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• Controlled-release (nano-)formulations
have been suggested to reduce non-target
impacts of pesticides on ecosystems

• A novel controlled-release (nano-)formu-
lation of carbendazim (nTiO2-coated
carbendazim) was produced

• Long-term fate & impacts were assessed
on naturally assembled freshwater macro-
invertebrate communities

• nTiO2-coated carbendazim induced simi-
lar impacts as conventional (un-coated)
carbendazim

• Realistic concentrations of nTiO2 induced
negligible effects on all community pa-
rameters
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 Recently, the delivery of pesticides through novel controlled-release (nano-)formulations has been proposed intending
to reduce (incidental) pesticide translocation to non-target sites. Concerns have however been raised with regards to
the potentially enhanced toxicity of controlled-release (nano-)formulations to non-target organisms and ecosystems.
We evaluated long-term (i.e. 1 and 3 month-) impacts of a novel controlled-release pesticide formulation (nano-
TiO2-coated carbendazim) and its individual and combined constituents (i.e. nano-sized TiO2 and carbendazim) on
naturally established freshwater macroinvertebrate communities. In doing so, we simultaneously assessed impacts
of nano-sized TiO2 (nTiO2), currently one of the most used and emitted engineered nanomaterials world-wide. We de-
termined ecological impacts on diversity (i.e. β-diversity), structure (i.e. rank abundance parameters), and functional
composition (i.e. feeding guilds& trophic groups) of communities and underlying effects at lower organizational levels
(i.e. population dynamics of individual taxa). Freshwatermacroinvertebrate communitieswere negligibly impacted by
nTiO2 at environmentally realistic concentrations. The controlled-release (nano-)formulation significantly delayed re-
lease of carbendazim to the water column. Nevertheless, conventional- (i.e. un-coated-) and nTiO2-coated
carbendazim induced a similar set of adverse impacts at all investigated levels of ecological organization and time
points. Our findings show fundamental restructuring of the taxonomic- and functional composition of macroinverte-
brate communities as a result of low-level pesticide exposure, and thereby highlight the need for mitigating measures
to reduce pesticide-induced stress on freshwater ecosystems.
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1. Introduction
Freshwater ecosystems host near to 10% of all described animal species
on Earth and provide a plethora of services required to sustain human and
environmental health (Maasri et al., 2022; Reid et al., 2019). Alarmingly,
freshwater biodiversity has deteriorated at unprecedented rates over the
last decades, with species losses exceeding those of both terrestrial and ma-
rine ecosystems (Albert et al., 2021; IPBES, 2019; Collen et al., 2009).
Chemical stressors have long been recognized as prominent anthropogenic
drivers underlying this deterioration, and as we have entered what is now
being referred to as the ‘Anthropocene’, new and previously unrecognized
pollutants and configurations of stress are emerging (Arthington, 2021;
Reid et al., 2019; Crutzen, 2006). In cognizance of this, Persson et al.
(2022) recently concluded that chemical pollution considered together
with pollution by novel materials and modified biological lifeforms (collec-
tively coined “novel entities”) has surpassed its defined safe operating
space within planetary boundaries.

Pesticides constitute a primary group of chemical pollutants and numer-
ous studies over the past decades have documented their adverse effects on
the physiology, functioning and diversity of non-target organisms and eco-
systems (Brühl and Zaller, 2019). At the same time, their central role in cur-
rent crop production strategies deems it unlikely that the use of pesticides is
to be fully restricted in the coming decades (European Commission, 2020).
As such, innovativemethods which allow for chemical crop protectionwith
minimal collateral environmental impacts could provide a rational means
to ensure sufficient and more sustainable levels of agricultural production
(Zhang et al., 2021).

To enhance efficacy of pesticides and mitigate environmental pollution
resulting from their use, various studies have recently proposed the concept
of controlled-release (nano-)formulations (Scott-Fordsmand et al., 2022;
Zhang et al., 2021). In such formulations, active ingredients (i.e. pesticides)
are encapsulated (e.g. by a film, capsule, or gel) with the aim to reduce run-
off andmore precisely control dosing at the target site (e.g. plant) over time
(Kah et al., 2019; Sun et al., 2019). Controlled-release formulations are
often categorized amongst nano-pesticides, and despite their intended re-
duced environmental impact, concerns have been raised about their en-
hanced toxicity towards non-target organisms and ecosystems (Zhang
et al., 2021; Kah et al., 2019; Sun et al., 2019). These concerns predomi-
nantly revolve around potential toxicity of the used encapsulationmaterial,
enhanced bioavailability and reduced degradation rates of the active ingre-
dient at non-target sites (Grillo et al., 2021).

When nano-sized encapsulation materials are used in controlled-release
formulations, concerns about potential adverse environmental impacts can
be regarded in parallel with those of nanomaterials (NMs) in general. To
date, experimental data on NM toxicity is predominantly derived from
short-term and small-scale laboratory experiments which focus almost ex-
clusively on the physiology of individual species (Zheng & Nowack,
2021). Previous studies with conventional chemicals suggest however
that such studies may hold little predictive power towards environmental
impacts of stressors at higher levels of bio- and ecological organization
(Barmentlo et al., 2019; Clement et al., 2012). As the current production
and use of NMs is already resulting in their measurable presence in surface
waters, there is a strong need for community-level assessments of their po-
tential ecological impacts, both independently and as a constituent of
controlled-release formulations of pesticides (Nabi et al., 2022; Peters
et al., 2018).

In the present study, we aimed to assess impacts of a novel controlled-
release (nano-)pesticide formulation and its constituents on freshwater
macroinvertebrate communities. A controlled-release formulation
consisting of a nano-sized-TiO2 coating applied to the commonly used agri-
cultural fungicide carbendazimwas synthesized specifically for the purpose
of the experiment using pulsed chemical vapor deposition (pCVD). We
assessed individual and combined impacts of conventional (i.e. non-
coated) carbendazim and nano-sized TiO2 (nTiO2) in parallel with the
nTiO2-coated product to determine the contribution of each constituent to
observed effects. In doing so, we simultaneously performed an evaluation
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of community-level impacts of nTiO2, currently one of the most widely
used NMs globally, at environmentally relevant concentrations. The exper-
iment was conducted over the course of 3 months in a series of outdoor ex-
perimental freshwater ditch ecosystems inhabited by naturally established
ecological communities. Analysis of macroinvertebrate community param-
eters followed a step-wise approach to elucidate effects of the applied
stressors on community diversity (i.e. β-diversity), structure (i.e. rank abun-
dance parameters), functioning (i.e. feeding guilds & trophic groups) and
underlying effects at lower organizational levels (i.e. population dynamics
of individual species).

2. Materials& methods

2.1. Experimental site

The experiment was conducted at the ‘Living Lab’, an outdoor ecologi-
cal research facility located in Oegstgeest, the Netherlands (SI Fig. A1, see
http://mesocosm.org/ for an extensive description of the experimental
site). The Living Lab consists of 36 artificial freshwater ditch ecosystems
(used length-width-depth: 5-0.8-0.3 m; volume: 1200 L) each connected
to an adjacent pond. Prior to the initiation of each experimental period,
the connections to the adjacent pond are opened to allow for the natural es-
tablishment of ecological communities (i.e. microbes, plants and inverte-
brates). Since its founding in 2016, the experimental setup of the Living
Lab has been used and validated extensively for the purpose of effect assess-
ments of anthropogenic stressors on freshwater communities, and estab-
lished communities have been found to exhibit high compositional
similarity between ditches prior to application of treatments (Beentjes
et al., 2021; Barmentlo et al., 2021; Barmentlo et al., 2019).

2.2. Experimental setup

Colonization took place via the adjacent pond over a period of 3months
(January 2019–March 2020) prior to the start of the experiment. After-
wards, each ditch was hydrologically isolated from the pond using acrylic
barriers to eliminate the possibility of exchange of organisms,water and ap-
plied treatments, and established communities were left to settle for an ad-
ditional month. Prior to application of the treatments, homogeneous
establishment of ecological communities was assessed at all parameters
measured throughout the experiment. Treatments were applied in May
2020 (described extensively in Section 2.3) and the experiment subse-
quently ran until September 2020. Physicochemical water quality parame-
ters (temperature, pH, dissolved oxygen conductivity, NH+

4, NO−
3,

chlorophyll A & turbidity) were measured on a weekly basis throughout
the experimental period starting 2 weeks prior to treatment application
(SI Table G1). Temperature, pH, conductivity and dissolved oxygen (DO)
were measured using a Hach HQ40d multimeter (Hach Ltd., Colorado,
USA) and NH+

4 and NO−
3 were measured using a Vernier LabQuest 3

multimeter (Vernier Software & Technology, Oregon, USA). Chlorophyll
A and turbidityweremeasured using an AquaFluor® handheld fluorometer
(Turner Designs, Inc., San Jose, USA).

2.3. Treatments & application

35 ditches were assigned to a control- and 4 treatment groups according
to a systematic block design. All treatments were prepared and applied in
replicates of 7 within a single day in early May 2020. Treatments consisted
of nano-TiO2-coated carbendazim (nTiO2-coated carbendazim) and its con-
stituents (i.e. nano-sized TiO2 and carbendazim) applied independently and
in combination (i.e. nano-sized TiO2 & carbendazim). Nominal concentra-
tions of nano-sized TiO2 (nTiO2) treatments were 20 μg L−1, which approx-
imates measured concentrations of anthropogenic TiO2 in European (0.2 to
8.1 μg L−1; Peters et al., 2018) and North-American surface waters (~20 to
450 μg L−1; Nabi et al., 2022). Carbendazim was applied at nominal treat-
ment concentrations of 4 μg L−1, aiming to achieve time-weighted average
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(TWA) concentrations within the range ofmaximumpermissible annual av-
erage surface water concentrations as set for the Netherlands at 0.6 μg L−1

(BKMW, 2009). This resulted in treatment concentrations of carbendazim
representative of surface water concentrations globally (Alejandro et al.,
2022; Wan et al., 2021; Merel et al., 2018). Nominal concentrations of
the combined (i.e. nTiO2 & carbendazim) and nTiO2-coated carbendazim
treatments were applied in accordance with carbendazim and nTiO2 treat-
ments, aiming to equalize total carbendazim (i.e. 4 μg L−1 starting concen-
tration) and nTiO2 (i.e. 20 μg L−1) concentrations across all treatments.

2.3.1. nTiO2-coated carbendazim
A nTiO2-coated controlled-release product of carbendazim was pre-

pared using pulsed chemical vapor deposition (pCVD), a gas phase deposi-
tion method. pCVD allows for layer-by-layer deposition of a metal oxide
film (i.e. nTiO2) of tens of nanometers onto dry particulates (i.e. in the cur-
rent case carbendazim powder) resulting in a diffusion barrier through
which the active ingredient is subsequently released. Gas phase deposition
methods such as pCVD have been proposed as a viable option for producing
controlled-release formulations of pharmaceuticals, and considering the
similarities in desired properties of controlled-release pesticides, they
could hold potential for their development as well (La Zara et al., 2021;
Kääriäinen et al., 2017; Yan and Chen, 2015).

An extensive description of the applied pCVD process andmethods used
for characterization of the synthesized product and its environmental fate
in the experimental setup are provided in SI B. In short, nTiO2-coated
carbendazim was synthesized by applying fifty pCVD cycles onto dry
carbendazim powder (CAS no. 10605-21-7, 97 % purity, Sigma Aldrich,
Missouri, USA) in a fluidized bed reactor (Zhang et al., 2019) using TiCl4
and water as a reactants. Stock suspensions of nTiO2-coated carbendazim
were prepared immediately prior to treatment applications in 10 L of
demineralized water under continuous (magnetic) stirring and subse-
quently distributed homogeneously across the surface of each ditch
assigned to the nTiO2-coated carbendazim treatment. Release of
carbendazim from the nTiO2-coated product was assessed over time
in vitro in demineralized water by measuring absorption at 280–310 nm
using UV–visible (UV–Vis) spectrophotometry and measurements of total
available carbendazim (i.e. released and encapsulated into the nTiO2 coat-
ing) in the nTiO2-coated carbendazim treatments were performed in situ as
described for un-coated carbendazim in Section 2.3.3.

2.3.2. nTiO2

nTiO2 (JRCNM01005a, European Commission – DG JRC, also provided
by Degussa/Evonik as AEROXIDE P25®) was obtained from the repository
for Representative Test Materials (RTMs) of the Joint Research Centre
(JRC) of the European Commission. RTMs constitute accurate representa-
tions of industrially produced NMs and their use in nano-safety studies en-
hances comparability of results. The nTiO2 used in the experiment has a
reported particle size of 15–24 nm and consists of a mixture of ~85 % an-
atase: 15 % rutile crystalline structures (JRC, 2014). Anatase and rutile
structures of nTiO2 generally exhibit higher toxicity than amorphous struc-
tures (as formed in the pCVD product) (Clément et al., 2013). The use of
anatase and rutile structures for the purpose of comparing impacts with
the nTiO2-coated product therefore serves as a worst-case scenario, and
as described above, additionally ensures representativeness of nTiO2

treatments to the wider range of products from which nTiO2 is emitted to
the environment.

Stock suspensions were initially prepared in 1 L of Mili-Q water
(Milipore Milli-Q reference A+ system,Waters-Millipore Corporation, Mil-
ford, MA, USA) followed by 10 min of ultra-sonication using a bath
sonicator with a calculated energy output of 27 ± 0.2 W s−1 (Sonicor
SC-50-22, Sonicor INC. NY, USA). Stocks suspensions were subsequently
diluted in 10 L demineralized and applied to each ditch of the nTiO2 and
combined (i.e. nTiO2 & carbendazim) treatment as described for the
nTiO2-coated carbendazim treatment (Section 2.3.1).

The size and shape of nTiO2were confirmed through Transmission Elec-
tron Microscopy (TEM, JEOL 1010, JEOL Ltd., Tokyo, Japan) (SI Fig. C1).
3

Hydrodynamic diameters (z-average), polydispersity indices (PDIs), and
zeta-potential were determined in 0.02 μm filtered ditch water using a
Malvern Zetasizer Ultra (Malvern, Malvern, UK) (SI Table C1). To assure
adequate count rates, samples were prepared and measured at test concen-
trations (i.e. 20 μg L−1) and a concentration of 2mg L−1. Mass-based water
column concentrations were determined from depth-integrated water sam-
ples collected across the length of each ditch after digestion in aqua regia
(HNO3 (65 %): HCL (37 %) = 1:3) using inductively-coupled plasma
mass spectrometry (ICP-MS, PerkinElmer NexION 300D, Perkin Elmer,
Massachusetts, USA). As 48Ca is known to interfere with 48Ti in elemental
analysis andwas expected to be present in our samples, reported concentra-
tions are derived from 47Ti isotope measurements. To account for back-
ground concentrations of [Ti] in our ditches, all reported concentrations
were calculated by subtracting measured concentrations in ditches after
treatment application from measured concentrations prior to treatment.
Additional extensive characterization data has been made publicly avail-
able by the JRC (JRC, 2014).

2.3.3. Carbendazim
Carbendazim from the same batch as described for the pCVD prepara-

tion of nTiO2-coated carbendazim was used to prepare stock solutions in
10 L of demineralized water for each ditch. Application to the ditches of
the carbendazim and combined (i.e. nTiO2 & carbendazim) treatments
and subsequent collection of depth-integrated water samples followed the
methodology as described for nTiO2-coated carbendazim and nTiO2 and
(Sections 2.3.1 & 2.3.2). Samples were analyzed by a company specialized
in trace analysis of agricultural chemicals after solid phase extraction using
high performance liquid chromatography-tandem mass spectrometry (LC-
MS/MS) using an in-house validated method (lower limit of detection:
0.01 μg L−1).

2.4. Macroinvertebrate community sampling

Macroinvertebrate communities were sampled in all ditches one month
prior to treatment (early May) and one (July) and three months (Septem-
ber) after treatment applications. To ensure standardization of collected
samples, segments of onemeter (measured in length, constituting a volume
of approximately 140 L) were instantaneously closed off from the remain-
der of the ditch using a stainless steel barrier which was forced into the
top sediment layer. Pelagic communities were subsequently sampled from
the isolated section of each ditch using a dip net with a mesh size of 150
μm. Benthic communitieswere sampled from the same section by collecting
the top 3–5 cm of sediment, which was sieved on a 500 μm stainless steel
sieve fromwhich all macroinvertebrates were collected. Any plant material
present in samples was gently washed to ensure no macroinvertebrates
were left out from the ultimate sample. Collection continued until subse-
quent samples (i.e. dip net sweeps) remained empty (i.e. no macroinverte-
brates were observed). Identification and counting of specimens were
performed at the field-laboratory unit on-site directly after sample collec-
tion to the lowest possible taxonomic level and all sampled organisms
were returned to the respective ditches immediately after to minimize ef-
fects of sampling on the community composition. Highly abundant taxa
(i.e. Gammaridae and Corixidae) were counted in homogenized subsam-
ples and abundances were recalculated to the total sample volume. The
timeframe between sample collection and return of the organisms to their
respective ditch typically comprised 1–2 h per sample.

2.5. Statistical analysis

2.5.1. Effectiveness of macroinvertebrate community sampling
The effectiveness of the applied macroinvertebrate sampling strategy

was assessed by generating species accumulation curves based on cumula-
tively collected samples per sampling time point. The sampling strategywas
deemed sufficient (i.e. adequately representative of the community present
in each ditch) when no newly identified taxon was observed per addition-
ally collected sample. This was reached after collection of 20, 13 and 15
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samples from the total of 35 ditches in May, July and September respec-
tively (SI Fig. D1.).

2.5.2. Macroinvertebrate community dynamics – overview of analyses
Macroinvertebrate community analysis followed a 3-step approach

which aimed to provide both detailed information on effects of treatments
on individual taxa and their resulting effects on the structural and func-
tional parameters of the community composition (outlined in detail in
Sections 2.5.2.1–2.5.2.3). First, effects of treatments on taxonomic commu-
nity diversity were assessed based on compositional dissimilarity measured
using β-diversity indices (β-diversity, Fig. 1). Next, an explanatory analysis
was performed in which the top contributing taxa to observed composi-
tional dissimilarity were identified and analyzed to quantify differences in
abundances between treatments and controls (Explanatory analysis,
Fig. 1). Doing so provided insight into which taxa were predominantly af-
fected by treatments and allowed for a qualitative comparison across treat-
ments. Finally, a consequential analysis was performed that consisted of an
evaluation of rank abundance curve (RAC) – related parameters and of the
distribution of biomass per trophic group and feeding guild. This provided
insight into the extent to which effects of treatments on compositional dis-
similarity and taxon abundance/co-occurrence resulted in a shift in the un-
derlying taxonomic- and functional community structure (Consequential
analysis, Fig. 1). Data analysis was performed using R version 4.1.2 (R
Core Team, 2017). Outcomes of statistical tests were considered statisti-
cally significant at P < 0.05.

2.5.2.1. Analysis of compositional dissimilarity (β-diversity indices). β-Diversity
(or (dis)similarity-) indices provide a means to summarize and compare
compositional differences between ecological communities based on their
shared and unique taxa and (in some cases) homogeneity of abundances
(Anderson et al., 2011). β-Diversity indices are calculated on the basis of
comparisons between sets of communities/samples.When expressed as dis-
similarity they yield a value bound between 0 (representing complete sim-
ilarity) and 1 (representing complete dissimilarity) for each compared set of
communities. Various β-diversity indices have been developed over the last
decades, each differing in the weight that is attributed to specific aspects of
community composition. As such, the use of different β-diversity indices
can provide distinct insights into which of such aspects is the predominant
driver of dissimilarity between communities of interest.

In the current study, dissimilarity in macroinvertebrate community
structure between treatments and controls was assessed on the basis of
the Bray-Curtis index calculated using raw- and log10(x + 1) transformed
abundance data and the Sørensen dissimilarity index (see SI Table E1 for re-
spective equations).The Bray-Curtis index accounts for both uniformity of
abundances of taxa and the ratio between shared and unique taxa (i.e. dif-
ferences in presence/absence of taxa) across compared communities (i.e.
treatments), whilst the Sørensen index accounts for the latter only. As
such, Sørensen dissimilarity between treatments is an indication of taxo-
nomic turnover (i.e. the difference in unique and shared taxa between
Fig. 1. Overview of the 3-step approach applied to macro
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communities), whilst Bray-Curtis dissimilarity provides an aggregatedmea-
sure which could also solely indicate differences in abundances of taxa be-
tween communities. Furthermore, the contribution of individual taxa in
dissimilarity calculated according to the Bray-Curtis index is skewed to-
wards taxa that are more abundant (see equation in SI Table E1). When dif-
ferences in less abundant taxa are of interest as well, this can be mitigated
by log10(x + 1) transformation of abundance data, effectively resulting
in the down-weighing of highly abundant taxa in overall calculated dissim-
ilarity (Tebby et al., 2017).

Differences in community dissimilarity between treatments and con-
trols were assessed by permutational analysis of variance (PERMANOVA,
function ‘adonis2’, R package ‘Vegan’). To account for the applied system-
atic block design and the potential presence of a spatial gradient across
the experimental setup, permutations were restricted between ditches of
the same block. Post-hoc testing to compare individual treatments
and treatments to control was done by subsetting datasets and selecting
only relevant contrasts, after which the same procedure was followed
as for the full datasets. Differences in homogeneity of multivariate disper-
sions (i.e. β-dispersion) between treatments were assessed through a
permutation-based test of multivariate homogeneity of group dispersions
(function ‘permutest’, R package ‘Vegan’). Although homogeneity of multi-
variate dispersions has been suggested as an assumption for the validity of
PERMANOVAs, Anderson and Walsh (2013) demonstrated that this is
incorrect when study designs are balanced, as in the current experiment.

2.5.2.2. Explanatory analysis of compositional dissimilarity. Coefficients of
each generated PERMANOVA model were extracted to identify the 10
taxa contributing most to observed dissimilarity between treatments. Dif-
ferences in abundances of these taxa between respective treatments and
controls were analyzed using Anova/Kruskall Wallace tests depending on
whether assumptions for parametric models were met. Data and models
were checked for heteroskedasticity (Levenes test) and normal distribution
(Shapiro Wilk test and visual inspection of histograms and QQ-plots) of the
residuals. When assumptions for homogeneity of variance were not met,
Brown-Forsythe tests were performed. When assumptions for normality of
residuals were not met, Kruskal-Wallis tests were performed followed by
Bonferonni corrected Dunn's post-hoc tests.

2.5.2.3. Consequential analysis - rank abundance curves & representation of
feeding guilds/trophic groups.Rank abundance curves (RACs)were generated
using raw and log10(x + 1) transformed data. Differences in taxon rich-
ness, evenness and rank- and curve shape were calculated for each time
point between treatments and controls (functions: ‘RAC_difference’ &
‘RAC_change’, R package: ‘codyn’) and analyzed using ANOVA's followed
by Tukey pairwise comparisons. Differences in gains and losses of taxa
(i.e. turnover) were analyzed over time using two-way anovas followed
by Tukey pairwise comparisons. An overview of all assessed parameters
and their calculation is provided in SI Table F1. All RAC related parameters
were assessed as pre-set in the ‘codyn’ package. Therefore, log10(x + 1)
invertebrate community analysis in the experiment.
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transformation of count data was only applied in calculating evenness, as
transformation would not affect other metrics. Assumptions for data and
models were assessed as described in Section 2.5.2.3.

Identified taxawere assigned to feeding guilds and trophic groups based
on trait modalities derived from the Freshwater Ecology Database
(Schmidt-Kloiber and Hering, 2015) according to Barmentlo (2020). Trait
modalities were averaged for all available species in the identified taxo-
nomic group when identification was not performed until species level.
As abundance constitutes a poor estimation of actual biological representa-
tion of traitmodalities, all count datawas transformed to biomass. To do so,
mass-length relationships were calculated according to Sabo et al. (2002)
using values for maximum body length derived from the Freshwater Ecol-
ogy Database. In case such data were not available in the Freshwater Ecol-
ogy Database this was obtained from identification literature. Feeding
guilds constituted gather-collectors, shredders, grazers, deposit feeders, fil-
ter feeders, predators& parasites, and biomass per feeding guild was calcu-
lated based on the reported percentage of representation of a taxon per
guild. As such, the biomass of a single taxon was partitioned over all its
assigned feeding guilds. Trophic groups were divided into herbivores,
detritivores, omnivores and predators. Taxa were assigned to trophic
groups in a binary manner, e.g. including only taxa which are specialized
herbivores in the Herbivore group, and taxa which comprise multiple
groups in the Omnivores group. Biomass data per feeding guild/trophic
group and time point was subsequently analyzed as described for abun-
dance data of individual taxa in Section 2.5.2.1. Analyses were performed
on comparisons of absolute- and relative (i.e. to total) biomass per feeding
guild/trophic group. This provided measures of both shifts in biomass per
feeding guild/trophic group and their relative representation in the total
ecosystem.

3. Results & discussion

3.1. Exposure characterization of nTiO2

Particles used in the nTiO2 treatments exhibited an average diameter of
24±5 nm (mean± standard deviationmeasured over 15 particles/aggre-
gates) and a predominantly angular shape (SI Fig. C1). Introduction of
nTiO2 into ditchwater initially resulted in rapid aggregation (average hy-
drodynamic size immediately after preparation of suspensions 474 ± 111
nm). This was followed by stabilization of average hydrodynamic sizes
over the course of 30 days of incubation (SI Table C1). Nevertheless, mea-
surements of ζ potential (−7.2 ± 1.5 mV) and polydispersity indicated
that although average hydrodynamic sizes remained stable, nTiO2 was
present in a broad range of particle sizes (SI Table C1).

Application of nTiO2 resulted in initial measured water column concen-
trations of 23.6 ± 4.4 μg L−1 (mean ± standard error), thus ranging be-
tween 96 and 140 % of nominal treatment concentrations (Fig. 2A).
Water column concentrations of nTiO2 subsequently dissipated over time
and stabilized between 30 (May) and 90 (September) days post treatment
Fig. 2. Water column concentrations (mean ± standard error) of applied treatments a
average concentrations. Treatments were added at day 0 (May), and days 30 (July) and
September. nTiO2-coated carbendazim concentrations are expressed as total carbendaz
combined treatments (i.e. nTiO2 & carbendazim) are duplicated from those as measure
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application at 7.5 ± 0.9 μg L−1. As a result, time weighted average
(TWA) nTiO2 concentrations in thewater column calculated over the entire
timeframe of the experiment were 8.8± 0.3 μg L−1. Observed aggregation
(in)stability of nTiO2 incubated in ditchwater in vitro indicated that initial
dissipation of nTiO2 from the water column in the experimental setup was
likely due to aggregation occurring immediately after application of the
treatments, followed by sedimentation of larger nTiO2 aggregates. Aggrega-
tion and sedimentation of nTiO2 is commonly observed in ecotoxicological
studies performed at the laboratory scale, both in simulated (Nederstigt
et al., 2022) and natural test media (Brunelli et al., 2013). Laboratory-
scale ecotoxicological studies of nTiO2 (and other poorly soluble NMs)
however rarely consider subsequent stabilization of water column concen-
trations over longer periods as was observed in the current study. Instead,
the test medium in laboratory-based ecotoxicological studies of NMs is
often replaced at frequent intervals, as prescribed in various regulatory
test-guidelines for NMs (OECD, 2021; OECD, 2017). This inherently results
in a sequence of short-term exposure periods which are subsequently used
to assess long(er) term responses. The findings of the current experiment
suggest however that over longer timescales, water column exposure of
nTiO2 may be represented more realistically by relatively stable water
column concentrations which can be ascribed to smaller aggregate sizes
remaining in suspension.

3.2. Exposure characterization of carbendazim and nTiO2-coated carbendazim

Water column concentrations of carbendazim measured immediately
after application of the treatments were 4.0 ± 0.7 μg L−1 in the ditches
of the carbendazim treatment and 4.1 ± 0.4 μg L−1 in the ditches of the
combined (i.e. nTiO2 & carbendazim) treatment (Fig. 2B & C). Concentra-
tions subsequently dissipated rapidly in both treatments, to the point of
reaching the analytical detection limit 90 days after treatment application
(i.e. 0.01 μg L−1) (Fig. 2B). This resulted in TWA concentrations of 0.15
± 0.01 μg L−1 and 0.18 ± 0.01 μg L−1 for carbendazim and combined
treatments respectively. Reported half-lives of carbendazim in freshwater
systems range between around 15–60 days, which suggests that despite a
(log) octanol-water partitioning coefficient (log Kow) of 1.36, sorption to
sediment likely played a partial role in the initially observed rapid dissipa-
tion of carbendazim from the water column (WHOWorking Group, 1993).

TEM analysis of synthesized nTiO2-coated carbendazim showed that
particles were polydisperse and irregularly shaped, with sizes ranging be-
tween 100 and 500 μm (SI Fig. C2). The obtained nTiO2 film on the final
nTiO2-coated carbendazim product significantly prolonged the release of
carbendazim to the surrounding medium (SI Fig. C3). Initial release (i.e.
<1 day) of carbendazim was more rapid than observed subsequently, sug-
gesting that part of the carbendazim was not fully coated. Overall diffusion
from the product was however significantly delayed, resulting in incom-
plete (~40 %) release over the course of the in vitro assay.

Initial measured concentrations of total carbendazim in nTiO2-coated
carbendazim treatments were 2.9 ± 0.3 μg L−1, and TWA concentrations
cross the timeframe of the experiment. Dotted grey lines represent time-weighted
90 (September) are equivalent to macroinvertebrate sampling moments July and

im concentrations (i.e. released & retained carbendazim). nTiO2 concentrations in
d in nTiO2 treatments, as differences in this regard were not expected.
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were 0.10 ± 0.01 μg L−1. This respectively constituted approximately 25
and 33 % lower concentrations than those measured in un-coated
carbendazim treatments. Analysis of stock suspensions indicated that a
total mass of carbendazim was added to the diches which was equivalent
to 114 % of the intended treatment concentration (i.e. 4 μg L−1). As such,
it is likely that this discrepancy was predominantly caused by a combina-
tion of aggregation (i.e. by increasing heterogeneity of total carbendazim
in the water column) and enhanced sedimentation.

3.3. Impacts of treatments on macro-invertebrate communities

Analysis of all assessed community parameters indicated that ditches
assigned to respective treatments and controls exhibited high composi-
tional similarity prior to treatment applications, and no statistically signifi-
cant differences between any of the assigned groups (i.e. treatments) were
observed (SI Table H1, I1, J1& J2). The number of identified taxa across all
treatments was 68 for May, 55 for July and 57 for September.
Fig. 3. Principle coordinate analysis plots (PCoAs) of each calculated β-diversity index pe
application and September = 3 months post treatment application. Centroids represen
values of individual replicates (i.e. ditches).
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3.3.1. Compositional dissimilarity (β-diversity indices) & explanatory analysis
Macroinvertebrate communities in nTiO2-coated carbendazim,

carbendazim and combined (i.e. nTiO2 & carbendazim) treatments
displayed dissimilarity from controls for multiple β-diversity indices
(Fig. 3, SI Table H1). One month after treatment application (July), this
was observed in nTiO2-coated carbendazim and carbendazim treatments
for Bray-Curtis dissimilarity calculated using log10(x + 1) abundance
data (nTiO2-coated carbendazim: F1,13 = 2.57, p = 0.02; carbendazim:
F1,13 = 2.30, p = 0.02) and for Sørensen dissimilarity (nTiO2-coated
carbendazim: F1,13 = 3.20, p = 0.02; carbendazim: F1,13 = 2.10, p =
0.04). Interestingly, combined treatments in July only displayed dissimilar-
ity from controls when calculated according to the Sørensen index (F1,13 =
1.74, p=0.03). The Sørensen index solely accounts for the ratio of unique
and shared taxa (i.e. taxonomic turnover) between compared communities,
whilst the Bray-Curtis index additionally considers heterogeneity of abun-
dances of taxa. In addition, weights of all taxa are partitioned evenly in
the calculation of the Sørensen index, whilst in the Bray-Curtis index
r month.May=1month pre-treatment application, July=1month post treatment
t mean dissimilarity values per treatment and hulls are drawn around dissimilarity
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more abundant taxa are weighed proportionally more than less abundant
taxa. Although Sørensen dissimilarity thus indicated equivalent differences
from controls in nTiO2-coated carbendazim, carbendazim and combined
treatments in terms of taxonomic turnover, in Bray-Curtis dissimilarity cal-
culated between controls and combined treatments this difference was
concealed by more even abundances of the remaining (and more highly
abundant) taxa. Likewise, the absence of dissimilarity from controls in
Bray-Curtis indices calculated using raw abundance data suggests that
highly abundant taxa differed less in their relative abundance between
nTiO2-coated carbendazim, carbendazim and combined treatments and
controls than lowly abundant taxa. The results of the explanatory analysis
of top contributing taxa and differences in their abundances between treat-
ments and controls underline this, as can be seen in abundance distribu-
tions in SI Figs. H2–H4.

Macroinvertebrate communities in all carbendazim-including treat-
ments remained to display dissimilarity from controls three months (Sep-
tember) after treatment application (Fig. 3C). In contrast to observations
for July, dissimilarity from controls was more pronounced when calculated
according to the Bray-Curtis index using raw abundance data (nTiO2-
coated carbendazim: F1,13 = 3.00, p = 0.03; carbendazim: F1,13 = 3.89,
p = 0.02; combined: F1,13 = 12, p = 0.06). Subsequent evaluation of top
contributing taxa indicated larger differences in abundances than observed
for July (SI Figs. H6–H8). In addition to observations of less pronounced
community dissimilarity calculated according to the Sørensen index
(nTiO2-coated carbendazim: F1,13 = 1.15, p = 0.27; carbendazim: F1,13
= 0.29, p = 1.00; combined: F1,13 = 0.26, p = 0.98;) and the Bray-
Curtis index based on log10(x + 1) abundance data (nTiO2-coated
carbendazim: F1,13 = 1.81, p = 0.08; carbendazim: F1,13 = 1.60, p =
0.08; combined: F1,13=0.64, p=0.87), this indicates that taxonomic turn-
over now contributed less, and differences in abundance (of highly abun-
dant taxa) contributed more to observed dissimilarity from controls.

Whilst macroinvertebrate communities in all carbendazim-including
treatments thus displayed pronounced and largely equivalent dissimilarity
from controls, this was not observed for nTiO2 treatments (Fig. 3). A statis-
tically significant difference (F1,13 = 1.75, p = 0.04) from controls was
only detected for Bray-Curtis dissimilarity calculated using raw abundance
data three months after application of the treatments (September). Princi-
ple coordinate analysis plots (PCoAs) indicated that this could largely be at-
tributed to a single replicate of the nTiO2 treatment which showed
disproportionally high dissimilarity relative to controls in comparison to
other replicates, deeming it unlikely that this resulted from application of
nTiO2 treatments (Fig. 3, SI Table H1).

Although multivariate measures such as β-diversity indices allow for
making standardized and meaningful comparisons between communities,
they can also result in abstraction and provide little information regarding
the processes which may underlie differences between compared commu-
nities (Avolio et al., 2021; Avolio et al., 2019; Socolar et al., 2016). In the
current experiment, decomposition of models based on appropriately
Fig. 4. Rank abundance curves (RACs) (mean± standard error) per treatment andmont
treatment application, July = 1 month post treatment application and September = 3
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selected β-diversity indices into their top contributing taxa and subsequent
taxon-by-taxon analysis constituted a first step into mitigating this abstrac-
tion and to enhancing transparency regarding the community parameters
driving dissimilarity. As such, it could be pinpointed that communities in
nTiO2-coated carbendazim, carbendazim and combined treatments showed
highly similar responses, which resulted in quantitatively (i.e. in terms of
abundance and aggregated diversity indices) and qualitatively (i.e. in
terms of responding taxa) similar community dynamics over time.

3.3.2. Rank abundance curve parameters (RACs)
RACs of macroinvertebrate communities showed similar shapes and

structures prior to application of treatments (Fig. 4A). Overall, communities
displayed unevenness through high abundances in few, and low abun-
dances in many taxa, as is more often observed in early succession stages
of ecological communities such as in the experimental setup (Wang et al.,
2021).

In concurrence with observations from β-diversity indices, RACs of
nTiO2-coated carbendazim, carbendazim and combined treatments devi-
ated from those of controls both one (July) and three months (September)
after treatment application (Fig. 5, SI Table I1). Overall taxonomic richness
in nTiO2-coated carbendazim and carbendazim treatments was reduced by
~15 % in both treatments in July (nTiO2-coated carbendazim: Tukey p =
5.6e−3; carbendazim: Tukey p = 3.2e−4) and September (nTiO2-coated
carbendazim: Tukey p = 8.2e−4; carbendazim: Tukey p = 0.07)
(Fig. 5A). In July, this difference was observed to a lesser extent in com-
bined treatments, (Tukey p = 0.41) whilst in September (combined:
Tukey p = 3.9e−5) all three carbendazim-including treatments showed
similar deviations from controls (Fig. 5A). Reductions in abundances of
highly ranked taxa of all carbendazim-including treatments also resulted
in increases in evenness relative to controls, although this only resulted in
statistically significant differences in carbendazim treatments in July
(Dunnet p = 0.01) (Fig. 5B, SI Table I1).

The loss of lowly abundant taxa and reductions in numbers of highly
abundant taxa culminated in differences in curve shape (i.e. curve area)
in September (Fig. 5D) and taxa ranks (i.e. the abundance-determined
rank position of taxa in the community) in all three carbendazim-
including treatments in both July and September (Fig. 5C, SI Table I1).
This process also referred to as taxa- or species reordering, occurred in ab-
sence of significant gains and losses of species over time, indicating that
taxa reordering within carbendazim-including treatments was driven by
changes in abundances (Fig. 5E, SI Table I1). Taxa reordering is thought
to constitute a sensitive reflection of internal community dynamics, and dif-
ferences in rank positions are expected to hold most significance with re-
gard to community composition and ecosystem functioning when they
involve extremes (e.g. a taxon which is amongst the lower ranks in one
community, and amongst the higher ranks in the other, and vice versa)
(Avolio et al., 2021; Avolio et al., 2019). In the current experiment,
abundance-determined rank positions in treatments relative to controls
h generated using log10 (x+ 1) transformed abundance data. May= 1month pre-
months post treatment application.



Fig. 5. Rank abundance curve (RAC) parameters (mean± standard error) per treatment/month. In panel E, losses are indicated with negative values and gains are indicated
with positive values. May = 1 month pre-treatment application, July = 1 month post treatment application and September = 3 months post treatment application.
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showed comparable patterns for all carbendazim-including treatments (SI
Table I2, SI Fig. I1). The two taxa which occupied the highest position in
controls in July and September (i.e. Gammarids and Corixinae) shifted in
position by a maximum of one step in all treatments. Other taxa showed
more pronounced shifts however, including in particular Sialidae (negative
shifts in position 3–18) and Cloeon dipterum (negative shifts in position
5–13) in July, and Asellus aquaticus (negative shifts in position 3–6) in
September (SI Table I2, SI Fig. I1).

RACs of nTiO2 treatments and controls were highly comparable (Figs. 4
& 5). The only difference from controls in this regard was found for taxo-
nomic richness in September, which exhibited a (non-statistically signifi-
cant) decrease (Tukey p = 0.08) relative to controls (Figs. 4C & 5A). The
analysis of species abundance distributions (such as described by RACs)
has been extensively discussed in fundamental ecological research for
over 70 years, and more recently received recognition as an accurate and
intuitive approach towards describing community responses to distur-
bances in applied ecological studies (Matthews and Whittaker, 2015).
Avolio et al. (2019) indicate that taxonomic reordering is likely to be a
larger driver of community change than turnover (as was also found in
the current experiment), and in additionwould be overlooked bymerely fo-
cusing onβ-diversitymetrics. Results of the current experiment suggest that
carbendazim and nTiO2-coated carbendazim treatments affected both taxo-
nomic reordering and β-diversity metrics, and overall effects were highly
comparable between both treatments.

3.3.3. Biomass distribution across functional traits: feeding guilds & trophic
groups

The distribution of biomass over functional traits such as feeding guilds
and trophic groups provides a bridge between taxonomic composition and
ecological functioning. Macroinvertebrate communities in the experimen-
tal setup were dominated by gatherer/collectors, shredders and grazers be-
longing predominantly to herbivorous and detritivorous (and thus
omnivorous) trophic groups (Fig. 6). Statistically significant differences in
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biomass per functional trait were only observed three months after treat-
ment applications (September), and as found for othermeasures of commu-
nity composition, were limited to nTiO2-coated carbendazim, carbendazim
and combined treatments. This included a reduction in absolute biomass of
shredders (nTiO2-coated carbendazim: Dunnett p = 8.0e−3; carbendazim:
Dunnett p = 0.04; combined: Dunnett p = 0.02), grazers (nTiO2-coated
carbendazim: Dunnett p = 2.1e−3; carbendazim: Dunnett p = 0.04; com-
bined: Dunnett p = 0.18) and gatherers/collectors (nTiO2-coated
carbendazim: Dunnett p = 6.1e−3; carbendazim: Dunnett p = 0.08; com-
bined: Dunnett p=0.32) (Fig. 6). These differences from controls were rep-
resented in the absolute biomass per trophic group aswell, although only in
nTiO2-coated carbendazim and combined treatments (nTiO2-coated
carbendazim: Dunnett p = 5.7e−3; carbendazim: Dunnett p = 0.11; com-
bined: Dunnett p = 0.03). When expressed relative to the total biomass of
the community, no differences between treatments and controls for any of
the measured functional traits were observed (SI Table J1). This may partly
be attributed to the dominance of the most affected functional groups in
the experimental setup, but also indicates that overall, communities in all
treatments displayed similar distributions of biomass across trait modalities.
Nonetheless, it should be noted that specifically shredders, grazers and gath-
erers/collectors showed a substantial response to all carbendazim-including
treatments, and that this suggests the possibility of cascading effects at the
level of ecosystem functioning.

Functional groups in ecological communities are aggregates of taxa
which occupy overlapping niches. Although the distribution of biomass
over functional traits provides a relevant measure of community-level ef-
fects the perspective of ecological functioning, it thus inherently exhibits
lower sensitivity than measures at lower levels of organization (i.e. individ-
ual taxa). This is particularly the case when community differences arise
from effects on lesser abundant taxa, such as observed one month after
treatment application (July) in the current experiment. As such, the ab-
sence of differences in biomass distributions between treatments and con-
trols in July on the one hand, and the presence of differences in



Fig. 6. Mean absolute- (A, C, E) and relative (B, D, F) biomass per feeding guild, treatment and month. May = 1 month pre-treatment application, July = 1 month post
treatment application and September = 3 months post treatment application.
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September on the other, are in concurrence with observations from
community dissimilarity as discussed with regard to β-diversity indices
(Section 3.3.1).

3.3.4. Impacts of nTiO2-coated carbendazim on macroinvertebrate communities
and differences from conventional carbendazim

Our results indicate that nTiO2-coated carbendazim as synthesized for
the purpose of the experiment induced quantitatively and qualitatively sim-
ilar effects to conventional (i.e. un-coated) carbendazim (including when
applied together with nTiO2) at all evaluated levels of biological and eco-
logical organization. Impacts of carbendazim were found to be more pro-
nounced than observed at similar test concentrations in smaller scale
studies which have been performed to date (Daam et al., 2009; Cuppen
et al., 2000; Van den Brink et al., 2000). This builds on previous observa-
tions of impacts of other stressors in the applied experimental setup, and
indicates that the inclusion of natural (re)colonizing communities in
9

ecotoxicological studies allows for a realistic and sensitive evaluation of
macroinvertebrate community dynamics.

3.3.5. Impacts of environmentally realistic concentrations of nTiO2 on macroin-
vertebrate communities

The results of the current experiment showminimal impacts of an envi-
ronmentally realistic concentration of nTiO2 on all measuredmacroinverte-
brate community parameters, which is in concordance with risk
characterizations derived from available toxicity data and modelled envi-
ronmental concentrations (Hong et al., 2021; Wigger & Nowack 2019,
Coll et al., 2016). To our knowledge, only a single study assessed impacts
of nTiO2 on freshwater macroinvertebrate communities to date
(Jovanović et al., 2016). In contrast to the present study, Jovanović et al.
(2016) however focused on colonization rates of benthic macroinverte-
brates in nTiO2 spiked sediment (25mg kg−1), and found impacts on abun-
dances of taxa and composition of colonizing communities. Crucially,
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exposure pathways and concentrations differed between both experiments,
and the current study considered impacts on both benthic and pelagic taxa
which were already present prior to application of nTiO2. As such, findings
of both studies may best be considered as complementary rather than
contradictive, andwhether benthic communities indeed exhibit higher sen-
sitivity to nTiO2 than pelagic communities remains undetermined.
4. Conclusions and outlook

In the present study, we aimed to assess impacts of a novel controlled-
release (nano-)pesticide formulation and its constituents on freshwater
macroinvertebrate communities. The (nano-)formulation synthesized for
the purpose of the experiment significantly delayed the release of
carbendazim into the water column. Nevertheless, all carbendazim includ-
ing treatments were found to induce fundamental restructuring of the
taxonomic- and functional composition of macroinvertebrate communities,
and effects of the controlled-release (nano-) formulation showed strong
similarity to those of conventional (i.e. uncoated-) carbendazim for all mea-
sured community parameters. As such, no additional- or mitigating effects
of the controlled-release (nano-) formulation were observed in this regard.

It should be noted that controlled-release formulations (and nano-
pesticides) constitute a catch-all term, and that in the case of different active
ingredients or altered properties (e.g. delaying release rates further than
achieved in the current study), both efficacy in terms of pest control and ad-
verse environmental impacts may vary. We therefore argue that in order to
contribute to the reduction of pesticide pressures on freshwater ecosystems,
the development of controlled-release (nano-)pesticide formulations
should focus on iterative optimization of their properties. Thereby, these in-
novations may contribute to meeting safety and sustainability targets for
NMs and NM-enabled products as proposed in the European Green Deal
(European Commission, 2019).
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