be
still found in soils in the industrial area.
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Figure 1. Sampling locations along Toce River.

2.2. Sampling Sites

In this study, four sampling stations were considered, located along the last 30 km
before the Toce mouth (Figure 1).

Two sites, Domo and Prata, are situated 8.6 and 3.4 km upstream of the factory at
Pieve Vergonte, respectively, while Bosco Tenso and Ornavasso are located 3.7 and 13.1 km
downstream, respectively. The geographical coordinates of the sampling sites are reported
in Table 1.

Table 1. Geographic coordinates of sampling sites.

Geographic Coordinates

Site Cartographic System UTM32 North, Datum WGS84
Domo 444,550.113 5,102,819.384
Prata 444,321.655 5,097,959.092
Bosco Tenso 448,722.928 5,093,529.525

Ornavasso 455,086.026 5,091,518.449
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This river stretch presents uniform hydromorphological characters, belonging to WFD
intercalibration type R-A2 and to Italian river type 01S54G, and it is divided into two different
water bodies (according to WFD terminology): type G1 for the stretch upstream from Pieve
Vergonte village and type G2 downstream, where the river discharge increases significantly
due to the inflow of two large water channels [17]. The width of the riverbed is 40-60 m,
the maximum depth of the water column is more than 1.5 m, and the mean slope of the
studied stretch is 1.68 m km~!. The bottom substrate is largely composed of sand and gravel
and hosts species-rich benthic invertebrate communities [17]. The river shows an Alpine
hydrological regime, with maximum discharge in early summer due to precipitation and
snow melting and minimum discharge in winter [30]. Concentrations of freely dissolved
DDx in porewater and at the water—sediment interface were determined in 2014-2015 by
using polyethylene passive samplers [16] that showed increasing contamination from Domo
to Ornavasso and peak concentrations of 0.29 ng L' at the Ornavasso station.

2.3. Sediment and Benthic Invertebrates Sampling

From 2016 to 2021, sediment and benthic invertebrates were sampled at each station
twice per year, in spring (March—-April) and early autumn (September—October), i.e., in two
periods of intense emergence for aquatic insects and of intermediate flow according to the
river’s hydrological regime. Sampling was not performed in summer because, due to high
discharge, most sampling sites were not wadable. In winter, benthic invertebrate biomass was
lowest, so the sampling effort needed to obtain enough material for analysis was too high.

At each site, sampling was carried out in depositional areas characterized by the
accumulation of the fine fraction of sediments where contaminants are adsorbed.

For sediments, different sub-samples were collected using a stainless-steel spoon and
mixed to obtain a 2 L representative sample. Sediments were transported in acetone-washed
amber glass bottles and kept in the dark at 4 °C until freeze-drying (Telstar LyoQuest). Dry
samples were sieved to separate the fine fraction (<63 pm) for chemical analysis. The total
number of data considering sampling station (4) x sampling (2) x year (6) was 48.

Benthic invertebrates were sampled by using hand nets following a qualitative sam-
pling strategy. The most abundant invertebrate taxa were sorted on-site in different taxo-
nomic groups until reaching a biomass suitable for chemical analysis and left in river water
for at least four hours to allow gut purging. Organisms were then dried with absorbent pa-
per and frozen at —18 °C until freeze-drying using the same procedure as for the sediments.
Samples were then homogenized and preserved in dark glass bottles until analysis. The
most abundant taxa, which were generally found at all sites, were Ephemeroptera Baetidae
Baetis, Diptera Tipulidae, Tabanidae, and Limoniidae grouped together, and Ephemeroptera
Heptageniidae Ecdyonurus and Crustacea Gammaridae Echinogammarus. A taxonomical
identification of these taxa was performed in order to assess their main ecological traits
and functional feeding group. Detailed information is reported in [31,32] and in Table S1
(Supplementary Material). Baetidae were considered grazers and Gammaridae shred-
ders, while Diptera and Heptageniidae showed a mixed diet and were thus classified as
gatherers—predators [31]. The total number of data per taxon (1) x sampling (2) x sampling
station (4) x year (6) should be 48. However, considering that on some sampling dates
the river was not wadable at the Prata station, and that in some cases biomass was not
sufficient for analysis, the total number of data for Diptera and Heptageniidae was 43, for
Baetidae 39 and for Gammaridae 38 (Table S2).

2.4. Chemical Analyses

Sediment and benthic invertebrates were analyzed for DDx by isotope dilution mass
spectrometry, using the same method described in [16]. Samples of 0.5 g were spiked with
10 ng of internal standard solution. Samples were extracted using a Soxhlet apparatus
(Buchi, Switzerland) using n-hexane/acetone (3:1, v/v) as the extraction solvent. Extracts
were cleaned using a multi-layer column (1.5 x 20 cm) packed (bottom to top) with
1.5 g acidified silica gel 30% w/w sulphuric acid (Sigma-Aldrich, Steinheim Germany)
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and 15 ¢g Florisil® (100-200 mesh, Sigma-Aldrich, Steinheim Germany). Extracts were
concentrated under a gentle N; flux to approximately 250 pL. Compound quantifications
were performed by gas chromatography mass spectrometry (GC-MS/MS) following the
conditions described in [16].

Instrument linearity was checked with a seven-point calibration curve, covering the
range between 0.01 ng g~ and 250 ng g~!. Sediment quality assurance was carried
out by analyzing reference material IAEA-383, “Organochlorine compounds petroleum
hydrocarbons and sterols in sediment sample”, while for DDx in biological samples the
National Institute of Standard and Technology “NIST SRM 2974a” was used for method
validation. Accuracy was calculated using certified materials, and all results were within
the expected concentration range of £30% of the certified values, while precision between
replicates, calculated as the relative standard deviation, was below 20%. Internal standard
recoveries were calculated for each sample, and analyses were repeated if this value was
below 30%. The limit of detection (LOD) was fixed at 0.01 ng g’l dry weight (d.w.) for
each compound in the sediment and biological samples using a signal-to-noise ratio of 3:1.
Procedural blanks were analyzed every eight samples to check for laboratory contamination.
Procedural blanks were always <LOD for each analyzed compound.

For each sediment sample, the organic carbon (OC) content was determined in 0.5 g d.w.
samples by back-titration after oxidation with potassium dichromate in the presence of
sulphuric acid according to Walkley and Black [33].

For the organisms, the lipid content was determined gravimetrically by solvent ex-
traction (n-hexane/acetone 3:1, v/v) using 0.5 g of the sample. The annual lipid content
for each taxon was determined by pooling samples from spring and autumn, given the
stability of the lipid content in the same year.

2.5. Data Analysis

The ratio between the metabolites DDE and DDD and the parental compound DDT in
sediments was calculated as follows [34,35]:

(ZDDE + £DDD)/~DDTs, 1)

where XDDE is the sum of the isomers 2,4’-DDE and 4,4’-DDE, DDD is the sum of the
isomers 2,4'-DDD and 4,4’-DDD, and ~DDTs is the sum of the isomers 2,4’-DDT and
4,4'-DDT. This ratio can be used as an indicator of the time since the last DDT usage. If the
ratio is >0.5, it suggests a long-term degradation of DDT, whereas a lower ratio indicates a
recent DDT input in the environment.

To highlight the mechanism driving the metabolic transformation of DDT in sediments,
the ratio between DDT and DDE was calculated as follows [36]:

>DDD/XDDE, ()

Values of this ratio >1 indicate the anaerobic degradation of DDT, while ratios <1
indicate a predominance of aerobic degradation.

To assess the bioavailability of DDT to benthic organisms, BSAF was calculated as
follows [37]:

BSAF = (Cg/f1L)/(Cs/foc), ®3)

where Cg/f1, represents the DDx concentration in organisms normalized to the correspon-
dent lipid fraction and Cs/foc is the DDx concentration in sediments normalized to the
respective organic carbon content.

Due to their hydrophobic nature, DDx compounds are adsorbed on sediment organic
matter, so data normalization was performed according to this parameter to allow compar-
isons between sites [16]. Moreover, normalization was necessary to compare DDT concentra-
tions with the Sediment Quality Guidelines in [18], which are set at 1% organic carbon.
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As regards biota, the lipid content might significantly influence the bioaccumulation
of lipophilic contaminants as DDx, and it is also related to the specific taxon, the tropic
role of the organism and its life stage [38]. For these reasons, DDx data regarding benthic
invertebrates are all expressed as lipid weight normalized (L.w.).

The non-parametric Kruskal-Wallis test followed by the Dunn post-hoc test with
Bonferroni correction for multiple comparisons was performed to test differences between
sites regarding total concentrations of DDx in sediment and in each taxon and the BSAFs
of different taxa. The Mann-Whitney test was used to test differences between sampling
periods in each station and between upstream and downstream sites. Prior to these analyses,
normality of data and homogeneity of variance were assessed using the Shapiro-Wilk and
Levene tests, respectively. In case of deviances, logo(x) transformation was carried out.
Spearman’s rank correlation was employed to test for relation between variables.

Linear regression was calculated to develop predictive models to estimate lipid
weight normalized DDx concentrations in benthic invertebrates from the organic carbon-
normalized DDx concentrations in the respective sediments. Since normality was not met,
log10(x) transformation of variables was carried out prior to analysis.

All statistical analyses were carried out using the R software package (4.2.0) and
Past (4.03).

3. Results and Discussion
3.1. DDx in Sediments

As expected, the correlation between total DDx d.w. and total organic carbon in the
sediment samples was significant (p = 0.5135, p < 0.05) due to the hydrophobic nature of
the compound. The lowest DDx concentrations were measured at Domo, with a mean
concentration value of 1.14 & 0.55 ng g~ ! 1%OC. Higher concentrations of DDx in sed-
iments were measured depending on the proximity of the sampling site from the DDT
factory at Pieve Vergonte, with mean concentrations of 2.25 & 3.20 ng g~ ! 1%OC at Prata,
7.60 £ 11.71 ng g~ ! 1%OC at Bosco Tenso and 5.60 + 3.83 ng g~ 1%OC at Ornavasso. Low
concentrations at Domo and Prata could have been caused by the atmospheric deposition of
pollutants coming from Pieve Vergonte, as already highlighted in previous research [16,17].
Mean concentrations at Domo were almost stable during the years 2016-2021, while peaks
of total DDx concentrations at the downstream sites were registered in 2017, possibly
because some reclamation activities on course in the contaminated industrial area may
have caused a remobilization of the contaminant via soil leaching or atmospheric trans-
port [39]. Since differences in sediment concentrations between Domo and Prata and
between Bosco Tenso and Ornavasso were not significant (p > 0.05), the stations were
grouped into upstream and downstream sites (Figure 2).

50
45

Total DDx (ng g 1%0C)
(o]

20
15 °
10 °
L]
; —
—_———
0
Upstream Downstream

Figure 2. Boxplots of total DDx concentration at upstream (Domo and Prata, n = 12) and downstream
(Bosco Tenso and Ornavasso, n = 12) sites (ng g_l 1%0C).
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The Mann-Whitney test (p < 0.05) revealed statistical differences between the two groups,
confirming the impact of the industrial area located at Pieve Vergonte on the DDT pollution
of the Toce River sediments. Concentrations at Domo and Prata (0.15-21.37 ng g~ ! d.w.)
were in the range of values reported in other case studies (Table 2), such as in rivers in
Belgium [40], Congo [41], China [42], Spain [43], South Africa [44] and Romania [45] which
are close to heavily urbanized and densely populated areas or where the historical use of
DDT is documented, confirming that these levels should be considered the baseline level
nowadays in legacy-contaminated areas. In contrast, DDx levels measured downstream of
Pieve Vergonte (1.28-97.97 ng g~ ! d.w.) are comparable to those detected in other polluted
sites, such as on the Cinca River in Spain [25], which are downstream of an industry which
uses DDT as an intermediate in the production of dicofol, or such as the Fuchun reservoir
of Qiantang River in China [46], where the high-level use of DDT pesticides is documented
before the dam’s construction, or as in other rivers located in Moldova (e.g., Bic River, Raut
River) or Ukraine [47] which cross several densely populated cities [9].

Table 2. Mean sediment concentrations (ng g~ ') of DDx in Toce River compared to other studies.

Location DDx References

Domo, Toce River (Italy) 1.31 This study

Prata, Toce River (Italy) 3.36 This study

Bosco Tenso, Toce River (Italy) 13.96 This study

Ornavasso, Toce River (Italy) 8.28 This study
Scheldt estuary (Belgium) 0.03 [40]
Congo River (Congo) 0.12 [41]
Tonghui River (China) 1.1 [42]
Ebro River (Spain) 3.1 [43]
Vaal River (South Africa) 1.65 [44]
Bahlui River (Romania) 0.18472 [45]
Cinca River (Spain) 21.3 [25]
Cinca River (Spain) 93.9 [25]
Qiantang River (China) 95.8 [46]
Bic River (Moldova) 25 [9]
Rdut River (Moldova) 45 [9]
Danube Delta (Ukraine) 0.30-2102 [47]

2 Concentration range.

Regarding the relative presence of DDT metabolites and isomers, the composition of
DDT transformation products in sediments is shown in Figure 3.

In general, the number of 4,4'-isomers was higher than that of 2,4'-isomers at all
stations, which is in line with the technical composition of DDT, with 4,4’-DDT being the
main detected compound and 4,4’-DDE the main metabolite, as reported for other rivers [9].
Regarding isomer composition, no differences were measured between sites, except in the
case of 2,4’-DDE, which was less represented at the downstream sites (p < 0.05). However,
this compound represented less than 10% of the total DDx in the sediment samples. The
most highly represented compounds were the metabolites DDE and DDD, which accounted
for >50% at the upstream sites, while their contribution decreased to 43% at Bosco Tenso and
Ornavasso. This could be related to new inputs of parental DDT coming from the area of
the Pieve Vergonte factory. In fact, a strong correlation was found between the sum of DDD
+ DDE and the total DDx in Toce River sediments (p = 0.92, p < 0.05). Similarly, sediments
with higher total DDx concentrations showed a higher proportion of ZDDT (p = 0.899,
p <0.05), and even the correlation between ZDDE and XDDD was significant (p = 0.67,
p <0.05). As suggested by [48], these correlations indicate that measured levels of DDx in
the sediment samples were related to the input of DDT and its degradation products. These
observations prove that, even if DDT production stopped in 1996 and soils and groundwater
in the industrial area have been stabilized, new inputs of the contaminant into the river
ecosystems are still present. Technical DDT contains high fractions of parental compounds
in comparison to its metabolites: 77% 4,4’-DDT, 15% 2,4’-DDT, 4% 4,4'-DDE and <5%
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DDT isomers composition
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4,4'-DDD according to [49]. The ratio between DDE and DDD and the parental compound
DDT at all the sampling sites was generally above 0.5, indicating long-term degradation.
These results are in line with other works that analyzed the isomer composition of DDT
in river sediments, such as in Spain [50], in Moldova [9] or in South Africa [22]. In these
studies, the ratio resulting from Equation (1) was always higher than 0.5, indicating that
sediment contamination was not due to recent DDT input but rather to its past use and
incomplete degradation. However, some samples at Bosco Tenso and Ornavasso in 2017
and 2020 showed ratios <0.5, in correspondence with peaks in DDx levels, indicating that
new inputs of parental DDT had reached the river sediments. DDT can be degraded via
aerobic and anaerobic pathways depending on its in situ redox state. In the present study,
most samples had a ratio resulting from Equation (2) < 1, indicating that metabolic products
were formed mainly under aerobic conditions, which can thus be considered the main
transformation pathway [36].
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4.4"-DDE
«2.4-DDD
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Figure 3. Box-plot showing the composition of DDT-related compounds in sediments of the four
considered stations (a). Mean DDT-related compounds in sediments of upstream (b) and downstream

(c) stations.

Analysis between sediment samples collected in spring and autumn at each site proved
no significant differences in DDT concentrations (p > 0.05) between sampling periods, as
was reported in previous studies carried out on the Toce River [16]. In fact, river sediments
are affected by continuous mixing caused by the river flow, especially during flooding
events, due also to the abundant sandy fractions of the Toce sediments.

To assess potential risks related to DDx levels in Toce sediments, concentrations were
compared with the SQGs by [18]. All samples resulted in being below the cb-PEC, i.e.,
the threshold above which harmful effects are likely to be observed, fixed for total DDx at
572 ng g~ d.w. 1%O0C, but also for YDDE (31.3ng g~ d.w. 1%0C), ¥DDD (28 ng g~ d.w.
1%0C) and yDDT (62.9 ng g~ ! d.w. 1%OC). Considering cb-TEC, i.e., the threshold below
which adverse effects on benthic organisms are not expected, mean values upstream of the
Pieve Vergonte factory were always below the value fixed for total DDx (5.28 ng g~ ! d.w.
1%0C), apart from Prata sediments during Autumn 2016 and Spring 2017. At Bosco Tenso
and Ornavasso, values exceeded the cb-TEC for Total DDx in some years (from 7.76 to
42.78 ng g~! 1%0OC and from 10.40 to 15.66 ng g~ d.w. 1%OC, respectively). This was
mainly due to the contribution of } DDT exceeding the cb-TEC value in the same years,
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evidencing parental DDT as the predominant compound in those periods. Values in the
Toce above the cb-TEC showed the need to further assess potential risks for aquatic organ-
isms. Furthermore, Ref. [51] measured DDT levels in sediments higher than the cb-TEC in
marine and adjacent riverine areas of North Bohai Sea, China, and the authors concluded
that adverse effects on benthic invertebrates were likely to be expected. In the Haihe Plain,
India, DDx in sediments was classified as potentially toxic for aquatic organisms, showing
concentrations higher than the cb-TEC. SQGs by [18] are commonly applied to freshwater
sediments to evaluate potential toxicity for benthic organisms, not only because they are
derived from field and laboratory-based studies but because they have been validated by
subsequent toxicity studies. For example, Ref. [52] carried out a battery of sediment-contact
ecotoxicological tests by using different organisms, such as higher plants (Myriophyllum
aquaticum), nematodes (Caenorhabditis elegans), oligochaetes (Lumbriculus variegatus), ze-
brafish embryos (Danio rerio) and bacteria (Arthrobacter globiformis), representing various
trophic levels and exposure pathways, and compared the toxicity classification obtained
with that proposed by [18]. The author-derived classification generally agreed well with
consensus-based sediment quality guidelines (SQGs), especially regarding sediments with
high toxic potential, thus confirming its applicability. However, the interpretation of poten-
tial risks for benthic communities based on the SQGs can be considered a first screening
approach concerning the evaluation of adverse effects on aquatic organisms, since it does
not consider factors such as the bioavailability of contaminants, the mixture’s effects be-
tween contaminants and, in the case of DDT, its bioaccumulation and biomagnification
potential [20].

3.2. DDx Bioaccumulation in Benthic Invertebrates

To assess the bioavailability of the contaminant for aquatic organisms, bioaccumulation
in native invertebrates belonging to different taxonomic and functional feeding groups was
analyzed. Different species-specific characteristics can influence bioaccumulation, such as the
preferential habitat of the organism, its diet and other environmental parameters [53-55]. In
our study, the analysis focused on four taxa of benthic invertebrates generally present and
abundant at all the stations considered (Supplementary Material, Table S2).

Total DDx levels measured in invertebrates followed the same pattern among sites
described for sediments, with Domo and Prata showing concentrations consistently lower
than Bosco Tenso and Ornavasso (Kruskal-Wallis test, p < 0.05) (Figure 4).

Total DDx concentrations at upstream sites ranged from <LOD to 829 ng g~ ! L.w.
(mean values of 110 + 133 ng g~ ! L.w. at Domo and 198 4 184 ng g~! L.w. at Prata), while
at downstream sites the range was between 129 ng g~ ! Lw. and 5107 ng g~ ! L.w (mean
values of 1150 + 956 ng g~ ! L.w. at Bosco Tenso and 1130 4 1113 ng g~ ! Lw. at Ornavasso),
evidencing clear enrichment deriving from the industrial area of Pieve Vergonte. DDx
levels like those measured at Domo and Prata were reported for dragonfly larvae (Odonata,
Gomphidae) of the Olifants River Basin (145 ng g’l L.w.), South Africa [22], where relevant
anthropogenic pressures are not present. On the contrary, values detected downstream
of Pieve Vergonte (109 & 81 ng g~ ! d.w. at Bosco Tenso and 113 + 103 ng g~ ! d.w at
Ornavasso) were comparable to those measured in dragonfly larvae in another South
African river (133 ng g_1 w.w.) located in a basin where the use of DDT in towns is still
very common to prevent malaria [23].

As observed for sediments, no difference between sampling seasons was highlighted
at all sites for each taxon (p > 0.05), and thus data collected in the two different periods were
pooled together for further analysis. Comparing different taxa, Gammaridae and Diptera
registered the highest DDx values (Figure S1), but differences between the Baetidae and
Heptageniidae taxa were statistically significant only at the stations located downstream of
the Pieve Vergonte factory, Bosco Tenso and Ornavasso (p < 0.05). All taxa showed their
maxima at Bosco Tenso, as was also observed for sediment contamination. Gammaridae
proved to have the highest DDT bioaccumulation potential, especially considering the
lipid-normalized concentrations, probably because the thick external cuticle of chitin in
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these Crustacea may bind the contaminant or may facilitate the entry of DDT into the
animal’s body by selectively concentrating the compound by adsorption phenomena [56,57].
In fact, starting from this evidence, many authors supported this theory by carrying
out studies which used chitin as a natural material to remove pollutants as pesticides
from water due to the high adsorption capacity of this polymer [58,59]. The high DDx
concentrations detected in Diptera may instead be linked to their feeding habits, which
are partly detritivorous and partly predatory [31]. The lowest values were found for
Heptageniidae and were in line with those of Baetidae (p > 0.05 between taxa). To our
knowledge, data regarding DDT bioaccumulation in freshwater benthic invertebrates are
very scarce in the literature. However, our results can be compared to those of [21], who
used different taxa of invertebrates to assess the distribution and sources of persistent
organic pollutants in different rivers in South Wales, measuring values of total DDx up to
17.4ng g~ ! w.w. They found different bioaccumulation levels of organochlorine compounds
in different taxa sampled in the same location, with Heptageniidae and Baetidae having the
lowest concentrations due, according to the authors, to their similar feeding behavior as
grazers. Since recent studies highlighted that Heptageniidae may behave as omnivores, we
classified this taxon as collectors—predators [31]. However, we also observed comparable
DDT values in Heptageniidae and Baetidae (grazers), so further investigation would be
necessary to understand which taxon-specific characteristics may explain this result.
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Figure 4. Boxplots of total DDx concentration (ng g_l Lw.) in the four invertebrate taxa considered. Data
are grouped in upstream sites (Domo + Prata) on the left and downstream sites (Bosco Tenso + Ornavasso)
on the right. n = number of data per each group.

Significant differences between concentrations at upstream and downstream sites
(p < 0.05) were highlighted for all taxa (Figure 4). This finding supports the concerns
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deriving from sediment analysis, also demonstrating the increased bioavailability of the
contaminant downstream of the industrial site. Moreover, the results show the key role
of invertebrates in transferring contamination from sediments to the biotic compartment,
with a consequent potential toxicity risk for higher trophic levels such as fish, given the
biomagnification capacity of this contaminant [60,61]. In fact, concerning fishes in the Toce
River, DDx concentrations above 30.000 ng g~ ! L.w. and above 10.000 ng g~ 1.w. were
recently determined [62] in specimens of chub and brown trout, respectively. However,
analysis of the biomass of each taxon in the benthic community at the studied sites would
be necessary to understand their effective role in the transfer of DDT contamination to the
highest trophic levels.

Regarding DDx composition in biota, 4,4'-DDE was the main compound accumulated
in all taxa, with a mean contribution from 44 & 16% in Gammaridae to 67 & 17% in Diptera
of the total DDx (Figure 5).

Heptageniidae Bactidae Gammaridae Diptera

Upstream

Downstream

p——
I/
20% '
6%
10%
8%
22%
10%
14%

&

=g

Figure 5. Pie charts of DDx composition (%) measured in four taxa of benthic invertebrates sampled

®24°-DDE *4.4°-DDE =2.4-DDD
4,4°-DDD *2.4°-DDT =4.4°-DDT

10%

in upstream (first row) and downstream (second row) stations.

This finding agrees with the metabolism of DDT in DDE already reported for different
aquatic organisms belonging to different trophic levels such as phytoplankton, macroin-
vertebrates and fishes [38,41]. For example, Ref. [63] analyzed 4,4'-DDE in larvae of the
damselfly Ischnura elegans (Odonata, Coenagrionidae) from different ponds in Flanders,
Belgium, finding 4,4’-DDE levels of up to 3.30 ng g~ ! w.w. in some of the studied ponds.
In addition, between all DDT metabolites, DDE shows the highest stability and the fastest
bioaccumulation capacity in lipid tissues [64].

Comparisons between sites revealed a significant enrichment of parental DDT between
Domo, the reference site, and Bosco Tenso, the site closest to Pieve Vergonte (p < 0.05),
confirming that new inputs of parental DDT deriving from the industrial area are driven
into the fluvial ecosystem. This was also confirmed by the comparison between upstream
and downstream sites for single taxa (Figure 5), which showed a significant enrichment in
parental DDT isomers and the corresponding reduction of the metabolite 4,4’-DDE (p < 0.05).
Besides this, concerning Diptera, a significative increase in 2,4’-DDD was also noticed.

To estimate the bioavailability of DDx in the Toce River, the BSAF model was consid-
ered. BSAF is based on contaminant equilibrium partitioning between the lipidic content
of biotic tissues and sediment organic carbon. BSAF values are theoretically independent
of sediment type and can be employed over a wide variety of environmental conditions to
perform a first-level screening of bioaccumulation potential under real field conditions [24].
Figure 6 shows the distribution of BSAF values for each taxon.
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Figure 6. Boxplots of Biota—Sediment Accumulation Factors (BSAFs) measured in the four benthic
invertebrate taxa of the Toce River.

Gammaridae (ranging from 0.30 to 12.59) and Diptera (0.11 to 13.80) were the organ-
isms with the highest BSAFs, while Heptageniidae (0.15 to 4.26) and Baetidae (0.24 to
4.07) expressed lower BSAFs, reflecting the DDT concentrations observed in the biological
samples. Gammaridae showed higher BSAFs (p < 0.001) than Heptageniidae and Baetidae,
probably due to the DDx adsorption mechanisms favored by chitin, while Diptera expressed
higher BSAFs only in comparison to Baetidae. Even considering only the downstream sites,
two different groups were highlighted: Baetidae and Heptageniidae with lower BSAFs
(mean values 1.38 4= 1.03 and 1.20 & 0.98, respectively) and Diptera and Gammaridae with
higher BSAFs (mean values 4.47 £ 3.64 and 4.25 £ 3.06, respectively). Different studies
indicate a theoretical BSAF of 1.7 as the value from which a substance may bioaccumu-
late [41,62-64]. A BSAF value < 1.7 reveals less partitioning of an organic compound into
lipids, and a BSAF value > 1.7 reveals a greater uptake of the compound. Diptera and
Gammaridae are therefore subject to DDx bioaccumulation, with the consequent maximum
potential of transferring contamination to higher trophic levels.

As regards different DDx metabolites and isomers measured at all stations, the high-
est BSAF values were calculated for DDE and the second-highest for DDD in all taxa
(Figure S2). This result was expected since benthic organisms can metabolize parental DDT
into DDE or DDD. Because the DDT metabolite 4,4'-DDE constituted the largest fraction
in all invertebrates, the BSAF values for 4,4-DDE could have affected the overall BSAF
distribution. If excluding the data of this metabolite, as in [24], only Gammaridae has
significantly higher BSAF values than the other taxa (p = 0.01), while Diptera shows values
comparable with the other taxa. The metabolite 4,4'-DDE therefore appears to influence
Diptera to an extent.

An inverse relation between BSAF and DDx in sediment was highlighted for all taxa
(Figure S3). This result was expected based on Equation (3), but it is reported here to high-
light that the bioaccumulation capacity was higher at lower environmental concentrations.
This evidence was already highlighted by [65] for organic chemicals and by [31,66] for met-
als, proving that physiology, the decreased availability of pollutants with increasing loads in
sediments and different levels of pollutant partitioning among sediment particle fractions
with aging may each influence bioaccumulation rates [31,65]. This consideration gains
relevance in ecosystems where contamination levels are decreasing with time, as the case of
the Toce River, where DDT sediment contamination levels are lowering, even if at slower
rate in comparison with those of other contaminants [31]. Therefore, even if concentrations
in sediments will decrease, it is expected that the response of benthic communities in terms
of bioaccumulation, and in terms of the entire food web, will be slower.
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3.3. Relations between DDx Bioaccumulation in Benthic Invertebrates and
Sediment Concentrations

The best fit between concentrations in sediments and in biota was obtained using
log-log regressions (Tables S3 and S4). In fact, log transformation can be used to reduce
the leverage of extreme points and can help to normalize data distribution. Moreover, this
model has been widely used to explore relations between concentrations in sediments and
invertebrates and is easier to use within an environmental management framework than
non-linear regressions [24,67-69].

Significant correlations were found between OC-normalized DDx concentrations in
sediments and lipid weight-normalized concentrations in Diptera (p = 0.60, p < 0.001),
Gammaridae (p = 0.71, p < 0.001), Heptageniidae (p = 0.67, p < 0.001) and Baetidae (p = 0.67,
p < 0.001), confirming that sediment concentration can be considered a predictor of DDx
accumulation in all the analyzed organisms. In Figure 7 the resulting log-log linear
regressions between OC-normalized DDx concentrations in sediments and lipid weight-
normalized concentrations in the four taxa are shown in Figure 7.

_ 4
. E e
. = 35 e L
o & ': o e ° - d .‘.. o a
o o 'y 8 IR [ =} 3 ... .. (]
o 0¥ o %b . oo-"i' 0, o ®
F25 ° e
P . g 2s e
(] = o o,
= 2
5 [ ]
. 215 ¢
3
= 1
.2
R?=0.3630 =05 R2=0.5068
p<000l g & p<0001 b
0
0 0.5 1 1.5 2 -0.5 0 0.5 1 1.5 2
log sediment concentration (ng g! 1%0C) log sediment concentration (ng g 1%0C)
33
. = .
° = e
— 3 ° ° ¥ o °
O % . " l:. .t L]
° S 5 e}
cl E “ée ®
$e §1s Ve
. g
5]
2]
=
) 3 2o
R?= 0.4503 205 R?=0.4574
p<0001 o o p<0001 | 4
oo
0 0.5 1 1.5 2 -0.5 0 0.5 1 1.5 2

log sediment concentration (ng g-! 1%0C)

Figure 7. Log-log regressions between DDx concentrations in the four invertebrate taxa collected in
River Toce (ng g~ L.w.) and the respective concentrations in sediments (ng g~! 1%OC): (a) Diptera;
(b) Gammaridae; (c) Heptageniidae; (d) Baetidae. Coefficient of determination (R?) and p values are
also reported.

The linear regression equations obtained for each taxon are:
Log10[DDX]piptera = (0.924 £ 0.19) X log1o[DDx]seq + (2.243 + 0.11), 4)
Log10[DDx]Gammaridae = (0.769 &£ 0.12) X log1o[DDx]geq + (2.540 £ 0.08), ®)
Log10[DDx]Heptageniidae = (0.773 & 0.133) x log19[DDx]seq + (1.926 £ 0.080),  (6)

Log10[DDX]paetidae = (0.641 = 0.116) x log1o[DDxX]seq + (2.146 + 0.070), )

where LOglO[DDX]Diptera/ Log10[DDX]Gammaridae, LOg10 [DDX]Heptagem'idae and Log10[DDx]aetidae
are the log-transformed DDx concentrations in Diptera, Gammaridae, Heptageniidae and Baeti-
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dae (lipid weight normalized), respectively, and log;o[DDx]seq is the log-transformed organic
carbon normalized DDx concentration measured in sediments.

According to the R? values (Figure 7), Gammaridae is the taxon that best fits the model
and therefore represents in this study the best indicator of DDT concentration in the Toce.
However, the moderate R? value suggests that the model should be improved for a more
precise estimation of bioaccumulation. First of all, it must be considered that the point-
measure of DDT in sediments may be not always representative of the exposure conditions
experienced by the organisms during the previous months. Furthermore, the inclusion
in the models of other environmental factors could enable the regression model to better
explain the relationship between the two variables considered in the model itself. In fact,
other variables could significantly affect DDT bioaccumulation, such as the hydrological
regime of the river, conductivity, pH, the redox state at the water—sediment interface,
the clay content in sediments, suspended material, the chemical-physical changes at the
water-sediment interface, or the metabolic rate or life cycle of the organisms [22,23,31,40].

4. Conclusions

Our study illustrates how the legacy hydrophobic contaminant DDT shows strong
persistence in aquatic environments, even several years after its ban. Peak DDT levels and
isomer composition at the sites located downstream of the DDT production factory showed
new inputs from dismissed industrial areas and the re-mobilization of contaminated sed-
iments. Comparisons with SQGs, which could provide a screening assessment for this
pollutant, evidenced exceedances with respect to the threshold values considered to be
protective for aquatic ecosystems. The possible consequent transfer and metabolic trans-
formation in aquatic organisms living in close association with sediments can be assessed
through bioaccumulation analysis as in this study. Our results showed that, between the
analyzed taxa, Gammaridae and Diptera were the organisms with the highest DDT concen-
trations and BSAF values especially for DDE. Integrating analysis of biological samples
with sediment analysis can thus elucidate distribution, quantity and the potential ecological
risk from organic pollutants in river ecosystems, together with their transfer into the biota
compartment. Benthic invertebrates are suitable for this kind of evaluation, since they live
in close association with sediments, perform different ecological functions, are prey for
higher trophic levels and show high taxonomic richness. Therefore, analysis of different
taxa together with analysis of the biomass of each studied taxon can provide an overview
of pollutant distribution and transfer pathways to understand their relative contribution to
the transfer of the pollutant to higher trophic levels. Finally, integrating data from analysis
of sediment and benthic invertebrates may allow for the development of predictive models
useful to fix remediation goals. After the selection of environmental variables that could
affect the transfer of pollutants from the abiotic to the biotic compartment, such models
may allow us to obtain the concentration of DDx in benthic macroinvertebrates starting
from environmental variables which are easily measured, such as DDT concentrations in
sediments. However, direct evaluation of bioaccumulation in aquatic organisms provides
the most realistic evaluation of the risk at the basis of the riverine food webs.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su15086493/s1, Table S1: ecological information on the four
invertebrate taxa analyzed; Table S2: Number of samples of each benthic invertebrate taxon at each
station and sampling year analysed for DDT bioaccumulation; Table S3: Results of different non-linear
fitting models between concentrations in sediments and biota (raw data); Table S4: Results of linear
and non-linear fitting models be-tween concentrations in sediments and biota (log10-transfomed
data); Figure S1: Boxplots of total DDx concentration of each taxon in every sampling site; Figure S2:
Boxplots of BSAF values calculated on each DDx compounds in the considered invertebrates’ taxa;
Figure S3: Relation be-tween DDx concentrations in sediments and BSAF values for different inverte-
brate taxa collected in River Toce; Figure S4: Relation between DDx concentrations in sediments and
in the different invertebrate taxa collected in River Toce (raw data). References [31,32] are cited in
Supplementary file.
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