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ARTICLE INFO ABSTRACT
Keywords: Emergence of aquatic insects is a vital ecological process influencing aquatic ecosystems. Pred-
Mesocosm study ators can modify this process by inducing behavioural and developmental changes in prey spe-
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cies. However, these natural biotic interactions are increasingly disrupted by anthropogenic
changes. Anthropogenic stressors, like freshwater salinisation and warming, pose a significant
threat to lotic ecosystems worldwide, with effects that may persist even after the stressors are
removed. Our study investigated the effects of fish predator exposure (Gasterosteus aculeatus and
Cottus rhenanus), increased salinity (ambient vs +136 mg/L NaCl) and increased temperature
(ambient vs +3.4 °C) on insect emergence in a controlled stream mesocosm experiment (ExStream
system). We monitored the number and size of emerging insects over a 14-day stressor and re-
covery phase. Predator exposure and elevated salinity reduced the number of emerging insects
and resulted in smaller Nematocera emerging. Increased temperature led to reduced body sizes of
emerging Nematocera and increased the number of emerging individuals when interacting with
increased salinity, predator exposure or both. Notably, the effects of predator exposure were
diminished under increased salinity and temperature, although salinity alone reduced the impact
on insect size. The stressors did not cause any lasting effect on insect emergence during the re-
covery phase, except tendentially the size. Our findings highlight that anthropogenic stressors can
alter insect emergence and reduce the impact of fish predation, with the magnitude of these ef-
fects likely dependent on the intensity and duration of the stressor input.

1. Introduction

Insect emergence is a critical ecological process that plays a vital role in the structure and functioning of aquatic ecosystems. The
emergence process represents a severe ontogenetic shift during which aquatic insects transition from an aquatic final nymphal or pupal
stage to a terrestrial or aerial adult form (Lancaster and Downes, 2013). In temperate zones, emergence of individual taxa is typically
seasonal and may be highly synchronous over a few days to a few months (Sweeney and Vannote, 1982). The synchronous emergence
of species enhances the likelihood of finding a mate while simultaneously reducing the risk of predation by predator satiation (Corbet,
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1964; Sweeney and Vannote, 1982). The exact timing of emergence varies depending on the species, but it is typically triggered by
environmental cues that signal good conditions for the transition (Lancaster and Downes, 2013). These cues include: water temper-
ature, photoperiod, oxygen availability, water chemistry (salinity, pH), seasonality, resource availability and predation pressure
(Connolly et al., 2004; Danks, 1978; Lancaster and Downes, 2013; Nebeker, 1971).

Predation plays an important role in shaping the emergence of insects (Huryn and Wallace, 2000). This is due to the vulnerability of
many aquatic species during the larval stage but especially during moulting and the pupal stage (Lancaster and Downes, 2013).
Reflecting strong selective pressure, prey have evolved a suite of sensory capabilities— e.g. visual, vibrational and chemical—that
allow them to detect predators (Abjé’)rnsson et al., 1997; Dodson et al., 1994; Peckarsky and Penton, 1989). These sensory cues can
signal danger and initiate defensive strategies in potential prey, leading to shifts in behaviour (Gall and Brodie, 2009; Peckarsky,
1996), morphology and life-history (Weiss and Tollrian, 2018). For example, some insect species, particularly those with shorter life
cycles, may accelerate their development, thereby reducing the time spent in vulnerable stages (Silberbush et al., 2019, 2015). In
contrast, the development time can also be lengthened due to reduced activity or food intake in response to predation threats (Beketov
and Liess, 2007; Benard, 2004; van Uitregt et al., 2012).

Freshwater ecosystems, however, are influenced not only by natural processes but also by the growing impact of anthropogenic
stressors. Climate change, habitat loss, pollution and many other stressors can alter ecosystem conditions (Banaduc et al., 2024),
resulting in both positive and negative impacts on insects depending on the magnitude of the disturbance and species-specific tolerance
thresholds (e.g., salinisation; see Canedo-Argiielles et al., 2013). Furthermore, the intensity and duration of these disturbances may
lead to effects that linger beyond the initial period of stressor exposure, persisting after the stressor removal and complicating
ecosystem recovery despite restoration efforts (Vos et al., 2023). Two of the most prevalent stressors on riverine ecosystems are
salinisation and warming. Freshwater salinisation results from agricultural irrigation, industrial sources, and the use of road de-icers
(Canedo-Argtielles et al., 2019; Kaushal et al., 2021). Although salinity has been proven to have detrimental effects on various insects
(Canedo-Argtielles et al., 2019), many dipterans are known to be comparatively tolerant (Castillo et al., 2018). While higher levels may
reduce or even halt emergence per se, intermediate salinity levels have been shown to improve the emergence success (Hassell et al.,
2006). In comparison, increased water temperature is caused by climate change and the removal of riparian vegetation, which reduces
shaded areas (Kail et al., 2021; Woodward et al., 2010). Temperature changes can impact aquatic organisms by altering their
behaviour, fitness, physiology and metabolism (reviewed in Bonacina et al., 2023). As a result, temperature shifts can lead to variations
in insect body size (Atkinson, 1995, 1994), emergence timing and overall emergence numbers at the population level (Nordlie and
Arthur, 1981).

Both increased salinity and temperature are discussed to affect predator-prey interactions by altering the concentration or
perception of predator chemical cues in the environment. Higher salinity is hypothesised to impair the sensory abilities of insects,
reducing their capacity to detect chemical cues by disrupting intracellular ion balance (Ross and Behringer, 2019). Increased tem-
perature, in contrast, may alter the activity levels of individuals, their metabolic needs, and may also change the concentration of
chemical cues in the ecosystem, potentially affecting the behaviour of both predator and prey (Draper and Weissburg, 2019).

Despite these insights, little is known about how salinisation and warming—alone or together—alter predator effects on insect
emergence during periods of both stressor increase and release. This study addresses this gap by investigating the effects of fish
predator exposure, increased salinity, and increased temperature on insect emergence in a controlled full-factorial mesocosm setting,
examining both the number and size of emerging individuals during a stressor and a recovery phase.

We hypothesise that increased temperatures will accelerate development and lead to earlier emergence, while elevated salinity
may either have no effect or may enhance emergence rates. We also predict that predator exposure will reduce the number of emerging
individuals due to increased predator-induced behaviour and/or higher mortality rates. Additionally, we expect that the stressors, i.e.
increased salinity and temperature, will alter the effects of predator exposure on emergence, potentially weakening the predator-
induced reduction in size and/or number. Finally, we hypothesise that the impacts of these stressors will extend into the recovery
phase, resulting in long-term effects on insect development that may delay or alter their emergence patterns even after the stressors are
removed.

2. Material and methods
2.1. Study site

The Boye River, characterised by a carbonate-rich, sandy bottom, is classified as a lowland river (www.elwasweb.nrw.de; OFWK
ID: DE_NRW_27726, accessed June 20, 2024). Since the early 20th century, it has been heavily impacted by wastewater from in-
dustries, mining, agriculture, and domestic sewage. To restore the Emscher and its tributaries, including the Boye, to a more natural
state, the Emscher Restoration Project constructed a separate wastewater channel. Work at the study site began in 2017 and was
completed by 2021. Prior to this, Oligochaeta dominated the river’s fauna (Winking et al., 2016). Since then, the macroinvertebrate
community has been recovering, aided by healthy tributary sections (Gillmann et al., 2023). This includes a thriving population of
sticklebacks (Gasterosteidae), along with a few bullheads (Cottidae) and occasional sightings of species such as bleak and sunbleak
(Cyprinidae), as observed during electrofishing surveys conducted by Dr C. Edler and B. Daniel (Bezirksregierung Diisseldorf,
Department 51: Nature and Landscape Protection, Fisheries).
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2.2. Experimental design

On March 4, 2022, we established our outdoor mesocosm system (ExStream system; Piggott et al., 2015), which consists of 64
identical flow-through mesocosms (Fig. 1), adjacent to the Boye River (An der Boy, Gladbeck, Germany; coordinates: N 51.5533°, E
6.9485°). Water from the Boye River was pumped into the system, which was set up on a scaffold, using two Pedrollo NGAm 1A-Pro
pumps. To prevent debris and fish from entering, the pump intakes were fitted with protective covers featuring 5 mm diameter holes.
The water was pumped to the upper level of the scaffold into four 203 L tanks. Each of these tanks was connected in the upper region
via tubes to two additional tanks in a series, facilitating passive water flow (Fig. 1 B, C). In each series, the first two rear tanks
functioned as sediment traps and were installed to avert extreme sedimentation and clogging of the system. The third tank in the front
was designated as the header tank and connected to 16 mesocosms (Fig. 1 D) via hoses, with the water flowing gravity-driven to the
mesocosms at the lower level. Each hose had a flow valve installed right before the mesocosm to maintain a controlled flow rate of
approximately 2.1 L/min. There the water circulated clockwise and left through the outflow in the middle. The outflow was directed to
a retention basin. To mimic the substrates of the Boye streambed, each mesocosm was filled with 1000 mL of sediment sourced from
the Boye catchment (N 51.5544°, E 6.9463°; sieved through a 1 mm mesh), 100 mL of fine particulate organic matter (FPOM, N
51.5627°, E 6.9154°), 200 mL of quartz gravel (6-8 mm), and three larger stones (40-80 mm). Additionally, each mesocosm contained
a coarse-meshed tube (2.5 cm diameter, 15 cm length, 5 mm mesh size) filled with approximately 7 g of air-dried alder leaf litter (Alnus
glutinosa). The leaf litter, collected in the previous autumn and air-dried at room temperature, provided additional habitat and food for
the invertebrates.

To examine the effects of fish predator exposure, elevated salinity, and temperature compared to ambient conditions, the system
was designed as a full-factorial experiment. The salinity stressor and predator exposure treatments were randomly assigned across four
blocks, while the increased temperature was applied directly to two of those blocks.

2.3. Predator exposure

This study was conducted in compliance with the Animal Welfare Act. Two fish species were used: Sticklebacks (Gasterosteidae:
Gasterosteus aculeatus), measuring 4-7 cm, were captured through electrofishing from a natural shoal at a single location. This natural
aggregation occurs in areas with abundant food and/or shelter (Keenleyside, 1955), and the use of these fish allowed for the replication
of natural predator densities, taking into account shoaling behaviour and the patchy distribution of fish in natural systems. Addi-
tionally, bullheads (Cottidae: Cottus rhenanus; 3.8-7.2 cm, mean: 5.72, SD: 0.78) were collected via night fishing in the Wannebach, a
tributary of the river Ruhr near Arnsberg. Both fish species were evenly distributed across two ground-level fish tanks (internal di-
mensions: 113 cm x 93 cm x 57.5 cm), resulting in a total biomass of approximately 480 g fish. These two species were selected to
simulate predation from bottom-dwelling and mid-water feeding insectivorous fish. To simulate natural feeding behaviour and cue
production, the fish were provided daily portions of insects sourced from a downstream area.

During the stressor and recovery phase, insects in the mesocosms were continuously exposed to fish-cue-enriched water (indirect
predation). Water from each fish tank was pumped via Tygon hoses (standard R3603, inner diameter 6.4 mm, wall thickness 1.6 mm,
outer diameter 9.5 mm) into one irrigation line using a peristaltic pump (Hei-FLOW Value 01, multi-channel pump head C8). The fish-
cue-enriched water (equivalent to 100 % of predator cues) flowed at a constant rate of 32.4 L/h and was mixed with Boye water,
yielding a final fish water concentration of 0.005 g fish/L (0.8 % of predator cues) in the mesocosms due to dilution. To maintain a
constant water level, each fish tank was connected to a paired water tank via tubing, with a mechanical sensor triggering a pump to
replenish water from the reservoir whenever the level dropped. A technical failure caused the pump to stop for one night during the
stressor phase (day 12).

Additionally, on the fifth day of the stressor phase, direct predator exposure was implemented by placing bullheads into the
mesocosms to increase predation pressure. Bullheads (31 in total) were taken from the fish tanks and placed in each predator-treated
mesocosm. Fourteen bullheads left the mesocosms within the first six days, and an additional eight escaped by the end of the stressor
phase. The remaining bullheads were also removed at the end of the stressor phase and placed back into the fish tanks. The bullheads
were expected to remain in the mesocosm but likely left early due to their mating season activity (March-April; Kottelat and Freyhof,
2007). The introduction of bullheads increased fish biomass concentration in the mesocosms, relative to water flow rate, to approx-
imately 0654 g fish/L (+ 0.25 SD). At the end of the experiment, all fish were collected and returned to their original collection site.

2.4. Elevated salinity levels

The stressor salinity was implemented via a NaCl solution (refined salt tablets, Claramat, > 99.9 % NacCl, >350 g/L NaCl) stored in
a 1000 L ground-level plastic tank. The solution was pumped over the salt irrigation line and a pressure-compensated dripper system
into the mesocosms. Upon mixing with filtered Boye water, the NaCl solution in the mesocosms reached 136 mg/L, raising the ambient
conductivity from an average of 840.63 uS/cm + 94.20 SD (median 853 uS/cm) to 1299.78 pS/cm =+ 247.49 SD (median 1292 pS/cm;
Supplementary fig. 1). Flow rate reductions caused by clogging occasionally led to conductivity spikes beyond the intended levels.
These short-term salinity peaks over 2500 uS/cm were excluded from the calculation of the mean, median and standard deviation. The
salinity increase was based on the maximum conductivity observed in the Boye system. Salt application was initially halted after a few
hours on the first day due to a technical failure but resumed at the start of the second stressor day. Additionally, a 12-hour interruption
occurred between days 12 and 13 due to river flooding.
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Fig. 1. Setup of the ExStream system. (A) Schematic overview of the experimental mesocosm system with 64 mesocosms assigned in four rando-
mised blocks. Stressors in the mesocosms are indicated by dotted circles (predator exposure), black arrows (increased salinity) and orange circles
(increased temperature). The direction of water flow is indicated by grey arrows. Fish tank water and NaCl solution were applied via two separate
irrigation lines to the mesocosms. (B) Photo and (C) Schematic overview of the sediment traps, the header tank and the heat bucket with the
connections at the top level. The water flow is indicated by blue and when heated by orange arrows. The sediment trap and header tank are located
on the top level of the scaffold above the mesocosms (lower level). The connection of the second sediment trap and header tank is linked to the
heating system. Heated water, at approximately 50 °C, is stored in a bucket and fed into the system once the water temperature of the header tank is
less than 4 °C above the water temperature of the sediment trap. (D) Circular mesocosm (volume 3.5 L; Microwave Ring Moulds, Interworld,
Auckland, New Zealand) was filled with streambed substrate and a leaf litter tube. Water in the mesocosm had a clockwise flow direction and
drained through the central outflow. (E) Emergence nets were placed over the mesocosms to capture the emerging insects. Adapted from Vermiert
et al., (2024b).

2.5. Elevated temperature levels

The temperature increase in the mesocosms was achieved via the header tanks. Filtered Boye water was heated to around 50 °C
using a heat exchange mechanism powered by a petroleum-driven heater with an internal water circuit. The heated water was pumped
onto the scaffold and directed into heat buckets, where magnetic valves regulated the outflow to raise the header tanks” water tem-
perature. The magnetic valve was connected to temperature sensors in both the heated header tanks and the ambient-temperature
sediment traps, allowing for continuous monitoring and adjustment of the water temperature. The ambient temperature header
tanks had the same setup as the heated header tanks, with an identical outflow from the heat buckets, but their water was filtered
through a separate system unconnected to the heating unit to prevent dilution from affecting the experimental results. A more detailed
description of the automatic control system used in this experiment can be found in Madge Pimentel et al. (2024b).

The ambient water temperature of the mesocosms during the stressor phase averaged 8.7 °C, ranging from a low of 3.6 °C to a high
of 16.0 °C. While the targeted temperature increase in the mesocosms was + 4.0 °C, the temperature difference between ambient and
warmed mesocosms averaged 3.4 °C (+ 0.8 °C) accounting for heat loss during water transfer and other factors (Supplementary Fig. 2).
Specifically, heating was temporarily halted on days 5, 6, 8, 13, and 14 due to high sediment loads from heavy rainfall. To avoid
exceeding the bullheads’ thermal limits, the maximum temperature was capped at 24 °C (Elliott and Elliott, 1995). In the recovery
phase, temperatures fluctuated between 5.0 °C and 17.5 °C, with an average of 11.0 °C £ 2.9 °C.

2.6. Experimental procedures

The experiment consisted of three consecutive phases: a 20-day colonisation phase, a 14-day stressor phase, and a 14-day recovery
phase (Fig. 2). In the colonisation phase, leaf litter tubes were introduced on the third day. Natural communities were formed through
immigration with the inflowing water. Larger invertebrates were supplemented by multi-habitat kick-net sampling (seeding) of 51
streambed patches upstream of the Boye. The collected macroinvertebrates were added to the experimental mesocosms at similar
densities using a mixing procedure adapted from Elbrecht et al. (2016). The macroinvertebrates were collected in a tank filled with
Boye water and continuously stirred. Approximately 5 litres of this mixture were then scooped out and evenly distributed into eight
identical jars on a potter’s wheel. The contents of two jars were added to each mesocosm, with this process repeated until all mes-
ocosms received the contents from two jars. To address high sediment loads, nets with a mesh size of 10 mm were installed in the
second sediment traps four days prior to the stressor phase to prevent floating sediment particles from reaching the header tank.
Additionally, sediment was cleared from the tanks several times using a pool cleaner. During this cleaning process, the flow in the
mesocosms was briefly halted, preventing disturbed sediment and invertebrates from entering the mesocosms.

colonization phase (20 days) stressor phase (14 days)  recovery phase (14 days)

leaf litter bag

introduction E] D

I N A T T T T TN T TR T TN T T T T T | T T T - N T 1 I T ' LS
re

days
seeding seeding

Fig. 2. Schedule for the ExStream system, starting on March 4, 2022, at 16:00 o’clock. Following setup, a 20-day colonisation phase commenced,
initiating with the addition of sediment to the mesocosms and the activation of water flow. This phase included the placement of leaf litter tubes and
a seeding event that introduced additional macroinvertebrates. The 14-day stressor phase began with the simultaneous introduction of salinity and
temperature stressors, along with fish-cue enriched water (indirect predation - IP). On the fifth day at midnight, bullheads were additionally
introduced into the predator-treated mesocosms (direct predation - DP) until the end of the stressor phase. The 14-day recovery phase commenced
with the removal of the anthropogenic stressors, while fish-cue enriched water continued to be supplied. Transparent blue areas indicate the days on
which emergence sampling occurred.
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With the start of the stressor phase, the NaCl solution and fish-cue-enriched water were added to the mesocosms via their respective
dripper systems while the water temperature was warmed in two blocks of the system. After 14 days, the salinity and temperature
stressors were discontinued, marking the beginning of the recovery phase. Predator exposure continued throughout the recovery phase
via the ongoing input of cue-enriched water. On the first day of this phase, a smaller seeding event was conducted with kick net
sampling of 12 patches to simulate the immigration of larger invertebrates from upstream, following the same procedure as before.

To investigate both normal and anthropogenically altered predator-induced emergence behaviour during the stressor and recovery
phases, emergence nets (Fig. 1 E) were installed over the mesocosms for 24 h to capture any emerging insects attempting to exit the
system. Each installed net was held upright by a bent wire that connected to opposite walls of the mesocosms, creating an arch shape.
Emergence samples were collected over eleven days during the stressor phase and six days during the recovery phase (Fig. 2). Once
collected, the samples were preserved in 96 % ethanol. During the recovery phase, only 32 mesocosms remained from the original 64,
as half were removed at the end of the stressor phase for sampling. Consequently, emergence samples were then collected from these
remaining mesocosms during the recovery phase.

2.7. Sample collection and preparation

In the laboratory, the emergence nets and the ethanol in which they were stored were thoroughly inspected for emerged insects.
The nets were spread over a self-made nail board and examined with a magnifying glass. Insects were identified to the lowest prac-
ticable taxonomic level by examining their morphological traits under a microscope and utilising identification keys (Bauernfeind and
Humpesch, 2001; Lubini et al., 2012; Schaefer, 2018). The size of each insect was assessed in millimetres (mm) by measuring their
length from head to posterior end, excluding cerci, using graph paper and rounding up to the nearest whole number. The effects of
predator exposure and stressors on the counts and sizes of emerged invertebrates were then evaluated.

2.8. Data analysis

The data analysis was performed with R version 4.4.0 (R Core Team, 2024). The effects of the factors predator exposure, salinity,
and temperature, as well as their interactions, were analysed for the number and body size of emerging insects. Due to the low number
of emergences per day, it was not possible to compare daily emergence patterns. Therefore, the emergence count and size data were
each aggregated for the stressor and recovery phase, respectively. We analysed the aggregated data by first applying deviation coding
to all categorical variables, followed by using a generalised linear model (stats package; R Core Team, 2024). Given the factorial design
of our study, we included main effects and interactions of the factors in the GLM. The interactions identified were classified according
to the operational definitions from Piggott et al. (2015). The GLM results were further analysed for conditional effects using post-hoc
comparisons among groups when a tendential or significant interaction was found (package emmeans; Lenth, 2023). The significance
threshold for these results was corrected for multiple testing using the false discovery rate (FDR) adjustment method.

The total number of emerging insects was analysed without differentiating between taxa. This is due to difficulties in distinguishing
them at a lower taxonomic level, as many individuals had damaged wings or small sizes. Additionally, the low abundance of most taxa
would have made model construction problematic. A Poisson regression with an identity link function was used to assess main effects
and interactions on an additive scale. Overdispersion in the Poisson regression models was evaluated and corrected by adjusting the
standard errors using the estimated dispersion parameter through a quasi-GLM (package AER; Kleiber and Zeileis, 2008).
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Fig. 3. The total number of emerging insects influenced by predator exposure, increased salinity, and increased temperature during the stressor
phase of a field mesocosm experiment. Both stressors (salinity and temperature) were tested at two levels: ambient and increased. The experiment
included 64 mesocosms (n = 64). Signif. code: *** p < 0.001.
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We calculated the mean body size of Nematocera per sample, as it was the most frequently encountered taxon. Simuliidae were
excluded due to their low abundance and significantly larger body size compared to the other Nematocera found. Given the right-
skewed nature of the data, a Gamma distribution with an identity link function was used for model fitting.

To ensure that variability in treatment application did not bias our results, we screened for outliers using the Interquartile Range
(IQR) method. As mesocosms with known variability did not produce outliers, they were retained in the analysis.

Results are presented as boxplots bisected at the median value with whiskers reaching values within the 1.5 interquartile range
using ggplot (package tidyverse; Wickham et al., 2019).

3. Results
3.1. Stressor phase

3.1.1. Number of emerging insects

We recorded an average of 125 individuals per day (approximately 2 individuals per mesocosm), with a total of 1375 emerging
insects observed over the 11 sampling days of the stressor phase. We identified 1342 Nematocera, with 1267 primarily classified as
Chironomidae, 20 as Simuliidae and three as Psychodidae. Among the remaining insects, two belonged to the Baetidae, and 31
specimens could not be identified beyond Diptera due to damage.

Both predator exposure and increased salinity significantly reduced the number of emerging insects when compared to control
conditions (predator exposure: z = 3.900, p = < 0.001; increased salinity: z = 2.660, p = 0.008; Supplementary tab 2), while
increased temperature had no effect.

All three factors—predator exposure, increased salinity, and increased temperature—interacted to influence the number of
emerging insects (t(56) = 3.002, p = 0.004; Fig. 3, Supplementary tab 1, Supplementary fig. 3). Temperature increased the number of
emerging insects when combined with predator exposure (z = -4.498, p = < 0.001), increased salinity (z = -3.002, p = 0.003), or both
(z =-2.811, p = 0.005; Supplementary tab 2). Under ambient salinity conditions, the opposite effects of predator exposure and
temperature interacted positively synergistically, resulting in the highest number of emerging insects. Increased salinity disrupted this
synergistic interaction (Supplementary fig. 3). This resulted in predator exposure having no effect under conditions of increased
salinity, increased temperature, or both (salinity: z = 1.176, p = 0.240; temperature: z = -1.639, p = 0.101; salinity and temperature:
z=1.368, p = 0.171; Fig. 3, Supplementary tab 2).

3.1.2. Size of the emerging insects

Increased temperature resulted in smaller insects emerging across all treatments (t(56) = 2.388, p = 0.020; Fig. 4A, Supplementary
tab 3). Predator exposure and salinity interacted negatively antagonistically (t(56) = 2.132, p = 0.037; Supplementary tab 3).
Predator exposure resulted in smaller emerging Nematocera only compared to control conditions (t = 2.357, p = 0.022) and increased
salinity had the same effect, but only under control conditions without predators (t = 2.164, p = 0.035; Fig. 4B, Supplementary tab 4).

3.2. Recovery phase

3.2.1. Number of emerging insects
We observed an average of 167.2 individuals per day (approximately 5 individuals per mesocosm), with a total of 1003 emerging
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Fig. 4. Mean body size of emerging Nematocera, excluding Simuliidae, influenced by (A) increased temperature and (B) predator exposure and
salinity interaction during the stressor phase of a field mesocosm experiment. Control conditions (grey), increased temperature (red), predator
exposure (yellow). The experiment was conducted with 64 mesocosms (n = 64). Signif. codes: * p < 0.05.
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insects recorded over the six sampling days of the recovery phase. We identified 999 Nematocera, with 997 primarily classified as
Chironomidae and 1 as Simuliidae. The remaining were identified as Diptera (2), Nemouridae (1) and Baetidae (1).

Neither increased salinity, increased temperature nor their interaction influenced the number of emerging insects in the recovery
phase. Only predator exposure, which was continuously applied over the recovery phase, reduced the number of emerging insects (t
(24) = 3.817, p < 0.001; Fig. 5, Supplementary tab 5).

3.2.2. Size of the emerging insects

During the recovery phase the sizes were only tendentially influenced by the interaction of predator exposure, increased salinity
and increased temperature (t(24) = -1.944, p = 0.064; Fig. 6, Supplementary tab 6, Supplementary fig. 4). Under increased tem-
perature, predator exposure led to smaller insects emerging (z = 2.147, p = 0.042, Supplementary fig. 7). The synergistic interaction
between predator exposure and temperature occurred only under ambient salinity.

4. Discussion

Overall, we observed a relatively low number of emerging insects each day during the sampling period in March and April. This is
consistent with findings from temperate streams, where insect emergence tends to peak in late spring and early summer and emergence
flux to riparian zones is generally low from autumn through early spring (Jackson and Fisher, 1986; Nakano and Murakami, 2001;
Sweeney and Vannote, 1982).

4.1. Stressor phase

During the stressor phase, predator exposure reduced the number of emerging insects and led to a shift toward smaller individuals
emerging within the suborder Nematocera. This decline in numbers may stem from predator-induced behavioural adaptations or direct
mortality. For example, in our experiment, fish predators increased the drifting behaviour of Chironomidae larvae, reducing their
numbers in the mesocosms during the 14-day stressor phase (Vermiert et al. 2024a, 2024b). Therefore, this likely contributed to the
observed decrease in emerging insects. Additionally, the presence of predators may have also increased hiding and reduced activity
periods. This, in turn, could have limited food intake, inhibiting growth and slowing development rates (van Uitregt et al., 2012). This
could have caused a shift in the timing of synchronised emergence, potentially delaying the emergence to a later period. Otherwise, the
smaller size of the emerging insects may also reflect a survival strategy. Initiating emergence earlier by accelerating development may
result in a smaller body size, but it also reduces exposure time and decreases the risk of predation in the water. This phenomenon has
been observed in the house mosquito Culex pipiens, where exposure to predator-released kairomones accelerated metamorphosis,
leading to faster pupation (Silberbush et al., 2015).

Increased salinity also reduced the number and size of emerging insects, suggesting that the insects experienced osmotic stress. This
pattern is consistent with previous observations in species such as Cirrula hians (Herbst, 2023) and Chironomus riparius (Lob and Silver,
2012), where increased salinity led to reduced growth, body size, and emergence success. This occurred despite previous findings
indicating that the invertebrate community in the Boye River—our study site—may have adapted to elevated salinity levels due to
long-term exposure (Madge Pimentel et al., 2024a; Vermiert et al., 2024b). That emergence was still negatively affected by increased
salinity, despite potential stressor adaptation and tolerance, may indicate life-stage-specific vulnerability. Pupae, in particular, are
believed to have a lower salinity tolerance than larvae due to their limited capacity for osmoregulation (Berezina, 2003).

Contrary to our findings, other studies have also reported improved survival and emergence rates under moderate salinity levels,
for example, in Chironomus sp. and Leucorrhinia intacta, with no growth reduction even at higher levels (Hassell et al., 2006; Zhang
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Fig. 5. The total number of emerging insects influenced by predator exposure during the recovery phase of a field mesocosm experiment. Fish
predator exposure was continuously applied throughout both the stressor and recovery phases. Control (grey), predator exposure (yellow). The
recovery phase included 32 mesocosms (n = 32). Signif. code: *** p < 0.001.
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Fig. 6. Mean body size of emerging Nematocera, excluding Simuliidae, influenced by predator exposure, increased salinity, and increased tem-
perature. Salinity and temperature were continuously applied for two weeks during the stressor phase, while predator exposure was applied
throughout both the stressor and recovery phases. The recovery phase involved 32 mesocosms (n = 32). Signif. codes: * p < 0.05.

et al., 2022). These contrasting findings may have resulted from differences in species-specific responses. As our study examined the
total number of all emerging insects and the body size of individuals within the suborder Nematocera, species-specific variation may
have been overlooked.

In comparison, increased temperature also led to the emergence of smaller Nematocera, but did not affect the overall numbers of
emerging insects, given the control conditions of the other treatments. The prevalence of smaller emerging insects may indicate
accelerated development rates, leading to an earlier emergence (Atkinson, 1995; Chown and Gaston, 2010). This is supported by the
observed increase in pupae in our experimental setup under elevated temperature conditions (Vermiert et al., 2024b). In contrast to
our findings, other studies have found that rising temperatures can increase the insect’s propensity to emerge (Piggott et al., 2015) and
shorten the time to emergence (Hogg and Williams, 1996). Two interrelated factors may explain the discrepancy between these
findings. First, our study was conducted during early to mid-spring, when ambient water temperatures remained relatively low
(average temperature: 8.7 °C; range: 3.6 °C to 16.0 °C), even with a 3.4 °C increase. Second, the experiment was subject to natural daily
temperature fluctuations, with higher temperatures occurring only during the day. Developmental times of many species are known to
differ between constant and fluctuating temperatures (Hagstrum and Hagstrum, 1970) and temperature levels (Dallas and
Ross-Gillespie, 2015). Combined with the relatively short duration of our experiment, the necessary thermal threshold and cumulative
thermal sum (degree-day accumulation) required for development and emergence (Damos and Savopoulou-Soultani, 2012; Ward and
Stanford, 1982) may have just not been met.

When interacting with other factors, increased temperature had an opposing effect to both predator exposure and increased
salinity, resulting in higher numbers of emerging insects. In contrast, Jackson and Funk (2019) found that salinity toxicity increases
with higher temperatures under constant temperature conditions, which should result in fewer emerging insects. The absence of this
effect in our study could be due to the natural temperature fluctuations associated with the day-night cycle, which may have allowed
for better salinity acclimation under higher temperatures. Moreover, higher temperatures within the optimal range can enhance
metabolic rates and development, potentially improving overall survival conditions (Bonacina et al., 2023). These natural temperature
fluctuations, combined with the beneficial impact of elevated temperatures, may therefore counterbalance the negative effect of
increased salinity by, for example, triggering accelerated development. This appears to hold true even when predator exposure and
increased salinity occur simultaneously.

Regardless of whether the stressor was increased salinity or temperature, both stressors reduced the predator effects on the number
of emerging insects. This reduction in predation effects extended to body size in the presence of higher salinity levels. These findings
suggest that the anthropogenic stressors salinisation and warming interfere with predator-prey interactions, possibly by either altering
the prey’s sensory system or reducing the effectiveness of predator cues (Draper and Weissburg, 2019; Ross and Behringer, 2019).
Otherwise, the combined stress caused by their interaction with predator exposure effects could have also resulted in changed
behaviour and life history traits. These observations are consistent with our previous research on drift behaviour (Vermiert et al.,
2024b), where anthropogenic stressors similarly diminished predator-induced responses in prey taxa. The disruption of predation
effects is likely to be caused not only by salinity and temperature but also by multiple other anthropogenic stressors. This has been
observed in other studies, where changes in CO2, pH, and the input of plastic waste disrupt biotic interactions among taxa such as
Daphnia, Salmon, and others (Ou et al., 2015; Roggatz et al., 2022; Trotter et al., 2019; Weiss et al., 2018).
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4.2. Recovery phase

Predator exposure alone continued to reduce the number of emerging insects during the recovery phase. This is not surprising, as
we also introduced fish-cue enriched water throughout this phase, not treating it as a stressor to be removed, but rather as a natural
component of the ecosystem. The sustained effect of predator cues suggests that their influence on insects is not merely a temporary
response but exerts a continuous impact on emerging insects in stream ecosystems.

The aftereffects of anthropogenic stressors on emerging insects during a recovery phase are largely understudied and we found no
literature addressing the outcome. We observed that the effects of increased salinity and increased temperature on the emergence
during the stressor phase did not appear to affect the number of emerging insects and only had a tendential influence on body size
during the recovery phase. It is possible that some specimens affected during the stressor phase emerged only during the recovery
phase, as hatching requires time. However, the pooling of samples and seeding of new invertebrates may have mitigated this effect.
Alternatively, this could suggest that the stressors’ impacts were only temporary and did not extend beyond the experimental stressor
phase. This is likely due to the short duration of the stressor phase, the rapid turnover rates of certain emerging insects, and the reduced
sample size, which may have hindered the detection of long-term effects. Additionally, given that new invertebrates were introduced at
the start of the recovery phase, any lingering effects of the stressors may have been diluted, which could also explain the limited impact
observed during this period. Future studies should examine whether a longer exposure period might produce lingering effects during
recovery.

5. Conclusion

In conclusion, our study shows that predator effects on emerging insects are significantly altered by the anthropogenic stressors
increased salinity and temperature. Even when increased temperature did not independently influence emergence numbers, it still
interacted with predation risk to disrupt or modify the emergence process. This can have far-reaching consequences for aquatic and
terrestrial insect communities at both the individual and population levels. Alterations in the timing or success of emergence due to
environmental stressors could lead to desynchronization with seasonal cues, such as food availability or mating opportunities, which
could reduce survival and reproductive success. For instance, if insects are forced to emerge prematurely due to unfavourable con-
ditions, they may face higher mortality risks from insufficient energy reserves, poor weather conditions, or increased predation.
Conversely, delayed emergence could result in missed reproductive windows or suboptimal conditions for adult survival. Many aquatic
insects have short adult lifespans focused primarily on reproduction, so disruptions in emergence timing can severely impact popu-
lation viability, potentially threatening the structure and function of aquatic ecosystems.
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