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Abstract – Gravel pit lakes are increasingly common, and there is an urgent need to better understand the functioning of these artificial and disconnected ecosystems. However, our knowledge of the environmental determinants of fish community structure within these types of lakes remains poor. In this study, we quantified the taxonomic diversity, fish species and life-stage composition in 17 gravel pit lakes sampled in 2012 and 2013 located in south-west France to determine the potential role of environmental variables (i.e. lake morphology, productivity, water quality and human-use intensity) as drivers of fish community structure and composition. Our results demonstrated that fish community structure significantly differed between gravel pit lakes, and we notably found that lakes managed for angling hosted higher levels of taxonomic diversity. We also found that young and large lakes supported higher native species biomass and were dominated by native European perch (Perca fluviatilis). Older, smaller and more productive lakes, located closer to the main urban area, supported a higher biomass of non-native species such as largemouth bass (Micropterus salmoides). Native and non-native sport fishing species such as northern pike (Esox lucius), pikeperch (Sander lucioperca), common carp (Cyprinus carpio) and cyprinid prey species were positively associated with fishery management effort, suggesting that management practices play also a critical role in shaping fish species composition. Overall, our study demonstrated that fish community composition followed a predictable shift along environmental gradients associated with the maturation of gravel pit lakes and the associated human practices. Key words: artificial ecosystems; community structure; species composition; gravel pit lakes; non-native species



Introduction



Freshwater ecosystems support a rich diversity of biological life and provide countless resources and services to human societies (Strayer & Dudgeon 2010). However, freshwater biodiversity and the associated ecosystem services have been strongly impacted in the last few decades by multiple pressures associated with the development of human populations (Darwall et al. 2011; Alofs et al. 2014). Habitat loss is, for instance, considered as one of the main drivers of the current freshwater biodiversity crisis (Dudgeon et al. 2005), and a large number of natural freshwater ecosystems have been subjected to pollution, dried-out or under the development of urban areas (Kozlowski & Bondallaz 2012). As a



consequence, several aquatic organisms have been impacted and fish are currently recognised as one of the most widely threatened groups of freshwater organisms (Duncan & Lockwood 2001; Barletta et al. 2010; Pool et al. 2010). This is despite the fact that the estimated taxonomic diversity of fish species accounts for 30–50% of all the vertebrates (Geist 2011) and, importantly, that fish play a key functional role in fresh waters as changes in fish community structure (e.g. taxonomic composition, lifehistory characteristics, functional traits) can strongly affect ecosystem functioning (Nagdali & Gupta 2002; Matyas et al. 2003; Jeppesen et al. 2010). While many human activities are widely recognised as sources of degradation for natural ecosystems, humans can also create artificial freshwater ecosystems
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Fish community structure in gravel pit lakes such as farm ponds, canals, reservoirs and gravel pit lakes (Santoul et al. 2004, 2009). These man-made habitats can represent important substitutes of the lost ecosystems for aquatic organisms (Santoul et al. 2004; Lenda et al. 2012). Once created and because they are usually located close to urban areas, gravel pit lakes are used for many purposes, including a myriad of recreational activities such as water sports and angling, creating important freshwater ecosystems that have recently attracted the scientific attention of biologists and ecologists (Santoul et al. 2009). Gravel pit lakes are usually small (1–100 hectares) and shallow (4–12 metres of maximum depth) (Kattner et al. 2000). However, one of their most intriguing features is that they are usually disconnected (except during exceptional flooding events) from other permanent aquatic systems, which is not the case of other artificial aquatic ecosystems such as reservoirs or canals that are located within riverine networks. Therefore, gravel pit lakes can be considered as ‘islands within terrestrial seas’ (Hortal et al. 2014) and provide a unique opportunity to refine our understanding of the environmental determinants of freshwater fish community structure. Indeed, gravel pit lakes are usually filled by ground- and rainwater (Kattner et al. 2000), and the presence of strictly aquatic organisms such as fish primarily relies on the conjunction of mediated introductions (e.g. stocking for angling purposes) with environmental filters shaping fish communities. Recently, Emmrich et al. (2014) demonstrated that fish communities in the littoral zone of gravel pit lakes do not differ from those in small natural lakes, providing a first empirical evidence that suggested some potential commonness in the functioning of their community. To date, however, there is still a gap in our understanding of the environmental determinants of fish community structure in gravel pit lakes. Empirical studies have long demonstrated the general importance of biotic, abiotic and spatial factors as determinants of fish community structure in natural ecosystems (reviewed in Jackson et al. 2001). Specifically, small- and large-scale abiotic drivers have been considered as the first environmental filters acting on fish community composition. For example, climate (e.g. temperature) can control species distribution at the regional scale, while chemical factors (e.g. oxygen and acidity) may play more important role in structuring local communities. Biotic interactions such as competition and predation can influence the occurrence of species and, to a greater extent, species abundance within a community (Jackson et al. 2001). In gravel pit lakes, one of the first filters acting on fish community is introduction history. Afterwards, the same ecological filters as in natural lakes can act (e.g. Jackson et al. 2001; Hortal et al.



2014), but their relative influence may vary in gravel pit lakes as these ecosystems mature. Therefore, one can expect that fish community composition in gravel pit lakes follow a predictable succession primarily driven by age and management practices that are likely to have stronger effects than in natural ecosystems. The objectives of this study were to determine (i) how environmental characteristics are linked to fish community structure (i.e. taxonomic diversity, native and non-native species biomass) and (ii) the potential role of biotic, abiotic and spatial variables as potential drivers of fish community composition (i.e. species and life stages) in gravel pit lakes located in south-west France and distributed along a gradient of age and management practices. Specifically, we tested the following predictions. First, we predicted that fish community structure and composition differed between gravel pit lakes. Second, we predicted that differences in fish community structure and composition among gravel pit lakes were primarily driven by differences in environmental variables caused by their level of maturity and management practices. Materials and methods Study sites and fish sampling



In this study, 17 gravel pit lakes located in the central part of the Garonne floodplain (south-west of Toulouse, France) were monitored. To obtain a gradient of environmental conditions, we selected sites that were dredged between 1964 and 2007 (end-year of dredging) and managed under different practices and regulations regarding angling and accessibility (i.e. six lakes were under private management, while four and seven were managed under communal and federal fishing rights and practices, see details below) distributed across a heterogeneous landscape. Fish communities were sampled using a combination of complementary approaches (i.e. gillnetting and electrofishing) from mid-September to midOctober. Sampling was performed using the same protocol in 2012 and 2013, with one lake being sampled per day. Two gillnets (length: 25 m, height: 3.1 m; mesh size: 20 and 50 mm respectively) were deployed in the pelagic area in the deepest zone of each lake. A set of gillnets (4–6 depending upon lake size; length: 20 m, height: 2.4 m; mesh size: 12, 20, 30, 60 mm) were distributed randomly within the lakes, perpendicular to the shore and representative of the different types of substrates and habitats in the littoral zone. In all lakes, gillnetting started in the morning (approx. 08:00 am). Importantly, netting duration was reduced to about 1 h (to approx. 09:00 am) to minimise fish mortality and to 413



Zhao et al. avoid excessive accumulation of fish in the nets (Er} os et al. 2009). Electrofishing (Deka 7000; Deka, Marsberg, Germany) was performed using a point abundance sampling by electrofishing (PASE) approach from a small boat. PASE was selected to sample the shallow littoral habitat of the gravel pit lakes because it is a cost-effective and nondestructive method to sample different species and life stages in fish communities in lentic ecosystems (Persat & Copp 1990; Cucherousset et al. 2006). The specific procedure was conducted following Cucherousset et al. (2006). The sampling points were at least 25 m away from each other, and hand nets (5-mm mesh) were used to collect fish. Following the recommendation by Copp & Garner (1995) regarding the number of individual PASE locations, an average of 29.9 (5.7 SD) and 29.5 (5.3 SD) PASE locations were conducted in each lake in 2012 and 2013 respectively. All individuals sampled by gillnetting and electrofishing were identified to species and measured for fork length to the nearest mm. Blicca bjoerkna and Abramis brama were pooled together as bream spp. as earlier life-stages could not be discriminated in the field. Fish community metrics



We first used total fish species richness, the number of non-native fish species and Shannon index (Shannon 1948) to characterise fish community structure in each lake. We also used the mass of each sampled individual estimated using length/weight relationship for each species to calculate several metrics of fish abundance: the biomass of native fish by gill netting (BPUENN, kgnet1), the biomass of non-native fish by gill netting (BPUENNON, kgnet1), the biomass of native fish by electrofishing (BPUEEN, kgPASE1) and the biomass of non-native fish by electrofishing (BPUEENON, kgPASE1). Then, the response of community composition to environmental variables was assessed by calculating the relative biomass of each life-stage of each species in each lake. This approach at the species life-stage level was selected because it can provide further understanding compared to taxonomic structure on population functioning (e.g. recruitment) and human activities (e.g. stocking). Therefore, each species was divided into different life-stages (i.e. young-of-the-year, juveniles and adults), and this was done through inspection of size (i.e. fork length) distribution in the studied populations and information about size at maturity. YOY were defined as the smaller group of individuals in the population size distribution with no or low overlap with the subsequent cohort, accounting for spawning period of each species in the study area (Keith et al. 2011). Adults were defined as the 414



individuals with a fork length higher than reported size at maturity for each species (Keith et al. 2011; Froese & Pauly 2014). Juveniles were then defined as individuals smaller than size at maturity but larger than YOY. The same size limits were used to define the life stages of each species in all studied populations (further details available in Table S1). For four species (namely Alburnus alburnus, Rhodeus amarus, Gambusia affinis and Gobio gobio) that have an early age at reproduction, YOY and juveniles were pooled in the same life-stage. Environmental variables



A set of 24 variables associated with the biotic and abiotic features of gravel pit lakes and human activities were selected based on their demonstrated importance in shaping fish community structures in freshwater ecosystems (e.g. Jackson et al. 2001; Mehner et al. 2005, 2007; Pool et al. 2010). These variables were grouped into four categories and described lake morphology, lake productivity, water quality and the intensity of human use (Table 1). These variables were collected using the following methodologies. Age of lakes (calculated as the difference between the last year of dredging and the sampling year) was provided by lake owners or local authorities. Shoreline development p (SLD) ﬃﬃﬃﬃﬃﬃﬃﬃﬃ was calculated using formula SLD ¼ Pr=ð2 pSAÞ (Hutchinson 1957), where Pr was the perimeter of a lake and SA was the area of the lake. Pr, SA and other lake morphology variables, that is, distance to nearest river (DNR), distance to nearest gravel pits (DNG), ripisylve (Ri, percentage of area covered with trees within a 10-metre buffer around each lake) and island area (Ia, area of the island divided by the lake area) were calculated from aerial pictures and geographic information system (GIS) analyses. Mean depth (MD) and lake volume (Vl) were estimated using bathymetry analyses. Productivity and water quality variables were calculated based on the measurements (three replicates per lake) performed in each lake and for each year the month before and the month after fish sampling. Specifically, in each sampling time, chlorophyll a concentration (Chla) and turbidity (Tb) were measured using a portable fluorescence photometer (BBE-Moldaenke, Kiel, Germany), Secchi depth (Sec) was measured using a Secchi-disk, while pH and conductivity (Con) were measured using a portable multiparameter meter (WTW Multi 3400i, GmbH, Germany). Filtered and unfiltered water samples were collected, preserved in a cooler and subsequently frozen at the laboratory. Water samples were analysed for total phosphorus (TP), dissolved organic carbon (DOC) and dissolved nutrients (N-NH4 and P-PO4). The average value across sampling dates and



Fish community structure in gravel pit lakes Table 1. Environmental variables [name, abbreviation, mean (SD) and range] measured in the studied gravel pit lakes. Name Morphology Age (years) Mean depth (m) Lake surface area (ha) Lake volume (m3105) Lake perimeter (m) Distance to nearest river (m) Distance to nearest gravel pits (m) Ripisylve (%) Island (%) Shore line development index Productivity Chlorophyll a (mgl1) Turbidity (FTUs) Secchi depth (cm) TP (mgm3) Water quality pH Conductivity (lScm1) N-NH4 (lgl1) P-PO4 (lgl1) DOC (mgCl1) Human-use intensity Fishing pressure (anglerkm1) Fishing management Distance to Toulouse (km) Urbanisation (% in 5 km buffer) Gravel pits exploitation (% in 5 km buffer)



Abbreviation



Age MD SA



Mean (SD)



Range



23.3 (12.0) 2.6 (0.8) 12.33 (7.02)



7–51 1.2–4.2 0.75–21.16



2.8 (2.0)



0.2–7.4



Pr DNR



2044.9 (1120.2) 1461.8 (584.8)



425.2–4550.5 30–2460



DNG



300 (649)



15–2285



Ri Ia SLD



42.0 (24.0) 0.006 (0.013) 2.9 (0.8)



7.9–87.3 0–0.05 2.1–5.0



Chla



11.8 (13.4)



0.9–58.8



Tb Sec TP



6.5 (5.4) 153.9 (81.7) 6.5 (5.4)



1.4–24.2 31.1–292.1 7.2–122.2



pH Con



8.2 (0.4) 446.1 (122.0)



7.6–9.1 258.6–700.8



NNH4 PPO4 DOC



105.5 (59.3) 4.2 (4.7) 3.8 (2.1)



37.5–274.2 2.0–28.2 1.6–8.6



Vl



can stock fish species that are legally registered in the country except those listed as potential causing ecological damages (e.g. Lepomis gibbosus, Ameiurus melas). Fishing pressure (FP) was obtained by counting the number of anglers in each lake the month before and after fish sampling and calculated as the average number of anglers divided per lake perimeter. Distance to Toulouse (DT, the main urban area), urbanisation (UA, define as the percentage of urbanisation within a 5-km buffer around the centre of the lake) and gravel pit exploitation (GE, define as percentage of gravel pits area with a 5-km buffer around the centre of the lake) was calculated from aerial pictures and geographic information system (GIS) analyses. Statistical analyses



FP



0.56 (0.82)



0–3.45



FM DT



NA 33.5 (14.9)



UA



16.5 (13.2)



5.0–47.3



GE



1.8 (0.8)



0.1–3.5



0, 1, 2 16–61



replicates of each variable in each lake was used for subsequent analyses. Human-use intensity variables were obtained as follows. Fishing management (FM) was used as an ordinal variable and was divided into three categories (0: private, 1: communal, 2: federal) that represented variable legal status and levels (from low to high) of public access and stocking practices in the lakes. Public access to private lakes is usually extremely restricted, while communal and federal lakes are accessible to the public. While historical records about stocking practices in the studied lakes were not available, owners and/or managers of lakes with private status usually never or rarely stocked fish, while lakes under federal management could be stocked up to several times every year. In the French legislation (Guevel 1997), lake owners and managers



Two-way ANOVAs were used to test for potential differences in fish community metrics between years and lakes and fish community variables. BPUEEN and BPUEENON were log-transformed prior to the analyses. We then performed a detrended correspondence analysis (DCA; Hill & Gauch, 1980) to examine both community structure (i.e. taxonomic diversity and biomass) and composition (i.e. species life-stage) and to determine whether redundancy analysis (RDA) or canonical correspondence analysis (CCA) would be the most appropriate model to describe the association between fish community and environmental variables (i.e. morphology, productivity, water quality and human-use intensity) using the lakes-years data set (N = 34). For community structure, the DCA ordination gradient was 
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