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A B S T R A C T

Ecosystems face multiple abiotic and biotic stressors that interact and extend beyond ecosystem 
boundaries. Both artificial light at night (ALAN) and invasive species are major threats to 
freshwater biodiversity in Europe. We used a riparian stream mesocosm facility, with 16 repli-
cated units each containing an artificial flume and adjacent terrestrial habitat, to investigate the 
effects of ALAN, the invasive signal crayfish Pacifastacus leniusculus and their interaction. We 
specifically addressed their impact on aquatic insect emergence and the potential bottom-up 
control of riparian spiders. As expected, crayfish reduced insect emergence by 35 % after one- 
week, while ALAN had no significant effect. Moreover, spider numbers, particularly of riparian 
Tetragnathidae Pachygnatha degeeri and Tetragnatha extensa, correlated positively with insect 
emergence, indicating indirect negative effects of the crayfish. During the first week of our 
experiment, spider numbers increased by 22 % in pitfall traps exposed to ALAN, but decreased by 
25 % in suction samples. This difference is likely driven by differences in species composition 
between the two sampling methods. All in all, the direction and strength of crayfish and ALAN 
effects were taxon- and time-dependent. This study provides evidence that the impact of signal 
crayfish can extend beyond aquatic systems and suggests that the effects of crayfish invasion and 
ALAN are largely independent.

1. Introduction

Global change drivers such as landscape alterations, invasive species and global warming typically co-occur (Fischer and Lin-
denmayer, 2007). Thus, ecosystems are increasingly exposed to multiple stressors, which can result in synergistic, additive or 
antagonistic effects (Ormerod et al., 2010; Birk et al., 2020). Such interactive effects of multiple stressors greatly complicate 
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predictions of their joint impact, and adaptive ecosystem management. From a meta-ecosystem perspective, effects of multiple 
stressors in source ecosystems may cascade into the recipient food webs causing bottom-up and top-down effects (Osakpolor et al., 
2021). For example, stressors can alter the quantity and quality of fluxes of nutrients and energy subsidizing the receiving food webs 
(Polis et al., 1997).

Streams and their riparian areas are among the most altered ecosystems globally, and are exposed to a variety of co-occurring 
abiotic and biotic anthropogenic stressors (Schulz et al., 2015; Larsen et al., 2016; Kraus et al., 2020; Brauns et al., 2022; Schulz 
et al., 2024). As some riparian insectivores, such as spiders, depend on aquatic emergent insects as high-quality prey (Kato et al., 2003; 
Kowarik et al., 2021; Parmar et al., 2022), stressor-induced changes in emergence can translate to a shift in spider distribution and 
abundance (Graf et al., 2019; Kowarik et al., 2023), diet (Krell et al., 2015; Graf et al., 2020; Kolbenschlag et al., 2023), or body 
condition (Pietz et al., 2023).

Artificial light at night (ALAN) emitted from street lamps and other sources is one of the world’s most widespread human-induced 
landscape changes, affecting aquatic-riparian ecosystems in particular, as human activities are often centered around water bodies 
(Kummu et al., 2011). Approximately 23 % of the global land area is subjected to ALAN, and global light emissions increase on an 
annual basis by up to 10 % (Falchi et al., 2016; Falchi and Bará, 2023). Due to the change of natural light/dark cycles, ALAN can affect 
the circadian rhythm of organisms and their seasonal activities such as animal dispersal, foraging, reproduction and development 
(Corbet, 1964; Nisimura and Numata, 2001; Degen et al., 2016; Manfrin et al., 2018). Effects of ALAN on organisms have been 
observed in both aquatic and terrestrial habitats (Longcore and Rich, 2004; Gaston et al., 2015; Hölker et al., 2021; Hölker et al., 2023). 
In freshwater ecosystems, ALAN can, for example, inhibit zooplankton diel vertical migration, alter aquatic insect larvae drift (Bishop, 
1969; Moore et al., 2000, 2006; Schloss and Haney, 2006; Perkin et al., 2014), and affect fish prey selection and predatory success 
(Tabor et al., 2004; Nelson et al., 2021, 2022). Effects of ALAN in aquatic ecosystems can translate into adjacent terrestrial ecosystems 
as ALAN alters the quantity and composition of the flux of emerging aquatic insects into the terrestrial systems, though inconsistent in 
their direction (Meyer and Sullivan, 2013; Manfrin et al., 2017). In presence of ALAN, increased insect emergence has been observed in 
communities dominated by the tolerant mayfly Cleon dipterum (Manfrin et al., 2017). By contrast, a reduction in body size and 
taxonomic richness of emerging insects were reported elsewhere (Meyer and Sullivan, 2013). In terrestrial ecosystems, ALAN attracts 
adult aquatic and terrestrial insects, functioning as an ecological trap (Eisenbeis, 2006; Perkin et al., 2011; Manfrin et al., 2017), which 
can ultimately lure opportunistic terrestrial predators (Meyer and Sullivan, 2013; Manfrin et al., 2017, 2018; Parkinson et al., 2020).

Besides ALAN, invasive species are of global environmental concern (Sala et al., 2000; Johnson et al., 2009; Gallardo et al., 2016; 
Schirmel et al., 2016). Among those invasive species affecting streams, the signal crayfish Pacifastacus leniusculus (Decapoda, Asta-
cidae), native to northwestern parts of North America, has a high potential to adapt to local environmental conditions. This, in 
combination with its boldness, fast growth rate, high fecundity, early maturation and the high feeding niche plasticity, allows it to 
outcompete several crayfish species native to Europe (Souty-Grosset et al., 2006; Olsson et al., 2009; Hudina et al., 2012) or to colonize 
areas where native species have disappeared, as is the case in most of the former range of the noble crayfish (Astacus astacus) (Lagrue 
et al., 2014). The signal crayfish also carries the crayfish plague pathogen, which it is resistant to, further contributing to its success and 
the decline of the native European crayfish populations (Alderman et al., 1990; Diéguez-Uribeondo, 2006; Schuster et al., 2010). Today 
the species is widespread in most parts of Europe (Kouba et al., 2014), is invasive in Japan (Azuma et al., 2011), and has the potential to 
further increase its current distribution range (e.g. Zhang et al., 2020). Moreover, the invasion by the signal crayfish is associated with 
negative ecological impacts (Vaeßen and Hollert, 2015) as it actively modifies habitats and their suitability for other species 
(Emery-Butcher et al., 2020). The signal crayfish is omnivorous, feeding on detritus, vascular plants and aquatic insects (Guan and 
Wiles, 1998), which directly affects benthic communities. They also build burrows, significantly affecting macroinvertebrates 
(Johnson et al., 2010; Mathers et al., 2016). Besides its unquestionable impact in aquatic systems, the signal crayfish enters riparian 
zones and its burrowing activities can extend to the river banks (Holdich et al., 2009; 2014), potentially affecting riparian habitat and 
vegetation structure (Faller et al., 2016). However, the ecological implications of the signal crayfish invasion on connected aquatic and 
terrestrial meta-ecosystems remain unclear.

In many freshwater habitats influenced by humans, ALAN and invasive species, such as the invasive signal crayfish, can co-occur 
(Gherardi, 2007; Thomas et al., 2016; Reid et al., 2019). Although there are several studies on the respective impact of these individual 
stressors either on aquatic or terrestrial ecosystems, their interactive effects on riparian consumers, such as spiders, remain unexplored. 
To investigate this, we conducted a mesocosm experiment following a fully crossed two-factorial design, in which we determined the 
responses of spiders to ALAN, to signal crayfish and the joint effect of both stressors. Based on the importance of emergent insects as 
prey for riparian spiders, we hypothesized that i) the presence of signal crayfish has an indirect negative effect on riparian spider 
abundance through reduced aquatic insect emergence; ii) ALAN increases spider abundance in the riparian areas because of the 
increased availability of insects locally attracted to ALAN. Finally, we hypothesized that iii) the effects of the signal crayfish are 
modulated by the presence of ALAN. We expected that the negative effect of crayfish on aquatic insect emergence, and subsequently on 
spiders, is reduced by ALAN, since signal crayfish are nocturnal feeders (Guan and Wiles, 1998) and their activity is reduced under 
ALAN (Thomas et al., 2016). After establishing the treatments, we sampled at two time points (in spring and summer) and were, thus, 
able to account for possible seasonal differences in spider communities.

2. Methods

2.1. The Riparian Stream Mesocosm (RSM)

The study was conducted between May 17th and July 15th, 2022 at the Riparian Stream Mesocosm (RSM) (fully described by 
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Rovelli et al., 2024), adjacent to the river Queich in Landau (Rhineland-Palatinate; southwest Germany; 49◦12’03.9"N, 8◦08’20.1"E). 
The experimental facility includes 16 replicated RSM units, with each unit containing an artificial flume (15 m long, ~0.8 m wide and 
~10 cm deep) and an adjacent terrestrial habitat (~3.8 m width) (Fig. 1a) (see Manfrin et al., 2023; Rovelli et al., 2024). The mean 
water velocity was 12 cm/s (9–15 cm/s). Each unit is equipped with a tubular frame (height 2 m) covered by a 1-mm mesh net to avoid 
the exchange of organisms between units. Each flume is independently fed with water pumped from the river Queich, with benthic 
organisms freely drifting in and out. For this reason, the RSM macroinvertebrate community reflects that of the river Queich. 

Fig. 1. The Riparian Stream Mesocosm (RSM) in Landau. a) overview, b) example of illuminated RSM unit at night with sampling activities, c) 
signal crayfish specimen, d) sampling scheme; suction sampling was done at 50 randomly chosen spots in each RSM unit. (Photo in panel a by 
Carsten Brühl, panel b, c by Alessandro Manfrin).
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Perforated metal sheets around the pumping station on the river Queich (holes 6 mm in diameter) prevented larger organisms, such as 
fish and crayfish, as well as debris, from entering the mesocosm. The terrestrial habitats surrounding the flumes contain the typical 
riparian vegetation of the surrounding area, including various ground-dwelling and flying terrestrial insect groups as well as different 
families of free-hunting and web-building spiders. The individual flumes are encased with a pond liner to keep the water level constant 
and had alternating beds of sand and stone habitats providing a realistic habitat composition. Sand and stone beds were arranged in 
each flume in a similar manner (Fig. 1d).

2.2. Experimental set-up

The experiment was set up as a fully crossed two-factorial design with four RSM units being randomly assigned to each of the four 
treatments: signal crayfish, ALAN, the co-occurrence of ALAN and signal crayfish (ALAN:Crayfish), and the control (i.e., neither signal 
crayfish nor ALAN).

Two 5-m-long LED (4000–4500 K, neutral white, 24 V) light strips (OPT ST4452 company OPTONICA) were plugged together and 
installed on 15 m plastic strip structures over the center of the flumes, 1 m above the water level (Fig. 1b). The light frame structure 
was placed over all flumes, but the LED strips were only installed in ALAN treatment units. ALAN at the water surface was set at an 
intensity of 20 ± 2 lux, which is comparable to typical ALAN levels found in urban and suburban freshwaters (Jechow and Hölker, 
2019), and was activated between 9 pm and 6 am.

Signal crayfish (Fig. 1c) were collected daily from the river Queich from early April to mid-May using crayfish traps placed 
overnight (Peay et al., 2009). Crayfish were kept in a 5000 L tank with constant water flow from the river Queich until the initiation of 
the experiment. At the start of the experiment, 27 crayfish were introduced in each flume of the respective treatments (i.e., Crayfish, 
ALAN:Crayfish) at a density of 1.8 ind/m2, corresponding to the density at which Phillips et al. (2009) observed for the invasive 
crayfish Faxonius virilis a decrease of 70 % of benthic invertebrates and 90 % of periphyton biomass. When introducing the crayfish 
individuals, an equal distribution regarding sex and carapace length (30–50 mm) was also considered. Five crayfish shelters each made 
of nine 15-cm-long PVC tubes (3 ×4 cm wide, 6 ×5 cm wide) were deployed in each flume. After the first week, dead or missing 
crayfish were replaced in order to maintain the initial density. Dead individuals were removed from the system. Crayfish presence in 
the flumes were monitored weekly in the evening using flashlights.

2.3. Sampling and processing of emerging insects

To assess the availability of aquatic prey for riparian spiders, three pyramid-like emergence traps (1 x 1 m surface, 70 cm high) were 
deployed along each flume, in the upper, middle and downstream reach. Insects that emerged inside the traps were collected using a 
suction sampler (see Kolbenschlag et al., 2023) and immediately frozen at − 20◦C. Samples were collected after the 1st (24th to the 31st 
of May of 2022) and 6th week (28th of June to 5th of July of 2022) after the start of the exposure to the treatments. In the laboratory, 
aquatic insects were sorted and counted under a stereoscopic microscope. The number of emerging insects collected at each obser-
vation were averaged between traps of each flume. Emergence was standardized to rates of individuals collected in 1 m2 over 1 day 
(ind m2 d− 1).

2.4. Sampling and identification of spiders

Spiders were sampled using a) pitfall traps, b) suction sampling and c) visual counting (only the web-building Tetragnatha sp.) 
(Fig. 1d). Four 0.25 L pitfall traps were deployed continuously day and night for 7 days on the 25th of May and the 8th of July 2022, 
that is the 1st and 7th week of the experiment. Pitfall traps were placed in the riparian area and filled with 0.1 L of a 1:1 propylene 
glycol:water solution as preservant. A mesh (1 ×1 cm) was used to cover the trap openings to avoid the trapping of small mammals and 
crayfish. For data analysis, we pooled the four pitfall traps per RSM unit. The suction samples were taken with a leaf vacuum sampler 
(SH 86, Stihl®) during diurnal hours (from 7 am to 7 pm), vacuuming for 2–3 seconds at 50 spots per RSM unit. Samples from both 
pitfall and suction sampling were transferred to 80 % ethanol. Visual counting was conducted near the shore (Fig. 1d) where Tet-
ragnatha sp. were visually identified and counted. The visual collection sampling was limited to 20 minutes per flume.

In the laboratory, spiders from the pitfall traps and suction sampling were sorted under stereoscopic microscope (Leica M80) and 
identified to the species level using taxonomic keys (Roberts, 1995; Nentwig et al., 2024, https://araneae.nmbe.ch/). Due to the 
difficulty in identification, and because we found it unlikely that they would interact with signal crayfish due to their small body size, 
Theridiidae and Linyphiidae were only identified to family level, except for the relatively large-bodied genus Enoplognatha. Spiders 
were then categorized into guilds based on their hunting behavior according to Cardoso et al. (2011).

2.5. Data analysis

We used linear models (lm) from the „stat“ package (version 4.3.1) for R (R Core Team, 2021) to test differences among main and 
interacting effects of the treatments on the rate of insect emergence. In these models, we used “ALAN”, “crayfish” and their interaction 
as model predictors. To assess the main and interactive effect of the stressors, the predictors ALAN and crayfish were coded as binary 
factors (presence = 1, absence = 0) in all models. The use of the binary factors and the interaction term tests whether the combined 
effect of ALAN and crayfish differs from the sum of their individual effects, rather than simply comparing the four treatment groups 
(control, ALAN, crayfish and ALAN + crayfish). We used generalized linear models (glm) from the „stat“ package for R to analyze 
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changes in the total number of spiders (as integers) among treatments, and applied Poisson or negative binomial distributions to 
account for count data and dispersion. In these models, we included the emergence rate as an additional factor to “ALAN”, “crayfish” 
and their interaction. We ran the models separately for data collected by pitfall trapping and suction sampling and for samples 
collected after the 1st and 6th (for emergence data) and 1st and 7th week (for spider data) of the experiment to analyze short-term and 
long-term effects. The same glm models which we used to test the total number of spiders were also used to assess differences in the 
number of individuals of representative spider taxa, i.e., those with more than 30 individuals being collected over the entire study 
duration and occurring at least once in each treatment and time point (see Table S1). For each of the representative spider taxa, this 
analysis was conducted on the total number of spiders collected in both pitfall traps and suction sampling. The same models were also 
applied to test differences among treatments for the number of Tetragnatha extensa and Tetragnatha montana collected via visual 
counting along the shoreline.

Model validation was conducted with visualization of model residuals using the package DHARMa (version 0.4.6, Hartig, 2018) 
and model residual-fitted values plots. In spider glm models with count data, overdispersion in Poisson models was assessed using 
Pearson chi-squared statistic (Payne et al., 2018, McCullagh, 2019). In case of detected overdispersion, the model was fit with a 
negative binomial family (Gelman and Hill, 2006). The package ggplot2 (version 3.4.4, Wickham et al., 2016) for R was used to 
produce the graphical outputs. We considered p-values < 0.1 as statistically significant.

3. Results

3.1. Emerging aquatic insects

We collected an average of 112 ± 35 individuals of emerging insects per square meter and day after 1 week and 75 ± 41 individuals 
per square meter and day after 6 weeks, with the majority (98 %) of the emerging insects being Chironomidae. After 1 week, crayfish 
significantly reduced the average emergence rate by 35 % in comparison to treatments without the crayfish (Table 1; Fig. 2a). In 
contrast, no significant short-term effects of ALAN nor of an interaction between the crayfish and ALAN were detected (Table 1; 
Fig. 2a). After 6 weeks, the emergence rate was highly variable between treatments and no significant effects of either crayfish, ALAN 
nor of their interaction were observed (Table 1; Fig. 2a).

3.2. Spiders

The pitfall traps caught 1593 spiders belonging to 27 taxa and the suction sampling resulted in 1064 spiders belonging to 17 taxa 
(Table S1). Visual counting resulted in 395 individuals of T. extensa and 141 individuals of T. montana.

After 1 week, ALAN significantly increased the average number of pitfall-trapped spiders by 22 %, with no significant effect of 
crayfish or the interaction between the two (Table 1; Fig. 2b). In addition, pitfall-trapped spider numbers after week 1 and week 7 

Table 1 
Effects of artificial light at night (ALAN), invasive crayfish, and their interaction on the rate of emerging aquatic insects per square meter and day, and 
total spider numbers. Statistical estimates, standard errors (s.e.) and statistical values from linear models (lm) for aquatic insect emergence rate and 
generalized linear models (glm) for total number of spider individuals (analyzed separately for pitfall traps and suction sampling) in relation to the 
treatments (ALAN, Crayfish, ALAN:Crayfish) collected after one week (short-term) and after six weeks (for emergence) and seven weeks (for spiders) 
(long-term) from the start of the experiment. The estimate represents the estimated change in emergence rate and number of spiders for the treatment 
in relation to the absence of the treatment (i.e., ALAN, Crayfish, ALAN:Crayfish; negative estimate = decrease; positive estimate = increase).

Model Time Predictors Estimate s.e. stat. value p value

Emergence rate short-term ALAN − 15.846 18.203 − 0.87 0.401
(lm)  Crayfish ¡47.948 18.203 ¡2.63 0.022
  ALAN:Crayfish 0.247 25.744 0.01 0.993
 long-term ALAN − 45.450 29.270 − 1.55 0.146
  Crayfish − 25.010 29.270 − 0.85 0.410
  ALAN:Crayfish 47.150 41.400 1.14 0.277
Pitfalls - total no. of spiders short-term ALAN 0.312 0.155 2.02 0.044
(glm)  Crayfish 0.072 0.194 0.37 0.709
  ALAN:Crayfish − 0.112 0.217 − 0.52 0.607
  Emergence rate 0.005 0.002 1.95 0.052
 long-term ALAN 0.026 0.239 0.11 0.913
  Crayfish 0.145 0.223 0.65 0.514
  ALAN:Crayfish − 0.240 0.324 − 0.74 0.459
  Emergence rate 0.004 0.002 1.75 0.081
Suction - total no. of spiders short-term ALAN ¡0.630 0.321 ¡1.97 0.049
(glm)  Crayfish − 0.308 0.388 − 0.79 0.428
  ALAN:Crayfish 0.737 0.440 1.68 0.094
  Emergence rate 0.002 0.005 0.45 0.651
 long-term ALAN 0.330 0.546 0.61 0.545
  Crayfish 0.440 0.510 0.86 0.388
  ALAN:Crayfish − 0.162 0.735 − 0.22 0.825
  Emergence rate 0.008 0.005 1.66 0.097
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significantly increased with the number of emerging insects (Table 1; Fig. 3a, b). In contrast, ALAN, the presence of the crayfish and the 
interaction between crayfish and ALAN had no significant long-term effects on the number of pitfall-trapped spiders (Table 1).

Contrary to the pitfall traps, spider numbers in the suction samples after week 1 were negatively affected by ALAN with 25 % fewer 
spiders in the ALAN treatments compared to treatments without ALAN (Table 1, Fig. 2c). However, the negative effect of ALAN was 
particularly strong in the treatments without the crayfish, as indicated by the significant interaction between crayfish and ALAN 
(Table 1, Fig. 2c). In contrast, crayfish and the emergence rate had no significant short-term effects on the number of spiders in the 
suction samples (Table 1). Spider numbers from the suction samples significantly increased after week 7 with an increasing emergence 
rate while ALAN, crayfish and their interaction had no significant long-term effects (Table 1; Fig. 3c).

Fig. 2. Rate of (a) emerging aquatic insects per square meter and day, (b) number (no.) of pitfall-trapped spiders, and (c) spiders from suction 
samples per treatment (i.e., artificial light at night (ALAN), invasive crayfish, and their interaction) and sampling period. (i.e., after one week =
short-term; after six and seven weeks = long-term, for emergence and spiders, respectively). The box extends from the first to the third quartile 
showing the median, whiskers indicate maximum and minimum values.
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The effects of emergence rate and treatments varied among spider taxa and time of exposure (Table 2). Pachygnatha degeeri (ground- 
hunter) and T. extensa (orb web weaver) showed a significant positive correlation with the emergence rate (Table 2, Fig. 3d, e) after 
week 1 and 7, respectively. For P. degeeri we observed a 240 % increase in individuals when exposed to ALAN after week 1 compared to 

Fig. 3. Significant correlations (p < 0.1) (see Fig. S1 for both significant and non-significant correlations) between the observed rate of emerging 
aquatic insects and the number (no.) of spider individuals for: a) total number of spider individuals from pitfall traps collected after one week (short- 
term) and b) seven weeks (long-term); c) total number of spider individuals from suction sampling after seven weeks; d) number of Pachygnatha 
degeeri after one week; e) number of Tetragnatha extensa after seven weeks. The black line represents model-predicted mean values, while the shaded 
pink area indicates the 95 % confidence interval. Observed values are shown as empty circles. The text boxes show the slope of the x-y relation 
(coefficient of change of the respective generalized linear model) and the statistical significance of the model (see Table 2).

Table 2 
Effects of artificial light at night (ALAN), invasive crayfish, and their interaction on number of individuals of single spider taxa collected after one 
week (short-term) and after seven weeks (long-term). Statistical estimates, standard errors (s.e.) and statistical values from generalized linear models 
(glm) for number of individuals for the most representative spider taxa (> 30 individuals collected and at least more than 1 individual collected at 
each sampling time) from pitfall traps and suction samples and for Tetragnatha montana, T. extensa from visual counting. Factors with p value < 0.1 
are indicated in bold. The estimate represents the estimated change in number of spiders for the treatment in relation to the absence of the treatment 
(i.e., ALAN, Crayfish, ALAN:Crayfish; negative estimate = decrease; positive estimate = increase) or for one-unit increase in emergence rate (posi-
tively or negatively correlated).

Species Time Variable (model) Estimate s.e. stat. value p value

Linyphiidae short-term ALAN − 0.391 0.36 − 1.10 0.273
Sheet web weavers  Crayfish − 0.280 0.43 − 0.64 0.519
  ALAN:Crayfish 0.226 0.49 0.46 0.646
  Emergence rate 0.002 0.01 0.42 0.674
 long-term ALAN 0.140 0.43 0.33 0.746
  Crayfish 0.064 0.41 0.16 0.874
  ALAN:Crayfish − 0.089 0.59 − 0.15 0.879
  Emergence rate 0.006 0.01 1.54 0.123
Pachygnatha degeeri short-term ALAN 1.975 0.55 3.57 < 0.001
Ground hunters  Crayfish 1.027 0.71 1.46 0.146
  ALAN:Crayfish − 1.074 0.75 − 1.44 0.150
  Emergence rate 0.015 0.01 1.87 0.061
 long-term ALAN 0.048 0.41 0.12 0.907
  Crayfish 0.459 0.38 1.21 0.228
  ALAN:Crayfish − 0.523 0.56 − 0.94 0.348
  Emergence rate 0.002 0.01 0.50 0.615
Pardosa palustris short-term ALAN 0.330 0.33 1.00 0.318
Ground hunters  Crayfish 0.212 0.41 0.52 0.603
  ALAN:Crayfish − 0.323 0.46 − 0.70 0.484
  Emergence rate 0.006 0.01 1.07 0.287
 long-term ALAN 0.198 0.35 0.57 0.569
  Crayfish 0.577 0.30 1.91 0.056
  ALAN:Crayfish ¡1.029 0.47 ¡2.17 0.030
  Emergence rate 0.002 0.01 0.69 0.491
Pardosa agrestis short-term ALAN − 0.008 0.99 − 0.01 0.994
Ground hunters  Crayfish − 0.680 1.34 − 0.51 0.611
  ALAN:Crayfish 0.836 1.52 0.55 0.582
  Emergence rate 0.014 0.02 0.75 0.455
 long-term ALAN 0.696 1.33 0.52 0.600
  Crayfish 1.947 1.13 1.72 0.086
  ALAN:Crayfish − 1.256 1.50 − 0.84 0.403
  Emergence rate 0.000 0.01 0.01 0.994
Tetragnatha extensa short-term ALAN − 0.129 0.28 − 0.47 0.640
Orb web weavers  Crayfish − 0.027 0.33 − 0.08 0.934
  ALAN:Crayfish 0.366 0.37 0.99 0.321
  Emergence rate 0.001 0.01 0.21 0.831
 long-term ALAN − 0.024 0.23 − 0.10 0.918
  Crayfish ¡0.443 0.23 ¡1.94 0.053
  ALAN:Crayfish 0.285 0.33 0.87 0.383
  Emergence rate 0.005 0.01 2.26 0.024
Tetragnatha montana short-term ALAN 0.288 0.44 0.66 0.511
Orb web weavers  Crayfish 0.643 0.49 1.31 0.190
  ALAN:Crayfish − 0.100 0.57 − 0.18 0.859
  Emergence rate 0.007 0.01 1.09 0.276
 long-term ALAN − 0.058 0.33 − 0.18 0.861
  Crayfish 0.120 0.30 0.40 0.693
  ALAN:Crayfish − 0.066 0.44 − 0.15 0.881
  Emergence rate − 0.002 0.01 − 0.79 0.429
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treatments without ALAN (Table 2, Fig. 4b). No other taxa were significantly affected by ALAN in our experiment. In the presence of 
crayfish, we observed 27 % fewer Tetragnatha extensa spiders than in treatments without crayfish after week 7 (Table 2, Fig. 4e), while 
the number of individuals of both Pardosa palustris and Pardosa agrestis (ground hunters) was 15 % and 267 % higher in the presence of 
crayfish compared to treatments without crayfish, respectively (Table 2, Fig. 4c, d). However, the positive effect of the crayfish on 
P. palustris after 7 weeks occurred mainly in the treatment without ALAN, as indicated by the significant interaction between ALAN and 
crayfish (Table 2, Fig. 4c). Linyphiidae and T. montana were not significantly affected by any of the predictors (Table 2, Fig. 4a, f).

Fig. 4. Number of (a-d) spider individuals of representative taxa (> 30 individuals collected and at least more than one individual collected per 
treatment and sampling period) and (e, f) number of spiders belonging to the two Tetragnathidae species visually counted among treatments (i.e., 
artificial light at night (ALAN), invasive crayfish, and their interaction) and time points (i.e., after one week = short-term; after seven weeks = long- 
term). The box extends from the first to the third quartile showing the median, whiskers indicate maximum and minimum values. Values refer to 
pitfall and suction samples pooled together.
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4. Discussion

We investigated the response of riparian spiders to artificial light at night (ALAN), the invasive signal crayfish and their interaction 
in a large mesocosm experiment. To better understand whether the observed effects in spiders resulted from changes in prey avail-
ability, we also assessed alterations in aquatic insect emergence.

As expected, we found that the crayfish resulted in a significant reduction (ca. 35 %) of aquatic insect emergence. This may have 
been triggered by increased predation by the crayfish (Vaeßen and Hollert, 2015; Mathers et al., 2016; Galib et al., 2022) or by 
stimulated drift of the emergent insect larvae to avoid predation (Hammock and Wetzel, 2013). As a consequence, we assumed that the 
signal crayfish would reduce riparian spider abundance, because many riparian spiders - especially web-building species - rely on 
emerging insect prey, which often make up a large part of their diet (Lafage et al., 2019; Bollinger et al., 2023; Nash et al., 2023). 
Indeed, we found positive associations between the emergence rate and the total number of spiders both from pitfall trap and suction 
sampling, which was particularly evident in the ground hunter P. degeeri and in the web-building spider T. extensa. Alterations in the 
availability of aquatic prey can profoundly influence riparian spider communities (Kato et al., 2003; Iwata, 2007; Burdon and Harding, 
2008; Graf et al., 2019). Additionally, a reduction in insect emergence was previously attributed to a decrease in aquatic insects in the 
diet of Tetragnatha sp. (Gergs et al., 2014), while Manfrin et al. (2018) found that an increased availability of aquatic prey in summer 
would result in a higher intake of aquatic prey in the diet of Pachygnatha sp., which could explain why the number of spiders in our 
study increased with higher emergence rates.

We further observed that the direction and strength of crayfish impacts (potentially acting via alterations of emergence) on riparian 
spiders were taxon- and time-dependent. Crayfish negatively affected the spiders with the highest reliance on emergent insects, namely 
T. extensa, which were significantly less abundant at mesocosms with crayfish after 7 weeks. Many long-jawed orb weaver (Tetrag-
nathidae) spiders are typical riparian species consuming high proportions of aquatic emerging insects as prey (Gergs et al., 2014; 
Bollinger et al., 2023). At the same time, there were also spider species which were not affected by the presence of the signal crayfish, 
or even increased in number. For example, we found a positive effect of signal crayfish presence on both Pardosa spp. at the end of the 
experiment. These ground-hunting wolf spiders are more related to terrestrial prey and flexible in their use of aquatic prey, potentially 
switching to a higher consumption of terrestrial prey when emergence is reduced (Graf et al., 2020; Bollinger et al., 2023; Marker et al., 
2023). Our results indicate that the impact of aquatic invaders, such as the signal crayfish, is not restricted to aquatic systems but 
extends to terrestrial systems, affecting the abundance of riparian predators and potentially altering predator-prey interactions (Gergs 
et al., 2014; Koel et al., 2019; Orihuela-Torres et al., 2022). The signal crayfish is the most widespread invasive crayfish in Europe, 
being present in 27 European countries (Holdich et al., 2009). Due to its widespread distribution and its potential to further expand its 
range (e.g. Zhang et al., 2020), it can be assumed that the influence of the signal crayfish on aquatic and riparian ecosystems is more 
extensive than previously perceived.

We cannot exclude that the effects of the invasive signal crayfish on riparian spiders observed here would manifest similarly with 
the exclusive presence of the native noble crayfish (Astacus astacus). Signal and noble crayfish have been found to exhibit a consid-
erable degree of ecological niche overlap in lake littoral areas (Ercoli et al., 2014; 2015a). On the other hand, Chucholl and Chucholl 
(2021) found that invasive signal crayfish have higher impacts on stream macroinvertebrates and leaf litter breakdown compared to 
the noble crayfish. Similarly, Ercoli et al. (2015b) found that boreal lakes invaded by signal crayfish had lower sublittoral macro-
invertebrate density compared to lakes inhabited by noble crayfish or those without crayfish presence, indicating stronger negative 
effects by the signal crayfish on benthic community structure than by the native species. Furthermore, the signal crayfish has been 
found to exhibit greater plasticity with respect to habitat utilization and feeding (Olsson et al., 2009) and tends to occur at higher 
densities than the native species (Galib et al., 2022). Still, we cannot conclude that the 35 % reduction in insect emergence, and the 
resulting cascading effects on the riparian spider community observed in this study, are specific to the invasive signal crayfish. Several 
indications suggest that the invasive signal crayfish may exert a stronger impact on freshwater communities and aquatic-terrestrial 
interactions than the native crayfish, highlighting the need for further research on this topic.

In contrast to the presence of the signal crayfish, we expected ALAN to increase spider abundance due to increased prey availability 
by stimulating insect emergence and attracting adult insects (Manfrin et al., 2017). However, contrary to our hypothesis, the effect of 
ALAN on the aquatic insect emergence was rather low and statistically insignificant. The increased emergence found in ALAN-exposed 
ditches by Manfrin et al. (2017) was observed in communities dominated by mayflies. In our study, the aquatic insect community was 
mainly composed of Chironomidae, which may show different behavioral (e.g., drift) and physiological (e.g., larval development) 
responses to ALAN. Indeed, altered natural light cycles may reduce the survival of aquatic larvae (Armitage, 1995; Kaiser et al., 2016) 
or alter larval development and, thus, emergence timing (Pinder et al., 1993). In our experiment, the frames encasing the RSM units 
restricted the influx of flying insects from other areas, preventing new Chironomidae females from depositing eggs in the flumes, and 
not attracting other prey for the spiders in addition to the emergence. This limited the increase in local aquatic insect larvae densities in 
the system from external sources.

Despite the fact that ALAN did not result in a higher aquatic emergence, we found that ALAN still affected spider abundance and 
composition. Interestingly, we found that exposure to ALAN for one week resulted in a higher number of pitfall-trapped spiders but in a 
lower number of individuals collected via suction sampling. Such a difference might be explained by the different composition of 
species characterizing the pitfall and suction samples. Also, the observed difference might be explained by the fact that pitfall traps 
collected spiders active both during day and night, while the suction sampling was only performed during the day. Spiders captured 
with pitfall traps were mainly wolf spiders (Lycosidae), which include both nocturnal and diurnal ground-hunters (Krumpalova and 
Tuf, 2013) (Table S1). ALAN may not be a direct stressor for these spiders, as also observed in previous studies where no effects of 
ALAN on wolf spiders of the genus Pardosa were observed (Manfrin et al., 2017). ALAN may allow diurnal spiders to also be active at 
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night extending their temporal niche (Owens and Lewis, 2018; Grubisic and van Grunsven, 2021). At the same time, ALAN might boost 
spider activity during the day, with species benefitting from the presence of exhausted or moribund insects that were attracted to the 
lights the night before (Davies et al., 2012; Manfrin et al., 2017). Suction samples, on the other hand, mainly recorded web-building 
spiders (e.g., species from families such as Linyphiidae and Theridiidae), which are assumed to be more active during the day (Król 
et al., 2018). In this case, the reduction observed under ALAN might be due to increased interference with free-hunting spiders.

A positive effect of ALAN was particularly evident in the ground hunting spider P. degeeri at the beginning of the experiment. This 
result aligns with Manfrin et al. (2017), where the abundance of several night-active ground-dwelling predators, including Pachyg-
natha clercki, increased under ALAN and their activity was extended into the day. While most species of Tetragnathidae are web 
building sit-and-wait predators, Pachygnatha spp. do not use webs but are active hunters (Narimanov et al., 2021). Pachygnatha clercki 
has anatomical eye features that allow high visual efficiency at low light levels (Land, 1985), and P. degeeri may have benefited from 
the increased light levels provided by ALAN for similar reasons. It is important to note that while ALAN can create foraging oppor-
tunities for spiders, secondary predators such as bats can also be attracted to these prey hotspots (Voigt et al., 2020; Barré et al., 2022). 
For this reason, the attraction and foraging opportunity created by ALAN may ultimately turn into a disadvantage if higher predators 
also make use of it.

Finally, we hypothesized that the effects of the signal crayfish on emerging insects, and subsequently on riparian spiders, would be 
lower when combined with ALAN. However, we did not observe the expected interactive effects of ALAN and crayfish. Our results 
suggest that even when exposed to ALAN, the invasive signal crayfish still engage in foraging despite the light. ALAN does not seem to 
significantly alter the invasive crayfish behavior, as they do not appear to prioritize avoiding light over hunting. The only significant 
interacting effect of ALAN and crayfish was found on P. palustris after 7 weeks of experiment. The co-occurrence of ALAN and the signal 
crayfish in this case led to a lower number of P. palustris compared to the control and to treatments in which there was no co-occurrence 
of stressors (Fig. 4c). These results could not be directly related to the activity of crayfish, ALAN or changes in availability of insect 
emergence; it may well be that this taxon was affected indirectly by the joint effect of ALAN and crayfish on other food sources or on the 
competitive behavior of P. palustris with other ground-dwelling taxa. We did not sample terrestrial prey in this study and it may be 
possible that ground-dwelling arthropods in the RSM riparian meadow were also affected by ALAN (Davies et al., 2012; Manfrin et al., 
2017), crayfish or their co-occurrence. Investigating these mechanisms may be important to understand whether the effects of ALAN 
and crayfish propagate further into the riparian food web (Leroux and Loreau, 2008, Osakpolor et al., 2023).

5. Conclusion

Our study shows that the presence of signal crayfish reduced aquatic insect emergence, inducing cascading effects on riparian 
spider populations. Additionally, effects of ALAN and crayfish were taxon- and time-dependent, and ALAN did not mitigate crayfish- 
induced effects. The widespread presence of ALAN along freshwater ecosystems is likely to co-occur with the colonization by the 
invasive signal crayfish. ALAN and the invasive crayfish had different effects on emerging aquatic insects and their riparian predators. 
The lack of clear interactive effects of these two anthropogenic stressors can largely be explained by the fact that prey (emerging 
insects) and predators (riparian spiders) were each affected by only one of the stressors. Our study demonstrates that effects of 
anthropogenic stressors can propagate between aquatic-terrestrial meta-ecosystems. This can have global implications for riparian 
food webs and the overall diversity of aquatic-riparian meta-ecosystems, considering the widespread presence of these two anthro-
pogenic stressors. The presence of ALAN and crayfish should therefore be considered in environmental management strategies to 
protect not only freshwater biodiversity but also riparian biodiversity and ecosystem functioning.
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Galib, S.M., Sun, J., Gröcke, D.R., Lucas, M.C., 2022. Ecosystem effects of invasive crayfish increase with crayfish density. Freshw. Biol. 67 (6), 1005–1019.
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alterations propagating from aquatic to terrestrial ecosystems. Sci. Total Environ. 538, 246–261.
Schulz, R., Bundschuh, M., Entling, M.H., Jungkunst, H.F., Lorke, A., Schwenk, K., Schäfer, R.B., 2024. A synthesis of anthropogenic stress effects on emergence- 
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