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Abstract

This study aimed to assess how different concentrations of the insecticide chlorpyrifos (1.1, 5.24, 11, 52.4, 110, 262, 524 and

1100 ng L−1) affect the swimming behaviour ofDiamesa zernyi larvae following exposure. Avideo tracking system was employed

to analyse two swimming traits (total distance moved and average speed) of the larvae simultaneously after 3 days of exposure to the

pesticide at 2 °C. The behavioural results were also interpreted according to biochemical responses to oxidative stress (OS) induced

by chlorpyrifos, based on malondialdehyde (MDA) and protein carbonyl (PCC) content. Both distance and speed significantly

decreased after 72 h of exposure to chlorpyrifos concentrations of ≥ 110 ng L−1, under which significant OS was detected as lipid

peroxidation (level of MDA) and protein carbonylation (level of carbonyl). Analysis of altered swimming behaviour, along with

MDA and carbonyl content, indicated that ≥ 110 ng L−1 contamination levels of the insecticide cause the organism to reallocate

energy normally used for locomotor activity to repair cell damage, which might explain the strong impairment to locomotor

performance. Locomotor performance is an ecologically relevant trait for elucidating the population dynamics of key species, with

disturbance to this trait having long-term negative impacts on population and community structure. Therefore, chlorpyrifos insec-

ticides represent a serious ecological risk for mountain aquatic species based on the detrimental effects observed in the current study,

as the tested concentrations were those at which the insecticide is found in many Alpine rivers of Italy.
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Introduction

Fauna living in pristine areas, such as glacial streams at high

altitude in the Alps, is exposed to seasonal contamination by

chlorpyrifos (CPF) and other currently used pesticides

transported by the atmosphere at median-long distances

(Santolaria et al. 2015; Ferrario et al. 2017; Guida et al. 2018;

Rizzi et al. 2019). As pesticides are designed to affect biota,

there may also be some deleterious effects on non-target organ-

isms living in the aquatic environment where these substances

are found (Liu and Schelar 2012; Stehle and Schulz 2015). The

presence of pesticides in freshwater ecosystems could impair

aquatic fauna, affecting different levels of complexity (includ-

ing direct acute and chronic effects, bioaccumulation and en-

richment in food chains), and might alter the equilibrium of

biological communities. Aquatic contamination by pesticides

and their effects on wildlife are one of the most studied prob-

lems of environmental concern (Darko et al. 2008; Liu et al.
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2016; Sun et al. 2018). The presence of pesticides at high

altitudes is considered an emerging environmental problem

about which limited information is available (Lencioni 2018;

Lencioni et al. 2018; Villa et al. 2018a). In fact, the concentra-

tions detected in Italian glacial fed streams have been found to

induce unacceptable effects in high-altitude freshwater ecosys-

tems (Rizzi et al. 2019).

However, knowledge remains limited on how these contam-

inants affect aquatic fauna, with studies almost exclusively fo-

cusing on chironomids of the genus Diamesa (Diptera,

Chironomidae) (Lencioni 2018). Villa et al. (2018a) demonstrat-

ed the inhibitory effect of chlorpyrifos (CPF) on the swimming

behaviour of Diamesa zernyi larvae, which is a key species of

the macrobenthic community in cold streams (Lencioni and

Rossaro 2005). Significant changes to mobility were observed

in larvae exposed to an environmentally relevant concentration

(1100 ng L−1) of CPF after 72 h. Several recent studies have

demonstrated that, after exposure to sub-lethal concentrations of

contaminants, aquatic organisms survive successfully but could

undergo significant behavioural changes (such as escaping to

avoid contamination, changing eating habits or the mode of

locomotion) (Gerhardt 2007; Amiard-Triquet 2009; Hellou

2011). Behavioural disturbance of key species might also im-

pact ecosystem maintenance (Saaristo et al. 2018). In fact, the

detrimental effects of low contamination on the behaviour of

key species could extend to the community level, by altering

natural competitive and/or prey/predator interactions among

species (Gerhardt 2007; Amiard-Triquet 2009; Hellou 2011).

In turn, subsequent changes to community composition could

cause shifts in nutrient cycling, which might impact ecosystem

equilibriums (Saaristo et al. 2018).

Changes to behaviour involve an integrated whole-organism

response that often incorporates early stress signals produced at

the sub-organismal level, including changes to biochemical,

cellular and/or physiological levels. Changes to the sub-

organismal level could induce some compensatory mecha-

nisms to exposed organisms, such as increased energy con-

sumption and/or a reduced energy uptake (Duquesne 2006),

which might, ultimately, affect the fitness of the population

(Amiard-Triquet 2009). For instance, at low exposure to pol-

lutants, some antioxidant and detoxifying enzymes are activat-

ed by the organism in an attempt to repair damaged cells. These

actions could lead to the reallocation of energy necessary for

other functions, such as locomotor behaviour. Also, reactive

oxygen species (ROS) causing oxidative stress (OS) could be

rapidly produced under conditions of environmental distur-

bance (Betteridge 2000). The rapidity with which ROS are

produced means that these responses could be used as Bearly

warning^ signals of ongoing stress (Amiard-Triquet 2009).

However, these biomarkers alone cannot provide informa-

tion about how higher levels of hierarchical organisation are

impacted (i.e. populations and communities), which are more

relevant for the proper ecological risk assessment of chemicals

in aquatic environments (Forbes et al. 2006). Thus, behaviour-

al responses provide a measurable link between the effects

observed at sub-organismal and supra-organismal levels

(Dell’Omo 2002). Furthermore, because of the earliness and

sensitivity with which behavioural responses can be provided

(in comparison with standard acute and chronic toxicity tests),

they might represent a more useful and sensitive tool to im-

prove analyses of the ecological effects of environmental con-

tamination (Scott and Sloman 2004; Sloman and Mcneil

2012; Saaristo et al. 2018), and to assess the environmental

safety (Hellou 2011). A rapid assessment of the environmental

effects of pollutants in water is required to protect and/or re-

store the health of aquatic ecosystems (Hellou 2011).

Studies on how early and sensitive responses to sub-lethal

stressors are linked, such as those that occur at sub-individual

levels and responses provided at different higher biological

levels, represent an ecotoxicological challenge (Vighi and

Villa 2009). Several studies have linked biomarker responses

to behavioural alterations in aquatic organisms, including in-

vertebrates, induced by contaminants (Peakall et al. 2002;

Sandahl et al. 2005; Almeida et al. 2010; Duquesne and

Kuster 2010); however, none of these studies focused on chi-

ronomids. Only data on oxidative stress responses are avail-

able for Chironomus spp. (e.g. Callaghan et al. 2001;

Rodrigues et al. 2015a, 2015b). Furthermore, some studies

have demonstrated the occurrence of behavioural changes

produced by sub-lethal concentrations of CPF, even at con-

centrations far higher than those tested in the current work

(e.g. in Diamesa spp. by Villa et al. 2018a).

Thus, the current study aimed to assess the emerging haz-

ard of pesticide contamination on the biodiversity of high

mountain headwaters, by integrating responses at two levels

of biological organisation. This study represents a preliminary

effort to combine organismal behaviour and sub-organismal

responses to CPF in alpine macroinvertebrates. Specifically,

we aimed to (i) implement knowledge on the behavioural

responses (BRs) of D. zernyi to sub-lethal CPF concentra-

tions, quantifying the effect on behavioural endpoints (dis-

tance moved and speed), (ii) estimate the lower acute effect

concentration of CPF and (iii) evaluate the co-occurrence of

oxidative stress (OS) at tested concentrations to assess BR

quantified as lipid peroxidation and protein carbonylation.

The expected effects of pesticide exposure at low levels of

biological organisation might have implications for popula-

tion dynamics and river food webs, still little investigated.

Material and methods

Test species

IV-instar larvae of D. zernyi were selected as the test organ-

isms to perform behavioural and oxidative stress tests. Larvae
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were collected from the Rio Presena (altitude of 2685 m asl),

20-m downstream of the glacier snout (N 46′ 13.5960, E 010′

34.9290) (Noce River catchment, Trentino Province, NE

Italy), by using a 30 × 30-cm pond net (mesh size 250 μm)

(Scubla SNC, Udine, Italy). Sampling was performed on two

occasions in the late summer of 2017 (12, 14 and 18

September 2017) and 2018 (18 and 20 September 2018).

Species were sorted in the field using tweezers. The selected

larvae were placed in plastic bottles containing water from the

stream and were subsequently transferred to the laboratory in

cooling bags. According to Rossaro and Lencioni (2015), spe-

cies were confirmed within 24 h of sampling using a stereo-

microscope (MZ 7.5; LeicaMicrosystems, Germany; × 50). In

the laboratory, larvae were reared in a thermostatic chamber

(ISCO, model FTD250-plus; Teledyne Isco Inc., Lincoln, NE,

USA) at a controlled temperature of 2 °C, which was similar

to that measured in the stream water of the sampling site by

using a Hydrolab Quanta (Hydrolab Corporation®, TX, USA)

multiparametric probe. To keep the dissolved oxygen above

80% saturation, the 1-L glass aquarium containing larvae was

aerated. To allow acclimatisation to exposure conditions, IV-

instar larvae were randomly selected and transferred to a

500-mL beaker (approximately 40 larvae per beaker) 24 h

before each experiment. The 500-mL beaker contained 200

mL soft-medium reconstituted water (RW) composed of 4.36

mg/L NaHCO3, 2.73 mg/L CaSO4·2H2O, 2.73 mg/L MgSO4

and 0.19 mg/L KCl (pH = 7.7), following Lencioni et al.

(2016). During the acclimatisation and exposure periods, lar-

vae were not fed and were kept at 2 ± 0.1 °C with aeration.

Chemical and experimental setup of the tests

Stock solution of chlorpyrifos (CPF) (O,O-diethyl O-3,5,6-

trichloro-2-pyridyl phosphorothioate) (CAS No.: 2921-88-2,

purity > 95%; Sigma-Aldrich, Milan, Italy) was prepared in

RW and ethanol (analytical purity) to allow chemical

solubilisation, and was stored at 4 °C until use. Serial dilutions

in RW were performed to obtain the final test concentrations

(see the BDesign of the behavioural^ and BTest for oxidative

stress^ sections for details). In the final test samples, the max-

imum percentage of co-solvent used was 5.2E−04% in vol-

ume (v/v%). This percentage was well below to the level

suggested by the OECD (2000) guidelines. Negative controls

(CTRL reconstructed water plus ethanol) were used in all

experimental replicates. The organisms were not fed during

the experiments. The stability of CPF in water was tested by

adding 524 ng L−1 of CPF, which corresponded to the 1/10 of

the LC50 measured in D. zernyi by Lencioni et al. (2018). At

the beginning of the test, CPF concentrations were 524 ±

35 ng L−1. After 72 h, CPF concentrations were 530 ± 25 ng

L−1; thus, no degradation occurred during the test. Full details

on the chemical analysis are provided by previous studies

(Ferrario et al. 2017; Rizzi et al. 2019). A thermostatic

chamber with a controlled temperature of 2.0 ± 0.1 °C was

used in the control and experimental exposure of larvae for 72

h. After 48-h exposure, no mortality in the control groups was

observed, but ranged from 0 to 11% in the treated groups.

With increased exposure time (until 72 h), mortality in the

control groups remained at 0%, while a mean of 17% was

obtained in the treatment groups. The observed values of mor-

tality were within the acceptable range described in the

European Guidelines for the Acute Immobilisation Test on

Chironomus sp., (OECD 2010).

Design of the behavioural

To perform the behavioural test, the larvae were exposed for

72 h to 1.1 ng L−1; 5.24 ng L−1; 11.0 ng L−1; 52.4 ng L−1;

110 ng L−1; 262 ng L−1; 524 ng L−1 and 1100 ng L−1 of the

insecticide (the behavioural response at 1100 ng L−1 was pub-

lished in Villa et al. 2018a). In brief, the selected test concen-

trations were obtained from serial dilutions, starting from

LC50 and LC10 values of the chemical, before measuring them

for this organism (5.24 μg L−1 and 1.1 μg L−1, respectively;

Lencioni et al. 2018). In particular, the AA-EQS (Annual

Average-Environmental Quality Standard) value of 0.03 μg

L−1 given in the Directive 2008/105/EC for priority sub-

stances and other pollutants was identified to choose the test

concentrations; thus, three values below and four values above

the EQS were used.

The obtained concentrations were environmentally rele-

vant and were very close to those recently measured in the

surface freshwater streams of Alpine environments in Italy. In

particular, in the Rio Presena, where the larvae were collected,

a concentration of CPF ranging from 9.43 to 13.0 ng L−1 was

recorded during the summer season of 2016 (Rizzi et al.

2019).

Video footage and swimming parameter analysis

After 72-h exposure, 180 s of video footage was taken using a

digital high-definition camera (Raspberry Pi 3 with Camera

Module v2) at high resolution (1920–1080 pixels), which was

positioned at 10 cm from the bottom of the beaker. FFmpeg

software (http://www.ffmpeg.org) was used to convert each

video to an .avi file that was subsequently partitioned to five

sections of video of 30 s each (900 frames; 30 frames s−1). The

obtained sections were analysed using the software ImageJ

(http://imagej.nih.gov/ij/), to quantify the Btotal distance

moved^ (mm) and the Baverage speed^ (mm s−1) of D. zernyi

larvae. The parameters of ImageJ software were optimised

according the description provided by Villa et al. (2018a).

As described in Villa et al. (2018b), the data obtained for the

two endpoints were converted from pixels to millimetres

(distance) and from pixels per second to millimetres per sec-

ond (speed). The sum of the distances travelled by the larvae
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from the start to the finish of each video corresponded to the

Btotal distance moved^. In comparison, the speed of move-

ment obtained frame by frame as the ratio length/time (mm s−

1) corresponded to the Baverage speed^. The length means the

total of the lengths of all vectors of movement between frames

given track.

Test for oxidative stress

The concentrations were selected based on the results of the

behavioural analysis, and the fact that the test organisms orig-

inated from a natural population in the wild; thus, the number

of larvae was limited. Consequently, the oxidative stress of

D. zernyi was assessed at 110 ng L−1, 524 ng L−1 and

1110 ng L−1CPF. Three independent experiments were devel-

oped for each set of conditions in which 80 larvae were used.

The larvae were frozen and stored at − 80 °C for lipid and

protein extraction.

Preparation of the homogenate

Pooled samples of 80 larvae were homogenised with 300 μL

MDA buffer (ab118970; Sigma-Aldrich, Milano, Italy) and 3

μL butylated hydroxy-ethylene (BHT) 100X (ab126287,

Sigma-Aldrich, Milano Italy), to avoid the artificial lipid per-

oxidation during the assay. The homogenate was centrifuged

at 13,000g for 10 min at 4 °C. Then, the supernatant was

collected in an Eppendorf tube for protein, MDA and protein

carbonyl content (PCC) quantification.

Quantification of proteins

The amount of proteins was quantified following the Bradford

Method (Bradford 1976). A calibration curve was generated

using known concentrations of Bovine Serum Albumin

(BSA). A 10-μL volume of the standards or sample was

mixed with 200 μL Bradford reactive (B6916; Sigma-

Aldrich, Milano, Italy), and maintained for 15 min at room

temperature. The solution was finally measured at 595 nm

(LAMBDA XLS/XLS+ Spectrophotometer, PerkinElmer).

Lipid peroxidation MDA analysis

The reaction between the MDA present in the sample and

thiobarbituric acid (TBA) generates a compound that is easily

quantified by spectrophotometry (absorbance at 532 nm).

MDAwas quantified using the lipid peroxidation (MDA) as-

say kit (colorimetric/fluorometric) (Abcam) following the

manufacturer’s protocol. This assay allowed MDA content

in the homogenate sample to be quantified. To calculate the

nanomoles of MDA in the samples, a calibration curve was

constructed using standards with a known concentration of

MDA (1 to 20 nmol). The final result was expressed as

nanomol (nmol) MDA per milligramme of protein.

Protein carbonyl analysis

Levine et al. (1990) generated a spectrophotometric

quantification (absorption wavelength = 375 nm) that

a l lows the reac t ion produc ts (hydrazones ) o f

dinitrophenylhydrazine (DNPH) to be evaluated using

the carbonyl groups of proteins. PCC was quantified

using the carbon protein content assay kit (Abcam) ac-

cording to the manufacturer's protocol. The final result

was expres sed as nmol p ro t e in ca rbony l pe r

milligramme of total protein (CP). The calculations were

completed according to the Eqs. 1 and 2. Equation 1

was developed to calculate the amount of carbonylated

proteins in the sample (nmol), while Eq. 2 was devel-

oped to calculate the total amount of carbonyls in the

protein sample (nmol mg−1).

C ¼
Abs

ε

� �

� 100 ð1Þ

CP ¼
C

P
ð2Þ

where C is the amount of carbonyl in the sample

(nmol/bucket); Abs is the absorption wavelength at 375 nm;

ε equals 0.22, which is the molar extinction coefficient for the

bucket used expressed as nMCP (nmol carbonyl per mg pro-

tein) and P is the milligrammes of proteins in the sample,

which was calculated from the standard curve of the

Bradford method

Statistical analysis

Before analysing the data, the presence of outliers was inves-

tigated using the ROUT (robust regression and outlier remov-

al) method. Statistical significance of behavioural and bio-

chemical changes under chemical stress was investigated

using GraphPad Prism 6 software (version 6.01; 2012) and

SPSS 24 software (IBM). One-way analysis of variance

(ANOVA) was used when the hypothesis of normality and

homoscedasticity was met (D’Agostino and Pearson omnibus

normality test; Shapiro-Wilk normality test; Levene test). The

results of each treatment group were compared with the con-

trol group and treatment level differences using Dunnett’s,

Tukey’s, and Games-Howell’s post hoc tests (multiple com-

parisons). Non-parametric tests were used (Dunn’s multiple

post hoc comparisons test) when the data did not follow a

normal distribution.
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Results

Behavioural responses

The behavioural responses were expressed as total distance

moved and average speed, and were quantified after 72-h ex-

posure to CPF (Fig. 1). All measured data, including the results

of the statistical analyses, are presented in the Supporting

Information section (Table SI 1–3). To obtain an overview of

the BR profile of D. zernyi exposed to varying CPF concentra-

tions, we included the results of CPF 1100 ng L−1 exposure

from a previous study by our group in Fig. 1 (Villa et al. 2018a).

A concentration threshold effect was observed in the re-

sponses of larvae exposed to concentrations above and below

a threshold of 52.4 and 110 ng L−1 (Tables S2; S3). D. zernyi

larvae exposed to concentrations ≤ 52.4 ng L−1 showed no

statistically significant differences in the swimming distance

of larvae in the treated groups compared with the controls

(Fig. 1a; mean range 5.7–8.4 mm for treatment groups versus

4.9 mm for the control). Compared with the control, at a con-

centration ≥ 110 ng L−1, the swimming distance of larvae

significantly declined (p < 0.0001 for groups treated at 110

and 262 ng L−1, p < 0.05 at 524 ng L−1 and p < 0.01 at 1100 ng

L−1). No statistically significant difference was observed

among treated larvae groups. The mean value of the distance

travelled in the treated groups ranged from 0.6 to 1.5 mm

(4.9 mm in the control). Swimming speed showed a similar

trend to the threshold effect for concentrations between 52.4

and 110 ng L−1 (Fig. 1b; Table S3). For swimming distance,

no significant difference was detected with the control (mean

0.8 mm s−1) or among groups exposed to concentrations of up

to 52.4 ng L−1, with mean recorded values ranging from 0.6 to

1.0 mm s−1. At concentrations ≥ 110 ng L−1, only larvae ex-

posed to 110 and 262 ng L−1 significantly reduced swimming

speed (p < 0.0001; mean 0.23 and 0.20 mm s−1, respectively).

In comparison, the mean speed recorded at the highest con-

centrations was similar to the control (0.68 mm s−1, and

0.4 mm s−1, based on data from Villa et al. 2018a).

Oxidative stress responses

MDA and PCC analyses

The MDA and PCC analyses are presented in Fig. 2. After 72

h, exposure to CPF generated strong oxidative stress on

D. zernyi larvae at all the tested concentrations (all measured

data and the statistical results are presented in Table SI 4–6).

For lipid peroxidation, a statistically significant increase in

MDA levels with respect to the control was detected for all the

tested concentrations (p < 0.05 at 110 ng L−1 and p < 0.01 at 524

and 1100 ng L−1) (Fig. 2a). Significant differences were also

recorded for all treatments (p value < 0.01 and 0.001). Similar

results were obtained for PCC content (Fig. 2b). Compared with

the control, a high and significantly different carbonyl content

was obtained for all treated groups (p < 0.01 at 110 ng L−1 and

1100 ng L−1 and p < 0.001 at 524 ng L−1). Again, a significant

difference was obtained among all treatments (p < 0.01).

A similar response was provided by both endpoints (lipid

peroxidation and protein carbonylation). However, a higher

decrease between 524 and 1100 ng L−1 exposure was ob-

served for MDA levels.

Discussion

Cellular stress and behavioural responses

The current study demonstrated that the exposure to sub-lethal

concentrations of CPF (> 52 ng L−1) provoked a marked al-

teration to the oxidative status ofD. zernyi larvae, and strongly

Fig. 1 Histograms of BR (distance travelled [a] and average speed [b])

(means ± SD of three replicates for each measurement) ofDiamesa zernyi

larvae exposed for 72 h to increasing concentrations (ng L−1) of

chlorpyrifos. Significant differences between treated groups and the

control, as well as among groups, are indicated with different capital

and lowercase letters. Figure is created with GraphPad Prism 6 Program

(version 6.01) and is in TIFF format. Resolution used was of 1200 dpi
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inhibited their locomotor ability. Significant ROS overproduc-

tion was detected through the analysis of MDA and PCC

content, and was correlated with swimming behaviour param-

eters. In fact, at CPF concentrations where the mobility of the

larvae was strongly inhibited, a significant level of oxidative

damage was observed, with lipid peroxidation and protein

carbonylation processes increasing. This increase in oxidative

damage might reduce the locomotor performance of organ-

isms, similar to that documented for tested environmental con-

centrations of CPF on the larvae of the damselfly Enallagma

cyathigerum (Janssens and Stoks 2017).

Increased ROS production in aquatic organisms exposed to

CPF has been demonstrated by several studies (Gupta et al.

2010; Sharbidre et al. 2011; Patetsini et al. 2013; Cacciatore

et al. 2015; Jin et al. 2015; Bertrand et al. 2016; Janssens and

Stoks 2017), with different processes possibly explaining this

phenomenon. First, CPF is an organophosphorus compound

that exerts its toxicity by inhibiting the enzyme acetylcholin-

esterase (AChE), which is responsible for free radical produc-

tion (Lushchak 2011). In addition, the superoxide anion re-

leased as a by-product of AChE inhibition might provoke

damage of the superoxide dismutase (SOD) enzyme

(Cacciatore et al. 2015), which plays an important role in

oxidative damage protection processes. Previous studies

showed that in the presence of CPF, SOD and catalase

(CAT) antioxidant enzymes and other parts of the antioxidant

system were reduced by the lowered glutathione peroxidase

(GPx) and glutathione-S-transferase (GST) (Cacciatore et al.

2015; Jin et al. 2015; Janssens and Stoks 2017; Ferrario et al.

2018). The formulated hypothesis stated that antioxidant de-

fences are lowered because available energy is mainly

employed to detoxify and repair cells (Patetsini et al. 2013;

Cacciatore et al. 2015). The correlation between antioxidant

and detoxifying enzymes and behavioural impairments in

Daphnia magna was highlighted by Ferrario et al. (2018).

Ferrario et al. (2018) explained that changes to behaviour

occurred as a function of the activation or non-activation of

antioxidant and detoxifying enzyme activities. A similar strat-

egy might have been used by the larvae in our study to coun-

teract ongoing stress leading to increased ROS production.

We did not evaluate the enzymatic activity involved in

detoxification processes; however, at higher levels of CPF,

enzymatic activity might be activated, as indicated by the

significant decrease in MDA and PCC content (e.g. at

1100 ng L−1). This phenomenon might have been how cells

attempted to discharge damaged proteins, as shown by previ-

ous studies (Monaghan et al. 2009; Rodríguez-Seijo et al.

2018). For instance, Rodríguez-Seijo et al. (2018) evaluated

lipid peroxidation in Lumbricidae (Eisenia fetida) and noted a

decrease in the expression of thiobarbituric acid reactive sub-

stances (TBARS), of which MDA was one, at the highest

tested concentration of toxicity. The authors found that low

MDA levels were correlated with increased CAT and GST

enzyme levels as defence mechanisms, counteracting the ef-

fects of ROS species and, thus, decreasing oxidative damage.

Also, for PCC content, a decrease in the highest CPF concen-

tration was recorded, supporting the results of previous au-

thors that tested the environmental concentrations of this in-

secticide on Palaemonetes argentinus for 96 h (Bertrand et al.

2016). This trend could be explained by an increase in the rate

of protein turnover, due to oxidative stress that usually reduces

protein concentrations (Narra et al. 2013).

Interpretation of the behavioural trends of Diamesa
zernyi larvae under increasing chemical stress

A threshold effect of the BRs was detected at concentrations

ranging between 52.4 and 110 ng L−1. Our findings support

those of previous studies showing a concentration- dependent

trend of BR consistent with the Stepwise Stress Model (SSM)

of aquatic organisms exposed to different toxicants, including

organophosphate insecticides (Ren et al. 2007, 2009, 2012).

Fig. 2 MDA levels [a] and PCC content [b] (means ± SD of three

replicates for each measurement) of Diamesa zernyi larvae exposed for

72 h to increasing concentrations of chlorpyrifos. Significant differences

between treated groups and the control, as well as among treatments, are

indicated with different letters. Figure is created with GraphPad Prism 6

Program (version 6.01) and is in TIFF format. Resolution used was of

1200 dpi
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The SSM postulates the existence of a sequence of changes to

BR produced by organisms exposed to an increasing stress

stimulus (in terms of both concentration and time) (no effect,

stimulation, acclimation, adjustment [readjustment] and toxic

effect) that are compensatory to the ongoing stress condition

(Gerhardt 1999; Gerhardt et al. 2005).

With the persistence of a given stimulus level, the organism

could acclimatise to the new conditions and changes its behav-

iour (acclimation phase), reducing its BR performance to en-

hance another process (Ren et al. 2007). For instance, in an

attempt to repair damage from oxidative stress and maintain

standard metabolism, an organism could activate certain de-

fence mechanisms (e.g. antioxidant and detoxification process-

es) that reallocate energy used for other functions (i.e. main-

taining activity), including the ability to move normally. This

condition cannot be sustained for a long time, eventually

compromising locomotion ability (resistance threshold of the

organism) (Ren et al. 2009).

In addition, after a phase in which effects are not

observed (no effect), a stimulation phase of the BR

(described as the avoidance behaviour of the organism)

is produced. In our study, at low concentrations (from

1.1 to 52.4 ng L−1), statistically significant changes to

the distance moved and the speed of the movement with

respect to untreated organisms were not detected, even

when both parameters increased. After the no effect

phase, a rapid decay in larval mobility was observed

at 110 ng L−1. Presumably, the gradual weakening of

mobility corresponding to the acclimation phase might

be intercepted at concentrations of 52.4 to 110 ng L−1.

The concentration of 110 ng L−1 seemed to correspond

to the resistance threshold of organisms that could no

longer sustain a continuous state of alarm, with mobility

being lost after 72 h. To behave normally, organisms

need energy, with the presence of sub-lethal chemical

stress conditions possibly forcing them to activate com-

pensatory mechanisms that are energetically expensive.

In our study, after 72-h exposure to concentrations ≥

110 ng L−1 CPF, the energy usually employed for nor-

mal swimming activity might have been reallocated to

cope with toxic stress (De Coen and Janssen 2003). The

equilibrium in energy allocation among the different

components of the energy budget of an organism is

essential to sustain life, growth and reproduction, with

changes potentially having important consequences on

the fitness of the population (Monaghan et al. 2009).

The locomotor performance of a species is an ecologically

relevant trait for population dynamics (Forbes and Calow

1999), because it facilitates the survival of an organism and,

ultimately, population fitness. For instance, locomotor perfor-

mance is directly related to the ability of an organism to escape

from predators and, hence, to population growth rates.

Consequently, sub-lethal effects provoked by environmental

concentrations of pesticides could have long-term impacts on

populations and, even, communities (Amiard-Triquet 2009;

Duquesne and Kuster 2010).

Potential threat for aquatic ecosystems

The impairment of the behavioural activities of D. zernyi lar-

vae was induced at concentrations very near to thosemeasured

in high mountain aquatic ecosystems inhabited by D. zernyi.

For instance, CPF concentrations ranging from 2 to 70 ng L−1

were detected in the glacial melt water of six Alpine glaciers

during the ablation season of 2016 (Rizzi et al. 2019).

Furthermore, concentrations of about 200 ng L−1 (up to

500 ng L−1) of this pesticide were detected at lower altitudes

(< 1100 m asl) in the alpine river Rio Novella in 2011 and

2012 (Morselli et al. 2018). Based on the detection levels of

this pesticide in the natural environment and our study results,

the threat to mountain aquatic species must be acknowledged,

alongwith the combined effect of multiple stressors on aquatic

ecosystems, such as the repeated exposure of pesticide mix-

tures in combination with global warming.

Conclusions

This study confirmed the detrimental effects of environmental

concentrations of chlorpyrifos on D. zernyi larvae. In particu-

lar, the concentrations at which the insecticide was found in

high mountain streams significantly inhibited the swimming

activity of this organism. The locomotor capability of

D. zernyi might be reduced due to the organism reallocating

energetic reserves to combat strong oxidative stress. The be-

havioural changes detected in this study might propagate

long-term changes to both population and community levels,

presenting a realistic ecological risk for Alpine aquatic eco-

systems where pesticides cannot be excluded.
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