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ARTICLE INFO ABSTRACT

Edited by Dr R Pereira Emerging aquatic insects serve as one link between aquatic and adjacent riparian food webs via the flux of energy
and nutrients. These insects provide high-quality subsidy to terrestrial predators. Thus, any disturbance of
emergence processes may cascade to higher trophic levels and lead to effects across ecosystem boundaries. One
stressor with potential impact on non-target aquatic insects, especially on non-biting midges (Diptera: Chiro-
nomidae), is the widely used mosquito control agent Bacillus thuringiensis var. israelensis (Bti). In a field exper-
iment, we investigated emerging insect communities from Bti-treated (three applications, maximum field rate)
and control floodplain pond mesocosms (FPMs) over 3.5 months for changes in their composition, diversity as
well as the emergence dynamics and the individual weight of emerged aquatic insects over time. Bti treatments
altered community compositions over the entire study duration — an effect mainly attributed to an earlier (~10
days) and reduced (~26%) peak in the emergence of Chironomidae, the dominant family (88% of collected
individuals). The most reasonable explanation for this significant alteration is less resource competition caused
by a decrease in chironomid larval density due to lethal effects of Bti. This is supported by the higher individual
weight of Chironomidae emerging from treated FPMs (~21%) during Bti application (April - May). A temporal
shift in the emergence dynamics can cause changes in the availability of prey in linked terrestrial ecosystems.
Consequently, terrestrial predators may be affected by a lack of appropriate prey leading to bottom-up and top-
down effects in terrestrial food webs. This study indicates the importance of a responsible and elaborated use of
Bti and additionally, highlights the need to include a temporal perspective in evaluations of stressors in aquatic-
terrestrial meta-ecosystems.
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1. Introduction

Aquatic and terrestrial ecosystems are linked through fluxes of nu-
trients, matter and energy (Soininen et al., 2015). These
donor-controlled fluxes subsidize the receiving ecosystem and thereby
increase productivity (Polis et al., 1997). While the input of leaf litter
and invertebrates from terrestrial ecosystems supports freshwater food
webs (Cole et al., 2006; Fisher and Likens, 1973), emerging aquatic
insects subsidize terrestrial predators (Baxter et al., 2005; Henschel
et al., 2001). In fact, emerging insects of aquatic origin are considered
high-quality prey for several riparian predators such as bats, birds, ar-
thropods (e.g., spiders) and lizards (Bartels et al., 2012; Gratton and

Vander Zanden, 2009; Henschel et al., 2001; Nakano and Murakami,
2001; Paetzold et al., 2005; Salvarina et al., 2018). Thus, alterations in
quantity, nutritious quality and timing of aquatic subsidy may induce
changes in recipient terrestrial ecosystems either through bottom-up or
top-down cascades (reviewed in Schulz et al., 2015).

Changes in quantitative and qualitative parameters of subsidy are
induced by several factors of which seasonal variation is dominant
(Baxter et al., 2005; Paetzold et al., 2005). In addition to natural factors,
anthropogenic modifications in aquatic ecosystems (e.g., hydro-
morphological and hydraulic changes, invasive species and pollution)
impact subsidy (Gergs et al., 2014; Greig et al., 2012; Schulz et al.,
2015). Emergence of aquatic insects has generally been identified as a
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sensitive indicator of anthropogenic influences, e.g., chemical stress
(Schmidt et al., 2015; Schulz and Liess, 2001). However, many studies
only investigated alterations of the total emergence by anthropogenic
stressors, while few examples focused on the temporal emergence dy-
namics (Kotalik, 2020). Indeed, a temporal decoupling between the
emergence of aquatic insects and the periods of increased energy de-
mands for terrestrial consumers, e.g., riparian spiders, breeding birds or
nursing bats, may have far-reaching ecological consequences (Baxter
et al., 2005; Kurta et al., 1989; Twining et al., 2018; Zahn et al., 2007).

One stressor of increasing concern is the mosquito control agent
Bacillus thuringiensis var. israelensis (Bti; Belousova et al., 2021; Briihl
et al., 2020). Bti carries parasporal toxins, activated in the alkaline
milieu of the larval gut, bind to specific receptors and perforate the
midgut epithelium causing substantial damage (Boisvert and Boisvert,
2000). Due to its distinct mode of action, Bti is assumed to act
taxa-specifically on several nematocerous dipterans (e.g., mosquito and
blackfly larvae). It is, moreover, considered biodegradable with a short
half-life (Boisvert and Boisvert, 2000; Federici et al., 2012). These
beneficial properties stimulated the global use of Bti as an environ-
mentally friendly biocide at breeding sites of target dipterans, mostly
wetlands, to reduce nuisance and transmission of diseases.

Although applied to act specifically on target dipterans, Bti has been
found to cause adverse effects on non-target dipterans, especially on
non-biting midges (Chironomidae), in a number of laboratory and (semi-
)field studies (Allgeier et al., 2019; Charbonneau et al., 1994; Kastel
et al., 2017; Liber et al., 1998). Other studies found no substantial
impact on non-target dipterans (Lagadic et al., 2016; Lundstrom et al.,
2010; Timmermann and Becker, 2017; Wolfram et al., 2018), however,
in some of these studies the efficacy of the Bti treatment was not re-
ported. The indication for non-target effects on Chironomidae, which
are phylogenetically closely related to the mosquito target species, is of
particular concern, especially against the background of aquatic subsidy
of terrestrial food webs. Chironomidae contribute substantially to
emergent subsidy, in some cases up to 90% (Armitage et al., 1995;
Leeper and Taylor, 1998). At the same time, they are considered easily
digestible high-protein prey for a variety of terrestrial predators (Ber-
geron et al., 1988; de la Notie and Choubert, 1985). Accordingly, the
potential of Bti to impact Chironomidae and their emergence may affect
the subsidy for terrestrial predators which might cascade bottom-up or
top-down through the terrestrial food web (Henschel et al., 2001; Jakob
and Poulin, 2016; Poulin et al., 2010).

We designed a replicated field study using twelve artificial floodplain
pond mesocosms (FPMs) harbouring natural communities (Stehle et al.,
2022). In contrast to previous (semi-)field studies using enclosures (e.g.,
Allgeier et al., 2019; Duchet et al., 2015) or individual ponds/wetlands
at different locations (e.g., Charbonneau et al., 1994; Lundstrom et al.,
2010), this design allowed comparable and realistic conditions among
all FPMs (Stehle et al., 2022), and a field-relevant as well as controlled
Bti application (Becker et al., 2018). Half of the FPMs received the
maximum field rate of Bti three times during spring while the remaining
six FPMs served as unexposed control. We determined the emergence at
each FPM in terms of abundance, diversity and weight with a particular
emphasis on their dynamics between April and July 2020 (3.5 months).
We hypothesized that (1) Bti reduces the emergence of insects, mainly
those of the family Chironomidae, with consequences on the composi-
tion of the emerging insect communities. Driven by potential sublethal
implications in the larval stage of this family we additionally hypothe-
sized (2) a temporal delay of emergence with (3) lower individual
weight of successfully emerged insects. The latter hypotheses are
informed by the dynamic energy budget theory suggesting the allocation
of energy to maintenance protecting against toxic stress which in turn
reduces the energy available for development and growth (Kooijman,
2000; Péry et al., 2002).
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2. Material and methods
2.1. Study sites

The study was conducted from April to July 2020 in twelve artificial
floodplain pond mesocosms (FPMs; Fig. 1) at the EuBerthal Ecosystem
Research Station (EERES) of the University of Kaiserslautern-Landau,
Germany, located in the Palatinate Forest. The FPM system was con-
structed in 2017 and the ecological development as well as the natural
colonization of the FPMs, were monitored for more than two years as
described in detail by Stehle et al. (2022). The initial insect communities
of the FPMs consisted mainly (< 99%) of Chironomidae, Baetidae, and
Coenagrionidae (Stehle et al., 2022). To regulate the water level, every
FPM is equipped with an adjustable water supply from a small stream as
well as a closable outlet. The structural and ecological quality of the
supplying stream is classified as high with negligible anthropogenic
influences (Stehle et al., 2022). Since one shore is very shallow, the FPM
surface area changes with increasing water level. At application time
(see Bti application), every FPM covered a surface area of approx. 104 m>
(~20 m x 5.2 m). The vegetation in the FPMs included waterweeds and
coontails, green algae as well as emergent plants such as bulrushes and
rushes. Over the whole study duration, temperature and dissolved ox-
ygen were monitored with data loggers, and pH was measured manually
(Fig. S1).

2.2. Bti application

Between mid of April and the end of May 2020, the water levels of
the FPMs were raised from 30 cm to 50 cm three times to mimic
flooding. Floods usually trigger the hatching of target mosquito larvae,
mainly the floodwater mosquito Aedes vexans, and thus the application
of Bti in the study region, the Upper Rhine Valley (Becker et al., 2018).
Here, the application frequencies can vary between one and eleven times
per year with an average of five applications, usually between April and
September (Becker et al., 2018; Briihl et al., 2020). On the third day of
each flooding (i.e., 14th April, 4th May, 25th May), the mosquito control
agent VectoBac WDG (Valent BioSciences, Illinois, USA), containing
Bacillus thuringiensis var. israelensis (Bti), was applied to six FPMs. In
Germany, the application rate and method depend on the water depth (i.
e., below or above 10 cm) as well as the density and developmental stage
of mosquito larvae (BAuA, 2018). To treat the FPMs with the highest
recommended application rate (i.e., 2.88 * 10° ITU/ha), a suspension of
VectoBac WDG was evenly applied to the FPM surface using a conven-
tional knapsack sprayer (prima 5, GLORIA, Germany). To prevent
cross-contamination of control ponds, the spraying was exclusively done
on calm days and when no gusts appeared. One week after each

104 m?

20m

Fig. 1. Schematic figure of a control FPM (blue) and the neighbouring Bti-
treated FPMs (red) with dimensions. Light blue squares represent the emer-
gence traps (each 0.33 m?). The floodplain area at the left shore is implied by a
fawn gradient.
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application, excess water was released to obtain initial water levels (i.e.,
30 cm water height) as a precondition for the next application. A
detailed time schedule is provided in the Supplementary material
(Table S1).

To verify the efficiency of Bti treatments, a biotest was conducted in
parallel to every application since no analytical method was available to
determine the concentration of Bti toxins. Thus, twelve buckets with
filtered FPM water (mesh filter, pore size: 55 ym) and a known number
of local mosquito larvae (Culex sp.) were prepared in the morning of
each application day. One open bucket was placed in every treatment
and control FPM over the course of each application leading to the exact
same treatment of FPMs and buckets. Subsequently, the number of dead
and emerged mosquitoes in every bucket was ascertained daily for seven
days. All treatments were considered successful since the mortality of
mosquitoes in treated buckets reached at least 90% compared to control
mosquitoes which is consistent with official mortality rates achieved by
Bti (Becker, 2003, 1997).

2.3. Emergent insect collection and identification

Three floating pyramidal emergence traps (Cadmus et al., 2016)
covering a total area of 1 m? were installed at each FPM. The traps were
equipped with collection bottles filled with ethylene glycol to catch and
preserve emerging insects. From mid-April until mid-June, all bottles
were emptied and replaced twice a week being continued with a reduced
frequency (i.e., once per week) until the end of July (Table S1). Every
insect was determined to family level using a stereomicroscope (SZX 9,
Olympus) with a transmitted brightfield illumination base
(SZX-ILLB200, Olympus) and taxonomical keys (Klausnitzer, 2011;
Kohler et al., 2015). Subsequently, all insects were stored in 70%
ethanol for biomass quantification. Organisms without an aquatic life
stage and those with a total abundance of only one were considered
bycatch and excluded from further analyses.

2.4. Biomass determination of emergent insects

The weight of individuals of three families, namely Chironomidae,
Baetidae and Coenagrionidae, was determined after drying at 60 °C for
at least 48 h and used to calculate the biomass of the respective family.
Those families have been selected as they dominated the community
composition either by numbers or size. Baetidae and Coenagrionidae
were weighed to the nearest 0.01 mg, while Chironomidae were instead
sorted into four size classes based on length and body shape resulting in
an average weight per specimen as prerequisite for further analyses.

2.5. Calculations and statistics

The abundances of all collected and determined families were
cumulated to obtain the total number of emerged insects. Using the total
number of emerged insects as well as subsets for Chironomidae and
Baetidae, fluxes as emerged individuals per day and m? were calculated.
EmT50 values (Time until 50% of the individuals emerged) were
calculated from cumulative abundance data by dose-response modelling
using the package “drc” (Ritz et al., 2015). To investigate differences in
the diversity of communities, Shannon diversity index H’ as well as taxa
richness S and evenness E were calculated for every time point using the
package “vegan” (Oksanen et al., 2020). The average dry weight (dw) of
Chironomidae at each time point was calculated from the following
equation

1 4

dw = n; e dw; (€D)]

Piotal i—1

where nyyq is the sum of individuals, i is the size class (1—4), n; is the
number of individuals of size class i and dw; is the average dry weight per
individual of size class i.
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To assess the impact of Bti treatments over the whole study on total
abundances, average individual weight, and diversity endpoints, pair-
wise comparisons between Bti-treated and control FPMs were performed
via t-tests after checking for normality and homoscedasticity. To
investigate the influence of Bti treatments on the emergence of Chiro-
nomidae and Baetidae as well as on the diversity of communities and the
weight of emerged individuals over time, autoregressive mixed effect
models (LME) were used with treatment, time and their interaction as
fixed effects and FPM as a random effect to account for repeated mea-
surements and autocorrelation. For these analyses, fluxes and weight
were logl0-transformed to fulfil assumptions (i.e., normality and ho-
moscedasticity). Statistical significance of factors in these models was
tested using an analysis of variance (ANOVA) with an alpha level of
0.05. Multiple comparisons among factor combinations were done using
a Tukey-adjusted post-hoc test based on least-squared means (SAS
Institute Inc, 2012).

To further investigate Bti-induced changes in community composi-
tion, permutational multivariate analysis of variance (PERMANOVA) in
9999 permutations was performed on Bray-Curtis dissimilarities with
treatment and time as predictors. To account for repeated measure-
ments, FPM ID was set as strata. Homogeneity of group dispersion was
confirmed using the “betadisper” function (Oksanen et al., 2020). To
reduce the influence of dominant species, data were square-root trans-
formed and standardized using the “decostand” function (method:
“total”; Oksanen et al., 2020). Additionally, community composition
during Bti application (April — May) and afterwards (June — July) were
compared. Non-metric multidimensional scaling (NMDS) ordination
plots were used for visualization.

All calculations, statistics and data visualizations were conducted
with R (4.1.2, R Core Team, 2021) using the packages “dplyr” (Wickham
et al., 2021), “plyr” (Wickham, 2011), “tidyr” (Wickham, 2021), “tidy-
verse” (Wickham et al., 2019), “vegan” (Oksanen et al., 2020), “nlme”
(Pinheiro et al., 2021), “emmeans” (Lenth, 2021), “ggpubr” (Kassam-
bara, 2020), “scales” (Wickham and Seidel, 2020), “patchwork” (Ped-
ersen, 2020) and “ggplot2” (Wickham, 2016).

3. Results
3.1. Collected insects

Between mid of April and the end of July, we collected a total of
34,855 emerged insects of aquatic origin belonging to 24 families within
five orders: 31,243 flies (Diptera), 3,333 mayflies (Ephemeroptera), 163
dragon- and damselflies (Odonata), 112 caddisflies (Trichoptera) and
four beetles (Coleoptera). The most abundant families were Chirono-
midae (Diptera) and Baetidae (Ephemeroptera) which accounted for
87.8% and 9.4% of the collected insect specimens, respectively. Every
other family constituted less than 0.5% (Table S2).

3.2. Effects of Bti on community structure

Total abundance of emerged insects from FPMs treated with Bti was
reduced by 11.7% relative to the control. Proportions of all insect
families were in equal ranges with small differences between treatments
(< 3%; Fig. 2a, c). Consequently, we did not find statistically significant
effects of Bti on the total number of collected insects (t.test, df = 9.850,
p = 0.485) nor of collected Chironomidae (t.test, df = 9.764, p = 0.405)
or Baetidae (t.test, df = 9.936, p = 0.619). Quantities of mosquitoes
(Culicidae) were also in equal ranges (Table S2) as they did not occur in
the FPMs during the months of Bti application but afterwards, i.e., June
and July. Since their developmental time during summer is usually less
than two weeks (Clements, 1992), the present individuals were not
affected by Bti. Analyses of insect families with a proportion of at least
0.1% revealed a statistically significant difference only for one family of
caddisflies, that is Limnephilidae (t.test, df = 7.965, p = 0.022). How-
ever, Bti-related differences, positive as well as negative, were also
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Fig. 2. Left: Composition of total collected insects from a) control FPMs (n = 6) and c¢) FPMs treated with Bti (n = 6). Right: Composition of the collected insects for
every sampling time point from b) control FPMs (n = 6) and d) FPMs treated with Bti (n = 6) three times (dashed red lines). Fractions of Chironomidae are displayed
on the right and are represented by the grey line. Fractions of other families on the remain are displayed on the left and shown as bars.

observed in other families (Table S2) but due to low abundances and
high variability in the data those differences are difficult to interpret and
did not turn out statistically significant. Thus, we refrain from a detailed
discussion due to substantial uncertainty.

Investigating the community composition (Fig. 2b, d), we found a
significant Bti effect over the whole study duration (PERMANOVA,
F1,308 = 2.719, p =0.0001). We further compared the communities
during (April - May; Fig. 3a) and following Bti application (June — July;
Fig. 3b; PERMANOVA, F; 308 = 2.875, p = 0.034) and found commu-
nities after Bti application were more dissimilar than before. Addition-
ally, we detected differences in the temporal dynamics of total emerging
insects between treatments (Fig. 4a, ANOVA, Fps5249 = 1.751,
p = 0.0174). Both results were related to Chironomidae constituting
almost 90% of the emerged organisms, thus their dynamics (Fig. 4b;
ANOVA, Fa5249 = 1.817, p = 0.012) dominated changes on community
level (SIMPER, Chironomidae: 79.9%, Baetidae: 14.6%) and also the
emergence dynamics of all insects (Fig. 4a, b).

During the period of Bti application, the emergence of Chironomidae
in Bti-treated FPMs was on average 1.7 times higher relative to their
untreated counterparts (least-square means, p = 0.016). Moreover, the
peak of Chironomidae emergence was about 10 days earlier under Bti
exposure (i.e., beginning of June) with an approximately 26% lower

abundance compared to the peak of the control (i.e., mid of June).
Consequently, Chironomidae emergence from treated FPMs reached
50% 8.5 days earlier than from control FPMs (EmT50p; = 46.9 d,
EmT50¢ontrol = 55.4 d). In the period following Bti applications,
numbers of emerging Chironomidae from treated FPMs were on average
a factor of 1.3 below the control (least-square means, p = 0.037). We
could not confirm a similar pattern or any other Bti-related difference
between treatments for Baetidae (Fig. 4c; ANOVA, Fa1191 = 0.250,
p = 0.999).

3.3. Effects of Bti on diversity

To analyse the diversity of communities, we compared Shannon di-
versity indices of Bti-treated FPMs (H’ = 0.54 + 0.07, mean + 95% CI)
and control FPMs (H’ = 0.47 + 0.08; ANOVA, F; 1o = 0.139, p = 0.717)
and their dynamics (ANOVA, Fa3 295 = 1.031, p = 0.429). Although Bti
had no statistically significant effect on those indices, diversity in Bti-
treated FPMs was by tendency higher than in control FPMs in the
period following Bti application (June — July, Fig. 5a). Investigating the
evenness of taxa (Eg; = 0.19 & 0.02, Econgror = 0.18 + 0.03; Fig. 5b)
revealed no significant changes over time (ANOVA, Fa3205 = 1.249,
p = 0.207). However, evenness was higher in control FPMs during Bti
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Fig. 3. Non-metric multidimensional scaling (NMDS) ordination for the composition of insect communities from Bti-treated (red; n = 6) and control FPMs (blue;
n = 6) during Bti application (left) and afterwards (right). The stress values are stated as a “goodness-of-fit” measure, indicating a good ordination for values below

0.1 (Clarke, 1993).

application followed by a higher evenness in treated FPMs, which is an
inversion of the emergence pattern of Chironomidae (cf. Figs. 4 and 5).
We further compared the average number of collected taxa (richness S)
between treatments. In total, we collected slightly more taxa in Bti-
treated FPMs (S = 16.67 + 1.20) than in control FPMs (S = 14.17
+ 1.71) which seemed to be confined to the period of Bti application
(Fig. 5¢). On average, the number of collected taxa per FPM was 7%
higher in Bti-treated FPMs than in control FPMs (ANOVA, F 19 = 1.033,
p = 0.333) and changed equally over time (ANOVA, Fa5 249 = 0.517,
p = 0.974; Fig. 5¢). Compared to the dominance of Chironomidae, the
additional taxa have less influence on the diversity index.

3.4. Effects of Bti on the weight of individuals

Chironomidae from Bti-treated FPMs were 11% heavier than control
individuals (weightgy = 0.23 mg, weightcontrol = 0.21 mg) though not
statistically significant over the entire study duration (ANOVA, F; 109 =
1.902, p = 0.198) or between time points (ANOVA, Fas5247 = 0.978,
p = 0.497). During the period of Bti application, the average dry weight
of Chironomidae in both Bti-treated and control FPMs decreased from
~0.45 mg to ~0.2 mg, with individuals from the Bti treatment being on
average 21% heavier (Fig. 6). Due to the method of size sorting, these
observations can be attributed to differences in the body condition but
also to changes in the dominant species. Following the Bti application
period, the average weight remained stable and comparable among both
treatments.

Similarly, the average dry weight of Baetidae was not impacted by
Bti treatment (t.test, df = 7.482, p = 0.705). Nonetheless, we observed a
general decrease in the individual dry weight of Baetidae over the course
of the season (Fig. 6). It was not possible to analyse the dynamics of the
weight of Coenagrionidae since numbers were too low. However, dry
weight of Coenagrionidae emerging from Bti-treated and control FPMs
differed on average by only 0.2% (t.test, df = 7.512, p = 0.976). Overall,
weight changes were mainly related to seasons instead of Bti, thus the
total biomass of the assessed families collected over 3.5 months did not
significantly differ between treatments (Fig. 6, right; t.testchironomidae, df
= 8.684, p = 0.723; t.testpaetidaes df = 9.599, p = 0.675; t.testcoena-
grionidae, df = 7.892, p = 0.373). Consequently, the dynamics of emerged
biomass of Chironomidae as well as Baetidae showed nearly the same
pattern as the emerged individuals (Fig. S2).

4. Discussion
4.1. Effects on emerging insects

By including a temporal perspective, we could show that even with
no significant effects of Bti treatments on the total number of emerging
aquatic insects — which was also observed by other studies (reviewed in
Briihl et al., 2020) — Bti affected the community composition as well as
the number of emerging insects over the course of the study. This points
towards alterations in the temporal emergence dynamics of exposed
systems. Similarly, diversity indices indicate consequences of Bti mainly
for the post-application period (i.e., June — July). As most of the iden-
tified taxa contributed less than 0.5% to the emergence, these shifts in
diversity and fluxes are mostly driven by implications on the most
abundant taxa, Chironomidae and Baetidae, justifying a focus on these
in the following.

Emergence dynamics of Chironomidae from Bti-treated and control
FPMs differed by a main point: the emergence was shifted by about 10
days leading to an earlier and reduced peak associated with higher
emergence during April and May and fewer during June and July. This
highly dynamic pattern is, to the best of our knowledge, not yet
described as an impact caused by Bti. However, changes in the temporal
emergence dynamics of aquatic subsidy were previously observed for
other aquatic contaminants, e.g., nanoparticles, pyrethroids or metals,
in terms of a delay or a shortening of the emergence peak (Bundschuh
etal., 2019; McCahon and Pascoe, 1991; Schulz and Liess, 2000) but also
described earlier emergence (Dewey, 1986; Gruessner and Watzin,
1996). Explanations for the observed pattern were mostly
contaminant-specific but reasons for earlier emerging insects remained
mainly unclear. Our observations may be explained by local chironomid
communities assembled from various species comprising a wide range of
breeding cycles (voltinism) and feeding strategies (Armitage et al.,
1995). Chironomidae species are known to be varyingly susceptible to
Bti which can be partly attributed to the feeding strategy (Ali et al.,
1981; Kondo et al., 1995, 1992; Theissinger et al., 2019).
Collecting-gathering, grazing or filter-feeding chironomids, for instance,
are more likely to directly ingest Bti and thus might be compromised to a
higher extent than predatory representatives (Liber et al., 1998; Pillot,
2014a, 2014b). The variations in the susceptibility to Bti of Chirono-
midae species with different breeding cycles may translate to an altered
emergence dynamic of the whole family as observed here. A shift to-
wards more resistant species of larger size could further explain the
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Fig. 4. Number of emerged individuals per day and m? over 16 weeks (left) and mean (with 95% CI) total emergence (right) of a) all insects, b) the most abundant
insect family: Chironomidae and c) the second most abundant insect family: Baetidae. Six out of twelve FPMs were treated with Bti (red line; control: blue line) three
times (dashed lines). The time points of 50% emerged specimens are indicated with squares (with 99% CI).

increased individual weight of emerged Chironomidae from treated
FPMs during April and May. Analysing the community composition of
the Chironomidae collected in the present study on a lower taxonomic
level by using metabarcoding and considering ecological traits such as
feeding mode, could give a deeper insight into the underlying mecha-
nisms of taxa-specific Bti susceptibility. It would also provide informa-
tion on the number and abundance and thus the importance of
multivoltine chironomid species (species with more than one generation
per year; Pinder, 1986) equally ovipositing in FPMs of both treatments
which could have mitigated the observed effects of Bti. Additionally,
larvae from the same species can be at different developmental stages in
an FPM and thus vary in their sensitivity to Bti (Armitage et al., 1995). In
fact, the sensitivity of larvae to Bti decreases with increasing develop-
mental stage (Kastel et al., 2017; Ping et al., 2005). Hence, it may be well
feasible that individuals at initial developmental stage have been
strongly negatively affected by Bti during its application, which may
have translated to a reduced emergence of Chironomidae during the
post-application phase (i.e., June and July). This is further supported by
a simultaneous investigation of benthic communities in the FPMs during
June which found Bti-induced reductions in larval chironomid

abundances by on average 41% (Gerstle et al., 2022). Since the average
developmental time of Chironomidae larvae is between two and four
months (Pillot, 2014a, 2014b), an extended study duration could have
revealed further consequences of Bti on the dynamics of Chironomidae
emergence.

A lower abundance of early-stage larvae or highly susceptible species
reduces the pressure of resource competition for further developed and
less sensitive specimens. Consequently, these organisms may have been
able to acquire nutrients and energy more efficiently leading to a quicker
development and thus earlier emergence as indicated by the emergence
pattern of Chironomidae (Fig. 4; Oliver, 1971; Péry et al., 2002). Also,
other species or families of emerging insects could have benefitted from
lower densities of chironomid larvae since they could expand their
trophic niches leading to higher portions in Bti-treated FPMs (i.e.,
Limnephilidae; Fig. 2). An increased availability of energy resources is
further underlined by heavier Chironomidae emerging from Bti-treated
FPMs during the application period. We initially hypothesized lighter
individuals due to stress-induced energy allocation from storage to
increased maintenance costs and repair mechanisms (Kooijman, 2000;
Saraiva et al., 2020; Sokolova et al., 2012). In fact, several studies
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documented higher energetic costs as a consequence of immunological
or biochemical stress responses leading to retarded growth and delayed
emergence of individual species (Bordalo et al., 2020; Saraiva et al.,
2017; Silvestre Pereira Dornelas et al., 2020). Thus, increased resource
availability in a much more complex benthic and in particular chiron-
omid community within our FPMs could have concealed potential
energy-demanding effects of Bti. Beyond that, a higher energy supply
can accelerate larval growth and development and, in some species,
influence adult weight (Hooper et al., 2003; Ristola et al., 1999)
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explaining the unexpected results in our study. A closer look into un-
derlying processes, namely the energetic budget of the emerged organ-
isms, might help to further explain our observations, especially
concerning reported higher protein content as a consequence of Bti
exposure (Bordalo et al., 2020). Additionally, it could improve the
assessment of qualitative changes in aquatic subsidy, i.e., in which form
energy is transferred, for the nutrition of riparian predators. Given the
known differences between sexes in adult weight and emergence time
(“Protandry”; Armitage et al., 1995), investigating sex-specific emer-
gence patterns could further deepen the understanding of complex
communities.

No impact of Bti on the emergence dynamics or the weight of Bae-
tidae was observed, which is in line with our expectations and informed
by the following considerations: The phylogenetic distance between
Baetidae (Ephemeroptera) and the Bti target organisms mosquitoes
(Culicidae, Diptera) leads to missing prerequisites in their gut for Bti to
act (Boisvert and Boisvert, 2000). Thus, the possibility of negative ef-
fects is limited which is confirmed by studies reporting no Bti-induced
effects on Baetidae (cf. Boisvert and Boisvert, 2000). Consequently,
the present study provides further evidence for the prevailing assump-
tion that especially Chironomidae are among the non-target species
most likely directly affected by Bti under natural conditions. Neverthe-
less, the complex interrelations in aquatic insect communities also hold
the potential for indirect effects on other taxa. As mentioned above,
lower competitive pressure can positively affect population develop-
ment of other consumers. Furthermore, the decrease of one taxon,
especially of a highly abundant one such as Chironomidae, can induce a
restructuring of the ecological niches between its competitors but also
predators leading to both negative and positive indirect effects on their
abundance (Gerstle et al., 2022; Giller, 2012). In fact, differences in the
abundance data of a few taxa could further point to an alteration in the
species interactions within the assessed communities, even though not
statistically significant.

4.2. Consequences of altered dynamics of aquatic subsidy

The shift in the emergence dynamics of Chironomidae, which are the
main constituent (e.g., 88%) of the assessed and other natural commu-
nities and drive aquatic subsidy, can lead to temporal (un)availability of
prey (Allgeier et al., 2019; Hershey et al., 1998). This can be as limiting
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(dashed lines).
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to consumers as lower overall abundances since predators may be
behaviourally and physiologically adapted to cycles of emergence and
thus timing of energy fluxes (Armstrong et al., 2016). Furthermore,
fluxes of prey subsidy from aquatic to terrestrial food webs and vice
versa can be seasonally asynchronous depending on the productivity of
the donor habitat (Nakano and Murakami, 2001). In fact, the in situ prey
biomass in some terrestrial habitats (e.g., forests in continental climate)
is lowest during winter and spring, and peaks in late summer. Reversely,
the flux of aquatic prey to terrestrial systems is highest between spring
and early summer, as observed in our systems, buffering for the low
availability of prey of terrestrial origin (Nakano and Murakami, 2001).
Additionally, insects of aquatic and terrestrial origin feature different
nutrient compositions regarding fatty acids. Aquatic insects contain up
to 34 times higher amounts of omega-3 long-chain polyunsaturated fatty
acids which are essential for several terrestrial consumers since they are
unable to synthesize them themselves leading to even higher importance
of aquatic subsidy (Shipley et al., 2022). Consequently, the observed
shifts in aquatic subsidy may have implications for temporarily depen-
dent terrestrial predators (Polis et al., 1997; Schindler and Smits, 2017).
Indeed, the density of terrestrial spiders, particularly horizontal
orb-weavers (Tetragnathidae), follows the dynamics of aquatic emer-
gence driven by the high degree of dependency on aquatic subsidy (Kato
et al., 2003; Krell et al., 2015; Marczak and Richardson, 2007). More-
over, subsidy-induced changes in spider abundances can cause top-down
effects on terrestrial prey as observed by Henschel et al. (2001). Besides
spiders, vertebrate consumers such as insectivorous bats and birds show
seasonal dependences on aquatic subsidy mainly due to limited terres-
trial prey during spring (Altringham, 1996; Nakano and Murakami,
2001; Vaughan, 1997; Zahn et al., 2007). During this season energy
demands of both bats and birds are elevated due to reproduction
(Arlettaz et al., 2001; Bryant and Westerterp, 1983; Fukui et al., 2006;
Zahn et al., 2007). Additionally, the end of hibernation of bats as well as
the return of migrant birds during spring are further examples pointing
to the importance of well-timed aquatic prey (Gray, 1993; Zahn et al.,
2007). Since the application of Bti reduces mosquitoes intentionally by
up to 90% (Becker, 1997), additional changes in the temporal avail-
ability of other aquatic subsidy, as indicated by our results, could lead to
a lack of appropriate nutrition during sensitive time periods (e.g.,
reproduction phases). In fact, a field study by Poulin et al. (2010) sup-
ports this assumption showing negative effects on chick survival of
breeding house martins which the authors linked to a Bti-induced
reduction in aquatic subsidy. Hence, side effects of Bti on non-target
Chironomidae in terms of shifted emergence dynamics may affect the
survival as well as the reproductive success of temporal-dependent
predators and lead to consequences in other parts of the linked terres-
trial systems. Therefore, we suggest to re-assess the use of Bti consid-
ering alternative mosquito control measures (e.g., traps or natural
predators; Acquah-Lamptey and Brandl, 2018; Poulin et al., 2017) in
sensitive natural areas and ecologically valuable wetlands (such as
protected areas for nature conservation; BMUV, 2022) or during
vulnerable seasons.

5. Conclusion

Our results show that Bti has the potential to change the emergence
dynamics of insect families that are closely related to target mosquitoes.
If those insects are an important subsidy for adjacent terrestrial food
webs, such as Chironomidae, a time-shifted emergence can translate to
effects at higher trophic levels. Seasonal dynamics in the availability of
in situ, as well as allochthonous prey, cause a temporal dependence of
terrestrial predators on aquatic subsidy to cover energy demands. Thus,
altered emergence dynamics could lead to a lack of appropriate prey
inducing a shift in the diet — if other prey organisms are available —
which holds the potential for further indirect effects. As terrestrial
predators themselves function as consumers but also as prey within the
terrestrial ecosystem, their diet and abundance can affect higher as well

Ecotoxicology and Environmental Safety 250 (2023) 114503

as lower trophic levels. Consequently, changes in the temporal emer-
gence dynamics of aquatic subsidy could alter the whole food web of
linked terrestrial ecosystems.
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