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ARTICLE INFO ABSTRACT

Edited by Tao Zhang Emergent aquatic insects serve as high-quality prey for terrestrial consumers. However, persistent contaminants,
such as metals, can affect aquatic insect larvae development, potentially inducing a selection process favoring
more tolerant individuals and populations. Whether this adaptation ultimately influences the quantity and
quality of subsidy to terrestrial riparian ecosystems remains unclear. Here, we investigated the capacity of
Chironomus riparius (Diptera: Chironomidae) populations to adapt to the essential metal copper (Cu). First, we
assessed the initial sensitivity of C. riparius towards environmentally relevant Cu sediment contents (0-400 mg/
kg dw) in combination with two basal food sources (Spirulina, low quality; TetraMin, high quality). After about
six months of chronic exposure to Cu (100 mg/kg dw) across multiple overlapping generations, sensitivity of
both naive and pre-exposed populations was re-assessed. Copper exposure mainly shaped the emergence quantity
of C. riparius, resulting in dose-dependent decreases in adult emergence at 200 mg/kg dw and higher (up to about
90 % at 400 mg/kg dw). In contrast, food quality primarily determined emergence quality, approximated by the
chironomid fatty acid profile. Unexpectedly, pre-exposed populations exhibited limited signs of adaptation.
While emergence was higher in pre-exposed compared to naive populations (reduction in females by about 65 %
and 85 %, respectively) at 300 mg/kg dw, the overall effect of exposure history on subsidy quantity and quality
appeared to be superimposed by the Cu sediment contents used in the sensitivity tests and by food quality. While
these findings require verification through extended chronic exposure phases, they imply sustained alterations of
aquatic-terrestrial linkages.
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terrestrial consumers (Fritz et al., 2017; Twining et al., 2018, 2019).
Changes in the pattern (i.e., biomass and timing) and quality (e.g., FA

1. Introduction

Reciprocal fluxes of organisms connect aquatic and terrestrial eco-
systems through the transfer of energy and nutrients (Loreau et al.,
2003). These fluxes subsidize recipient ecosystems by supporting local
productivity (Polis et al., 1997) and increasing food web stability
(Barnes et al., 2018). Emergent aquatic insects, for instance, serve as
high-quality prey for terrestrial consumers such as bats, birds and spi-
ders, by providing energy (Bartels et al., 2012; Baxter et al., 2005;
Nakano and Murakami, 2001) and scarce but physiologically important
fatty acids (FA) (e.g., Shipley et al., 2024; Twining et al., 2019). In this
context, certain polyunsaturated FA (PUFA), such as arachidonic acid
(20:4n-6, ARA) and eicosapentaenoic acid (20:5n-3, EPA), have been
shown to promote immune response, breeding success and growth in

profile) of aquatic emergence may therefore affect terrestrial consumers
and cascade bottom-up and top-down in terrestrial food webs (Schulz
et al., 2015; 2024).

Changes in emergence can be induced by natural factors such as
season and food quantity and quality (Goedkoop et al., 2007; Sabo and
Power, 2002) or by anthropogenic factors that modify aquatic ecosys-
tems. Mining, industry and agriculture are, for example, important
sources of a wide range of contaminants to aquatic ecosystems (Kumar
et al., 2019; Stehle and Schulz, 2015; Wolfram et al., 2018). Due to their
persistence, metals accumulate in sediments (e.g., Feiler et al., 2013)
leading to chronic exposure of benthic insect larvae (e.g., Arambourou
et al., 2020; Paul et al., 2021; Pedrosa et al., 2017). Metal exposure can
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indeed impair the fitness of insect larvae (Timmermans et al., 1992),
whereby the magnitude of effects depends, for example, on the food
supply (i.e., high food availability may reduce toxic effects, depending
on exposure levels; Haas et al., 2004). Ultimately, toxic effects are re-
flected in insect emergence, thereby modifying aquatic subsidy to
terrestrial food webs (Kraus et al., 2014; Schmidt et al., 2013; Wesner
et al., 2014). At the same time, pre-exposure to metals can change tox-
icokinetics (i.e., absorption, distribution, metabolism, and excretion)
and toxicodynamics (i.e., effect on an organism) following a defined
exposure in a metal specific manner (Del Ramo et al., 1993; Gao et al.,
2021; Willuhn et al., 1996). Moreover, exposure over multiple genera-
tions can lead to physiological acclimation or genetic adaptation
(Bundschuh et al., 2023; Morgan et al., 2007), which can be reflected in
the organisms energy reserves (Canli, 2005; 2006). Regardless of the
underlying process, such chronic (i.e., multigenerational) exposure may
lead to more tolerant individuals (Canli, 2006) and populations
(Newman and Clements, 2008; Stuhlbacher and Maltby, 1992; Tsui and
Wang, 2005). The latter might be particularly fast in species with short
generation times, such as some members of the family Daphniidae
(Araujo et al., 2019) and Chironomidae (Pinder, 1986; Tokeshi, 1995).
Indeed, chronic metal exposure has been shown to reduce chironomids’
sensitivity (Miller and Hendricks, 1996; Postma and Davids, 1995;
Postma et al., 1995b), which could, in turn, positively reflect on prey
availability for riparian consumers and thus the flux of physiologically
important nutrients over time. However, whether chronic exposure
indeed drives a selection process in populations that substantially alters
their sensitivity and thus the quantitative and qualitative subsidy of
terrestrial ecosystems remains unclear.

To address this knowledge gap, we assessed the sensitivity of pop-
ulations of the holometabolous aquatic insect Chironomus riparius
(Diptera: Chironomidae) when exposed to the essential metal copper
(Cu), both before (sensitivity test 1; ST1) and after about six months of
chronic exposure (sensitivity test 2; ST2) towards the same stressor.
Food quality was assessed as an additional factor triggering differences
in emergence, as it affects, for example, the larval and adult size and
nutritional quality of adults (Goedkoop et al., 2007; Pietz et al., 2023b;
Strandberg et al., 2020). In this context, we were particularly interested
in understanding how potential adaptation to one stressor (Cu) might
affect the larvae’s response to an additional environmental change, here
represented by a shift in food type. Spirulina and TetraMin served as
food of differing quality during both sensitivity tests (ST), as evidenced
by their respective FA profiles (e.g., higher levels of nutritionally valu-
able omega-3 PUFA in TetraMin; Goedkoop et al., 2007; Strandberg
et al., 2020). The selection of C. riparius is motivated by the widespread
occurrence of chironomids in freshwater habitats, the benthic larval
lifestyle, and importance as prey for riparian terrestrial consumers
(Armitage, 1995; Leeper and Taylor, 1998; Martin-Creuzburg et al.,
2017; Ohler et al., 2023a; Pedrosa et al., 2017). Copper was chosen
based on its wide application as fungicide, particularly in vineyards, and
its worldwide detection in freshwater ecosystems (Feiler et al., 2013;
Paul et al., 2021; Pedrosa et al., 2017). Moreover, Cu was shown to
impair development and emergence of C. riparius, their FA profile and
ultimately the growth of their terrestrial predators (i.e., spiders)
consuming their adult life stages (Pietz et al., 2023a; 2023b). Stimulated
by those earlier studies we characterized potential changes in the
aquatic subsidy to terrestrial consumers in the present study, by
assessing the number and weight of emergent adults as well as the time
to emergence. The nutritional quality of emergent C. riparius was
approximated using their FA profile.

In both STs, we hypothesized that (I) Cu exposure reduces the
number of emergent individuals, adult weight, or delays emergence in a
dose-dependent manner. It was further hypothesized that (II) chirono-
mids would be more sensitive to Cu when fed the less nutritious food (i.
e., Spirulina) compared to the more nutritious TetraMin. (III) Chroni-
cally copper-exposed populations were expected to be less sensitive to
Cu compared to unexposed (naive) populations in the second sensitivity
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test (ST2). (IV) The FA profile in adult chironomids was expected to
differ mainly depending on the basal food source (Spirulina vs. Tetra-
Min). Yet, based on previous findings (Pietz et al., 2023a), we hypoth-
esized that (V) the transport (i.e., flux) of physiologically important
PUFA by emergent adults would be primarily influenced by emergence
success and thus decreases with increasing Cu sediment content.

2. Material and methods
2.1. Study design and in-house culture

The study comprised a chronic C. riparius culture and two STs. In the
chronic culture, chironomids were reared in the absence (naive) or
presence (pre-exposed) of Cu (100 mg/kg dry weight; dw) for about six
months. The STs were conducted at the start and end of the chronic
culture and lasted 35 days each. The procedure including the tested Cu
sediment contents (0-400 mg/kg dw) were identical in both STs.

Laboratory cultures generally suffer from genetic impoverishment
affecting chironomids’ sensitivity (Nowak et al., 2007). To counteract
such developments, C. riparius from our in-house laboratory culture
were mixed with adult C. riparius of other institutions (i.e., BASF SE
(Ludwigshafen, Germany), ECT Oekotoxicology GmbH (Florsheim,
Germany), and SBiK-F/LOEWE-TBG (Frankfurt a.M., Germany)) in the
four months prior to this study. No new individuals were introduced in
the two months before the exposure, allowing the population to stabilize
during that period. All laboratory cultures had previously been main-
tained under standard protocols (e.g., OECD guidelines). All cultures (i.
e., in-house and chronic culture) and STs were maintained under the
same conditions, that is, according to OECD guidelines (OECD, 2004,
2010) in a climate-controlled chamber at 20 + 1°C with 65 % humidity,
a light/dark cycle of 16/8 h, and under continuous aeration (i.e., few
bubbles per second). SAM-5S medium (Borgmann, 1996) was used as
culture and test medium and the pH measured in the overlying water of
control replicates was always within the recommended range of 6-9
(OECD, 2004).

Prior to the start of chronic culture and ST1, freshly laid egg masses
(84; < 24 h old) were removed from the in-house culture on four days
between 21 and 28 April, temporarily stored in the refrigerator and then
placed together in crystallization dishes filled with test medium. Crys-
tallizing dishes were gently aerated (i.e., < one bubble per second) and a
small amount of finely ground TetraMin (about a spatula tip; Tetra
GmbH, Melle, Germany) was added as food for freshly hatched larvae
(OECD, 2010). Hatched larvae were randomly and evenly allocated to
the respective experimental units. ST2 was started with freshly hatched
larvae originating from naive or pre-exposed populations of the chronic
culture. For this, egg masses collected from each replicate of the chronic
culture were sampled on three consecutive days (4 — 22 collected) and
stored in SAM-5S medium until hatching. The procedures corresponded
to those described above.

2.2. Chronic culture

Chironomus riparius larvae were reared for about six months in the
absence or presence of Cu. Each exposure scenario (i.e., with or without
Cu) comprised six replicates, each replicate consisted of a mesh cage
(50 x 50 x 35 cm, 0.6 mm mesh size). Each mesh cage contained two
sediment-water microcosms (glass vessels, about 32 x 22 x 7 cm each),
in which C. riparius larvae were cultured. The use of two microcosms per
replicate provided a larger surface area for larval development, thereby
supporting a sufficient population size and limiting stress due to
competition for resources such as space. This setup allowed for clear
separation of emerging adults by treatment and replicate, resulting in a
total of twelve independent populations (i.e., six populations per expo-
sure scenario). To achieve an environmentally relevant nominal Cu
sediment content of 100 mg/kg dw (1.0-3100 mg/kg dw; Arambourou
et al., 2020; Feiler et al., 2013; Steinmetz et al., 2017), a Cu (CuSO4 x 5
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H»0) solution, prepared according to Pietz et al. (2023a), was added to
the artificial sediment (OECD, 2004, 2010) with reported background
concentrations and spiking efficiency around 2 mg/kw dw and 100 %,
respectively (Pietz et al., 2023a). Subsequently, 1.1 kg wet weight of the
Cu-spiked or unspiked sediment was evenly distributed to each micro-
cosm and carefully topped by test medium (2000 mL, Borgmann, 1996)
to minimize sediment resuspension. All microcosms were prepared 16
days in advance, to ensure near-equilibrium conditions of Cu among
environmental media before introducing larvae (OECD, 2004; Simpson
et al., 2004).

Each population was started by introducing about 400 randomly
chosen first instar larvae (OECD, 2004). To facilitate their settlement,
the aeration of the microcosms was suspended for 24 h after their
introduction. Larvae were fed twice per week (Tuesday and Friday) with
TetraMin at a rate of about 0.5 mg per larva and day (OECD, 2004). To
counteract evaporation the water level was replenished in parallel to the
feeding (OECD, 2004). Additionally, the test medium was renewed
every two weeks to prevent deterioration in water quality (based on
observations from preliminary experiments). The number of larvae was
not assessed at any time during the chronic exposure period in any of the
replicates as this procedure represents a substantial disturbance and
stress to the larvae confounding our results. Therefore, larval numbers
were assumed to be consistent with the initial density, based on the
assumption that each chironomid typically requires approximately
2 cm? of sediment surface area for development (OECD, 2004). As we
observed successful development and emergence of adults in all repli-
cates, we can assume that population sizes remained viable throughout
the experiment.

The environmental conditions corresponded to those of the in-house
culture. Naive and pre-exposed populations were evenly distributed
within the climate-controlled chamber. At the end of the culture period,
freshly laid egg ropes (<24 h) were collected from naive and pre-
exposed populations to start ST2.

2.3. Sensitivity tests

To determine the sensitivity of C. riparius to six environmentally
relevant Cu sediment contents (up to 400 mg/kg dw), two toxicity tests
were conducted, each lasting 35 days. While larvae from the in-house
culture were used in ST1, larvae from naive and pre-exposed pop-
ulations of the chronic culture were used in ST2 about six months later.
The sediment preparation and test conditions were identical for both STs
and followed the procedure employed for the chronic culture.

Both sensitivity tests took advantage of increasing Cu sediment
contents (i.e., 0, 50, 100, 200, 300 and 400 mg/kg dw). Each Cu sedi-
ment content was paired with two basal food sources, Spirulina (Bio-
Nutra, BTG Berlin Trade GmbH, Germany) and TetraMin, which differ in
terms of their FA profile (Strandberg et al., 2020). Each treatment (i.e.,
combination of Cu sediment content, food quality and larval origin)
consisted of six 250-mL glass beakers each filled with 80 g wet weight
sediment and 150 mL test medium. Twenty first instar larvae were
added to each replicate, using a stereomicroscope and converted pi-
pettes. For ST2, each replicate per treatment was formed with larvae
from one of the naive or pre-exposed populations, making them truly
independent. The larvae were fed every other day at a rate of approxi-
mately 0.5 mg per larva and day (OECD, 2004), regardless of the basal
food source, to ensure that any potential effects were due to food quality
rather than quantity. Additionally, the water level was replenished to
counteract evaporation. Each replicate was covered by mesh tents
(0.6 mm mesh size) to keep emerged adults separated. Adults were
collected daily, separated by sex, counted, and stored at —80 °C. Adults
from all treatments of ST2 were freeze-dried (about 48 h, Christ ALPHA
1-2 LD plus), weighed to the nearest 0.01 mg and stored for FA analysis.
Furthermore, adults from the control treatments of ST1 were
freeze-dried (about 48 h, Christ ALPHA 1-2 LD plus), weighed to the
nearest 0.01 mg and stored for FA analysis to assess potential effects of
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the laboratory conditions.
2.4. Fatty acid analysis

Total FAs were quantified in female and male adults in 16 of 24
treatments of ST2 (n = 4-6, see Table S1) to investigate the effects of Cu
sediment content, food quality and exposure history. Eight treatments
were omitted because we did not observe meaningful effects on the
emergence pattern (50 mg/kg dw) or the adult biomass was very low
(400 mg/kg dw). Additionally, we analyzed female and male adults
from the control treatments of ST1 (n = 6; see Table S1) to identify
potential changes in the FA profiles due to the laboratory conditions.

The FA analysis was performed according to the procedure described
in Pietz et al. (2023b). Briefly, lipids were extracted from freeze-dried
and weighed samples (0.4 - 57 mg dw) in a 5 mL chlor-
oform/methanol mixture (2:1; v:v). As internal standard, a tri-
acylglycerol with three deuterated 18:0 FAs (Tristearin-D105; Larodan)
(Konschak et al., 2020) was added and the samples were stored at
—20 °C overnight. The next day, samples were dried under a stream of
nitrogen at 40 °C and FA were converted to fatty acid methyl esters
(FAMEs) using 3 N methanolic HCI (Sigma-Aldrich) at 70 °C for 20 min.
Subsequently, FAMEs were extracted using isohexane, dried under a
stream of nitrogen at 40 °C, and dissolved in 100 pL of dichloromethane.
Gas chromatography (GC) with flame-ionization detection (Trace GC
Ultra; Thermo Fisher Scientific), using a Restek FAMEWAX capillary GC
column (30 m x 0.25 mm, 0.25 pm film thickness) and helium
(1.4 mL min™) as carrier gas, was used to analyze FAMEs. Using FAME.
standards (37-component FAME Mix; Supelco CRM47885), FAMEs from
each sample were identified based on retention times and quantified (ug
FA/mL) using external standard calibration. In addition, the FAME of
the internal standard (Methyl D-35 Octadecanoate; Larodan) was added
directly to the standards of the calibration series in the same concen-
tration as that of the lipid internal standard (Tristearin-D105) in the
samples to assess the recovery rate and hence adjust FA concentrations.
Furthermore, FA concentrations were adjusted by blank correction and
the corrected FA concentrations were normalized to the total volume
and dw of the sample (ug FA/mg dw).

2.5. Data analysis

Prior to statistical analysis, the data were checked for outliers, that is,
the number of emergent adults in a replicate being outside the 95 % CI.
Based on this criterion, a total of eight replicates (all from ST2, repre-
senting <4 % of all replicates) were excluded from further statistical
analysis (Table 52). Outliers may have resulted from accidental handling
errors, but given the low number of affected replicates, these appear to
be isolated events.

We assessed differences in the number of emergent adults using a
generalized linear model (GLM) with Poisson distribution. For ST1, Cu
sediment content and food quality as well as their interaction were
implemented as explanatory variables. For ST2, Cu sediment content,
food quality and exposure history as well as the interactions between Cu
sediment content and food quality and between Cu sediment content
and exposure history were implemented as explanatory variables. The
adult dw was assessed in all treatments of ST2 and the control of ST1
(see Section 2.3). Differences in the dw of adult females and males were
assessed using linear models (LM). For ST2, Cu sediment content, food
quality and exposure history as well as the interactions between Cu
sediment content and food quality and between Cu sediment content
and exposure history were implemented as explanatory variables. To
investigate potential effects of the laboratory conditions on adult dry
weight (dw) in the controls, we included larval origin as an explanatory
variable. This factor distinguished between individuals originating from
the mixed in-house culture used to perform ST1 and individuals from the
chronic cultures used to perform ST2. Visual inspection of model re-
siduals was used to check model assumptions.
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The emergence time was assessed using the EmT50 (time to 50 %
emergence) for all individuals as well as for females and males sepa-
rately. For this, we ran non-linear regression analysis on the emergence
data, expressed as percent of the cumulative emergence at the end of
each ST, to identify the time by which 50 % (+ 95 % CI) of C. riparius had
emerged. Several log-normal, log-logistic and Weibull models were
fitted to the data using the package “drc” (Ritz et al., 2015) and the best
model fit (mostly Weibull models) was determined based on the lowest
Akaike’s Information Criterion score. Obtained EmT50 values were
compared using Cl-testing (cf. Bundschuh et al., 2019).

We used redundancy analysis (RDA) to evaluate the effect of Cu
sediment content, food quality, larval origin, and sex on the FA profile of
chironomids. The gradient lengths determined by detrended corre-
spondence analysis were always below one standard deviation, sug-
gesting a monotonic response and the appropriate use of a linear model
(Braak and Prentice, 1988). Data were scaled (i.e., standardized to unit
variance) and a permutation test was used to assess the significance of
the RDA model and canonical axes. Scores were calculated in the same
ordination space but separated between sex and larval origin in the
ordination to improve clarity. Similarly, we included only FAs that
constitute a large proportion (> 25 %) of a FA group (i.e., saturated fatty
acids — SFA, monounsaturated fatty acids — MUFA, PUFA), are physio-
logically important, or serve as precursor to a physiologically important
FA.
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Statistical analyses and data visualization were performed with R
Version 4.3.2 for Windows (R Core Team, 2021). The significance level o
was set at 0.05. In addition, effect sizes (i.e., percentage of difference
between the mean of each treatment and the control’s mean) were used
to interpret the data.

3. Results
3.1. Emergence success

Adult emergence in control treatments was comparable between ST1
and ST2 (Fig. 1). In ST1, adult emergence significantly decreased by
about 30 %, 65 %, and 95 % at Cu sediment levels of 200, 300, and
400 mg/kg dw (p = 0.011, p < 0.001, p < 0.001, GLM, Fig. 1),
respectively. Spirulina had a significant negative effect on female
emergence (reduction by about 20 %, p = 0.043, GLM, Fig. S1) and male
emergence at 200 mg/kg dw (difference in effect sizes by about 45 %,
p = 0.021, GLM, Fig. S1) compared to TetraMin.

In ST2, adult emergence significantly decreased in a dose-dependent
manner by about 40 %, 65 %, and 90 % at Cu sediment contents of 200,
300, and 400 mg/kg dw, respectively (all p < 0.001, GLM, Fig. 1). At
200 mg/kg dw, emergence was significantly more reduced if individuals
were fed Spirulina compared to TetraMin (difference in effect sizes by
about 20 %, p = 0.043, GLM, Fig. 1), a pattern primarily driven by
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males (Fig. S1). In females, we observed a non-significant tendency to-
ward lower emergence (about 15 %) when fed with Spirulina compared
to TetraMin (p = 0.079, GLM, Fig. S1). At 300 mg/kg dw, the number of
emergent adults significantly varied based on the exposure history
(p = 0.038, GLM, Fig. 1), with female emergence being reduced by
about 85 % and 65 % in naive and pre-exposed populations, respectively
(Fig. S1).

3.2. Time to 50 % emergence

Control treatments showed comparable EmT50 values in ST1 and
ST2 (Fig. 2, Table S3). In ST1, the EmT50 differed significantly from the
control at all Cu exposure levels except 100 mg/kg. However, EmT50
increased substantially only at a Cu sediment content of 200 mg/kg dw
or higher, with delays up to 13 days at 400 mg/kg dw (Fig. 2, Table S3).
While males generally emerged about three days earlier than females,
the difference was almost absent or reversed at 400 mg/kg dw (Fig. 2,
Table S3). The food quality did not affect EmT50 (Fig. 2, Table S3).
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In ST2, individuals emerged significantly later at 400 mg/kg dw (up
to about eleven days; Fig. 2, Table S3). Males generally emerged about
three days before females, though EmT50 became more similar at the
two highest Cu sediment levels (Fig. 2, Table S3). Spirulina significantly
delayed the EmT50 by about one day with effects being most pro-
nounced at Cu sediment contents up to 100 mg/kg dw (Fig. 2, Table S3).
Individuals from pre-exposed populations emerged significantly but
only slightly later than those from naive populations (about 0.5 days;
Fig. 2, Table S3).

3.3. Adult dry weight

Emergent males were about 50 % lighter than females (Fig. 3). In
ST2, male adult dw significantly increased by about 15 %, 7 %, and 3 %,
at 50, 300, and 400 mg/kg dw, respectively, compared to the control
(p =0.030, p=0.037, and p =0.003, LM, Fig. 3). Female dw was
significantly increased by about 15 % at 300 mg/kg dw compared to the
control (p < 0.001, LM, Fig. 3). Positive effects induced by Cu on the dw
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Fig. 3. Mean (+ 95 % CI; n = 1-6) dw (mg) of C. riparius females and males from all treatments (i.e., combination of ‘Cu sediment content’, ‘Food quality’, and
‘Exposure history’) of ST2. Chironomid larvae were exposed to Cu sediment contents of 0, 50, 100, 200, 300 and 400 mg/kg dw (colour-coded for ease of com-
parison). Chironomids originated from one of two cultures (‘Chronic — Naive’ and ‘Chronic — Pre-exposed’) and larvae were fed one of two basal food sources
(‘Spirulina’ or ‘TetraMin’). Additionally, the dw of females and males from the control treatments of ST1 were assessed to identify potential changes due to the
laboratory conditions — mean =+ 95 % CI are indicated by the solid and dashed horizontal lines, respectively.

were significantly more pronounced in adult females (at 300 mg/kg dw,
p < 0.001, LM) and males (at 300 and 400 mg/kg dw, p = 0.008,
p < 0.001, LM) when larvae were fed Spirulina relative to TetraMin
(Fig. 3). However, the dw of females and males was generally signifi-
cantly lower (about 15 % and 10 %, respectively) when larvae were fed
Spirulina relative to TetraMin (p < 0.001 for both sexes, LM, Fig. 3).
Overall, adult dw was similar for individuals originating from naive and
pre-exposed populations (p = 0.829 and p = 0.877 for females and
males, respectively).

3.4. Emergence quality

According to the RDA, food quality was the most important predictor
of the chironomid FA profile, while sex, larval origin, and Cu sediment
content contributed to the observed differences to a lesser extent
(Fig. 4). The first three RDA axes were significant (p = 0.001, Detrended

correspondence analysis), explaining 43 %, 8 %, and 2 % of the total
variation in the data (79 %, 15 %, and 3 % of the constrained variation),
respectively.

Axis RDA1 reflected differences in the FA profile in individuals fed
Spirulina or TetraMin (food quality; Fig. 4). Individuals fed Spirulina
contained substantially higher contents of 20:4n-6 (ARA; about 120 %),
its precursor 18:3n-6 (GLA, about 30-fold more) and, thus, omega-6
PUFA (about 20 %), compared to individuals fed TetraMin (Table S4).
In contrast, Spirulina-fed individuals contained lower levels of the
omega-3 PUFA (about 85 %), 20:5n-3 (EPA) and its precursor 18:3n-3
(ALA), MUFA (about 40 %) and SFA (about 10 %). Axis RDA2 was
most strongly influenced by sex, followed by larval origin (Fig. 4). Fe-
males contained high levels of 16:0, 18:0, 16:1n-7, 18:1n-9 and thus SFA
and MUFA (Table S4). While females were also rich in 18:3n-6 and
18:3n-3, males contained higher levels in the physiologically important
20:4n-6 (ARA; about 35 %) and 20:5n-3 (EPA; about 10 %) resulting in a
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calculated in the same ordination space but separated between sex and the origin of larvae (i.e., ‘In-house’, ST1; ‘Chronic — Naive’ and ‘Chronic - Pre-exposed, ST2) in

the ordination to improve clarity of the figure.

similar content of omega-3 and omega-6 PUFA (Table S4). Individuals
from the control treatments of either population in ST2 contained more
16:0, 18:0, 16:1n-7, 18:1n- 9, 18:2n-6, 18:3n-6 (GLA), 18:3n-3 (ALA),
and 20:5n-3 (EPA) (about 10-45 %), but less 20:4n-6 (about 50 %)
compared to individuals from the control treatments in ST1 (Table S4).
The FA levels in individuals from naive and pre-exposed populations
were relatively similar though 18:3n-3 (ALA) and 20:4n-6 (ARA) levels
tended to be higher (about 10 % and 15 %, respectively) in pre-exposed
populations (Table S4). Besides larval origin, axis RDA3 was most
strongly influenced by Cu sediment content and separated the FA pro-
files between individuals from the control and those exposed to 300 mg
/kg dw (Fig. 4). At this Cu content, individuals were richer in 16:0,
16:1n-7, 18:1n-9, 18:2n-6 (by about 15 %-35 %) and thus had higher
SFA (about 25 %) and MUFA (about 25 %) contents than individuals
from the control (Table S4). However, they contained less 20:4n-6
(ARA) as well as 20:5n-3 (EPA) and its precursor 18:3n-3 (ALA)
(about 7 %-15 %).

4. Discussion
4.1. Emergence: number, time and dry weight

4.1.1. Cu sediment content

In line with our hypothesis, Cu reduced the number of emergent
adults. Differences compared to the control were observed at Cu sedi-
ment contents of 200 mg/kg dw and higher. Larval Cu exposure likely

caused direct toxic effects and induced cellular detoxification (e.g.,
synthesis of metallothioneins and antioxidants) and repair mechanisms
leading to a higher basal energy demand (Calow, 1991; Sibly and Calow,
1989; Sokolova and Lannig, 2008; Sokolova et al., 2012). At the same
time, metals can also interfere with organisms’ energy supply by dis-
rupting the mitochondrial function, thus, offsetting their energy balance
(Sokolova and Lannig, 2008; Sokolova et al., 2012; Stohs and Bagchi,
1995; Wallace and Starkov, 2000). Since the larval developmental stage
in holometabolous aquatic insects is followed by the energetically
demanding metamorphosis (Arrese and Soulages, 2010), such toxic ef-
fects can impair emergence. In fact, both larval mortality and energetic
imbalances are likely to increase with increasing Cu sediment contents,
explaining the dose-dependent decrease in emergence by about 40 %,
65 %, and 90 % at 200 mg/kg dw, 300 mg/kg dw and 400 mg/kg dw,
respectively (Fig. 1). At lower sediment contents (50 and 100 mg/kg
dw), larvae seemingly coped with or benefited from Cu exposure,
possibly by controlling Cu body burdens (see Morgan et al., 2007), at
levels needed for physiological processes (e.g., component of enzymes,
Flemming and Trevors, 1989).

Given that holometabolous insects require a certain amount of en-
ergy to survive metamorphosis (Mirth and Riddiford, 2007) and Cu
exposure likely affected energy storage, emergence was delayed by up to
eleven days at 400 mg/kg dw, an observation consistent with our hy-
pothesis. Additionally, differences in the emergence times between fe-
males and males (i.e., protandry, Armitage, 1995), as observed in the
control treatments of both STs, tended to become negligible or even
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reverse (i.e., females emerging before males, Fig. 2) at this Cu sediment
content. This could influence reproduction, as males with reduced
physiological fitness may benefit from a more synchronized emergence
pattern. However, the reduced total emergence may limit encounters
between females and males and mating may thus be reduced (Armitage,
1995). Besides, the increase in larval mortality with increasing Cu
sediment levels may have contributed to the increase in adult dw
(Fig. 3), contradicting our hypothesis. This may be assumed as the
amount of added food was corrected for emergence but not for larval
mortality suggesting a higher food availability per surviving larva in
combination with lower competition (Kraus and Vonesh, 2012; Postma
et al., 1994).

4.1.2. Food quality

Besides food availability, its nutritional quality affected C. riparius
sensitivity towards Cu, an observation in support of our hypothesis. This
observation may be related to a larger discrepancy between nutrients
provided by Spirulina and the physiological demands of C. riparius
compared to TetraMin (Goedkoop et al., 2007). For example, Spirulina
contains low levels of the physiologically important omega-3 PUFA
20:5n-3 (EPA) and its precursor 18:3n-3 (ALA) (Pietz et al., 2023b;
Strandberg et al., 2020). While C. riparius has the ability to modify and
preferentially retain certain FAs (Goedkoop et al., 2007; Ohler et al.,
2023b; Pietz et al., 2023b; Strandberg et al., 2020), this process requires
an energetic investment relative to a dietary uptake (Parrish, 2009) and
is thus less favorable. Consequently, failure to divert sufficient energy to
counteract toxic effects of Cu or to upgrade dietary nutrients to meet
physiological demands may have contributed to a lower emergence
success, as observed at 200 mg/kg dw (reduction by about 20 %, Fig. 1).
Although the proposed energetic investments did not affect emergence
success at lower Cu sediment contents (0-100 mg/kg dw), they may
have contributed to the observed sublethal effects (i.e., delayed emer-
gence when larvae were fed Spirulina compared to TetraMin; Fig. 2).
Furthermore, the dw of females and males fed Spirulina decreased
relative to those fed TetraMin (about 15 % and 10 %, respectively;
Fig. 3). This result is generally in agreement with previous findings
investigating different food types (Goedkoop et al., 2007) and suggests
potential implications for reproduction, as female weight in dipterans
correlates with fecundity (Rodrigues et al., 2015; Sibley et al., 2001).
However, contrary to our hypothesis and the results discussed above,
adult dw increased more strongly when larvae were fed Spirulina
compared to TetraMin at high Cu exposure levels. Since emergence
success was similar in both food types, this observation may not be
directly attributed to differences in food availability. While Spirulina has
lower levels of physiologically important omega-3 PUFAs, there are
other differences between the basal food sources, such as the higher
protein content in Spirulina (Table S5), that may have contributed to
these results. Moreover, the food sources may release different qualities
of dissolved organic carbon, which could have affected
Cu-bioavailability through their differential ability for complexation
(Crémazy et al., 2022).

4.1.3. Exposure history

Adaptation has been highlighted as a cause for decreased sensitivity
in metal-exposed (field) populations (Miller and Hendricks, 1996;
Postma et al., 1995a; 1995b). As hypothesized, emergence was higher in
pre-exposed compared to naive populations at 300 mg/kg dw (Fig. 1).
These results suggest that pre-exposed populations have an enhanced
ability to cope with Cu-induced stress compared to naive populations —
for example through the ability to regulate metal levels to minimize
negative effects or cellular detoxification and repair mechanisms.
However, in our study, the effect of exposure history appeared to be
superimposed by the effect of Cu sediment content used in the STs and
by food quality. Increased tolerance to Cu was only observed at high
exposure levels, suggesting a potential trade-off with individual fitness
(Postma et al., 1995b). Similar findings were reported by Kolbenschlag
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et al. (2024), where chronic exposure to the biocontrol agent Bacillus
thuringiensis var. israelensis resulted in only limited adaptive responses in
C. riparius. Their results also highlighted the strong modulating effects of
food quality as well as exposure timing and dosage. Additionally, the
adaptive capacity may depend on the initial presence of traits required
for increased tolerance, and the experimental duration may not have
been sufficient to promote their development or establishment. Based on
population genomic analyses, Roder et al., (submitted) found weak
genome-wide signals of selection under Cu exposure. Nucleotide di-
versity was significantly reduced and signals of selection in biological
pathways related to detoxification and DNA repair mechanisms were
detected, indicating early-stage adaptation. In our study, we selected a
moderate, environmentally relevant Cu sediment content (100 mg/kg
dw) for the chronic exposure phase, yet this selective pressure may have
been insufficient, at least over the exposure duration tested. Higher
exposure levels, as reported for some heavily contaminated sites (e.g.,
Pedrosa et al., 2017), could have intensified selection but may have
limited the informative value of the findings for less contaminated sites.
Additionally, higher Cu sediment contents during the chronic exposure
phase would have increased the risk of population decline or extinction.
It is likely that laboratory conditions may have affected the physiolog-
ical conditions (i.e., developmental time, dw and FA profile) of naive
and pre-exposed populations to some extent. This may be a common
phenomenon in chronic population-level laboratory studies caused by
genetic impoverishment (Nowak et al., 2007) and by directional selec-
tion (Pfenninger and Foucault, 2020). However, the data do not support
a general shift in chironomid sensitivity (e.g., similar pattern in emer-
gence success in ST1 and ST2).

4.2. Emergence quality and potential food web effects

In line with our hypothesis, food quality was the most important
predictor of chironomids’ FA profile. As a consequence of the differences
in the basal food sources (i.e., Spirulina and TetraMin; Pietz et al.,
2023b; Strandberg et al., 2020), individuals fed Spirulina contained
higher levels of omega-6 PUFA (about 20 %), including 20:4n-6 (ARA),
but lower levels of all other FA groups, particularly omega-3 PUFA
(about 85 %), including 20:5n-3 (EPA), which are predominantly syn-
thesized by aquatic primary producers (Hixson et al., 2015; Twining
et al., 2016). Similarly, differences in the FA profiles between sexes are
consistent with previous findings (Meier et al., 2000; Pietz et al., 2023a;
Scharnweber et al., 2020) and may be attributed to sex-specific life
history strategies. Sexual dimorphism in morphology and energy allo-
cation have been documented previously (Servia et al., 2006). For
instance, elevated levels of 20:4n-6 (ARA) and 20:5n-3 (EPA) in males
may enhance flight ability (Dadd, 1980; Sushchik et al., 2013), thereby
improving swarming and mating (Armitage, 1995).

In contrast to the emergence success, the Cu sediment content had
relatively little effect on the FA profile. While SFA and MUFA tended to
be higher at 300 mg/kg dw compared to the control, an opposite trend
was observed for physiologically important PUFA, such as 20:4n-6
(ARA) and 20:5n-3 (EPA). The formation of reactive oxygen species
(ROS), commonly observed under Cu exposure (Gaetke and Chow,
2003), may have caused lipid peroxidation (Bailey et al., 2015; Gaetke
and Chow, 2003; Lannig et al., 2006), contributing to the decrease in
highly unsaturated FAs. However, the relative accumulation of FAs
during the metamorphosis of chironomids (Borisova et al., 2016; Sush-
chik et al., 2013) might have partially counteracted Cu-induced negative
effects. Since emergent individuals have met the physiological re-
quirements to achieve key developmental milestones (e.g., meta-
morphosis in holometabolous insects; Mirth and Riddiford, 2007), the
effects of contaminants may be more pronounced in other endpoints,
such as developmental time and emergence success. Following this
reasoning, the effects of exposure history on the FA profile of the chi-
ronomids were also limited with the data suggesting that chronic Cu
exposure does not lead to substantial changes in the nutritional quality
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of emerging chironomids. However, due to the lower sensitivity of
pre-exposed compared to naive individuals at 300 mg/kg dw, the
availability of FAs in adjacent terrestrial systems might slightly increase,
albeit at an overall low level (reduction in emergence by about 65 %,
Fig. 1).

In line with our expectation (hypothesis V), increasing Cu sediment
contents (> 200 mg/kg dw) cause a substantial reduction in the trans-
port of FAs, including physiologically important PUFA, through the
dose-dependent decrease in emergence success. This result is consistent
with previous findings by Pietz et al. (2023a) who observed reductions
in the FA flux by up to 80 % and 50 % at field relevant levels of cadmium
and Cu, respectively. Additionally, the quality of the basal food source
can affect the transport of FA with emergent chironomids from aquatic
to terrestrial systems both by alterations of the FA profile and emergence
success. Therefore, a lower quality basal food source in aquatic eco-
systems (as simulated by Spirulina in this study) can reduce the avail-
ability of FAs, particularly physiologically important omega-3 PUFA, in
adjacent terrestrial systems. In this context, changes may occur even at
exposure levels where Cu or other contaminants do not directly affect
insect emergence — provided that the composition of aquatic primary
producers, which serve as the basal food source, is altered, for example
through eutrophication (Konschak et al., 2021; Paerl and Paul, 2012;
Taipale et al., 2016). Regardless of the underlying mechanism, re-
ductions in the transport of PUFA with emergent chironomids, and
aquatic insects in general, can adversely affect riparian terrestrial con-
sumers, such as spiders, birds or bats through the food chain (Fritz et al.,
2017; Fukui et al., 2006; Kato et al., 2003; Paetzold et al., 2011; Twining
etal., 2018; 2019). Owing to their central position in riparian food webs,
changes in the physiological fitness and reproduction may cascade onto
lower and higher trophic levels (Bartels et al., 2012; Schulz et al., 2015).

5. Conclusion

Copper sediment contents and food quality primarily shaped emer-
gence quantity and quality of C. riparius, respectively. Pre-exposed
C. riparius populations showed only limited signs of adaptation. How-
ever, laboratory conditions may have affected the physiological condi-
tions (i.e., developmental time, dw and FA profile) of naive and pre-
exposed populations to some extent. To investigate if our observations
are robust and of biological relevance, future studies should include
extended chronic exposure phases. In addition, anthropogenic stressors
and potential adaptive responses may not only affect single populations
but also interspecific interactions (e.g., among aquatic insects) and thus
community dynamics. To capture these complexities, more integrative
test systems are needed that reflect both direct and indirect effects
within aquatic ecosystems and across aquatic-terrestrial boundaries. If
confirmed, our results suggest sustained alterations of aquatic-terrestrial
linkages, that may ultimately re-shape riparian food webs.

CRediT authorship contribution statement

Mirco Bundschuh: Writing - review & editing, Project administra-
tion, Funding acquisition, Conceptualization. Klaus Schwenk: Writing
- review & editing, Supervision, Funding acquisition, Conceptualiza-
tion. Nina Roder: Writing — review & editing, Investigation, Concep-
tualization. Sebastian Pietz: Writing — original draft, Investigation,
Formal analysis, Data curation, Conceptualization. Agnes Schondorfer:
Investigation. Sara Kolbenschlag: Writing — review & editing, Investi-
gation, Conceptualization.

Funding

This study was funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) — 326210499/GRK2360.

Ecotoxicology and Environmental Safety 303 (2025) 118893
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors thank Anja Knabel for general support, and Rafia Afroze
Rifa, Sumaiya Chowdhury, Sophie Stoll, Ghinwa Khalaf and Patrick
Amartey for laboratory assistance. All aforementioned persons were
members of the RPTU Kaiserslautern-Landau. Furthermore, the authors
thank the generous providers of egg ropes.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.ecoenv.2025.118893.

Data availability

Data are shared after publication on zenodo. Emergence data from
multi-generation study on Chironomus riparius [Data set].

References

Arambourou, H., Llorente, L., Moreno-Ocio, 1., Herrero, (/)4, Barata, C., Fuertes, I.,
Delorme, N., Méndez-Fernandez, L., Planell6, R., 2020. Exposure to heavy metal-
contaminated sediments disrupts gene expression, lipid profile, and life history traits
in the midge Chironomus riparius. Water Res. 168, 115165.

Araujo, G.S., Abessa, D.M.S., Soares, A.M.V.M., Loureiro, S., 2019. Multi-generational
exposure to pb in two monophyletic Daphnia species: individual, functional and
population related endpoints. Ecotoxicol. Environ. Saf. 173, 77-85.

Armitage, P.D., 1995. Behaviour and ecology of adults. In: Armitage, P.D., Cranston, P.S.,
Pinder, L.C.V. (Eds.), The Chironomidae: Biology and Ecology of Non-biting Midges.
Springer Science & Business Media.

Arrese, E.L., Soulages, J.L., 2010. Insect fat body: energy, metabolism, and regulation.
Annu. Rev. Entomol. 55, 207-225.

Bailey, A.P., Koster, G., Guillermier, C., Hirst, E.M.A., MacRae, J.I., Lechene, C.P.,
Postle, A.D., Gould, A.P., 2015. Antioxidant role for lipid droplets in a stem cell
niche of Drosophila. Cell 163 (2), 340-353.

Barnes, A.D., Jochum, M., Lefcheck, J.S., Eisenhauer, N., Scherber, C., O’Connor, M.I.,
Ruiter, P. de, Brose, U., 2018. Energy flux: the link between multitiophic biodiversity
and ecosystem functioning. Trends Ecol. Evol. 33 (3), 186-197.

Bartels, P., Cucherousset, J., Steger, K., Ekl6v, P., Tranvik, L.J., Hillebrand, H., 2012.
Reciprocal subsidies between freshwater and terrestrial ecosystems structure
consumer resource dynamics. Ecology 93 (5), 1173-1182.

Baxter, C.V., Fausch, K.D., Saunders, W.C., 2005. Tangled webs: reciprocal flows of
invertebrate prey link streams and riparian zones. Freshw. Biol. 50 (2), 201-220.

Borgmann, U., 1996. Systematic analysis of aqueous ion requirements of Hyalella azteca:
a standard artificial medium including the essential bromide ion. Arch. Environ.
Contam. Toxicol. 30 (3), 356-363.

Borisova, E.V., Makhutova, O.N., Gladyshev, M.L., Sushchik, N.N., 2016. Fluxes of
biomass and essential polyunsaturated fatty acids from water to land via chironomid
emergence from a mountain lake. Contemp. Probl. Ecol. 9 (4), 446-457.

Braak, C.J. ter, Prentice, I.C., 1988. A theory of gradient analysis. In: Begon, M.;,
Fitter, A.H.;, Ford, E.D.;, Macfadyen, A. (Eds.), Advances in Ecological Research.
Elsevier.

Bundschuh, M., Englert, D., Rosenfeldt, R.R., Bundschuh, R., Feckler, A., Liiderwald, S.,
Seitz, F., Zubrod, J.P., Schulz, R., 2019. Nanoparticles transported from aquatic to
terrestrial ecosystems via emerging aquatic insects compromise subsidy quality. Sci.
Rep. 9 (1), 15676.

Bundschuh, M., Mesquita-Joanes, F., Rico, A., Camacho, A., 2023. Understanding
ecological complexity in a chemical stress context: a reflection on recolonization,
recovery, and adaptation of aquatic populations and communities. Environ. Toxicol.
Chem. 42 (9), 1857-1866.

Calow, P., 1991. Physiological costs of combating chemical toxicants: ecological
implications. Comp. Biochem. Physiol. C Comp. Pharmacol. Toxicol. 100 (1-2), 3-6.

Canli, M., 2005. Dietary and water-borne zn exposures affect energy reserves and
subsequent zn tolerance of Daphnia magna. Comp. Biochem. Physiol. Part C Toxicol.
Pharmacol. 141 (1), 110-116.

Canli, M., 2006. Effects of copper pre-exposure routes on the energy reserves and
subsequent copper toxicity in Daphnia magna. Environ. Toxicol. Int. J. 21 (5),
521-527.

Crémazy, A., Braz-Mota, S., Brix, K.V., Duarte, R.M., Val, A.L., Wood, C.M., 2022.
Investigating the mechanisms of dissolved organic matter protection against copper
toxicity in fish of Amazon’s black waters. Sci. Total Environ. 843, 157032.


https://doi.org/10.1016/j.ecoenv.2025.118893
https://doi.org/10.5281/zenodo.11321653
https://doi.org/10.5281/zenodo.11321653
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref1
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref1
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref1
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref1
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref2
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref2
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref2
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref3
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref3
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref3
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref4
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref4
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref5
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref5
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref5
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref6
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref6
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref6
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref7
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref7
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref7
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref8
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref8
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref9
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref9
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref9
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref10
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref10
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref10
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref11
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref11
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref11
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref12
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref12
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref12
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref12
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref13
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref13
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref13
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref13
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref14
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref14
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref15
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref15
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref15
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref16
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref16
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref16
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref17
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref17
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref17

S. Pietz et al.

Dadd, R.H., 1980. Essential fatty acids for the mosquito Culex pipiens. J. Nutr. 110 (6),
1152-1160.

Del Ramo, J., Martinez, M., Pastor, A., Torreblanca, A., Diaz-Mayans, J., 1993. Effect of
cadmium pre-exposure in cadmium accumulation by brine shrimp Artemia:
involvement of low-molecular-weight cadmium-binding ligands. Mar. Environ. Res.
35 (1-2), 29-33.

Feiler, U., Hoss, S., Ahlf, W., Gilberg, D., Hammers-Wirtz, M., Hollert, H., Meller, M.,
Neumann-Hensel, H., Ottermanns, R., Seiler, T.-B., Spira, D., Heininger, P., 2013.
Sediment contact tests as a tool for the assessment of sediment quality in German
waters. Environ. Toxicol. Chem. 32 (1), 144-155.

Flemming, C.A., Trevors, J.T., 1989. Copper toxicity and chemistry in the environment: a
review. Water Air Soil Pollut. 44, 143-158.

Fritz, K.A., Kirschman, L.J., McCay, S.D., Trushenski, J.T., Warne, R.W., Whiles, M.R.,
2017. Subsidies of essential nutrients from aquatic environments correlate with
immune function in terrestrial consumers. Freshw. Sci. 36 (4), 893-900.

Fukui, D., Murakami, M., Nakano, S., Aoi, T., 2006. Effect of emergent aquatic insects on
bat foraging in a riparian forest. J. Anim. Ecol. 75 (6), 1252-1258.

Gaetke, L.M., Chow, C.K., 2003. Copper toxicity, oxidative stress, and antioxidant
nutrients. Toxicology 189 (1-2), 147-163.

Gao, Y., Xie, Z., Zhu, J., Cao, H., Tan, J., Feng, J., Zhu, L., 2021. Understanding the
effects of metal pre-exposure on the sensitivity of zebrafish larvae to metal toxicity: a
toxicokinetics-toxicodynamics approach. Ecotoxicol. Environ. Saf. 209, 111788.

Goedkoop, W., Demandt, M., Ahlgren, G., 2007. Interactions between food quantity and
quality (long-chain polyunsaturated fatty acid concentrations) effects on growth and
development of Chironomus riparius. Can. J. Fish. Aquat. Sci. 64 (3), 425-436.

Haas, E.M. de, Léon Paumen, M., Koelmans, A.A., Kraak, M.H., 2004. Combined effects of
copper and food on the midge Chironomus riparius in whole-sediment bioassays.
Environ. Pollut. 127 (1), 99-107.

Hixson, S.M., Sharma, B., Kainz, M.J., Wacker, A., Arts, M.T., 2015. Production,
distribution, and abundance of long-chain omega-3 polyunsaturated fatty acids: a
fundamental dichotomy between freshwater and terrestrial ecosystems. Environ.
Rev. 23 (4), 414-424.

Kato, C., Iwata, T., Nakano, S., Kishi, D., 2003. Dynamics of aquatic insect flux affects
distribution of riparian Web-Building spiders. Oikos 103 (1), 113-120.

Kolbenschlag, S., Pietz, S., Roder, N., Schwenk, K., Bundschuh, M., 2024. Phenotypic
adaptation of Chironomus riparius to chronic Bti exposure: effects on emergence time
and nutrient content. Aquat. Toxicol. (Amsterdam Netherlands) 273, 107013.

Konschak, M., Zubrod, J.P., Baudy, P., Fink, P., Kenngott, K., Liiderwald, S., Englert, K.,
Jusi, C., Schulz, R., Bundschuh, M., 2020. The importance of diet-related effects of
the antibiotic ciprofloxacin on the leaf-shredding invertebrate Gammarus fossarum
(Crustacea; Amphipoda). Aquat. Toxicol. 222, 105461.

Konschak, M., Zubrod, J.P., Duque Acosta, T.S., Bouchez, A., Kroll, A., Feckler, A.,
Roder, N., Baudy, P., Schulz, R., Bundschuh, M., 2021. Herbicide-Induced shifts in
the periphyton community composition indirectly affect feeding activity and
physiology of the gastropod grazer Physella acuta. Environ. Sci. Technol. 55 (21),
14699-14709.

Kraus, J.M., Schmidt, T.S., Walters, D.M., Wanty, R.B., Zuellig, R.E., Wolf, R.E., 2014.
Cross-ecosystem impacts of stream pollution reduce resource and contaminant flux
to riparian food webs. Ecol. Appl. 24 (2), 235-243.

Kraus, J.M., Vonesh, J.R., 2012. Fluxes of terrestrial and aquatic carbon by emergent
mosquitoes: a test of controls and implications for cross-ecosystem linkages.
Oecologia 170 (4), 1111-1122.

Kumar, V., Parihar, R.D., Sharma, A., Bakshi, P., Singh Sidhu, G.P., Bali, A.S.,
Karaouzas, 1., Bhardwaj, R., Thukral, A.K., Gyasi-Agyei, Y., Rodrigo-Comino, J.,
2019. Global evaluation of heavy metal content in surface water bodies: a meta-
analysis using heavy metal pollution indices and multivariate statistical analyses.
Chemosphere 236, 124364.

Lannig, G., Flores, J.F., Sokolova, I.M., 2006. Temperature-dependent stress response in
oysters, Crassostrea virginica: pollution reduces temperature tolerance in oysters.
Aquat. Toxicol. 79 (3), 278-287.

Leeper, D.A., Taylor, B.E., 1998. Insect emergence from a south carolina (USA)
temporary wetland pond, with emphasis on the Chironomidae (Diptera). J. N. Am.
Benthol. Soc. 17 (1), 54-72.

Loreau, M., Mouquet, N., Holt, R.D., 2003. Meta-ecosystems: a theoretical framework for
a spatial ecosystem ecology. Ecol. Lett. 6 (8), 673-679.

Martin-Creuzburg, D., Kowarik, C., Straile, D., 2017. Cross-ecosystem fluxes: export of
polyunsaturated fatty acids from aquatic to terrestrial ecosystems via emerging
insects. Sci. Total Environ. 577, 174-182.

Meier, G.M., Meyer, E.L, Meyns, S., 2000. Lipid content of stream macroinvertebrates.
Arch. F. iR. Hydrobiol. 147 (4), 447-463.

Miller, M.P., Hendricks, A.C., 1996. Zinc resistance in Chironomus riparius: evidence for
physiological and genetic components. J. North Am. Benthol. Soc. 15 (1), 106-116.

Mirth, C.K., Riddiford, L.M., 2007. Size assessment and growth control: how adult size is
determined in insects. Bioessays 29 (4), 344-355.

Morgan, A.J., Kille, P., Stiirzenbaum, S.R. (, 2007. Microevolution and ecotoxicology of
metals in invertebrates. Environ. Sci. Technol. 41 (4), 1085-1096.

Nakano, S., Murakami, M., 2001. Reciprocal subsidies: dynamic interdependence
between terrestrial and aquatic food webs. Proc. Natl. Acad. Sci. USA 98 (1),
166-170.

Newman, M.C., Clements, W.H., 2008. Ecotoxicology: A Comprehensive Treatment. CRC
press.

Nowak, C., Vogt, C., Diogo, J.B., Schwenk, K., 2007. Genetic impoverishment in
laboratory cultures of the test organism Chironomus riparius. Environ. Toxicol. Chem.
26 (5), 1018-1022.

OECD, 2004. OECD guidelines for the testing of chemicals, sediment-water chironomid
toxicity test using spiked sediment, OECD 218.

10

Ecotoxicology and Environmental Safety 303 (2025) 118893

OECD, 2010. OECD guidelines for the testing of chemicals, sediment-water chironomid
life-cycle toxicity test using spiked water or spiked sediment, OECD 233.

Ohler, K., Schreiner, V.C., Link, M., Liess, M., Schafer, R.B., 2023a. Land use changes
biomass and temporal patterns of insect cross-ecosystem flows. Glob. Change Biol.
29 (1), 81-96.

Ohler, K., Schreiner, V.C., Martin-Creuzburg, D., Schéfer, R.B., 2023b. Trophic transfer of
polyunsaturated fatty acids across the aquatic-terrestrial interface: an experimental
tritrophic food chain approach. Ecol. Evol. 13 (3), €9927.

Paerl, H.W., Paul, V.J., 2012. Climate change: links to global expansion of harmful
Cyanobacteria. Water Res. 46 (5), 1349-1363.

Paetzold, A., Smith, M., Warren, P.H., Maltby, L., 2011. Environmental impact
propagated by cross-system subsidy: chronic stream pollution controls riparian
spider populations. Ecology 92 (9), 1711-1716.

Parrish, C.C., 2009. Essential fatty acids in aquatic food webs. In: Arts, Michael T.,
Brett, Michael T., Kainz, Martin J. (Eds.), Lipids in Aquatic Ecosystems. Springer
New York, New York, NY.

Paul, V., Sankar, M.S., Vattikuti, S., Dash, P., Arslan, Z., 2021. Pollution assessment and
land use land cover influence on trace metal distribution in sediments from five
aquatic systems in Southern USA. Chemosphere 263, 128243.

Pedrosa, J.A., Machado, A.L., Cocchiararo, B., Soares, A.M., Nowak, C., Pestana, J.L.,
2017. Assessing the suitability of genetic diversity of Chironomus riparius (Meigen) as
an indicator of environmental pollution. Ecol. Indic. 78, 115-124.

Pfenninger, M., Foucault, Q., 2020. Genomic processes underlying rapid adaptation of a
natural Chironomus riparius population to unintendedly applied experimental
selection pressures. Mol. Ecol. 29, 536-548.

Pietz, S., Kainz, M.J., Schroder, H., Manfrin, A., Schafer, R.B., Zubrod, J.P.,
Bundschuh, M., 2023a. Metal exposure and sex shape the fatty acid profile of midges
and reduce the aquatic subsidy to terrestrial food webs. Environ. Sci. Technol. 57 (2),
951-962.

Pietz, S., Kolbenschlag, S., Roder, N., Roodt, A.P., Steinmetz, Z., Manfrin, A.,

Schwenk, K., Schulz, R., Schéfer, R.B., Zubrod, J.P., Bundschuh, M., 2023b. Subsidy
quality affects common riparian Web-Building spiders: consequences of aquatic
contamination and food resource. Environ. Toxicol. Chem.

Pinder, L.C.V., 1986. Biology of freshwater Chironomidae. Annu. Rev. Entomol. 31 (1),
1-23.

Polis, G.A., Anderson, W.B., Holt, R.D., 1997. Toward an integration of landscape and
food web ecology: the dynamics of spatially subsidized food webs. Annu. Rev. Ecol.
Syst. 28, 289-316.

Postma, J.F., Buckert-de Jong, M.C., Staats, N., Davids, C., 1994. Chronic toxicity of
cadmium to Chironomus riparius (Diptera: Chironomidae) at different food levels.
Arch. Environ. Contam. Toxicol. 26 (2), 143-148.

Postma, J.F., Davids, C., 1995. Tolerance induction and life cycle changes in Cadmium-
Exposed Chironomus riparius (Diptera) during consecutive generations. Ecotoxicol.
Environ. Saf. 30 (2), 195-202.

Postma, J.F., van Kleunen, A., Admiraal, W., 1995b. Alterations in life-history traits of
Chironomus riparius (Diptera) obtained from metal contaminated rivers. Arch.
Environ. Contam. Toxicol. 29, 469-475.

Postma, J.F., Kyed, M., Admiraal, W., 1995a. Site specific differentiation in metal
tolerance in the midge chironomus riparius (Diptera, Chironomidae). Hydrobiologia
315, 159-165.

R Core Team, 2021. R: A language and environment for statistical computing, Vienna,
Austria.

Ritz, C., Baty, F., Streibig, J.C., Gerhard, D., 2015. Dose-Response analysis using R. PLoS
One 10 (12), e0146021.

Roder, N., Kolbenschlag, S., Pietz, S., Brennan, R.S., Bundschuh, M., Pfenninger, M., and
Schwenk, K. (submitted). Pollution-Driven Selection in Riparian Ecosystems:
Genome-Wide Responses to Bacillus thuringiensis israelensis and Copper in a Non-
biting Midge. (Preprint: (https://www.biorxiv.org/content/10.1101/2025.06.30.66
2114v1.full)).

Rodrigues, A.C.M., Gravato, C., Quintaneiro, C., Golovko, O., Zlabek, V., Barata, C.,
Soares, A.M.V.M., Pestana, J.L.T., 2015. Life history and biochemical effects of
chlorantraniliprole on Chironomus riparius. Sci. Total Environ. 508, 506-513.

Sabo, J.L., Power, M.E., 2002. River-watershed exchange: effects of riverine subsidies on
riparian lizards and their terrestrial prey. Ecology 83 (7), 1860-1869.

Scharnweber, K., Chaguaceda, F., Dalman, E., Tranvik, L., Ekl6v, P., 2020. The
emergence of fatty acids—Aquatic insects as vectors along a productivity gradient.
Freshw. Biol. 65 (3), 565-578.

Schmidt, T.S., Kraus, J.M., Walters, D.M., Wanty, R.B., 2013. Emergence flux declines
disproportionately to larval density along a stream metals gradient. Environ. Sci.
Technol. 47 (15), 8784-8792.

Schulz, R., Bundschuh, M., Entling, M.H., Jungkunst, H.F., Lorke, A., Schwenk, K.,
Schéfer, R.B., 2024. A synthesis of anthropogenic stress effects on emergence-
mediated aquatic-terrestrial linkages and riparian food webs. Sci. Total Environ.
908, 168186.

Schulz, R., Bundschuh, M., Gergs, R., Briihl, C.A., Diehl, D., Entling, M.H., Fahse, L.,
Fror, O., Jungkunst, H.F., Lorke, A., Schafer, R.B., Schaumann, G.E., Schwenk, K.,
2015. Review on environmental alterations propagating from aquatic to terrestrial
ecosystems. Sci. Total Environ. 538, 246-261.

Servia, M.J., Heydorff, M., Péry, A.R.R., Garric, J., Lagadic, L., 2006. Sex- and
developmental Stage-Related changes in energy reserves in Fourth-instar larvae of
the midge Chironomus riparius Meigen (Diptera: Chironomidae): implications for
ecotoxicity testing. Environ. Entomol. 35 (4), 865-874.

Shipley, J.R., Oester, R., Mathieu-Resuge, M., Parmar, T.P., Kowarik, C., Ilic, M.,
Kainz, M.J., Martin-Creuzburg, D., Obrist, M.K., Graham, C.H., Gossner, M.M.,
Matthews, B., Twining, C.W., 2024. Consumer biodiversity increases organic


http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref18
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref18
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref19
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref19
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref19
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref19
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref20
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref20
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref20
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref20
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref21
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref21
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref22
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref22
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref22
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref23
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref23
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref24
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref24
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref25
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref25
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref25
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref26
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref26
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref26
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref27
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref27
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref27
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref28
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref28
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref28
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref28
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref29
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref29
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref30
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref30
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref30
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref31
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref31
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref31
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref31
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref32
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref32
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref32
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref32
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref32
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref33
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref33
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref33
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref34
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref34
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref34
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref35
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref35
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref35
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref35
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref35
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref36
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref36
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref36
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref37
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref37
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref37
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref38
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref38
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref39
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref39
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref39
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref40
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref40
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref41
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref41
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref42
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref42
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref43
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref43
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref44
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref44
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref44
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref45
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref45
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref46
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref46
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref46
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref47
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref47
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref47
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref48
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref48
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref48
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref49
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref49
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref50
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref50
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref50
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref51
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref51
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref51
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref52
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref52
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref52
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref53
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref53
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref53
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref54
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref54
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref54
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref55
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref55
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref55
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref55
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref56
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref56
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref56
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref56
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref57
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref57
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref58
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref58
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref58
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref59
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref59
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref59
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref60
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref60
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref60
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref61
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref61
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref61
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref62
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref62
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref62
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref63
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref63
https://www.biorxiv.org/content/10.1101/2025.06.30.662114v1.full
https://www.biorxiv.org/content/10.1101/2025.06.30.662114v1.full
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref64
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref64
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref64
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref65
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref65
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref66
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref66
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref66
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref67
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref67
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref67
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref68
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref68
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref68
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref68
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref69
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref69
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref69
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref69
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref70
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref70
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref70
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref70
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref71
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref71
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref71

S. Pietz et al.

nutrient availability across aquatic and terrestrial ecosystems. Science 386,
335-340.

Sibley, P.K., Ankley, G.T., Benoit, D.A., 2001. Factors affecting reproduction and the
importance of adult size on reproductive output of the midge Chironomus riparius.
Environ. Toxicol. Chem. 20 (6), 1296.

Sibly, R.M., Calow, P., 1989. A life-cycle theory of responses to stress. Biol. J. Linn. Soc.
37 (1-2), 101-116.

Simpson, S.L., Angel, B.M., Jolley, D.F., 2004. Metal equilibration in laboratory-
contaminated (spiked) sediments used for the development of whole-sediment
toxicity tests. Chemosphere 54 (5), 597-609.

Sokolova, .M., Frederich, M., Bagwe, R., Lannig, G., Sukhotin, A.A., 2012. Energy
homeostasis as an integrative tool for assessing limits of environmental stress
tolerance in aquatic invertebrates. Mar. Environ. Res. 79, 1-15.

Sokolova, .M., Lannig, G., 2008. Interactive effects of metal pollution and temperature
on metabolism in aquatic ectotherms: implications of global climate change. Clim.
Res. 37 (2-3), 181-201.

Stehle, S., Schulz, R., 2015. Agricultural insecticides threaten surface waters at the global
scale. Proc. Natl. Acad. Sci. USA 112 (18), 5750-5755.

Steinmetz, Z., Kenngott, K.G.J., Azeroual, M., Schéfer, R.B., Schaumann, G.E., 2017.
Fractionation of copper and uranium in organic and conventional vineyard soils and
adjacent stream sediments studied by sequential extraction. J. Soils Sediment. 17
(4), 1092-1100.

Stohs, S.J., Bagchi, D., 1995. Oxidative mechanisms in the toxicity of metal ions. Free
Radic. Biol. Med. 18 (2), 321-336.

Strandberg, U., Vesterinen, J., Ilo, T., Akkanen, J., Melanen, M., Kankaala, P., 2020.
Fatty acid metabolism and modifications in Chironomus riparius. Philos. Trans. R.
Soc. B 375 (1804), 20190643.

Stuhlbacher, A., Maltby, L., 1992. Cadmium resistance in Gammarus pulex (L.). Arch.
Environ. Contam. Toxicol. 22, 319-324.

Sushchik, N.N., Yurchenko, Y.A., Gladyshev, M.1., Belevich, O.E., Kalachova, G.S.,
Kolmakova, A.A., 2013. Comparison of fatty acid contents and composition in major
lipid classes of larvae and adults of mosquitoes (Diptera: Culicidae) from a steppe
region. Insect Sci. 20 (5), 585-600.

11

Ecotoxicology and Environmental Safety 303 (2025) 118893

Taipale, S.J., Vuorio, K., Strandberg, U., Kahilainen, K.K., Jarvinen, M., Hiltunen, M.,
Peltomaa, E., Kankaala, P., 2016. Lake eutrophication and brownification
downgrade availability and transfer of essential fatty acids for human consumption.
Environ. Int. 96, 156-166.

Timmermans, K.R., Peeters, W., Tonkes, M., 1992. Cadmium, zinc, lead and copper in
Chironomus riparius (Meigen) larvae (Diptera, Chironomidae): uptake and effects.
Hy. drobiologia 241 (2), 119-134.

Tokeshi, M., 1995. Life cycles and population dynamics. In: Armitage, P.D.;, Cranston, P.
S.;, Pinder, L.C.V. (Eds.), The Chironomidae: Biology and Ecology of Non-biting
midges. Springer Science & Business Media.

Tsui, M.T., Wang, W.X., 2005. Multigenerational acclimation of Daphnia magna to
Mercury: relationships between biokinetics and toxicity. Environ. Toxicol. Chem. 24
(11), 2927-2933.

Twining, C.W., Brenna, J.T., Hairston, N.G., Flecker, A.S., 2016. Highly unsaturated fatty
acids in nature: what we know and what we need to learn. Oikos 125 (6), 749-760.

Twining, C.W., Brenna, J.T., Lawrence, P., Winkler, D.W., Flecker, A.S., Hairston, N.G.,
2019. Aquatic and terrestrial resources are not nutritionally reciprocal for
consumers. Funct. Ecol. 33 (10), 2042-2052.

Twining, C.W., Shipley, J.R., Winkler, D.W., 2018. Aquatic insects rich in omega-3 fatty
acids drive breeding success in a widespread bird. Ecol. Lett. 21 (12), 1812-1820.

Wallace, K.B., Starkov, A.A., 2000. Mitochondrial targets of drug toxicity. Annu. Rev.
Pharmacol. Toxicol. 40 (1), 353-388.

Wesner, J.S., Kraus, J.M., Schmidt, T.S., Walters, D.M., Clements, W.H., 2014.
Metamorphosis enhances the effects of metal exposure on the mayfly, Centroptilum
triangulifer. Environ. Sci. Technol. 48 (17), 10415-10422.

Willuhn, J., Otto, A., Koewius, H., Wunderlich, F., 1996. Subtoxic cadmium-
concentrations reduce copper-toxicity in the earthworm Enchytraeus buchholzi.
Chemosphere 32 (11), 2205-2210.

Wolfram, J., Stehle, S., Bub, S., Petschick, L.L., Schulz, R., 2018. Meta-Analysis of
insecticides in United States surface waters: status and future implications. Environ.
Sci. Technol. 52 (24), 14452-14460.


http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref71
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref71
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref72
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref72
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref72
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref73
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref73
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref74
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref74
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref74
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref75
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref75
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref75
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref76
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref76
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref76
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref77
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref77
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref78
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref78
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref78
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref78
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref79
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref79
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref80
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref80
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref80
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref81
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref81
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref82
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref82
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref82
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref82
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref83
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref83
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref83
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref83
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref84
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref84
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref84
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref85
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref85
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref85
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref86
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref86
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref86
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref87
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref87
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref88
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref88
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref88
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref89
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref89
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref90
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref90
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref91
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref91
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref91
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref92
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref92
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref92
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref93
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref93
http://refhub.elsevier.com/S0147-6513(25)01238-2/sbref93

	Effects of copper, food quality and exposure history on aquatic insect emergence: Insights from a multigeneration study
	1 Introduction
	2 Material and methods
	2.1 Study design and in-house culture
	2.2 Chronic culture
	2.3 Sensitivity tests
	2.4 Fatty acid analysis
	2.5 Data analysis

	3 Results
	3.1 Emergence success
	3.2 Time to 50 % emergence
	3.3 Adult dry weight
	3.4 Emergence quality

	4 Discussion
	4.1 Emergence: number, time and dry weight
	4.1.1 Cu sediment content
	4.1.2 Food quality
	4.1.3 Exposure history

	4.2 Emergence quality and potential food web effects

	5 Conclusion
	CRediT authorship contribution statement
	Funding
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	Data availability
	References


