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Abstract

Single invaders often substantially alter ecosystems, but the potential impacts by multiple invaders remain understudied. The golden apple snail (Pomacea canaliculata) and the red swamp crayfish (Procambarus clarkii) are two widespread coinvaders. To test the effects of co-occurrence of the two species on a clear-water macrophyte state, we performed a 20-day experiment in 16 mesocosms (4 contained only two snails, 4 contained only two crayfishes, 4 contained two snails and two crayfishes, and 4 controls). Comparing with the control, the leaf length, number, and biomass of Vallisneria denseserrulata had decreased in the snail-only and crayfish-only treatments. In the crayfish-only treatment, total nitrogen, total phosphorus and total suspended solids had increased compared with the control, while they did not differ between the snail-only and the control treatment. Nutrients and turbidity concentrations did not differ between the snail + crayfish and the crayfish-only treatment, and plant biomass did not differ between the snail + crayfish and the snail-only treatment. These findings suggest that golden apple snails mainly affected the lake ecosystem by plant grazing, while red swamp crayfishes disturbed the sediment by increasing nutrients in the water and through resuspension. These snail and crayfish together had mainly additive effects on macrophyte and the physico-chemical variables studied.

Résumé

Les envahisseurs seuls modifient souvent de manière substantielle les écosystèmes, mais les impacts potentiels de plusieurs envahisseurs restent peu étudiés. L'escargot-pomme (Pomacea canaliculata) et l'écrevisse de Louisiane (Procambarus clarkii) sont deux co-envahisseurs très répandus. Pour tester les effets de la co-occurrence de ces deux espèces sur l'état des macrophytes en eau claire, nous avons réalisé une expérience de 20 jours dans 16 mésocosmes (4 contenant seulement deux escargots, 4 contenant seulement deux écrevisses, 4 contenant deux escargots et deux écrevisses, et 4 témoins). Par rapport au témoin, la longueur, le nombre et la biomasse des feuilles de Vallisneria denseserrulata ont diminué dans les tests avec escargots seulement et avec écrevisses seulement. Dans le test avec écrevisses uniquement, l'azote total, le phosphore total et les solides en suspension totaux ont augmenté par rapport au témoin, alors qu'ils ne différaient pas entre le test avec escargots uniquement et le test témoin. Les concentrations de nutriments et la turbidité ne différaient pas entre le test escargot+écrevisse et le test écrevisse seule, et les paramètres végétaux ne différaient pas entre le test escargot+écrevisse et le test escargot seul. Ces résultats suggèrent que les escargot-pomme ont principalement affecté l'écosystème du lac en broutant les plantes, tandis que les écrevisses de Louisiane ont perturbé les sédiments en augmentant les nutriments dans l'eau et la remise en suspension. L'ensemble de ces escargots et écrevisses ont principalement eu des effets additifs sur les macrophytes et les variables physico-chimiques étudiées.
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1 Introduction
Managers widely apply restoration of submerged macrophytes to counteract eutrophication after external nutrient input reductions in shallow lakes (Jeppesen et al., 1998; Liu et al., 2018b). Submerged macrophytes are crucial in stabilizing clear-water conditions in shallow lakes (Ferreira et al., 2018; Hilt et al., 2018) as they increase nutrient retention, stabilize the water column, reduce sediment resuspension (Horppila and Nurminen, 2003; Nurminen and Horppila, 2009), and suppress phytoplankton growth through competition by allelopathy (Van Donk and van de Bund, 2002). Moreover, they can provide a refuge for zooplankton against fish predation, resulting in a higher zooplankton biomass and enhanced grazing on phytoplankton (Jeppesen et al., 2005).
Efforts to improve the water quality by restoring aquatic ecosystems to a submerged macrophyte-dominated state require a detailed understanding of how macrophyte communities respond to various stressors in space and time, including herbivory (Wood et al., 2017; Paz et al., 2019). Invasion of non-native benthic animals, such as golden apple snail (Pomacea canaliculata) and the red swamp crayfish (Procambarus clarkii), may enhance herbivory and diminish the abundance of submerged macrophytes (Carlsson et al., 2004; van der Wal et al., 2013) in shallow lakes, directly by grazing or indirectly by increasing resuspension of sediment and the internal nutrient loading (Angeler et al., 2001; Carlsson et al., 2004).
Red swamp crayfish and golden apple snail currently appear to be two of the most widespread invasive species in Chinese subtropical and tropical freshwater ecosystems (Zhan et al., 2016). Red swamp crayfish is native to the south-central United States and north-eastern Mexico but was introduced in China in the 1920s (Dai, 1983), and golden apple snail is native to South America and was introduced in China in the 1980s (Yang et al., 2010). As ecosystem engineers, omnivorous red swamp crayfish may reduce the standing stock of macrophytes through direct consumption (Rodríguez et al., 2003; Alcorlo et al., 2004) or by increasing water turbidity through sediment resuspension (Haubrock et al., 2019). They may also diminish the macrophyte biomass through non-consumptive plant shredding (Nyström et al., 2001). Accordingly, they may lead to a severe reduction of macrophyte abundance in the lakes to which they are introduced (Oficialdegui et al., 2020). This non-native crayfish also preys on aquatic animals, including snails (Yamanishi et al., 2012). Also, the voracious herbivore golden apple snail (Tamburi and Martín, 2009a) constitutes a major threat to aquatic macrophytes (Gilioli et al., 2017; Paz et al., 2019). The effects of these two invading species on aquatic vegetation, water quality, and ecosystem services have been studied individually (Carlsson et al., 2004; Oficialdegui et al., 2020), whereas the overall effects of their co-occurrence remain poorly understood.
Golden apple snails and red swamp crayfishes coexist in a variety of waterbodies such as wetlands, lakes, and canals in central and south China and Japan (Yamanishi et al., 2012; Zeng et al., 2013), possibly because the large size of the golden apple snail make it less vulnerable to crayfish predation (Li, 2011). Golden apple snails and red swamp crayfishes use similar benthic habitats and plant resources (i.e., interference competition or predation; Yusa et al., 2006), and their combined effects may be relatively complex. A meta-analysis revealed that the effects of simultaneous invasion by two invaders (co-invasion) using the same or similar habitats and resources differ from their individual effects (Jackson, 2015).
We experimentally investigated the individual and combined effects of golden apple snails and red swamp crayfishes on the submerged macrophyte V. denseserrulata (Makino) widespread in Asia and the associated physical and chemical properties. We hypothesized that co-occurrence of the two invasive species enhances their effects on V. denseserrulata and the associated clear-water state. Examining the joint effects of an invasive omnivore and an invasive herbivore on submerged macrophytes in freshwater environments may further our understanding of the effects of multi-invaders.
2 Materials and methods
2.1 Experimental mesocosm setup
The mesocosm experiment was performed in 16 circular plastic tanks containing sediment and water (upper diameter = 85 cm, bottom diameter = 65 cm, height = 85 cm, sediment depth = 15 cm, water depth = 50 cm). The tanks were placed in a transparent organic glass-covered outdoor experimental house without walls. Sediment (total nitrogen [TN] = 1.54 mg g−1; total phosphorus [TP] = 0.39 mg g−1) was obtained from Xunsi River, an outlet channel of a shallow lake in Wuhan City. The sediment was air-dried, powdered, and mixed to homogeneity after removing coarse debris and clumps. An approximately 15-cm-thick layer of homogenized sediment was added to each mesocosm, which was then filled with tap water (TN = 1.08 mg L−1, TP = 0.11 mg L−1). The mesocosms were exposed to natural sunlight and equilibrated for 2 months, and 30 V. denseserrulata were then planted in each mesocosm. The experiment started after 6 months, when V. denseserrulata covered most of the tank bottom. The experiment period was from September 30 to October 20, 2019, and the mesocosms were exposed to natural sunlight for its entire duration. The water temperatures recorded from the first to the last sampling were (mean value ± SD): 23.9 ± 0.1 °C, 24.5 ± 0.1 °C, 20.6 ± 0.1 °C, 20.6 ± 0.1 °C, 22.0 ± 0.2 °C, 17.8 ± 0.1 °C, respectively.
Adult golden apple snails were used in the experiments because red swamp crayfish reportedly prey on juvenile snails (Yusa et al., 2006). Only two adult golden apple snails (mean weight: 73.4 ± 1.9 g; mean total length: 5.9 ± 0.2 cm) were added to each of four mesocosms (snail-only treatment: S–O treatment), and only two adult male red swamp crayfishes (mean weight: 41.9 ± 0.9 g; mean total length: 9.9 ± 0.4 cm) were randomly added to each of another four mesocosms (crayfish–only treatment: CF–O treatment). To investigate the additive effects of the two species, two golden apple snails and two red swamp crayfishes were both added to each of an additional four mesocosms (snail + crayfish treatment: S + CF treatment). By using two individuals of each species in the combined treatment, we simulated a short-term effect of a co-invasion of the two species, acknowledging that the higher total biomass of the two species in the combined treatments would not be realistic for comparison with the single lower total biomass treatment in the long term if the two species have additive effects on the macrophytes. The remaining four mesocosms held no snails or crayfishes and served as control (control treatment: CK treatment). The snails and crayfishes were maintained in 80-L tanks with V. denseserrulata for 2 weeks before their introduction to the mesocosms.
2.2 Sampling and analysis
At approximately 10 am every 4 days, water samples were collected from the tanks 10 cm below the surface for nutrient analyses and chlorophyll a (Chl a) determination. The samples were analyzed using Chinese standard methods (China EPA, 2009), which correspond to US standards (APHA, 1998). TN and TP concentrations were determined spectrophotometrically after thawing with combined persulfate digestion. The Chl a concentration was determined spectrophotometrically after sample filtration through cellulose acetate filters and extraction of the filtered material with 90% acetone. Water was passed through GF/C filters to measure total suspended solids (TSS) concentrations after drying at 105 °C for 24 h.
The number of broken leaves floating on the water in each mesocosm was recorded every 2 days. At the end of the experiment, all visible V. denseserrulata were harvested by hand from each tank after emptying the tank. The biomass (wet weight), mean leaf length and number of V. denseserrulata were recorded.
2.3 Statistical analyses
The effects of the various treatments on mean number of broken leaves, TSS, Chl a (phytoplankton), TN, and TP were determined using repeated-measures analysis of variance (RM-ANOVA) with time as the repeated factor. If a significant difference was observed, Bonferroni test was used to detect which treatments differed. All data sets were examined for homogeneity of variances using Levene's tests. One-way ANOVA was performed to detect differences between pairwise comparisons on each sampling occasion. If a significant difference was observed, the Bonferroni test was used to detect differing treatments. The effects of the various treatments on mean leaf length, biomass, and number of Vallisneria denseserrulata at the end of the study was performed to detect differences using one-way ANOVA with post hoc Bonferroni tests. For the one-way ANOVA, all data sets were examined for normality. Variance was not equally distributed in some cases, and Tamhane's T2 test was used to assess the differences between groups.
All statistical analyses were performed using SPSS 19.0 software (Statistical Product and Service Solutions, USA).
3 Results
3.1 Effects of the snail and crayfish on V. denseserrulata
The effects of the various treatments on number of broken leaves of V. denseserrulata differed (RM-ANOVAs, treatment effect, P < 0.01) (Fig. 1). No broken leaves were observed in the (CK) during the experimental period. More broken leaves occurred in the S + CF than in the S–O and CF–O treatments (Bonferroni's Multiple Comparison Test, P < 0.01; Fig. 1) and more broken leaves in the S–O treatment than CF–O in the treatment (Bonferroni's Multiple Comparison Test, P < 0.05) (Fig. 1).
The effects of the various treatments on leaf length, biomass, and number of plants differed by the end of the study (one-way ANOVA, treatment effect, P < 0.01; Fig. 2). The leaf length and biomass of plants did not differ between the S + CF and the S–O treatments. However, both were lower than in the CF–O and CK treatments (Bonferroni's Multiple Comparison Test, P < 0.01; Fig. 2). The number of plants was lowest in the S + CF (Bonferroni's Multiple Comparison Test, P < 0.05; Fig. 2) and lower in the S–O than in the S + CF treatments (Bonferroni's Multiple Comparison Test, P < 0.05; Fig. 2).
	[image: thumbnail]	Fig. 1 Mean (±SD, n = 4) number of broken leaves of Vallisneria denseserrulata along the study period in the different treatments. S + CF denotes snail + crayfish, S–O snail-only, CF–O crayfish-only and CK is the control.



	[image: thumbnail]	Fig. 2 Mean (±SD, n = 4) leaf length, biomass (wet weight), and number of Vallisneria denseserrulata in the different treatments at the end of the study. S + CF denotes snail + crayfish, S–O snail-only, CF–O crayfish-only and CK is the control.



3.2 TSS concentrations and phytoplankton biomass
The effects of the various treatments on TSS concentrations were different (RM-ANOVAs, treatment effect, P < 0.01) (Fig. 3). Higher TSS concentrations occurred in the S + CF and the CF–O treatment than in the CK and the S–O treatment (Bonferroni's Multiple Comparison Test, P < 0.01; Fig. 3). TSS concentrations was similar in the CK and the S–O treatments. Chl a did not differ in any of the various treatments (RM-ANOVAs, treatment effect, P > 0.05; Fig. 4).
	[image: thumbnail]	Fig. 3 Mean (±SD, n = 4) total suspended solids (TSS) in the different treatments along the study period. S + CF denotes snail + crayfish, S–O snail-only, CF–O crayfish-only and CK is the control.



	[image: thumbnail]	Fig. 4 Mean (±SD, n = 4) chlorophyll a (Chl a) in the different treatments along the study period. S + CF denotes snail + crayfish, S–O snail-only, CF–O crayfish-only and CK is the control.



3.3 Physical and chemical factors
The effects of the various treatments on TN and TP concentrations differed (RM-ANOVAs, treatment effect, P < 0.01) (Fig. 3). Both higher TN and TP concentrations occurred in the S + CF and the CF–O treatment than in the CK and the S–O treatment (Bonferroni's Multiple Comparison Test, P < 0.05; Figs. 5 and 6). TN and TP were similar in the CK and the S–O treatments or in the S + CF and the CF–O treatments. However, higher TN occurred in the S–O treatment than in the CK after 20 days (one-way ANOVA with Bonferroni's Multiple Comparison Test, P < 0.01).
	[image: thumbnail]	Fig. 5 Mean (±SD, n = 4) total nitrogen (TN) in the different treatments along the study period. S + CF denotes snail + crayfish, S–O snail-only, CF–O crayfish-only and CK is the control.



	[image: thumbnail]	Fig. 6 Mean (±SD, n = 4) total phosphorus (TP) in the different treatments along the study period. S + CF denotes snail + crayfish, S–O snail-only, CF–O crayfish-only and CK is the control.



4 Discussion
We found that both invaders, golden apple snail and red swamp crayfish, degraded the water quality by decreasing the biomass of submerged macrophytes and changing physical and chemical factors. The effects of the two species combined (S + CF) on water nutrients did not differ from those observed in the CF–O treatment, and the combined impact on leaf length and biomass of plants did not differ from those of the S–O treatment.
Golden apple snails feed on vascular plants (macrophytophagous) and excrete nutrients to the water column, which may result in enhanced phytoplankton production (Fang et al., 2010; Manara et al., 2019). In our mesocosm experiment, the length, biomass, and number of V. denseserrulata were significantly lower in the tanks treated only with snails than in the CK tanks, and the plant biomass was reduced by 80% at the end of the experiment when snails were present. Specifically, females of golden apple snail usually reach larger sizes than males, and the females have a specific ingestion rate that is about 50% higher than that of males (Tamburi and Martín, 2009b). Furthermore, Carlsson and Brönmark (2006) demonstrated that small golden apple snail has higher foraging abilities than large ones, and small snails may cause a great damage to aquatic crops in wetlands, at least during the reproductive season (Tamburi and Martín, 2009b). Yang et al. (2021) recently suggested that the grazing preference of golden apple snail altered the competitive advantage of three submerged plants (namely V. denseserrulata, Hydrilla verticillata, and Myriophyllum spicatum), however, none of the submerged macrophytes could prevent golden apple snail from grazing on them. The concentrations of TN, TP, TSS, and Chl a in the S–O treatment did not differ from the CK tanks during the 20-day experimental period. An experimental study performed for 34 days also found that the phytoplankton biomass and nutrient concentrations remained low after the introduction of golden apple snail (Fang et al., 2010). Manara et al. (2019), in contrast, reported that the presence of golden apple snails increased the concentration of Chl a in the water in a longer lasting experiment (84 days). Our results showed that golden apple snails had a negative impact on submerged macrophytes abundance by grazing/breaking, but this did not increase the concentration of Chl a and nutrients on the short term as submerged plants still maintained a relatively high biomass at the end of the experiment. However, on the long term, as seen in the study by Manara et al. (2019), the biomass of submerged plants may eventually drop to a level, which may reduce the refuge possibilities for zooplankton against predators and a lead major increase sediment resuspension and nutrient release, and potentially shift the lake to a turbid state (Jeppesen et al., 1998).
Severe reductions of macrophytes abundance have been observed after the introduction of red swamp crayfish (Rodríguez et al., 2003; van der Wal et al., 2013). Studies have suggested that red swamp crayfish can reduce the standing stock of macrophytes through direct consumption (Alcorlo et al., 2004), by diminishing the macrophyte biomass through non-consumptive plant shredding (van der Wal et al., 2013), and by increasing water turbidity through sediment resuspension (Angeler et al., 2001). In our mesocosm experiment, the concentrations of nutrients and TSS were significantly higher in the CF–O treatment than in the CK. The presence of crayfish had reduced the biomass of V. denseserrulata by 25% at the end of the experiment. However, this resuspension-mediated increase in nutrient supply produced by red swamp crayfish did not lead to an increase in phytoplankton biomass (Chl a) during the 20-day experimental period. Other studies have also shown that increasing turbidity by sediment resuspension inhibit growth and reduce the biomass of phytoplankton by decreasing the light penetration (Hellström, 1991; Wahl et al., 2011).
Previous studies have suggested that co-occurring invaders might have neutral, facilitative, or negative effects on native species or ecosystems (Jackson, 2015; Kuebbing and Nuñez, 2015) and that these effects can be additive (i.e. the sum of the effects of each invader; Preston et al., 2012; Kuebbing et al., 2016) or non-additive (Liu et al., 2018a) or antagonistic (Jackson, 2015). Multiple invaders are unlikely to act independently, the lowest plant biomass and the highest nutrient concentrations were expected to occur in the S + CF treatment compared with the individual treatments and the CK since the combined ecological impacts of multiple invaders were frequently the sum of their independent effects (Jackson, 2015). The expectation was met in that higher turbidity and a lower standing stock of V. denseserrulata occurred in the treatments than in the CK. However, nutrient concentrations (TN, TP) and turbidity (TSS) did not differ between the S + CF and the CF–O treatment, and the length, biomass, and abundance of plants did not differ between the S + CF and the snail treatment. The negative impact of snail and crayfish together on number of broken leaves was largest, their leave numbers being much higher in the combined treatment than in all other treatments (Fig. 1). Besides, the number of plants in this treatment tended to decrease (Fig. 2). It can be assumed that the crayfish mechanically have damaged the plants. In our study, the combined effects of the co-occurrence of the two invaders were mainly the sum of the effect of each invader where golden apple snail grazed on the plants, whereas the red swamp crayfish influenced the system by increasing the concentrations of nutrients and suspended solids in the water. It is unlikely that red swamp crayfish had direct consumptive effects on adult golden apple snails in our study due to the snail size used, but in a natural freshwater ecosystem red swamp crayfish would be able to prey on juvenile golden apple snails (Li, 2011). Therefore, in a natural freshwater ecosystem the combined effects of golden apple snails and red swamp crayfishes may be non-additive, but further research is needed to elucidate this in detail.
Our results are relevant for lake management and freshwater restoration. They underpin the importance of assessing the individual and combined effects of red swamp crayfishes and golden apple snails on submerged macrophytes and the associated physical and chemical properties. Both red swamp crayfishes and golden apple snails have been widely introduced in lakes and rivers throughout the world and have become invasive species in numerous regions, including China (Yusa et al., 2006; Duan, 2016), possibly requiring control measures. By preventing the invasion of red swamp crayfishes and golden apple snails from shallow lakes and rivers there is a higher likelihood of establishment of a clear-water state after nutrient loading reduction and thereby improve the water quality, and alleviate water quality problems otherwise associated with eutrophication, or to maintain and already existing clearwater state.
In conclusion, our study showed that golden apple snails mainly had a negative impact on submerged macrophytes by grazing and/or breaking its leaves, while red swamp crayfishes disturbed the sediment leading to higher resuspension and higher nutrient concentrations. Co-occurrence of the two species mainly had strong negative sum effects, making it more difficult to obtain or maintain a clearwater macrophyte-dominated state and high-water quality and clarity.
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