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Global change is eroding freshwater biodiversity at higher rates than in any other ecosystem, potentially entailing a parallel degradation of ecosystem functions such as the predation function. However, the relationships between biodiversity and predation effectiveness remain poorly explored in freshwater ecosystems, largely due to the unavailability of easy-to-apply methods that allow to characterize the predation function under real-field conditions. Here we proposed the chironomid sentinel cards as a fast, reliable, and standardized method to estimate predation rates in aquatic ecosystems. Briefly, by easily gluing a set of commercially available chironomid larvae to a plastic card and offering them to aquatic predators during a timelapse we can quantify removal rates, and hence the predation function. As an indicator of the usefulness of the method, we additionally assessed whether the use of chironomid sentinel cards allows to link the estimated predation rates to three descriptors of predator assemblages: i) taxa richness, ii) Hill evenness, and iii) abundance of aquatic predators. To do that, we combined a thorough sampling of aquatic macroinvertebrate predators with a large deployment of chironomid sentinel cards across 12 flooded rice fields during three different stages of the rice phenological cycle. Our results show that the three biodiversity indexes were positively related to the predation rate estimates, highlighting the sensibility of the method to changes in predator assemblages. We therefore conclude that the methodology is suitable to assess potential biodiversity-predation links under field aquatic conditions. We advocate to use the chironomid sentinel cards as an easy-to-apply, fast, and standardized method that allows comparisons of predation effectiveness across different shallow freshwater ecosystems.
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1 Introduction

Freshwater ecosystems illustrate the paradigm of the accelerated rates of biodiversity loss that the planet is facing, as species declines are far greater than in any of the most threaten terrestrial ecosystems (Sala et al., 2000; Dudgeon et al., 2006; Tickner et al., 2020). This alarming biodiversity crisis is usually coupled with important changes in ecological interactions that often result in ecosystem malfunction (Hooper et al., 2012). Despite the importance of understanding the biodiversity-functionality links for decision-making in freshwater ecosystem conservation plans, the scientific literature is markedly biased towards terrestrial ecosystems (Mazor et al., 2018; Williams-Subiza and Epele, 2021). This could largely result from a reduced availability of easy-to-apply tools aimed at quantifying the functionality of aquatic habitats. Therefore, there is an urgent need to develop new methods or adapt existing terrestrial tools to aquatic conditions to advance our understanding of biodiversity-functionality relationships in freshwater ecosystems.

Predation is a key ecological function mediated by a broad range of predatory animals that helps maintaining and shaping the structure and composition of biological communities through trophic cascades (Estes et al., 2011). In addition, predation mediated by insect predators in agricultural systems is a key ecosystem service valued in more than $5.5 billion annually in the US alone (Losey and Vaughan, 2006; Naranjo et al., 2015). Even though the great importance of predators in both natural and agricultural ecosystems, quantification of the predation function under field conditions is still challenging (Furlong and Zalucki, 2010; Zalucki et al., 2015; Gathman, 2020). This is especially true in freshwater ecosystems such as shallow wetlands, ponds or rice agricultural lands, as illustrated by the fact that most evidences on the role of aquatic predators result from mesocosm experiments where preys are offered to predators under controlled conditions (e.g., Shaalan and Canyon, 2009; Greig et al., 2013). However, mesocosms fail at incorporating the ecological complexity that occur in real field-scale conditions, thus sometimes result in simplified or misleading conclusions when assessing potential outcomes of predator-prey interactions (Carpenter, 1996). Therefore, it is desirable to develop easy-to-apply methodologies to estimate the predation effectiveness in real field conditions. This would allow to assess more accurately the potential relationship between the diversity of aquatic predators and the predation functionality.

Different methods have been used to estimate the predation function under field conditions in terrestrial systems including direct and video recorded observations, gut content analyses, exclusion experiments, and the use of prey sentinel cards (Macfadyen et al., 2015). The latter consists in assessing the removal rate of prey items that are offered to predators during a standardized time frame. Preys are usually offered by attaching the prey items to a support (e.g., cardboards or plastic cards) which is then installed in the field to allow the removal by different types of predators. Considering that the use of sentinel preys is among the most easy-to-apply, fast and reliable methods to estimate predation rates, it is surprising how its use has been mostly restricted to terrestrial ecosystems (Lövei and Ferrante, 2017). Here we adapted this sentinel prey methodology to aquatic conditions and evaluated its capability to estimate predation rates in freshwater habitats.

When using the sentinel prey methodology in terrestrial studies there is a high flexibility in the type of prey items used, including different organisms (e.g., beetles, bugs, moths, etc.) and ontogenetic stages (e.g., eggs, larvae or adults) (Lövei and Ferrante, 2017). In addition, previous research in terrestrial systems have used live, dead or even fake plasticine preys, all of them providing pros and cons (Boetzl et al., 2020; Nagy et al., 2020; Roeder et al., 2023). Here we advocated to use dead chironomid larvae as target sentinel preys because they are i) a staple food item of most aquatic predators (Armitage, 1995), ii) a ubiquitously distributed group in freshwater ecosystems worldwide (Pinder, 1995), and iii) commercially available as fish food in aquarium stores. In addition, the chironomid larvae is a harmful pest in flooded rice farming (Nwilene et al., 2017; Pérez-Méndez et al., 2020, 2023), therefore assessing the efficiency of the assemblage of aquatic predators in controlling larvae populations has also important implications for agricultural management (Pérez-Méndez et al., 2023). In this study, we performed a in situ field experiment to i) present the use of chironomid sentinel cards as a fast, easy-to-apply, and standardized methodology to estimate predation rates under field conditions and ii) evaluate whether it is a proper method to link the diversity and abundance of aquatic predators with predation rates (i.e., a proxy of the predation function) in freshwater ecosystems.




2 Methods



2.1 Study system

The study was performed in the Ebro Delta (Tarragona, NE Spain; 40° 39’ N; 0° 46’E), a region dominated by a rice-monoculture agricultural matrix that occupies around 65% (21,125 ha) of the territory. Freshwater macroinvertebrate communities are highly diverse in rice fields of the Ebro Delta, including a broad range of aquatic predators that live associated to the water layer (Pérez-Méndez et al., 2023). The most abundant groups are dive and water scavenger beetles (Fam. Dytiscidae and Hydrophilidae), dragonfly and damselfly nymphs (Libellulidae and Coenagrionidae, respectively) and several families of water bugs (e.g., Corixidae and Notonectidae) (Pérez-Méndez et al., 2023). All these organisms have been previously reported as predators of chironomid larvae (Chironomidae), which have a strong negative impact on rice production resulting from high rates of seed herbivory during the crop establishment stage (Català et al., 2013; Pérez-Méndez et al., 2023).




2.2 Experimental design

We performed the experiment in summer 2021 (June-September) in 12 rice paddies that were evenly distributed across the experimental area and spaced at least 250 m from each other. Freshwater macroinvertebrates were sampled in each field throughout the whole rice cycle in three different months (June, July, September) (N = 36). Briefly, we used a sweep net of 500 μm mesh size to collect aquatic macroinvertebrates both from the water column and the sediment (approximately 1-cm of the layer). Samples were labelled and stored in 70% ethanol until lab processing. All aquatic macroinvertebrate predators were identified to the genus/species levels, except for flies that were identified to the family level (see Pérez-Méndez et al., 2023 for details about sampling and identification procedures).

Each macroinvertebrate sampling was combined with the use of chironomid sentinel preys attached to 12 x 15 cm plastic cards, which are commercially available at this standard size, to estimate the predation rates of chironomids. Specifically, 25 individual dead chironomid larvae (tribe Chironomini), which are commonly sold in aquarium stores, were glued by the posterior parapods of the body to each card (Figure 1). Overall, each single card is assembled in approximately 5 minutes. A total of 3 cards were fixed using two wooden sticks per card in each experimental field below the water, at the soil surface level (Figure 1; Supplementary Video 1). Sentinel cards were distributed equidistantly (50 m of distance) within each rice field to account for potential within-field variation in larvae predation. Chironomids were exposed to predators during 1 h, after which the predation status of each individual larvae (i.e., non-predated = 0; predated = 1) was assessed (Supplementary Video 2). Overall, we installed a total of 105 cards including 2700 chironomid larvae. In addition, to confirm that chironomid loss during the experiment was due to predation by macroinvertebrates and not by other non-controlled factors, in the last sampling month we also installed one exclusion card in each experimental field (N = 12 cards). We prevented the access of macroinvertebrates to the cards by using an exclusion net, thus confirming that all chironomids remained intact after 1 h of exposure (Supplementary Figure S1).




Figure 1 | Laboratory preparation and field deployment of chironomid sentinel cards: Commercially available chironomid larvae (Tribe Chironomini) as frozen fish food (A) Details of a chironomid larvae (B) Attachment of dead chironomid larvae in the plastic cards (C) Chironomids cards with the 25 larvae before field deployment (D) Chironomid card installed in the rice field. Note that it is below the water layer at the soil level (E). Photogram of the video #1 that has been attached as Supplementary Material (Supplementary Material 1), in which an aquatic bug (Fam. Corixidae) is sucking a chironomid larvae (F).






2.3 Statistical analyses

To assess whether the diversity of aquatic predators was related to the effectiveness of larvae predation (i.e., predation rates) we firstly estimated taxa richness and Hill evenness (Chao et al., 2014) for each sampled rice field across monthly surveys (Pérez-Méndez et al., 2023). Both diversity indexes are complementary and are usually linked with ecosystem functionality and stability (Hillebrand et al., 2008). We applied a Generalized Linear Mixed Model (GLMM) in which we used the predation status as binomial response variable, where the number of successes (i.e., predated larvae) and the number of failures (i.e., non-predated larvae) were modeled. The initial model included the taxa richness, the Hill evenness, and the abundance of predators as covariates. In addition, we initially included the interaction between the three abovementioned covariates and the ordinal sampling date. However, since the inclusion of the ordinal sampling date gave a very high Variance Inflated Factor (VIF > 25), we removed it from the final model, which also included the identity of the field as a random factor and a binomial distribution of the errors.

R software (R Core Team, 2023) was used for data analysis and visualization in both analyses. The following R libraries were used: i) iNext R package for estimating the diversity indexes (Hill numbers) (Hsieh et al., 2016), ii) tydiverse for data manipulation and data visualization (Wickham et al., 2019), iii) glmmTMB for data modelling (Brooks et al., 2017), iv) emmeans for mean estimations (Lenth, 2024), and v) performance for estimating the coefficients of determination (R2) and for detecting potential collinearity issues among model variables (Lüdecke et al., 2021). We accounted for potential patterns in model residuals across all models (e.g., non-normal distribution or heteroscedasticity) by using the simulateResiduals function of the R DHARMa R library (Hartig, 2020).





3 Results and discussion

We sampled a total of 11,897 aquatic predator individuals, belonging to 17 different macroinvertebrate families. Specifically, we sampled 3 families of Coleoptera (Dytiscidae, Hydrophilidae, and Noteridae), 6 families of Heteroptera (Corixidae, Gerridae, Mesoveliidae, Notonectidae, Pleidae, and Veliidae), 3 families of Odonata (Aeshnidae, Coenagrionidae, and Libellulidae) and 5 families of Diptera (Ceratopogonidae, Dolichopodidae, Rhagionidae, Sciomyzidae, and Stratiomiyidae). The assemblage was dominated by Sigara sp. (Corixidae), Bidessus sp (Dytiscidae), and Ischnura elegans, which together accounted for 89% of overall sampled individuals, while the remaining 11% was represented by 22 additional taxa (Supplementary Table S1). Sampled rice fields hosted very contrasting assemblages in terms of taxa richness (range: 1 – 14), Hill evenness (range: 1.0 – 3.9) and predator abundance (range: 10 – 4557), which allowed us to assess the importance of the predator assemblage diversity in explaining predation rate variation.

A first demonstration of the usefulness of sentinel prey methods to indicate the real performance of the predation function in natural field conditions is to link the estimated predation rates to the diversity of predator assemblages (Boetzl et al., 2020). The results of our experiment, in which we quantified predation rates from 105 deployed cards, showed a marked positive effect of both taxa richness (χ2 = 21.0, p < 0.001; Figure 2A) and Hill evenness (χ2 = 84.8, p < 0.001; Figure 2B) of aquatic predator assemblages on predation rates. This suggests that the positive influence of macroinvertebrate diversity on predation rates could be mediated by an increased functional complementarity among predator species (Straub and Snyder, 2008; Northfield et al., 2010). However, the positive effect of predator abundance (χ2 = 11.7, p < 0.001; Figure 2C) suggests that removal rates can be also explained by a mere density effect (Menalled et al., 1999; Greenop et al., 2019). Both diversity and density effects are perfectly compatible as shown in previous studies performed in terrestrial systems (Griffiths et al., 2008). Predation rate estimates obtained with this method could be slightly overestimated as they can incorporate removal events mediated by poor efficient predators or even scavengers. For example, we observed some removal events mediated by scavenger snails (pers. obs.), a phenomenon also observed in terrestrial sentinel cards (Nagy et al., 2020; Gardarin et al., 2023). To overcome this limitation, the deployment of cards could be accompanied, when visibility allows, by videorecording devices or focal censuses that allow us to better assess the identity and relevance of the different aquatic predators (Supplementary Video 1). As far as we know this is the first study where a link between the diversity of the assemblages of aquatic predators and the performance of the predation function is assessed under field conditions in a shallow freshwater ecosystem. It is important to note that our methodology is specifically designed to be applied in shallow aquatic habitats, as the logistic needed to install the sentinel cards in deeper aquatic environments could limit its applicability.




Figure 2 | Relationships between the observed predation rates (%) and taxa richness (A), Hill evenness (B), and abundance of predators (C).






4 Conclusions

The development of easy-to-apply methods is essential to improve and facilitate the assessment of potential links between biodiversity and ecosystem functioning, especially in increasingly degraded environments such as many shallow freshwater ecosystems. Here we have adapted to aquatic conditions a widely used method in terrestrial ecology to estimate predation rates mediated by aquatic benthic organisms. Interestingly, it can also serve as a decision-making tool for semiaquatic crops (e.g., rice agroecosystems) as it allows to explore the relationships between field management, the effects on the communities of natural enemies and biological pest control provisioning (e.g., Pérez-Méndez et al., 2023). Given that chironomid larvae (Chironomus sp.) are i) a common prey item of a broad range of aquatic predator groups, ii) a ubiquitous worldwide distributed group, and iii) available commercially in aquarium stores, we advocate to use them as a standardized sentinel prey. The simplicity, rapidity, low-cost and standardization of the method facilitate its replicability across large spatiotemporal scales, allowing the comparison of predation rates across different freshwater ecosystems and biomes. Therefore, by applying the chironomid sentinel card methodology we hope to promote the research on the potential links between the aquatic biodiversity and the predation function in freshwater ecosystems.
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