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ARTICLE INFO ABSTRACT

Edited by Anita Jemec Kokalj Novel pesticidal products in which active substances are delivered via nanoscale carrier systems have been

suggested to offer functional and environmental benefits over conventional pesticide formulations. Nevertheless,

Keywords: non-target impacts associated with such nano-enabled pesticides remain largely unexplored. The current study
CO“t"OHefi"‘:lease compares effects from a nano-TiO2-coated formulation of carbendazim (i.e., nTiOy-coated carbendazim) with
Nanopesticide those of its active substance (i.e., the fungicide carbendazim), coating material (i.e., nanoscale TiOy), and a
Nanocarrier . . . S . .

Mesocosm treatment in which the latter two are combined, by means of in-situ bioassays. Bioassays focused on the fresh-
Invertebrate water snail Lymnaea stagnalis and larvae of the damselfly Ischnura elegans, two invertebrate species representing

different niches. For L. stagnalis, effects on survival, growth, and feeding were assessed over 29 days, and
resource utilization rates of microbial communities present on its provided food source were analyzed to
determine feeding-related indirect effects. For I elegans, survival, feeding, emergence (i.e., development into
imagines), and body size upon emergence were assessed over 57 days. Mortality rates of L. stagnalis increased by
~40 % in nTiO3 and ~50 % in combined (i.e., carbendazim & nTiOy) treatments applied at environmentally
realistic concentrations, but insignificantly in nTiOg-coated carbendazim treatments. We argue that differences in
this regard are likely to have arisen from contrasting photocatalytic activity of the nTiO utilized in respective
treatments. Microbial community carbon utilization profiles exhibited minimal differences between treatments.
I elegans survival, feeding and growth rates were unaffected, but a slight decrease in emergence time was
observed across treatments. The findings of the current study highlight that photocatalytic properties of nano-
materials can be an important factor for consideration regarding non-target impacts of nano-enabled products
with agricultural applications.

Microbial community
Reactive oxygen species

1. Introduction

Freshwater ecosystems and the diversity of life which they host are
vital in their functions to both the natural environment and human well-
being (Hitt et al., 2015; Dudley et al., 2017; Reid et al., 2019). Numerous
manmade substances and materials are however intentionally and un-
intentionally introduced into these systems, and current and emerging
contaminants remain a key threat to freshwater biodiversity globally
(Schwarzenbach et al., 2006; Haase et al., 2023). The growing appli-
cation of engineered nanomaterials (ENMs), or nanoforms, in consumer
products and industrial processes has received increasing attention to
this end (Adam et al., 2021; Hendricks et al., 2023; Keller et al., 2023).

* Corresponding author.
E-mail address: t.a.p.nederstigt@cml.leidenuniv.nl (T.A.P. Nederstigt).
f These authors contributed equally.

https://doi.org/10.1016/j.ecoenv.2025.118809

While on the one hand constituting potential novel environmental
contaminants themselves, ENMs may also offer opportunities to curb
emissions of conventional substances. In this regard, the development of
nano-enabled pesticide formulations has been suggested to represent a
viable path towards reducing the displacement of pesticides to off-target
ecosystems, and mitigating their impacts on non-target organisms (Koli
etal., 2015; Kumar et al., 2017; Hofmann et al., 2020; Wang et al., 2022;
Kah et al., 2023). Functionalities proposed to facilitate such reductions
often rely on the encapsulation or binding of active substances to
nanoscale carrier systems, aiming to extend their stability and activity
under field conditions, and to provide time- and stimuli-dependent
control over their delivery to crops or pest organisms. This in turn
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could aid in lowering the volume of active substances required for
effective pest control, reduce their displacement towards off-target sites,
and thereby ultimately mitigate non-target impacts (Hayles et al., 2017;
Grillo et al., 2021; Wang et al., 2022). Although functionalities such as
these have frequently been suggested to offer real-world benefits of
nano-enabled pesticide formulations, they have also been noted to
exhibit potential to exacerbate non-target impacts of active substances
by altering their fate, exposure dynamics, and bioavailability (Kookana
etal., 2014; Nederstigt et al., 2024). In this regard, experimental studies
that provide comparative estimates of impacts of nano-enabled pesticide
formulations on non-target organisms (i.e., relative to their
non-nanoscale analogs) have been sparse to date (Wang et al., 2022;
Zhang and Goss, 2022; Nederstigt et al., 2024).

In addition to widely documented impacts resulting from their direct
toxicity (Wan et al., 2025), displacement of pesticides towards fresh-
waters may affect non-target organisms indirectly via effects on
ecologically-linked organisms and their related functional processes
(Fleeger et al., 2003; Schafer et al., 2011; Sanchez-Bayo and
Ortiz-Santaliestra, 2021). The breakdown of organic matter, for
example, constitutes a key step in nutrient cycling in freshwater eco-
systems, and is mediated through an interplay of conditioning (i.e.,
partial enzymatic degradation) of detritus by fungi and bacteria, and its
fragmentation and consumption by macroinvertebrate detritivores
(Gessner et al., 1999; Graca, 2001; Hieber and Gessner, 2002). Previous
studies have demonstrated that both ENMs and pesticides can adversely
affect growth rates and survival of macroinvertebrates by impairing
microbial conditioning of detritus, and that this can affect overall
organic matter processing in streams (Zubrod et al., 2011; Flores et al.,
2014; Zhai et al., 2018; Mohan et al., 2024). The presence of contami-
nants in freshwaters may also have reverberating impacts on adjacent
terrestrial ecosystems. To this end, the developmental impairment of
insects which exhibit aquatic juvenile- and terrestrial-flying adult life
stages has received growing attention due to their importance in ripar-
ian food webs (Barmentlo et al., 2019; Pietz et al., 2023; Schulz et al.,
2024). While indirect effects such as these may account for a consider-
able fraction of the overall environmental impacts of contaminants
(including those in adjacent ecosystems), the design of commonly
applied laboratory-based toxicity tests generally does not allow for their
assessment (Fleeger et al., 2003; Barmentlo et al., 2019; Sanchez-Bayo
and Ortiz-Santaliestra, 2021).

The current study provides a comparative assessment of direct and
indirect effects of a novel nano-TiO-coated formulation of the fungicide
carbendazim (i.e., nTiO,-coated carbendazim), its constituents (i.e.,
carbendazim & nTiO,), and a combined treatment of the latter two on
two non-target freshwater invertebrates. In-situ bioassays were per-
formed as part of a long-term outdoor mesocosm experiment, focusing
on juveniles of the freshwater snail Lymnaea stagnalis and larvae of the
damselfly Ischnura elegans. Both species are ubiquitous in freshwater
ecosystems and exhibit a broad geographical distribution. L. stagnalis
has previously been shown to play a substantial role in aquatic litter
decomposition in littoral zones through grazing on (decaying) organic
material (Schaller and Brackhage, 2015). L. elegans larvae are polypha-
gous predators, feeding predominantly on small invertebrates and
zooplankton (Thompson, 1978). Treatment concentrations reflected
those detected in surface waters for both the active substance (i.e.,
carbendazim) and the coating material (i.e., nTiO). Mortality rates and
life history traits (growth in weight and length, food consumption) of
L. stagnalis were assessed over 29 days. In addition, resource utilization
rates and functional diversity of microbial communities on the food
source provided to L. stagnalis was analyzed through use of Biolog™
ECO-plates, and periphyton growth (a potential secondary food source)
was assessed in the test system. Finally, survival, the time until emer-
gence, and body size upon emergence (i.e., as imagines) of I elegans
larvae, and their predation on Chironomus sp. larvae were recorded over
57 days.
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2. Methods
2.1. Experimental setup

The experiment consisted of in-situ bioassays performed in an out-
door mesocosm test system designed to mimic agricultural ditches. This
test system is part of the ‘Living Lab’ research facility located in
Oegstgeest-Leiden, the Netherlands (see http://mesocosm.org/ for an
extensive description of the experimental site). Ecological communities
in each mesocosm (used length-width-depth: 5-0.8-0.3 m; volume:
1200 L) were established naturally via land, air and an adjacent pond
over a period of three months (January 2020 - March 2020) prior to the
start of the experiment. Mesocosms were subsequently hydrologically
disconnected from the pond and allowed to settle for an additional
month. Results from measurements of abiotic parameters and a detailed
description of the synthesis, characterization, application, and analysis
of all treatments in the experimental setup have been reported previ-
ously in Nederstigt et al. (2022).

2.2. Treatments

The experimental design consisted of a nano-TiO,-coated controlled-
release product of carbendazim (nTiOp-coated carbendazim) and its
constituents applied separately (nTiO5, carbendazim) and in combina-
tion (carbendazim & nTiO) over seven replicate mesocosms per treat-
ment. nTiOy-coated carbendazim was custom-synthesized for the
purpose of the experiment using pulsed chemical vapor deposition
(pCVD). The applied pCVD process resulted in a nanoscale layer of
amorphous TiO, being deposited onto dry carbendazim powder, which
served as a diffusion barrier via which the release of carbendazim to its
surrounding environment was extended over time.

The nTiO5 used for the experiment consisted of a mixture of ~85 %
anatase: ~15 % rutile crystalline structures with pristine particle sizes of
15-24 nm (JRCNMO01005a, European Commission — DG JRC, also pro-
vided by Degussa/Evonik as AEROXIDE P25®). Nominal starting con-
centrations of nTiOy were 20 pg L™, which is within the range of
reported concentrations (0.2-450 pg L™1) of anthropogenically-derived
TiO5 in European and North American surface waters (Peters et al.,
2018; Nabi et al., 2022). Carbendazim (CAS Number 10605-21-7,
Sigma Aldrich, Missouri, USA) was applied in a single application at
nominal treatment concentrations of 4 pg L™}, with the aim of achieving
time-weighted-average (TWA) concentrations of ~0.6 pug Lt
throughout the experiment, resembling measured surface water con-
centrations globally (Merel et al., 2018; Wan et al., 2021; Alejandro
et al., 2022). In nTiOy-coated carbendazim and carbendazim & nTiOq
treatments, materials were applied at equivalent treatment concentra-
tions as described for their individual constituents. Measured water
column concentrations of all treatments in the experimental setup (from
samples collected directly after treatment application, and one, two,
seven, 14, 30, and 60 days thereafter), and release patterns of carben-
dazim from the nTiOs-coated product have previously been reported
and discussed in Nederstigt et al. (2022), and are summarized in SI
Table 1.

Toxicity of nTiO3 in the environment has been suggested to be partly
attributable to its photocatalytic properties (Farner et al., 2019;
Abdel-Latif et al., 2020; Coral et al., 2021), where irradiation with UV-A
in aqueous media (i.e., upon irradiation with sunlight) results in the
generation of reactive oxygen species (ROS), a process which is e.g.,
harnessed intentionally in antimicrobial applications (Gligorovski et al.,
2015; Brinkmann et al., 2020). Amorphous crystalline structures of
nTiO, (as present in the nTiOs-coated carbendazim treatments) gener-
ally exhibit lower rates of ROS production than anatase and rutile
structures (as present in the nTiO, and carbendazim & nTiO, treat-
ments), and hydroxyl radicals (¢OH) have been found to be the primary
species generated through photocatalytic activity of nTiOy (Clément
et al., 2013; Gligorovski et al., 2015; Farner et al., 2019). To aid in the
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interpretation of potential differences in observed effects between
treatments, relative eOH production rates of the nTiO; present on the
coated carbendazim formulation and of the nTiO, applied in the nTiO4
and carbendazim & nTiO; treatments were assessed following a method
adapted from Farner et al. (2019). A 0.1 mM solution of terephthalic
acid (TA, > 98 %, Sigma-Aldrich, Missouri) in Elendt M7 medium
(OECD, 2004) was loaded onto 96-well plates (200 uL per well total
volume) containing either form of nTiO» (5 mg L’l), in parallel to blanks
containing only TA (n =5 per treatment). Upon reaction with ¢OH, TA is
converted to 2-hydroxyterephthalic acid, and fluorescence from the
latter has been found to increase proportionally with the amount of
generated ¢OH (Eremia et al., 2008). Plates were incubated in the dark
and under irradiation with a UV-A source (F15W/T5/BL359; Sylvania,
Amsterdam, The Netherlands), and analyzed for fluorescence intensity
(excitation = 315 nm, emission = 425 nm) in a Tecan Infinite M1000
plate reader (Tecan, Mannedorf, Switzerland) over three hours. Relative
eOH production rates were determined as the difference in fluorescence
intensity from mean blank values.

2.3. Lymnaea stagnalis - in-situ conditions and assessment of endpoints

L. stagnalis life history traits of survival, growth in size and weight,
and feeding were assessed over 29 days in an in-situ caged setup.
Approximately one-month-old L. stagnalis (175 in total) were randomly
selected from an in-house culture with individuals originally derived
from a culture maintained at Vrije Universiteit (Amsterdam, The
Netherlands). L. stagnalis were subsequently conditioned for 15 days in
water from the mesocosms at experimental site from which zooplankton
was filtered out (filter mesh size © 53 ym, EFE & GB Nets, Cornwall,
UK), and divided into groups of five. Prior to the experiment, individuals
were photographed from a fixed position (Iphone SE 2016, California,
USA) including a reference scale, and shells (5.30 £ 0.06 mm, mean +
standard error) were measured in their greatest dimension, from the
outermost edge of the opening to the apex using ImageJ ver. 1.53a
(Schneider et al., 2012). In addition, wet weight for all individuals
(11.02 £ 0.14 mg, mean + SE) was determined after having been
blotted onto absorbent paper to remove adhered water droplets. Each lot
of five L. stagnalis was subsequently placed in a 400 mL polyethylene
(PET) cage together with a previously weighed DECOTAB (see Section
2.4) as a food source, upon which cultured individuals were observed to
feed readily. Cages were closed with a 0.5 mm polyester mesh and
affixed upright to rods, with the opening of the cages facing upwards. On
the day of treatment application, rods were placed in the center of the
mesocosms, resulting in the cages being submerged halfway along the
depth of the water column (see SI Figure 1 for an impression of the
experimental setup). On days one, nine, 15 and 29 (after treatment
application), cages were removed from the mesocosms and the number
of surviving individuals was counted. After 29 days, shell length and wet
weight of surviving individuals was measured again as described above.
Growth in length and wet weight was calculated as the change in
average values measured across all five individuals per replicate at the
start of the experiment and the average values measured in individuals
that survived until the end of the experiment (i.e., mean of survivors at
end - mean value of all individuals at start).

2.4. Lymnaea stagnalis feeding substrate and microbial colonization -
DECOTABs and fouling strips

Decomposition and consumption tablets (DECOTABs) were used as a
food source to measure L. stagnalis feeding rates and to determine
functional diversity parameters of microbial communities associated
with organic matter (Kampfraath et al., 2012). To prepare DECOTABs,
20 g of agar was dissolved in 1 L heated demineralized water, followed
by the addition of 60 g of < 250 um-sized filaments of organic hay to the
agar solution. Conditioning of DECOTABSs took place over a period of 15
days in water collected from the mesocosms at the experimental site
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from which zooplankton was filtered out (filter mesh size © 53 pm, EFE
& GB Nets, Cornwall, UK). One DECOTAB was subsequently placed into
each of the cages with L. stagnalis, and DECOTAB consumption by
L. stagnalis was assessed by determining the wet weight of DECOTABs
before insertion into cages and after the experiment, and normalized
according to observed survival rates per measurement interval. Prior to
weighing, DECOTABs were blotted on an absorbent paper towel to
remove excess water adhering to the surface. Dry weights were obtained
by converting wet weights using the average moisture content (5.89 +
0.49 %, mean =+ SE), determined from a subset of unused DECOTABs (n
= 4) from the same production batch after drying at 60 °C for 72 h, after
which no further change in weight was observed.

Periphyton was considered as a potential additional food source for
L. stagnalis in the experimental setup, and periphyton development was
therefore measured by placing six microscopy slides measuring
~76x26x1 mm upright in additional 400 mL PET cages in each meso-
cosm, acting as fouling strips. Prior to placement in the PET cages, mi-
croscopy slides were sandblasted to create a coarser surface and
subsequently degreased and washed. At the end of the experiment two
slides from each mesocosm were retrieved at random and freeze-dried in
a Christ Alpha freeze dryer (Martin Christ GmbH, Osterode am Harz,
Germany). The dried material was thoroughly scraped from all surfaces
and weighed to measure overall accumulated dry biomass in pg/cm?.

2.5. Functional composition of DECOTAB microbial communities -
Biolog™ ECO-plates

The functional composition of DECOTAB-associated microbial com-
munities was analyzed using Biolog™ ECO-plates (Biolog™, Hayward,
California, USA). Biolog™ ECO-plates are 96-well plates which consist
of three sets of 31 carbon substrates (grouped as seven carboxylic acids,
four polymers, 10 carbohydrates, two phenolic compounds, six amino
acids, and two amines) and a blank. Each well contains the redox dye
tetrazolium violet, and utilization of a carbon substrate results in a
colorimetric shift of the dye, thereby providing a quantitative measure
of the extent to which the applied microbial community is able to utilize
specific carbon substrates.

DECOTABs collected after 29 days from the L. stagnalis experiment
(n = 6 per treatment) were placed in sterile 50 mL tubes, submerged to
the 50 mL mark in demineralized water, and stored at 4 °C in the dark
until use for inoculation of the Biolog™ ECO-plates. Tubes were shaken
by hand and 100 pL of inoculate was distributed into each well on
Biolog™ ECO-plates. Biolog™ ECO-plates were incubated at 28 °C and
measured for optical density at 590 nm on a Tecan Infinite M1000 plate
reader (Tecan, Mannedorf, Switzerland) after 24 h, 48 h and 96 h of
incubation.

Substrate utilization profiles obtained from Biolog™ ECO-plate
readouts were analyzed according to Brinkmann et al. (2021), using
the rate of substrate utilization measured as the change in observed
optical density (OD) between 24 h and 48 h of incubation, which was the
measurement interval within which OD showed the steepest change (SI
Figure 4). From this, total well-color development (TWCD), average
well-color development (AWCD) and measures of a-diversity (substrate
utilization richness, Simpson 1-D and Shannon-Weiner index scores) and
B-diversity (Bray-Curtis index) were calculated. In addition, TWCD and
substrate utilization richness were calculated per substrate group.

2.6. Ischnura elegans - in-situ conditions and assessment of endpoints

L elegans larvae were collected from a pond adjacent to the experi-
mental site using a dipnet (mesh size © 0.5 mm), inspected visually for
external damage (presence of all caudal lamellae and appendages), and
selected according to body length (11 + 0.08 mm, mean + SE, n = 35)
measured as described for L. stagnalis). Prior to the experiment, I. elegans
larvae were conditioned in water from the experimental site which was
filtered from zooplankton (filter mesh size © 53 pm, EFE & GB Nets,
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Cornwall, UK) for a period of 14 days, during which they were fed live
larvae of Chironomus sp. (~2-4 mm, grd_4th instar, purchased from a
commercial retailer) ad libitum. Chironomus sp. larvae have previously
been shown to constitute a common prey item in the diet of 1. elegans
larvae (Thompson, 1978), and in the current experiment, I elegans
larvae were observed to feed readily on provided Chironomus sp. larvae
during the conditioning phase. I. elegans larvae were subsequently
inspected visually as previously described, and selected individuals were
distributed randomly over 35 cages (one individual per cage) consisting
of a stainless steel (mesh size © 1 mm) outer layer and an acrylic inner
layer fitted with a © 53 pm mesh (volume of inner cage ~800 mL, SI
Figure 1). A piece of PVC-coated steel wire was placed upright in each
cage to provide a substrate for . elegans to attach to, and to allow vertical
movement towards the water surface in preparation for emergence (see
below). Cages were placed on top of the sediment of the mesocosms on
the day of treatment application and removed every alternating day to
provide five live Chironomus sp. larvae as food, and to assess survival,
emergence, and number of consumed Chironomus sp. larvae. From 25
days after the application of the treatments onwards, emergence of
L elegans as imagines (i.e., adults) was facilitated by fixing the cages to
rods overhanging the mesocosms, ensuring that cages were halfway
submerged (i.e., leaving half of the cage above the water surface).
I. elegans were monitored until all individuals either emerged, after
which they were photographed to determine body size (as described for
L. stagnalis), or died (i.e., 57 days in total).

2.7. Statistical analyses

All data were analyzed using R version 4.2.1 (R Core Team, 2022)
and where applicable, reported p-values have been adjusted for multiple
testing. Test results were considered statistically significant at p < 0.05.

L. stagnalis survival rates were compared between treatments using
binomially-distributed generalized mixed-effect models (GLMMs, func-
tion "glmer’, R package 'Ime4’), in which random intercepts were fitted
for data from separate mesocosms to account for the repeated measures
design. Convergence issues were mitigated by centering the variable
sampling day, and by selection of the optimal model (BOBYQA) opti-
mizer using the "allFit’ function (R package ’afex’). Bonferroni-Holm-
corrected estimated marginal means were calculated to compare sur-
vival rates between treatments and controls for each sampling day
(function ’emmeans’, R package ’emmeans’).

Differences between treatments in growth (increase in shell length
and wet weight from starting conditions) and feeding (decrease in
DECOTAB wet weight from starting conditions) of surviving L. stagnalis
were analyzed using one-way ANOVAs (function ‘aov’, R package
’stats’), and differences in periphyton development (accumulated dry
mass at the end of the experiment) were assessed accordingly. As-
sumptions of normality of model residuals and homoskedasticity were
assessed visually using Q-Q plots and residuals vs. leverage plots. In case
assumptions for parametric tests were not met, data were either
log10(x + 1)-transformed, box-cox transformed, or analyzed using non-
parametric Kruskal-Wallis tests (function ’kruskal.test’, R package
’stats’). Where relevant, post-hoc comparisons were performed using
Tukey’s Honestly Significant Difference (HSD) test, and p-values were
Tukey-adjusted to account for multiple testing (function *'TukeyHSD’, R
package ’stats’). Correlations between survival, growth and feeding
rates of L. stagnalis were assessed via linear regressions (function ’Im’, R
package ’stats’).

Biolog™ ECO-plate TWCD, AWCD and substrate utilization richness
(overall and per substrate group) as well as Simpson 1-D and Shannon-
Wiener index scores were compared between treatments and controls as
described for growth- and feeding of L. stagnalis. Dissimilarity in com-
munity substrate utilization profiles from Biolog™ ECO-plates between
treatments was assessed through permutational analysis of variance
(PERMANOVA, function ’adonis2’, R package 'vegan’) performed on
Bray-Curtis dissimilarity indexes. Differences in homogeneity of
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multivariate dispersions (i.e. p-dispersion) were assessed through a
permutation-based test of multivariate homogeneity of group disper-
sions (function 'permutest’, R package 'Vegan’).

Survival and emergence data from I elegans were used to fit Cox
proportional hazards mixed-effects models (function ’coxme’, R package
’coxme’), accounting for the repeated measures design by fitting random
intercepts for data from separate mesocosms. Survival probabilities were
estimated and compared between treatments by applying right-
censoring to data from individuals that emerged as imagines, and
emergence probabilities were estimated and compared vice versa. As-
sumptions of proportional hazards were assessed using the ’cox.zph’
function (R package ’survival’), and overall treatment effects were
assessed by comparing the full model (including treatment) to a null
model (excluding treatment).

Feeding rates (measured as the cumulative number of consumed
Chironomus sp. larvae over time) were compared between treatments
using a generalized additive mixed-effects model (GAMMs, function
’gamm’, R package 'mgcv’), applying a smoothing term (penalized cubic
spline) for time, and accounting for the repeated measures design by
fitting random intercepts for data from separate mesocosms. When in-
dividuals died or emerged, their data derived from subsequent time-
points were excluded from the models to avoid artificial under
representations of feeding rates. The total time until emergence, total
number of consumed Chironomus sp. larvae (i.e., over the course of each
individual time in the experiment), mean number of Chironomus sp.
larvae consumed per day (i.e., normalized for the time each individual
spent in the experiment), and body size upon emergence were compared
between treatments as described for growth- and feeding of L. stagnalis.

3. Results and discussion

3.1. Fate of applied stressors and physicochemical water quality
parameters

Time weighted average (TWA) concentrations of nTiO5 measured in
the mesocosms were 11.45 + 1.04 and 8.16 + 0.29 pg L~! (mean =+ SE)
for the duration of the L. stagnalis and I. elegans bioassays, respectively.
For the duration of the L. stagnalis bioassay, TWA concentrations of
carbendazim were 0.41 + 0.04 pg L7! in carbendazim treatments,
0.48 + 0.03 pg L7! in carbendazim & nTiO, treatments, and
0.23 & 0.02 pg L1 in nTiO,-coated carbendazim treatments (measured
as the sum of freely dissolved and nTiO-coated carbendazim). For the
duration of the L elegans bioassay, TWA concentrations of carbendazim
were 0.21 + 0.1 pg L™} in carbendazim treatments, 0.26 = 0.1 pg L™} in
carbendazim & nTiO, treatments, and 0.12 + 0.01 pg L7! in nTiO,-
coated carbendazim treatments. An overview of measured concentra-
tions of the applied stressors is provided in SI Table 1, and their char-
acterization and fate has been discussed extensively in Nederstigt et al.
(2022). Physicochemical water quality parameters showed minimal
differences between treatments over the course of both bioassays (SI
Table 2).

3.2. Lymnaea stagnalis: survival, growth and feeding

L. stagnalis survival rates declined significantly in response to treat-
ments, with the majority of all mortality occurring within the first 9 days
after their application (Treatment - x%) = 10.5, p = 0.03, Time - x3
=537, p = 2.3 x 1073, Treatment x Time - y%) = 4.30, p = 0.36,
Fig. 1a). Differences in survival rates could predominantly be attributed
to nTiO, and carbendazim & nTiO, treatments, in which relative re-
ductions from controls of approximately 40 % (nTiO - z-value = —2.20,
p = 0.03) and 50 % (carbendazim & nTiOy - z-value = —2.98,
p=2.9x 1073) were observed (SI Table 3). A less pronounced (~25 %),
yet statistically significant overall reduction in survival rates was
observed in the nTiO»-coated carbendazim treatments (z-value = —1.97,
p = 0.049). L. stagnalis in treatments in which carbendazim was applied
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Fig. 1. a. Survival (% of surviving individuals) of Lymnaea stagnalis over the course of the bioassay. b. Feeding (change in DECOTAB dry weight from starting
conditions) and growth (change in shell length and wet weight from starting conditions) of L. stagnalis that survived until the end of the bioassay, and periphyton
development (accumulated dry mass at the end of the experiment) by the end of the bioassay. For periphyton development, several replicates were excluded from
analyses as upon retrieval these proved to have become detached from the construction affixing them upright, leaving part of the surface unexposed to the sur-
rounding water (i.e., two, one, and five replicates in carbendazim, carbendazim & nTiO, and nTiO,-coated carbendazim treatments, respectively). a. Bars indicate
means and whiskers indicate standard errors of the mean. b. Lines, boxes, and whiskers denote the median, interquartile range, and 1.5 x the interquartile range,
respectively. Asterisks indicate statistical significance (. p = 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001). See SI Tables 3 & 4 for full output of statistical tests.

in its non-coated form showed the smallest reduction in survival rates (z-
value = —1.32, p = 0.19), although notably, their survival rates did not
differ significantly from those in nTiO,-coated carbendazim treatments
(z-value = 0.71, p = 1.00).

Feeding (F(4,30) = 1.91, p = 0.13) and growth (length - F(4 30y = 0.24,
p = 0.91, weight - X€4) = 2.18, p = 0.70) of surviving L. stagnalis did not
differ significantly between treatments over the course of the bioassay
(Fig. 1b). Similarly, the total periphyton development over the course of
the experiment showed no differences between treatments (F(s20)
= 0.73, p = 0.58, Fig. 1b). In line with observations from survival rates,
both feeding and growth of L. stagnalis showed substantially more
variation within treatments than within controls. In addition, survival

rates were found to be negatively correlated with both feeding and
growth of (surviving) L. stagnalis (Survival : Feeding - R? = 0.79,
p < 0.001, Survival : Length R? = 0.58, p < 0.001, Survival : Weight R2
= 0.59, p < 0.001, SI Figure 2). Food consumption of DECOTABs by
L. stagnalis was found not to interact significantly with treatments in
predicting survival (Treatment x Feeding - y%) = 4.9, p = 0.30). This
indicates that regardless of treatment, individuals in replicates where
survival rates were lower exhibited elevated feeding and growth rates
through benefitting from reduced crowding in the bioassay. It is unlikely
that in the current experiment, direct competition for resources played a
prominent role in this regard, since replicates where feeding was
greatest were observed to have consumed only 15 % of the initially
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provided mass of feeding substrate. Therefore, the increase in DECOTAB
consumption observed in individuals derived from replicates where
survival rates were lower is more likely to be attributable to other factors
related to crowding, such as preferential energy allocation towards
growth instead of reproduction when reared at lower densities (Van der
Steen et al., 1968, Koene and Ter Maat, 2004, Dodd et al., 2018). Lastly,
the absence of an overall effect of the treatments on feeding, combined
with the absence of an interactive effect between feeding and treatments
on survival, suggests that compensatory feeding (i.e., to offset toxicant
stress) likely did not occur during the bioassay.

Collectively, the results from the L. stagnalis bioassay showed no
differentiation between impacts from the nTiO,-coated formulation and
those of its active substance (i.e., carbendazim). The absence of
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significant effects of carbendazim on L. stagnalis is in concurrence with
previous findings from Van den Brink et al. (2000), which demonstrated
no significant short or long-term (9 weeks) adverse effects of carben-
dazim on L. stagnalis abundance in mesocosms at concentrations ranging
from 3.3 pg L™! to 1000 pg L™L. To our knowledge, there is no other
published work which has assessed the toxicity thresholds of carben-
dazim or other benzimidazole fungicides on L. stagnalis.

Regarding nTiO, the L. stagnalis bioassay showed more pronounced
effects on survival rates from the material applied in the nTiO, and
carbendazim & nTiO treatments, than from the material applied in the
nTiOy-coated carbendazim treatments. Although concentrations of
nTiO, were equivalent across these treatments, the former consisted of a
mixture of rutile and anatase crystalline forms of nTiO,, while the latter

Microbial communities (functional diversity)
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Fig. 2. Functional diversity parameters of DECOTAB-associated microbial communities assessed using Biolog™ ECO-plates. a. Total and average well-color
development (TWCD and AWCD), substrate utilization richness (calculated from total of 31 substrates) and Simpson diversity (1-D) (mean + standard error). b.
Principal coordinate analysis plots (PCoAs, centroids represent mean scores per treatment and polygons are drawn around scores from individual replicates) dis-
playing Bray-Curtis-based functional dissimilarity. c. well-color development (WCD) and substrate utilization richness (% of total available substrates, the number of
substrates per group are denoted by n) measured per carbon substrate group (mean =+ standard error). See SI Table 5 for full output of statistical tests.
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exhibited amorphous crystalline structures (see Section 2.2). As stated
previously, rutile and anatase nTiO act as more effective photocatalysts
(i.e., than amorphous structures) when irradiated with UV-A (e.g., by
exposure to sunlight), resulting in the generation of higher concentra-
tions of ROS, which under laboratory conditions has been found to be a
key contributor to the toxicity of nTiO; to other freshwater invertebrates
through inducing oxidative damage (Bundschuh et al., 2011; Clément
et al.,, 2013; Li et al., 2014; Farner et al., 2019; Coral et al., 2021;
Nederstigt et al., 2022). In-vitro measurements upon irradiation with
UV-A confirmed that the material used in the nTiO5 and carbendazim &
nTiO, treatments exhibits photocatalytic activity through the formation
of hydroxyl radicals (¢OH), and no photocatalytic activity was observed
in the material used in the nTiO»-coated carbendazim treatments (SI
Figure 3). Although this provides an indication that ROS production may
have contributed to the effects observed in the bioassay with L. stagnalis,
it should be noted that the observations from our in-vitro tests may not be
directly applicable to realistic environmental conditions where UV-A
can be quenched upon penetration of the water layer, and ROS may
readily dissipate by reacting with dissolved and suspended organic
matter (Waggoner et al., 2017; Li et al., 2024).

Laboratory-based studies of other aquatic pulmonate snails with
grazing-type feeding habits have indicated negative impacts by nTiO5 on
endpoints such as fertility in Physella acuta (Musee et al., 2010), and
oxidative stress-induced cytotoxicity in Lymnaea luteola (Ali, 2014 & Ali
et al., 2015). Data on the toxicity of nTiO, in L. stagnalis specifically
however proves sparse. The findings from the current experiment pro-
vide an indication that the contribution of its photocatalytic properties
may be a relevant aspect to consider in this regard in future studies.

3.3. Functional diversity of DECOTAB-associated microbial communities

ECO-plate utilization profiles of DECOTAB-associated microbial
communities showed no significant differences between treatments and
controls in terms of total and average well color development or mea-
sures of a-diversity (substrate utilization richness and Simpson 1-D di-
versity, Shannon-index) when calculated from all (31) available carbon
substrates (Fig. 2a, SI Table 5). Likewise, DECOTAB-associated micro-
bial communities did not exhibit significant dissimilarity between
treatments and controls in terms of functional (Bray-Curtis-based)
p-diversity profiles (PERMANOVA: F(4 25) = 0.70, R? =0.10, p =0.93,
p-dispersion: F(4,25)y = 0.39, p = 0.84, Fig. 2b). When analyzed per sub-
strate group, DECOTAB-associated microbial communities showed more
pronounced yet statistically insignificant differences between treat-
ments (Fig. 2c, SI Table 5). Substrates in the carboxylic acids (n = 7) and
the carbohydrates (n = 10) groups showed the highest rates of utiliza-
tion by microbial communities in terms of WCD and richness. These
carbon sources are likely to be more representative of carbon sources
commonly utilized by microbial communities in natural environments
(Konopka et al., 1998), whereas (insignificant) variability in WCD and
richness between treatments for phenolic compounds (n=2) and
amines (n = 2) may in part be explained by the overall low number of
substrates represented and for these substrate groups.

Overall, the findings from the ECO-plate substrate utilization profiles
illustrate that DECOTAB-associated microbial communities remained
consistent in terms of functional diversity, with no significant loss of
functions or shifts in substrate utilization in any of the treatments. It
should be noted that due to functional redundancy, measures of func-
tional diversity may be less sensitive to perturbations by stressors than
those of taxonomic diversity (Ouwehand et al., 2024). Furthermore,
functional diversity (regardless of its means of assessment) may not
translate directly to the nutritional quality of microbes present on the
feeding substrate of decomposers (Weitere et al., 2018). Nevertheless,
the findings from the ECO-plate substrate utilization profiles provide no
indication of microbially-mediated indirect effects of the applied treat-
ments on L. stagnalis.
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3.4. Ischnura elegans: survival, emergence and feeding

Overall survival rates (i.e., successful emergence as imagines) of
I. elegans over the course of the bioassay were 71 % in controls (5/7
individuals), 86 % (6/7 individuals) in nTiO, treatments, 57 % (4/7
individuals) in carbendazim treatments, 86 % (6/7 individuals) in car-
bendazim & nTiO, treatments, and 71 % (5/7 individuals) in nTiO,-
coated carbendazim treatments. Cumulative survival probabilities over
the course of the bioassay did not differ significantly between treatments
(X(24) = 2.20, p = 0.70, Fig. 3a, SI Table 6). Similarly, cumulative emer-
gence probabilities showed minimal differences between treatments
(X(24) = 2.63, p = 0.62, Fig. 3b, SI Table 6), while surviving I. elegans in
treatments did show a consistent decrease in the total time until emer-
gence relative to controls (F4,21) = 3.07, p = 0.04, Fig. 3d, SI Table 7).
This decrease was most pronounced in nTiO,-coated carbendazim
treatments (mean difference = -13.6, 95% CI = -26.4 — —0.8,
p = 0.03), followed by nTiO, (mean difference = —11.2, 95 % CI =
—23.4 - 1.05, p = 0.08), carbendazim (mean difference = —11.5, 95 %
CI = —25.0 - 2.0, p = 0.12) and carbendazim & nTiO; (mean difference
= —8.8, 95% CI = —21.1 - 3.4, p = 0.23) treatments. Comparisons
between individual treatments all yielded p-values > 0.05, and thus
provided no indication of significant differences in responses between
formulations of carbendazim.

Cumulative feeding rates (until mortality or emergence) of I. elegans
in treatments showed minimal differences from controls (F) = 0.87,
p = 0.48, Fig. 3c, SI Table 7), and this was also reflected in mean feeding
rates per day (F(4) = 0.57,p = 0.69), Fig. 3d, SI Table 8). Consistent with
their extended time until emergence however, total feeding rates over
the course of the bioassay were higher in controls than in treatments,
although differences in this regard were not statistically significant (F4)
=1.12, p = 0.38, Fig. 3d, SI Table 7). It should be noted that the end-
points measured in the I elegans bioassay exhibited relatively high
variability among replicates, and that the overall mortality rate in the
controls exceeded 20 %. Together with a relatively small sample size,
these factors are likely to have reduced statistical power in the current
experiment. Limitations to this end are more commonly encountered in
mesocosm experiments, where natural variability is typically higher
than in controlled laboratory settings, and where sample sizes are
inherently constrained by logistical factors such as costs and labor in-
tensity (Macaulay et al., 2025). Consequently, the findings presented
here are best interpreted as conservative estimates of responses of
L elegans to the applied stressors.

Populations of I. elegans and other Odonata have been observed to
respond to various stressors by both shortening as well as extending
their time spent until emergence (Arambourou and Stoks, 2015; Bar-
mentlo et al., 2019; Antot et al., 2022). Shortening of the time until
emergence can serve as a means to reduce time spent in unfavorable
conditions as larvae (e.g., to minimize exposure to toxicants, or avoid
predation), but can come at a tradeoff with a reduction in adult body size
and other energetic parameters upon emergence (Arambourou and
Stoks, 2015). In addition to representing a fitness cost for L. elegans (e.g.,
through a subsequent reduction in reproductive- and predatory success),
this may also result in emerged adults being of lower nutritional value to
predators. In the current study however, body size of successfully
emerged individuals was found to vary minimally across treatments, and
showed no relationship with cumulative feeding rates across the
experimental timeframe (y%) = 0.87, p = 0.48, Fig. 3d). Considering
that I elegans is known emerge throughout the season and exhibits a
long imago phase (and thus does not rely on strict synchronization of
emergence for reproduction), the ecological implications of the slight
reduction in emergence time observed in the current experiment, if any,
are likely to be minimal.

4. Conclusions

Agricultural applications of nanomaterials present both challenges



T.A.P. Nederstigt et al.

Ischnura elegans Control nTiO,

Ecotoxicology and Environmental Safety 303 (2025) 118809

Carbendazim — Carbendazim & nTiO, — nTiO, —coated carbendazim

a

100% |
75%
50% 4 57

25% A

Survival probability

0% 1

5357

0 20 40 60 O 20 40

o

100% A
75% A
50%

48) 55 535

25%

Emergence probability

0% 1

(¢}

80+

60+

40

20+

Cumulative feeding

®@o a o000
0®

o

20 40 60 0 20 40

(2]
o
f

401

N
o
f

20+

S
Feeding (total)

Time until emergence (days)

0 0

1.59 41

1.04

Size (cm)

0.54

Feeding (per day)

0.0~

Fig. 3. Survival (a) and emergence (b) probabilities (prediction + 95 % confidence intervals) of Ischnura elegans across the timeframe of the bioassay derived from
time-to-event analyses (accounting for right-censoring of data from individuals after they have either emerged or died). (¢) Cumulative number of consumed Chi-
ronomus sp. larvae until mortality or emergence and back-transformed predictions from generalized additive models (predictions + 95 % confidence intervals). Total
time until emergence, total number of consumed Chironomus sp. larvae until emergence, number of Chironomus sp. larvae consumed per day until emergence, and
body size upon emergence (d) calculated excluding individuals that died over the course of the bioassay (mean + standard error). Note that for measures of body size,
several individuals were excluded from analyses due to escape upon emergence. For survival and emergence probabilities and cumulative feeding rates, treatments
have been contrasted separately with controls to improve readability. Annotated circles (a & b) denote median survival and emergence times. Asterisks indicate
statistical significance (. p = 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001). See SI Tables 6, 7, and 8 for full output of statistical tests.

and opportunities with regard to the development of more sustainable
agricultural practices. The current study provides no indication of dif-
ferences between non-target impacts from the applied nano-enabled
formulation and those of its active substance. Nevertheless, the
observed decrease in survival rates of L. stagnalis upon exposure to
environmentally realistic concentrations of rutile and anatase nTiOo, in
contrast to amorphous nTiO; (as applied in the nTiOs-coated carben-
dazim treatments), alerts to the importance of its crystalline structure
and photocatalytic activity when evaluating its toxicity. As such, the
findings from the current study highlight that for nano-enabled

formulations of pesticides, selection of appropriate carrier materials
may be an important factor regarding mitigation of non-target impacts.
Considering that nTiO, is currently applied in a wide variety of products,
and that its production and emission volumes currently far exceed those
of other nanomaterials, the applicability of these findings furthermore
spans beyond the potential use of nTiO; for agricultural purposes.
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