Effects of anthropogenic disturbance on 13C and 15N of aquatic plants from a semiarid wetland 
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Abstract
[bookmark: _GoBack]Wetlands provide a great variety of environmental services to society, but they are currently globally threatened by human activities. We evaluated the effects of anthropogenic disturbances on the ecological quality of semiarid wetlands from central Spain (La Mancha Húmeda) through the natural abundance of isotopes (13C and 15N) of aquatic plants. We measured water quality and also compiled historical information about land-use and socioeconomic characteristics at local (100 m around the lagoon) and regional (sub-basin) scales. We then related this information to isotopic signatures of three types of aquatic plants: (i) charophytes, (ii) marginal aquatic macrophytes and (iii) vascular plants. Aquatic plants exposed to high levels of nitrogen showed very low δ13C values, consistent with negative physiological effects. Vascular aquatic plants were the group that best reflected the effects of nutrient enrichment in wetlands and lagoons through significant correlations between their δ15N values and total nitrogen and phosphorus concentrations in water. Demographic factors did not exert a clear influence on aquatic plant isotopic signatures, although we observed inverse correlations between the coverage of natural vegetation at regional scale and δ13C of marginal plants and δ15N of vascular plants. Furthermore, the isotopic signatures of Phragmites australis, present in 96% of the studied lagoons, were not significantly correlated with any of the environmental quality variables evaluated. Although δ13C signatures of Typha dominguensis and Cladium mariscus increased significantly due to changes in water quality, their narrow isotopic variability at the regional scale limits their use as a bioindicators of environmental changes in this wetland system. Finally, we propose the use of δ15N measured in the vascular plant Salicornia sp. as the most suitable bioindicator of anthropogenic impacts in La Mancha Húmeda region, a highly emblematic system of semiarid Mediterranean wetlands that is unique in the Mediterranean region of Europe.  
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1. Introduction
Wetlands provide a great variety of environmental services to society, including provisioning services such as water and food, regulation services such as carbon sequestration, and cultural, scientific and recreational services (Maltby and Acreman 2011). However, wetlands are very sensitive to human-induced disturbances, including species invasion, eutrophication, habitat modification and alteration of the hydrological cycle, which can disrupt or, in many cases, even reverse their functional capabilities, with potential negative consequences for the regulation of climate and the livelihoods of many people around the world (Moreno-Mateos and others 2012). This makes it highly relevant to develop early-warning indicators of impacts that allow us to detect when wetlands are being threatened before irreversible changes can occur.  
Different biological indicators have been proposed to determine the health of wetlands, from microbial associations to algae, vascular vegetation, zooplankton, macroinvertebrates, amphibians, fish and birds (Custer and Osborn 1977; Whitfield and Elliott 2002; Lee Foote and Rice Hornung 2005; Sharma and Rawat 2009). However, algal and vascular plant communities are probably the most widely used indicators, since they respond distinctively to disturbance (e.g., changes in biomass and community composition) and are also easy to sample and measure (McCormick and Cairns 1994; Lopez and Siobhan Fennessy 2002; Güsewell and others 2003). Aquatic plant communities, including emerging, submerged and floating macrophytes, are also particularly sensitive to changes in the water level, the ionic composition of water, and the availability of nutrients (Keddy 2000). Moreover, many macrophytes are well known for their ability to absorb contaminants and tolerate pollution; for example, Typha dominguensis is very tolerant to nutrient enrichment in the Florida Everglades (Inglett and Reddy 2006). In wetlands, communities of algae and vascular plants are very important since they can represent the main source of energy for higher trophic levels, thus investigating how they respond to current and historical disturbance is critical to understand, and predict, the future of these ecosystems.
Changes in the natural abundance of C and N isotopes (13C and 15N, respectively) in aquatic plants have already been used to show the impacts of climate change, land use change, atmospheric pollution and discharges in wetlands (Cole and others 2005; Wigand and others 2007; Benson and others 2008). For example, the ratio of 13C/15N in macrophytes has been proposed as an indicator of changes in limiting nutrients regardless of their origin (McKee and others 2002) (Jones and others 2004), while the 15N of macroalgae has been successfully used as an indicator of different types of discharges, such as untreated urban sewage and agricultural effluents from fish farms (Camusso and others 1998; Rogers 1999; Lepoint and others 2008). Similarly, the δ15N of macrophytes has ​​also been used as an indicator of disturbances at the local scale (Brabandere and others 2007; Benson and others 2008). For example, in the Florida Everglades, sawgrass and Typha dominguensis had higher δ15N values ​​in areas where water discharges were enriched in nutrients, especially in nitrates and phosphorus ((Inglett and Reddy 2006). However, these studies are usually very local and targeted towards a very specific disturbance, while vegetation studies integrating the effects of multi-faceted environmental alterations in ecosystem quality at greater temporal and geographical scales are missing (Chang and others 2009; Piñón-Gimate and others 2009).
The Upper Guadiana Basin, which integrates most of the wetlands of La Mancha Humeda (LMH), the main wetland region of the Iberian Peninsula, is an ideal place to assess the potential applicability of stable isotopes (13C and 15N) in aquatic plants as indicators of ecosystem degradation. In this Biosphere Reserve, various environmental factors have generated a complex mosaic of wetlands derived from both the natural variability of the Mediterranean continental climate and the environmental changes that are happening at different levels; i.e., from the local, ecosystem scale (e.g., wastewater discharges, drying, etc.), to the regional scale (e.g., hydrological overuse or over-fertilization of agricultural soils) and even to the global scale (e.g., increased atmospheric CO2; Llamas 1988; Yustres et al. 2013). Although numerous wetlands of LMH, primarily “Las Tablas de Daimiel” and “Lagunas de Ruidera”, have been studied in relation to their ecological, biogeochemical and even socioeconomic characteristics (Piña-Ochoa and Álvarez-Cobelas 2006; Piña-Ochoa and others 2006) none of these studies evaluated the role of aquatic vegetation as potential indicators of disturbance, despite the relevance of such studies for floodplain-level conservation and management practices.
In this study, we characterized the variability of the isotopic signatures of 13C and 15N of the aquatic vegetation of twenty-five lagoons from La Mancha Húmeda (Upper Guadiana Basin) and evaluated their use as indicators of current and historical anthropogenic disturbances. Specifically, we sought to address the following questions: (i) how do 13C and 15N of aquatic vegetation respond to different types of disturbances? And, (ii) which groups of plants or species are more suitable as bioindicators? To address these questions, we focused on those aquatic plant species that are more abundant and with a wider distribution across the region.

2. Material and Methods
2.1. Upper Guadina Basin and La Mancha Humeda
This study was carried out in the Upper Guadiana Basin (39° 16'24'' N, 3° 24'E, Fig. 1), including the area of ​​the Biosphere Reserve La Mancha Humeda (LMH), which occupies an area of ​​about 2 million hectares (Sánchez-Carrillo and Angeler 2010). The designation of this area as a Biosphere Reserve by UNESCO in 1980 was due to the abundance of wetlands, since it harbors a high number of lagoons of great singularity. The elevation varies from 430-1203 m. The climate is semi-arid Mediterranean, where average annual rainfall varies from 300-500 mm and mean annual air temperature ranges from 14˚ to 15˚C (Donaire and González 1998). Currently, over 50% of the area historically covered by wetlands has been lost due to the overexploitation of the aquifer of “La llanura occidental de la Mancha Húmeda” (Hydrogeological Unit 04.04; Mejías Moreno et al. 2012). This large-scale decline of groundwater has been associated with a severe increase in surface irrigation and changes in crops (Llamas 1988). Nitrate (NO3-) concentrations in surface and groundwater have increased by almost 75% in the past 30 years due to heavy pollution caused by agricultural practices (Alvarez-Cobelas and others 2006). Moreover, discharges of untreated sewage or inadequate clearance can occasionally represent up to 100% of the water flow in the rivers during dry periods and reach the lagoons and wetlands, which alters their trophic status and functions (Álvarez-Cobelas and others 2010).
The study area is composed of more than 80% of the wetlands present in the Upper Guadiana basin (Sánchez-Andrés and others 2010), with basin size ranging from 889 ha in the intermediate lagoons from the “Ruidera” group to the almost 60,000 ha occupied by the sub-basin that drains directly into “Las Tablas de Daimiel”. A total of twenty-five lagoons that are distributed throughout the provinces of Cuenca, Toledo, Albacete and Ciudad Real were evaluated, which belong to six watersheds: Ruidera, Daimiel, Riansares, Las Animas, Calatrava and Blanca. The sub-basins of Daimiel and Ruidera are those that comprised the largest number of lagoons and wetlands. The twenty-five lagoons studied are related to sixteen fluvial currents, with the Guadiana River being the river that reaches more lagoons (eight in total: “Concejo”, “El Rey”, “Fuentillejo or La Posadilla”, “Morenilla”, “Redondilla”, “Santos Morcillo”, “Tablas de Daimiel” and “Tinaja”), while the other rivers feed only one or two lagoons. Sixty percent of the lagoons are more than 500 m away from a watercourse, while 40% are less than 500 m away.
Most of the lagoons, except those belonging to the “Ruidera” complex sub-basin are shallow lagoons where maximum depths rarely exceed 2 m. They are located at an altitude of 610-880 m. Using the criteria from Sánchez-Andrés et al. (2010), which pooled water systems according to their hydrogeomorphological characteristics, 36% of the lagoons and/or wetlands are temporary water bodies, exclusively supplied by rainwater, while 36% develop into floodplains (surface and groundwater). Twenty percent of the lagoons are fed jointly by rainwater and groundwater. Only 4% are fed primarily by groundwater (supported by permeable aquifers), while another 4% form floodplains. In this study, of all the lagoons and wetlands in the Upper Guadiana basin, we only considered those that had more than 5% cover of aquatic vegetation.
 
2.2 Sampling and chemical analyses
We carried out an intensive aquatic vegetation sampling in the summer of 2011. Aquatic vegetation was collected randomly at three different sites in each lagoon. These sites were sufficiently far apart, allowing us to account for the effects of spatial heterogeneity. The number of samples collected for each plant species at each site was approximately in proportion to their abundance (based on on-site visual estimates) and these were collected regardless of life stage to remove the effect of age. Only those plants that were present in at least three different lagoons were sampled (Table 1). The sampled species were classified into three groups, for a total of eight species: (i) charophytes: Chara hispida var. major; (ii) emergent marginal macrophytes: Phragmites australis, Cladium mariscus, Scirpus maritimus, S. litoralis and Typha dominguensis; (iii) and vascular aquatic plants: Salicornia sp. and Potamogeton pectinatus. The most abundant species within the sampled lagoons was P. australis (96% lagoons); the other species were present in less than 50% of the sampled lagoons: T. dominguensis (44%), S. maritimus (40%), C. mariscus (32%), P. pectinatus (24%), Salicornia sp. (24%), Chara hispida var. major (20%) and S. litoralis (12%). Charophytes were carefully pulled up from the sediment, while we collected only green leaves from P. australis, C. mariscus and T. dominguensis. For the rest of species, we collected entire plants, i.e., including shoots and leaves, but not roots.
All samples were preserved in the cold (<4 °C) during transport to the laboratory to avoid any degradation that might generate some type of isotope fractionation. Once in the laboratory, all plants were washed with 1M HCl for 24-72 h to remove carbonates (Demopoulos and others 2007; Serrano-Grijalva and others 2011) and subsequently washed with distilled water. After oven-drying at 60° C (> 48 h), samples were crushed mechanically and manually (agate mortar) to a fine powder (Brabandere and others 2007).
In all lagoons and wetlands studied, water samples were collected in polyethylene bottles previously washed with HCl. We also measured in situ conductivity and pH with a Crison multimeter MM-40 probe (Crison Instruments, Spain), and water temperature and dissolved oxygen with a ProODO probe (YSI Inc., USA). Samples were transported in ice water (<4 ° C) to the laboratory and frozen until preparation and subsequent analysis. We measured the concentration of phytoplankton chlorophyll-a (extraction with methanol;(Rai 1980); the different fractions of C (i.e., total organic C [TOC], dissolved organic [C], particulate organic C –[POC]) and dissolved organic N (DON). TON and TOC were analysed using a Total Organic analyser from Shimadzu, model TOC-V CSH, which included a Total Nitrogen (TN) detection module for the TOC-V series. Different fractions of dissolved inorganic N-DIN (NO3-, NH4+) and soluble and total phosphorus (PO43-, TP) were analysed according to (APHA 2005), with a segmented continuous flow analyser (SEAL Analytical AutoAnalyzer 3). All these analyses were performed at the Laboratory of Biogeochemistry of the National Museum of Natural Sciences, CSIC, in Madrid, Spain.

2.3 Stable isotope analysis
We evaluated the natural abundance of 13C and 15N for a total of 228 samples from eight species of aquatic plants (Table 2). The isotopic composition was determined by isotope-ratio mass spectrometry (IRMS) at the Stable Isotope Laboratory at the University of Arizona, United States (http://www.geo.arizona.edu/research/iso_lab.html). Two standards were used, Peedee belemnite (PDB) for C, and atmospheric N2 for N. The results are expressed in parts per thousand (‰) with respect to differences with the standards according to the following equation: δ13C or δ15N (‰) = [(Rsample / Rstndar) - 1] x 103, where R = 13C / 12C and 15N / 14N. The analytical precision of the replicates was less than 0.2 ‰.

2.4 Historical data of water quality, land use and socio-economic variables
Historical environmental information was collected and updated from different governmental entities of Castilla-La Mancha (Ministry of Environment, Ministry of Agriculture, Confederation of Guadiana, Consortium of the Upper Guadiana). Spatial information extracted from the National Land Use and Land Cover Map of 1978 (Ministry of Agriculture), the land use and land cover database Corine Land Cover for 1990 and 2000, digital terrain elevation model from the National Geographic Information Center (CNIG) at a spatial resolution of 25 m, aerial photographs from SIGPAC (http://pagina.jccm.es/agricul/sigpac.htm), and digital geological maps of the IGME (Magna Series 1: 50.000). Socioeconomic and demographic data from the National Statistics Institute (http://www.ine.es/intercensal; INE) were also taken. Other sources of information were: (Cirujano and others 1989, 1996; Cirujano Bracamonte 1995; Soria and others 1998; Florín and Montes 1999; Alvarez-Cobelas and others 2001; Cirujano Bracamonte and Medina Domingo 2002; Sánchez-Carrillo and Angeler 2010). To detect the scale at which environmental changes take place, we evaluated the land uses and socioeconomic activities at local scale (i.e., in a buffer area of 100 meters around the lagoons or in socioeconomic terms, the population near the lagoon) and regional scale (i.e., the sub-basin where the lagoon is contained). Land cover was grouped into five classes: (i) Natural vegetation: composed of conifer, deciduous, and oak forests, scrub and grassland; (ii) Dryland farmland: mainly wheat; (iii) Irrigated farmland: corn, sunflower, and other vegetables as well as olive trees and vineyards; (iv) dry farming fields: a mixture of dry and irrigated farmland; and (v) urban areas. All spatial data were integrated using a GIS built with the ArcGIS 9.2 package.
To determine the main sources of pollution of lagoons and wetlands in this study, we consulted databases and reports from previous studies about the environmental-hydrological characteristics of lagoons and wetlands belonging to the wetland area known as “Zona Húmeda Manchega” (Ministry of Environment and Rural and Marine Affairs (MARM) and Guadiana Hydrographic Confederation (CHG) (2008). 

2.5 Statistical analyses
We used Pearson correlations to relate the isotopic signatures of 13C and 15N of aquatic plants to (i) water quality (i.e., physicochemical parameters) and (ii) the physiographic, socioeconomic and demographic variables associated with anthropogenic activities at local and regional scales. For Pearson correlations between anthropogenic variables and the isotopic signatures of aquatic plants, we used the most recent data available (2000 and in some cases 2011), since most of the plants analyzed have a relatively short life cycle (from one to a few years) and they were also seen to relate better to the variables studied in exploratory analyses (data not shown). ANOVA tests (with Bonferroni post hoc comparisons) were performed to compare the isotopic signatures between groups and individual species of plants and lagoons where they were collected. Statistical analyses were performed using SPSS v20.

3. Results
3.1 Water quality of the lagoons and wetlands
During the sampling period (May-July 2011), physicochemical conditions of the lagoons were representative of the most critical period through which the ecosystems pass annually. In summer, reduced water inputs, high temperatures, high organic production, and larger wastewater discharges increased the turbidity, oxygen deficiency, and organic degradation rates of the lagoons. The lagoons greatly differed in the concentrations of total organic C (Table 3). Similarly, NO3- concentrations varied considerably, ranging from 0-42.99 mg NO3- L-1. TP and TN also showed wide ranges between the lagoons (0.02 to 1.97 g P L-1 and 0.094 to 19.96 mg N L-1, respectively). NH4+ and PO43- were usually below the detection limit (less than 0.1 mg NH4+ L-1 and less than 0.1 mg P L-1), although one lagoon, “Taray de las Pedroñeras”, showed high levels of both (e.g. 21.2 mg NH4+ L-1 and 5.96 mg P L-1).
According to the Organisation for Economic Co-operation and Development (OECD) criteria (Ryding and Rast 1989), 24% of the lagoons were in the range of critical eutrophication (PO43- concentrations greater than 3.5 mg L-1; Table 3), while 76% of lagoons showed ultraoligotrophic and oligotrophic conditions. The “Fuentillejo” lagoon showed concentrations of chlorophyll-a in accordance with mesotrophic conditions and “Taray de las Pedroñeras” had rates of hypertrophic conditions, mostly due to TP. During the period of 1978-2000, 99% of of the lagoons showed an increase in their trophic degree, although two of them, “Larga de Villacañas” and “Taray de Quero”, remained at the same level. Only one lagoon, “Retamar”, showed a decrease in the degree of eutrophication.
 
3.2 Main pollution sources
Table 4 shows a qualitative classification of the main sources of pollution and the most prominent changes in the environment of the lagoons studied. LMH lagoons received pollution inputs from point sources mainly associated with wastewater discharges, urban solid waste, but also some lagoons received occasional contamination discharges from agrifood industries, salt production industries, textiles industries, and even metallurgy, including cyanide and arsenic (e.g., “Taray Quero” and “Larga de Villacañas”). The predominant source of diffuse pollution is agriculture, mainly fertilizers, which are present in 44% of the lagoons (“Alcahozo”, “Camino de Villafranca”, “El Hito”, “La Veguilla”, “Larga de Villacañas”, “Manjavacas”, “Morenilla”, “Redondilla”, “Salicor”, and “Taray de las Pedroñeras”). Farming residues (mainly manure) are present in 40% of lagoons. Another source of contamination is septic water losses from buildings constructed on the banks of lagoons, which occurs in 16% of lagoons (“Rey”, “Morenilla”, “Tablas de Daimiel” and, “Taray Quero”).
 
 3.3. 13C and 15N isotopic signatures of aquatic plants 
All species, except S. litoralis, showed significant differences in both signatures between lagoons (p <0.01). The three functional groups (i.e., charophytes, marginal macrophytes and marginal aquatic plants) also differed in their isotopic composition (ANOVA: δ13C df: 2, F: 87.23, p <0.001; δ15N gl: 2, F: 16.59, p <0.001). Vascular plants showed significant differences in both isotopic signatures (ANOVA δ13C gl: 1, F: 114.44, p<0.001; δ15N gl: 1, F: 43.88, p <0.001), while marginal emergent macrophytes differed only in δ13C values ​​ (df: 4, F: 46.72, p <0.001); P. australis was different from the rest of the species.

3.4. Relationships between physical characteristics, demographic changes, and water quality, as well as the isotopic signatures of 13C and 15N in aquatic plants
The flooded area and the size of the basin showed a positive relationship with 13C signatures of aquatic plants (Table 5). Similarly, both the maximum depth as well as the population had a positive correlation with δ13C of vascular plants. Individually, the population of the sub-basin was negatively correlated with δ13C of P. australis, but positively with δ13C of P. pectinatus. The population at the municipal level was positively correlated with δ13C of vascular plants. δ15N of T. dominguensis and P. pectinatus were inversely correlated with the population of the basin, while the size of the population at the municipal level was correlated positively with δ15N of T.  dominguensis.
Those variables related to water quality appeared to exert a greater influence on the isotopic signatures of the studied aquatic plants, as evidenced by a greater number of stronger correlations (Table 5). TN concentrations in the water were negatively correlated with δ13C of aquatic plants when all species were pooled together. Water pH was negatively related to δ13C of vascular plants (Table 5). DOC and TOC were significantly related to δ13C of C. mariscus, while TP, NH4+ and PO43- were significantly related to δ13C of T. dominguensis. Moreover, the δ15N of vascular plants was correlated with the concentrations of TN, dissolved oxygen, TP, PO43-, DOC and TOC. NO3- concentrations were inversely correlated with the δ15N of Scirpus maritimus and P. pectinatus. Also, fluorescence, TP, PO43- and Chl-a were related to δ15N of Salicornia sp.  

 3.5 Relationships between land use and land cover change, socioeconomic aspects in the local and regional environment of the lagoons and wetlands and 13C and 15N isotopic signatures of aquatic plants
Locally, land use and land cover showed no significant effect on δ13C of the studied plants. Instead, they did show significant relationships with δ15N (Table 6); for example, the cover of rainfed crops was inversely related to the δ15N of marginal plants, while irrigated crops were positively related to δ15N of Salicornia sp. Regionally, δ13C values of marginal macrophytes and vascular plants, and particularly C. mariscus, were negatively related to the coverage of natural vegetation. The δ13C of marginal plants was positively related to the coverage of upland fields, while δ15N values of vascular plants and S. maritimus were negatively related to the coverage of natural vegetation.
Regarding economic aspects at the local scale, δ13C of aquatic plants were negatively related to employment in agriculture; employment in construction was related to δ13C of aquatic plants and employment services with δ13C of C. mariscus. Employment in agriculture was positively related to the δ15N of vascular plants and T. dominguensis. Industrial employment was related to δ15N of all aquatic plants, marginal macrophytes, vascular plants and S. maritimus. Employment in the services sector was negatively related to δ15N of marginal macrophytes and, in particular, to δ15N of T. dominguensis. 
At the regional scale, the influence of socioeconomic factors on the δ13C of aquatic plants was low (Table 7). Only employment in the manufacturing sector was related to δ13C of marginal macrophytes, while employment in construction was related to δ13C of all aquatic plants and vascular plants. In contrast, socioeconomic aspects had a greater influence on δ15N of aquatic plants. For example, employment in agriculture was associated with δ15N of T. dominguensis and P. pectinatus; employment in the industry was negatively related to δ15N of C. hispida var. major; employment in construction was related to δ15N of C. hispida var. major; and, finally, employment in services was inversely related to δ15N of T. dominguensis.

4. Discussion
In this study, thirty-six percent of the lagoons showed high concentrations of N, although the dominant fraction differed across lagoons. In lagoons belonging to the Ruidera sub-basin, NO3- dominated, while in the remaining lagoons NH4+ was the dominant inorganic N form. The high load of NO3- is most likely associated with the over-fertilization of the Campo de Montiel aquifer (Eugercios Silva and others 2017), which drains its waters rich in NO3- in the lagoons. Concentrations above 50 mg/L such as those found in our study are above the limit set under the Directive 80/778/CE (Álvarez-Cobelas and Cirujano 2007). 

4.2 Response of 13C and 15N isotopic signatures of aquatic vegetation to different types of disturbances in the LMH
The high variability of δ13C and δ15N of aquatic plants as well as significant differences between species and the three groups studied suggest a wide variety of C and N sources (Robinson 2001; Bedard-Haughn and others 2003; Burks and others 2006). This study clearly shows how species of aquatic plants are influenced isotopically both at the regional and local scales by anthropogenic disturbances and that these, in turn, show distinctive characters based on the biophysical conditions of each wetland. The frequently observed pattern ​​of very negative δ13C values of aquatic plants was related to high concentrations of TN and various sources of C and P, which are clearly related to the inputs of organic pollutants in water. The process of impoverishment in δ13C of aquatic plant values has a physiological explanation related to their photosynthetic activity, that decreases with the enrichment of nutrients through increased stomatal opening. This allows the leave’s internal CO2 levels to balance out with the atmospheric CO2 concentration, discriminating against 13C and resulting in that plants’ leaves are more isotopically negative (Inglett and Reddy 2006). Cladium mariscus was the species that showed the clearest response in terms of δ13C, while the 13C of Typha dominguensis also showed a strong dependence on PO43- and TP concentrations in water, which is in agreement with previous studies (Khan and Ansari 2005; Inglett and Reddy 2006; Verhoeven and others 2006). In fact, all the lagoons where T. dominguensis was collected showed a moderate to high state of eutrophication. 
The extent of the flooded area of ​​the lagoons and wetlands also influenced the δ13C of aquatic plants. This may be related to the hydrologic exploitation of the area that is increasing the shallow nature of the lagoons, which, in turn, increases the nutrient overload and reduces the redox potential in sediments. In this sense, the low redox potential in sediments as a consequence of reduced water level and increased nutrient load has been cited as one of the factors that increase the photosynthetic inhibition of plants, which could result in very negative δ13C values (Pezeshki and others 1996).
Human activities interfere with 15N fractionation through different biotic and abiotic processes, which result in δ15N variations that are finally dependent on the physiology on plants (Gu and others 2006). Cole et al. (20005) found that δ15N of macrophytes significantly increase when N loads increase, suggesting that this is a common response to N enrichment. As the availability of N in the ecosystem increases, the N cycle becomes more open and, therefore, there is further loss of 14N via fractionation in microbial routes, leading to accumulation of 15N and thus to higher values of δ15N in plant tissues (Martinelli and others 1999; Medina and others 2007). We found that the δ15N of vascular plants had very high values, reflecting the inputs of nutrients to the lagoon system through significant correlations between the values of δ15N, and TN and TP concentrations in the water. The inverse relationship between NO3- concentrations in water and δ15N of Scirpus maritimus and Potamogeton pectinatus is also in agreement with previous studies using aquatic plants from intensive agricultural lands as bioindicators (e.g., Chang et al. 2002) 

4.3 Effects of changes in land use and land cover change and demographics (local and regional) on 13C and 15N isotopic signatures of aquatic plants
In Spain, the increase in the area devoted to agriculture and urbanization is the main driver of biodiversity loss and has resulted in the conversion of 60% of the original area of wetlands since the mid-1950s (Santos-Martin and Montes 2013). In this study, we found that lagoons with poor water quality, receiving nutrient inputs mainly from agricultural activities, and that have nearby urban areas, have aquatic plants with more negative δ13C values since they are exposed to high levels of organic pollution (Serrano-Grijalva and others 2011). At the local and regional scale, the lagoons with more space devoted to agriculture showed more negative δ13C values in aquatic plants. The aquatic plants that are receiving the most domestic sewage have greater human population nearby and more residential developments have more δ15N enriched values (Cole Ekberg and others 2004; Cole and others 2005; Bannon and Roman 2008) These aspects were highlighted locally through positive relationships found between the ​​δ15N values of aquatic plants and the percentage of population engaged in agriculture, industry and services. 

4.4 Bioindicators aquatic plant group or species of anthropogenic disturbances in the lagoons of LMH
Macroalgae are often the best bioindicators of nutrient enrichment because they assimilate nutrients more efficiently compared to other aquatic plants (Kufel and Kufel 2002). However, our results showed a wide variability in δ13C values of Chara, which is in agreement with previous studies (James and others 2000), and little dependence of δ15N on variables that are typically indicators of poor water quality. While recognizing that C. hispida has a differential N assimilation depending on the sexual age (Rodrigo and others 2007), some authors consider it a good tracer of N sources through δ15N (Post 2002; Vermeer and others 2003). In our case, there was a trend toward negative δ15N values associated with the presence of inorganic fertilizers, but without statistical support to suggest its potential as a biomarker of the quality of aquatic ecosystems. Similarly, Phragmites australis, which could potentially be a good biomarker due to its wide distribution in the lagoons studied (it is present in 96% of them), also showed no influence of the environmental variables considered on its isotopic signatures.
Of the three groups of plants studied, vascular plants responded more clearly in terms of δ15N to the indicators of environmental degradation, with Salicornia sp. being the most susceptible to water quality. In view of our results, Salicornia sp. showed the greatest potential as indicator of nutrient enrichment by wastewater discharges through an increase in 15N. Meanwhile, P. pectinatus was the best indicator of agricultural pollution (NO3-) through a reduction in δ15N signatures. The fact that the δ15N values ​​of this species are increasing with increasing employment in agriculture most likely indicates the trend of the sector in the region, which is losing jobs as it intensifies, and fertilizer use becomes widespread.
Compared to δ15N, the use of δ13C in aquatic plants as indicators of changes in ecosystem quality was less clear. For example, T. dominguensis and C. mariscus showed a high number of significant relationships between δ13C and variables associated with water quality and other environmental aspects of wetlands. However, the narrow variation of δ13C values within the lagoons studied (less than four units of δ) make the causes more difficult to identify. 

Conclusions
[bookmark: _Hlk18684518]Macrophytes showed a clear δ15N enrichment as a common response to the increase in N loads. However, using stable isotopes did not allow us to separate the effects of different potential sources of pollution (e.g., wastewater or agriculture), and even between different causes of disturbances, including modifications of hydrological regimes. Finally, the versatility of species such as Phragmites australis, susceptible to isotopic fractionation and highly variable depending on the type of pollution affecting it, prevents its use as an ecological indicator in the study area, making the variations in δ15N of Salicornia sp. as the most suitable indicator of disturbances in La Mancha Húmeda, a highly threatened but highly emblematic system of semiarid Mediterranean wetlands that is unique in the Mediterranean region of Europe.
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Figure 1. Location of the Upper Guadiana Basin and studied lagoons. Subbasins of each lagoon are shown in green color. 
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Table 1. Floristic inventory of the aquatic plants from the studied lagoons. Presence = 1.
	Wetland
	Charophytes
	Marginal macrophytes

	Vascular aquatic plants

	 
	C. hispida var. major
	Phragmites  australis
	Typha  dominguensis
	Scirpus maritimus
	Scirpus litoralis
	Cladium mariscus
	Salicornia sp.
	Potamogeton pectinatus

	Alcahozo
	 
	1
	 
	 
	 
	 
	1
	 

	Blanca
	 
	1
	 
	 
	1
	1
	 
	 

	Camino de Villafranca
	 
	1
	 
	1
	 
	 
	1
	 

	Caracuel
	 
	1
	1
	1
	 
	 
	 
	 

	Concejo
	1
	1
	 
	 
	 
	1
	 
	 

	El Rey
	1
	1
	1
	 
	 
	1
	 
	 

	Fuentillejo o La Posadilla
	 
	1
	1
	1
	 
	 
	 
	1

	Grande de Villafranca
	 
	 
	 
	 
	 
	 
	 
	1

	Hito
	 
	 
	 
	1
	 
	 
	 
	 

	La Inesperada
	 
	1
	 
	1
	 
	 
	1
	 

	La Veguilla
	 
	1
	 
	1
	 
	 
	 
	 

	Larga de Villacañas
	 
	1
	 
	 
	 
	 
	 
	 

	Manjavacas
	 
	1
	 
	1
	 
	 
	1
	 

	Morenilla
	1
	1
	1
	 
	 
	1
	 
	 

	Nava Grande
	 
	1
	 
	 
	1
	 
	 
	1

	Redondilla
	1
	1
	1
	 
	 
	 
	 
	 

	Retamar
	 
	1
	 
	 
	 
	 
	1
	1

	Salicor
	 
	 
	 
	 
	 
	 
	1
	 

	San Pedra
	 
	1
	1
	 
	 
	 
	 
	 

	Santos Morcillo
	 
	1
	 
	 
	1
	1
	 
	 

	Tablas de Daimiel
	1
	1
	1
	1
	 
	1
	 
	1

	Taray de las Pedroñeras
	 
	1
	1
	 
	 
	 
	 
	 

	Taray de Quero
	 
	1
	 
	 
	 
	 
	 
	 

	Tinaja
	 
	1
	 
	 
	 
	1
	 
	 

	Vega de Pedro Muñoz
	 
	1
	 
	 
	 
	 
	 
	 



Table 2. Carbon and N contents and δ13C and δ15N values (mean ± SE) of the aquatic plants from the wetlands of LMH studied during the summer of 2011. Tablas de Daimiel: T.P (Tabla de los Pesebres), E (Embarcadero), C. (Corrales), Al (Algeciras), As (Asnos), G1 (lower zone), G2 (upper zone), P.N. (Puente Navarro). Manjavacas: channel (C).

	 
	
	
	C
	N
	δ13C ‰
	δ15N ‰

	Species
	Wetland name
	n
	Avg
	SE
	Avg
	SE
	Avg
	SE
	Avg
	SE

	Chara hispida var.  major
 
 
 
 
	Concejo
	3
	27.72
	1.83
	1.95
	0.11
	-22.86
	0.12
	-0.89
	0.06

	
	El Rey
	3
	28.16
	0.69
	1.94
	0.03
	-22.60
	0.07
	8.33
	0.29

	
	Redondilla
	3
	20.10
	0.30
	0.76
	0.02
	-18.32
	0.37
	0.81
	0.14

	
	Morenilla
	4
	17.66
	1.97
	0.94
	0.16
	-27.62
	1.95
	5.41
	0.46

	
	Tablas de Daimiel (T.P.)
	3
	12.95
	0.37
	0.76
	0.11
	-14.94
	0.31
	9.14
	1.25

	Scirpus maritimus
 
 
 
 
 
 
 
 
	La Inesperada
	3
	40.36
	0.25
	1.37
	0.02
	-27.49
	0.03
	20.82
	0.66

	
	La Veguilla
	3
	41.74
	0.11
	1.68
	0.12
	-27.72
	0.12
	17.07
	0.76

	
	Caracuel
	3
	40.58
	0.11
	1.81
	0.02
	-29.97
	0.15
	4.88
	0.05

	
	Fuentillejo o La Posadilla
	3
	43.81
	0.09
	2.06
	0.12
	-27.66
	0.46
	6.59
	0.46

	
	Manjavacas
	3
	42.55
	0.16
	2.27
	0.08
	-28.14
	0.16
	16.63
	0.23

	
	Camino de Villafranca
	3
	39.84
	0.12
	2.09
	0.07
	-28.45
	0.06
	15.40
	0.09

	
	Hito
	3
	40.85
	0.13
	2.23
	0.04
	-27.90
	0.11
	10.21
	0.22

	
	Tablas de Daimiel (C. and P. N.)
	4
	43.53
	0.57
	1.54
	0.59
	-27.10
	0.57
	10.26
	1.75

	
	Tablas de Daimiel (E)
	3
	41.40
	0.20
	2.07
	0.12
	-30.11
	0.84
	13.13
	1.63

	Scirpus litoralis
 
 
	Blanca
	3
	40.70
	0.62
	0.64
	0.01
	-27.72
	0.01
	4.17
	0.23

	
	Santos Morcillo
	3
	35.61
	0.42
	1.09
	0.03
	-28.68
	0.01
	16.24
	0.10

	
	Navagrande
	6
	38.02
	0.74
	0.99
	0.10
	-27.00
	0.70
	14.79
	0.92

	Cladium mariscus
 
 
 
 
 
 
 
	Blanca
	3
	45.69
	0.20
	0.82
	0.04
	-26.45
	0.02
	4.45
	0.18

	
	Concejo
	3
	45.98
	1.05
	1.60
	0.14
	-27.24
	0.25
	26.52
	1.13

	
	El Rey
	3
	44.77
	1.19
	1.26
	0.04
	-27.84
	0.43
	10.45
	0.10

	
	Santos Morcillo
	3
	45.63
	0.65
	0.91
	0.07
	-26.62
	0.04
	7.87
	0.13

	
	Tinaja
	3
	45.46
	0.54
	1.30
	0.04
	-27.56
	0.13
	14.31
	2.33

	
	Morenilla
	3
	44.98
	0.00
	1.27
	0.23
	-27.19
	0.46
	7.91
	0.25

	
	Tablas de Daimiel (Al)
	1
	47.29
	0.00
	1.07
	0.00
	-26.57
	0.00
	8.39
	0.00

	
	Tablas de Daimiel (As)
	1
	47.25
	0.00
	1.25
	0.00
	-25.99
	0.00
	2.73
	0.00

	Phragmites australis
 
 
 
 
 
 
 
 
 
 
 
 
	Alcahozo control
	3
	42.59
	0.37
	2.68
	0.13
	-24.94
	0.21
	11.38
	0.12

	
	La Inesperada
	3
	40.38
	0.22
	2.54
	0.04
	-25.38
	0.02
	15.15
	0.06

	
	La Veguilla
	3
	40.41
	0.20
	3.03
	0.04
	-25.41
	0.06
	20.51
	0.12

	
	Blanca
	3
	46.07
	0.20
	2.96
	0.05
	-26.82
	0.08
	17.05
	1.54

	
	Caracuel
	3
	42.66
	0.34
	3.09
	0.21
	-26.54
	0.02
	9.03
	0.12

	
	Concejo
	3
	45.41
	0.31
	3.24
	0.10
	-25.62
	0.01
	26.45
	1.65

	
	Fuentillejo o La Posadilla
	3
	43.57
	0.99
	2.87
	0.17
	-26.40
	0.21
	5.00
	0.08

	
	Vega  Pedro Muñoz
	3
	44.20
	0.49
	4.23
	0.22
	-25.89
	0.57
	13.46
	1.06

	
	Manjavacas
	3
	42.46
	0.43
	3.92
	0.06
	-26.17
	0.06
	0.12
	0.09

	
	Manjavacas (C)
	3
	43.97
	0.57
	2.53
	0.06
	-26.21
	0.13
	11.84
	0.74

	
	Camino de Villafranca
	3
	44.15
	0.34
	2.58
	0.18
	-27.07
	0.28
	10.12
	0.58

	
	Retamar
	3
	44.09
	0.25
	2.61
	0.08
	-26.28
	0.11
	11.70
	0.92

	
	Taray de las Pedroñeras
	3
	45.94
	0.57
	4.21
	0.13
	-26.25
	0.43
	8.24
	1.36

	
	Taray de Quero
	3
	46.97
	0.02
	4.04
	0.08
	-25.21
	0.08
	9.85
	0.01

	
	El Rey
	3
	44.43
	0.39
	3.44
	0.14
	-26.19
	0.18
	9.30
	0.75

	
	Larga de Villacañas
	3
	43.32
	0.10
	3.70
	0.13
	-25.44
	0.33
	16.59
	2.08

	
	Redondilla
	3
	44.21
	0.07
	3.98
	0.07
	-27.63
	0.13
	8.21
	1.69

	
	Taray de Quero
	3
	46.97
	0.02
	4.04
	0.08
	-25.21
	0.08
	9.85
	0.01

	
	El Rey
	3
	44.43
	0.39
	3.44
	0.14
	-26.19
	0.18
	9.30
	0.75

	
	Larga de Villacañas
	3
	43.32
	0.10
	3.70
	0.13
	-25.44
	0.33
	16.59
	2.08

	
	Redondilla
	3
	44.21
	0.07
	3.98
	0.07
	-27.63
	0.13
	8.21
	1.69

	
	San Pedra
	3
	45.32
	0.24
	3.62
	0.02
	-26.46
	0.20
	16.55
	0.08

	
	Santos Morcillo
	3
	40.50
	0.28
	3.04
	0.03
	-27.24
	0.02
	9.02
	0.02

	
	Tinaja
	3
	40.34
	0.25
	1.84
	0.04
	-26.52
	0.01
	14.28
	0.33

	
	Morenilla
	3
	39.78
	1.20
	2.59
	0.18
	-24.81
	0.22
	15.36
	4.52

	
	Navagrande
	6
	44.34
	0.55
	3.42
	0.21
	-26.39
	0.10
	11.52
	0.61

	
	Tablas de Daimiel (G1)
	4
	45.09
	0.59
	3.79
	0.30
	-27.01
	0.66
	11.70
	1.56

	
	Tablas de Daimiel (G2)
	4
	44.06
	1.06
	3.21
	0.31
	-26.08
	0.22
	11.06
	1.99

	Thypa dominguensis
	Caracuel
	3
	43.64
	0.29
	0.88
	0.02
	-28.93
	0.07
	9.09
	0.08

	
	Fuentillejo o La Posadilla
	3
	43.03
	0.33
	1.36
	0.05
	-28.50
	0.02
	4.14
	0.34

	
	Taray de las Pedroñeras
	3
	43.81
	1.04
	1.97
	0.08
	-26.93
	0.16
	13.51
	1.52

	
	El Rey
	3
	42.99
	0.28
	1.38
	0.07
	-28.83
	0.02
	21.53
	0.09

	
	Redondilla
	3
	46.33
	0.42
	2.09
	0.13
	-29.06
	0.16
	6.45
	0.17

	
	San Pedra
	3
	42.82
	0.14
	2.23
	0.16
	-29.81
	0.04
	14.98
	0.21

	
	Morenilla
	3
	43.49
	0.49
	1.18
	0.18
	-27.24
	0.28
	14.70
	1.71

	
	Tablas de Daimiel (G1)
	4
	46.17
	5.21
	1.63
	0.15
	-28.89
	0.31
	9.21
	1.37

	
	Tablas de Daimiel (G2)
	4
	43.04
	0.99
	2.37
	0.40
	-27.84
	0.30
	7.16
	0.90

	
	Tablas de Daimiel (P. N)
	3
	43.23
	0.45
	2.27
	0.19
	-27.72
	0.30
	14.24
	1.67

	Potamogeton pectinatus
	Fuentillejo o La Posadilla
	3
	38.39
	1.00
	2.43
	0.10
	-19.29
	0.26
	3.48
	0.24

	
	Retamar
	3
	36.93
	0.30
	2.96
	0.11
	-22.38
	0.11
	16.26
	0.48

	
	Grande de Villafranca
	3
	27.55
	3.76
	1.67
	0.08
	-14.10
	0.26
	2.43
	0.64

	
	Navagrande
	6
	36.10
	0.91
	2.17
	0.12
	-16.42
	0.51
	10.48
	0.63

	
	Tablas de Daimiel
	3
	35.11
	1.59
	1.89
	0.16
	-18.86
	0.62
	10.01
	1.99

	Salicornia
	Alcahozo control
	3
	22.07
	0.61
	1.90
	0.09
	-24.08
	0.11
	22.73
	0.40

	
	La Inesperada
	3
	23.56
	0.31
	2.34
	0.04
	-27.55
	0.11
	22.17
	0.05

	
	Manjavacas
	3
	24.50
	0.46
	1.49
	0.06
	-27.82
	0.06
	16.53
	0.23

	
	Camino de Villafranca
	3
	22.59
	0.34
	1.56
	0.08
	-25.54
	0.04
	32.14
	0.37

	
	Retamar
	3
	22.63
	0.12
	1.69
	0.07
	-25.42
	0.08
	14.61
	0.37

	
	Salicor
	3
	21.02
	0.26
	1.65
	0.04
	-24.64
	0.16
	17.56
	0.06





Table 3. Physicochemical characteristics of water from the 25 lagoons studied in summer 2011. Eutrophication level is based on (Ryding and Rast 1989): 1: oligotrophic= TP<0.01, 2: mesotrophic= 0.01<TP<0.035, 3: eutrophic=0.035<TP<0.1, 4: hypertrophic= TP>0.1.
	Wetland
	pH
	Electric conductivity
	Dissolved oxygen
	Fluorescence (u.a)
	TN
	TP
	Ammonium
	Nitrate
	Orthophosphate
	Chl-a
	TOC
	DOC
	Eutrophication level

	 
	 
	µS/cm
	mg/L
	 
	mg N/L
	mg P/L
	mg NH4+/ L 
	mg NO3-/L 
	mg P/ L
	µg/L
	mg C/L
	mg C / L
	 

	Alcahozo 
	9.89
	15350
	11.4
	2.27
	2.5240
	0.0830
	0.1300
	0.0001
	0.0150
	2.00
	18.22
	18.13
	2

	Blanca
	8.28
	648
	7.8
	0.08
	9.2300
	0.0330
	0.0300
	38.5730
	0.0400
	0.40
	2.05
	2.02
	3

	Camino de Villafranca
	9.30
	33500
	18.0
	35.02
	10.8000
	0.8670
	0.3930
	0.0000
	1.3520
	42.20
	63.58
	53.34
	2

	Caracuel
	10.05
	477
	12.3
	2.65
	1.2870
	0.2300
	0.1480
	0.1900
	0.3340
	1.50
	12.07
	11.75
	2

	Concejo
	7.97
	694
	8.3
	0.11
	9.6850
	0.0360
	0.0040
	41.6410
	0.0400
	0.40
	2.83
	2.59
	3

	El Rey
	7.97
	511
	9.5
	0.70
	9.8610
	0.0200
	0.0190
	40.3710
	0.0280
	1.10
	1.88
	1.82
	2

	Fuentillejo o La Posadilla
	8.18
	1392
	6.2
	6.51
	1.7210
	0.1130
	0.1770
	0.2570
	0.0140
	10.10
	19.20
	19.03
	3

	Grande de Villafranca
	8.66
	9440
	8.2
	3.57
	1.4220
	0.0730
	0.0810
	0.2170
	0.1350
	0.50
	15.19
	14.92
	3

	Hito
	9.18
	68900
	14.5
	3.71
	13.4500
	0.0590
	1.4640
	0.0180
	0.0400
	1.00
	132.70
	125.00
	4

	La Inesperada
	9.76
	14380
	10.7
	3.32
	2.7720
	0.4350
	0.3446
	0.0133
	0.5888
	1.03
	25.36
	23.46
	4

	La Veguilla
	9.10
	32500
	17.0
	33.71
	10.8000
	0.8670
	0.3930
	0.0001
	0.4412
	42.20
	63.58
	53.34
	2

	Larga de Villacañas
	8.60
	21100
	8.2
	80.53
	11.3400
	0.7500
	0.5340
	0.0000
	0.8310
	35.30
	48.66
	44.00
	0

	Manjavacas
	9.89
	15350
	11.4
	2.27
	2.5240
	0.0830
	0.1300
	0.0000
	0.0460
	2.00
	18.22
	18.13
	2

	Morenilla
	7.76
	757
	9.8
	0.54
	9.9134
	0.2453
	0.0808
	42.2833
	0.0369
	1.93
	1.70
	1.58
	2

	Nava Grande
	9.24
	2080
	11.6
	4.74
	1.3470
	0.0530
	0.0860
	0.0710
	0.0430
	2.20
	14.59
	14.46
	3

	Redondilla
	7.90
	578
	8.6
	1.16
	9.8190
	0.0350
	0.0170
	42.3060
	0.0370
	1.40
	2.04
	1.49
	2

	Retamar
	9.70
	10170
	12.0
	2.27
	1.9020
	0.0440
	0.0600
	0.0220
	0.0430
	0.40
	14.61
	13.81
	2

	Salicor
	8.45
	76000
	5.5
	7.82
	5.4080
	0.2380
	2.6794
	2.8697
	0.1012
	0.28
	44.43
	41.57
	3

	San Pedra
	7.94
	615
	9.6
	0.59
	9.9460
	0.0670
	0.0040
	42.9880
	0.0400
	1.30
	1.62
	1.53
	4

	Santos Morcillo
	8.13
	626
	9.1
	0.50
	9.6830
	0.0160
	0.0000
	42.1420
	0.0340
	0.50
	2.91
	2.82
	2

	Tablas de Daimiel
	8.11
	2308
	10.2
	4.16
	0.9432
	0.0403
	0.0400
	0.2360
	0.0187
	7.50
	9.72
	9.17
	4

	Taray de las Pedroñeras
	7.70
	1365
	2.9
	4.04
	19.9600
	1.9650
	21.2010
	0.4160
	5.9580
	0.60
	6.48
	6.23
	4

	Taray de Quero
	8.14
	4370
	9.9
	62.56
	3.0980
	0.0410
	0.1850
	3.2730
	0.0430
	30.10
	10.82
	9.96
	2

	Tinaja
	7.79
	646
	8.4
	0.32
	9.6070
	0.0420
	0.0140
	41.4200
	0.0370
	0.40
	1.56
	1.46
	2

	Vega de Pedro Muñoz
	7.59
	8210
	2.1
	3.67
	5.2570
	0.6580
	0.7350
	0.0000
	1.0330
	0.40
	24.83
	22.40
	3


Table 4. Pollution sources, disturbance and frequency of pollutants in the 25 wetlands studied. STP = sewage treatment plant; SW = receives sewage water or from STP; FPD = frequency of pollutants discharges: C: common, N: negligible, O: occasional.

	Wetlands
	SW
	FEC
	Nonpoint sources
	Point sources
	Disturbances

	Alcahozo
	Yes
	C
	Agriculture
	Solid urban waste
	Extraction of freatic waters

	Blanca
	No
	N
	
	
	Drainage channels

	Camino de Villafranca
	Yes
	C
	Agriculture
	Alcazar STP discharges (from Taray channel and farms).
	Trails

	Caracuel
	No
	N
	
	Cattle farm, iron well
	

	Concejo
	No
	N
	
	
	Urban areas, dam channeling travertine

	El Rey
	No
	O
	
	Domestic water discharges
	Modified pipe, hydraulic work. Gate house Fenosa Union

	F.o La Posadilla
	No
	N
	Agriculture, cattle raising not in stable
	Have no been observed
	Ditch, dry well

	Grande de Villafranca
	Yes
	C
	Clay extraction quarry
	Controlled urban discharges and rainstorms of the developtments
	

	Hito
	No
	N
	Agriculture
	Livestock farming exploitation, Montalbo control urban discharges, solid and liquid discharges
	Drainaje ditches

	La Inesperada
	Yes
	C
	
	Entrada habitual de aguas procedentes de depuradoras
	

	La Veguilla
	Yes
	C
	Agriculture
	Direct discharges from the STP of Alcázar de San Juan. Channeling network of sewage water. Cattle.
	Bridge, drain system.

	Larga de Villacañas
	Yes
	C
	Agriculture, industrial activity
	Direct discharges from the STP of Villacañas, channeling network of sewage water of STP, water from wood industry. Chemical waste with colorants. Salt industry waste (Cu, Zn, Mn and As)
	Urban activites, solid waste dumps (Urban and industrial) and transport infraestructure

	Manjavacas
	Yes
	C
	Agriculture
	Direct discharges from the STP of Mota del Cuervo.
	Entrance ditches, exploitation wells, freatic water extraction.

	Morenilla
	Yes
	C
	Agriculture: crops, cattle raising not in stable.
	Farms
	Farm in the proximity of lagoon, touristic routes. Paralell and perimetral ditches to collect water

	Nava grande
	No
	N
	
	Not detected
	

	Redondilla
	No
	N
	Agriculture
	Cattle raising, gypsum quaryy, kartiang circuit and sand clouds.
	High voltage lines. Drainage of ditches

	Retamar
	No
	N
	Agriculture plots in the catchment, industrial activity
	Pig farm
	Regular pumping of freatic waters.

	Salicor
	No
	N
	Agriculture
	
	Channeling of San Marcos creek, infrastructure for agriculture and cattle raising.

	San Pedra
	No
	O
	
	Domestic water discharges
	

	Santos Morcillo
	No
	N
	
	
	

	Tablas de Daimiel
	Yes
	C
	Discharge of industrial pollutants, solid urban waste
	Cattle raising, urban waste water discharge and from the STP of Villarubia. 
	Housing. Manure piles


	T. de las Pedroñeras
	Yes
	C
	Fruit trees, olive trees, inert solid wastes
	Water from treatment plant
	Construction

	Taray de Quero
	Yes
	O
	Leachates, agrochgemicals, solid urban waste, salt deposits and 
foul black sludge
	Discharge from STP of Quero. Discharge from agrifood industry. Metals like Ni, As, Ba and Mg and cianide.
	Urgan activities. Debris

	Tinaja
	No
	N
	
	
	

	Vega de Pedro Muñoz
	Yes
	C
	Wastewater discharge from town
	Water from treatment plant
	Drainage ditches






Table 5. Pearson (r) correlation values between δ13C and δ15N measured in aquatic plants and physicochemical and demographic variables. Max. depth: Meximum depth (m), Altitude (m.a.s.l.), Ha: average flooded area (1998-2011), Ha 2011 flooded area 2011, Ha Sub.: average surface of subbasin, Population = Population (number of neighbours); Pop. Sb 2000=Population of subbasin 2000=; Pop. mun 2000 = population of municipality 2000 =; Cond.: Electric conductivity, Fluor.: Fluorescence, TN: total nitrogen, TP: total phosphorus NH4+: ammonium, NO3-: nitrate, PO43-: orthophosphate, TOC = total organic carbon; DOC = dissolved organic carbon. **P < 0.05; ***P < 0.001. Different lowercase letters between species indicates if they differ in their isotopic signatures.


	δ13C
	Max. depth
	Altitude
	Ha
	Ha 2011
	Ha Sub
	Pop.
	Pop.Sb 2000
	Pop. Town 2000
	pH
	Cond.
	O2
	Fluor.
	TN
	TP
	NH4+
	NO3-
	PO43-
	Chl a
	TOC
	DOC

	Aquatic plants
	-0.21
	-0.33
	0.01
	0.43**
	0.53***
	0.10
	0.16
	0.32
	-0.05
	-0.07
	-0.16
	-0.01
	-0.43**
	-0.17
	-0.09
	-0.27
	-0.12
	-0.07
	-0.14
	-0.13

	By group
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Marginal plants
	-0.31
	0.07
	-0.31
	-0.07
	0.02
	-0.35
	-0.28
	-0.14
	0.1
	0.02
	-0.2
	0.44
	-0.07
	0.2
	0.08
	-0.26
	0.12
	0.21
	-0.03
	-0.03

	Vascular plants
	0.63**
	0.30
	-0.20
	0.33
	0.39
	0.29
	0.52
	0.62**
	-0.63**
	-0.45
	-0.33
	-0.21
	-0.49
	-0.48
	-0.29
	-0.11
	-0.39
	-0.2
	-0.48
	-0.49

	By species
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Chara hispida var. major a
	-0.34
	-0.56
	0.73
	0.73
	0.59
	0.60
	0.78
	0.70
	0.82
	0.66
	0.09
	0.8
	-0.74
	-0.78
	-0.59
	-0.73
	-0.67
	0.62
	0.75
	0.72

	Scirpus maritimus b
	-0.31
	0.14
	-0.17
	0.02
	0.18
	-0.11
	0.06
	-0.28
	-0.36
	0.15
	-0.1
	0.06
	0.12
	-0.05
	0.12
	-0.15
	-0.09
	-0.04
	0.14
	0.13

	Scirpus litoralis b
	-0.91
	-0.62
	0.88
	0.90
	0.42
	0.08
	-0.90
	-0.87
	0.89
	0.83
	0.59
	0.78
	-0.85
	0.99
	0.97
	-0.87
	0.99
	0.8
	0.79
	0.79

	Cladium mariscus b
	-0.67
	-0.57
	0.35
	0.63
	0.65
	0.63
	0.58
	0.28
	0.73**
	0.64
	0.23
	0.6
	-0.68
	0.11
	0.28
	-0.66
	-0.11
	0.38
	0.72**
	0.72**

	Phragmites australis b
	-0.16
	-0.31
	0.45
	-0.01
	0.07
	-0.12
	-0.49**
	-0.35
	0.13
	0.24
	0.01
	0.31
	-0.09
	0.09
	-0.01
	-0.24
	-0.01
	0.18
	0.19
	0.21

	Typha dominguensis b
	-0.40
	-0.17
	0.17
	0.01
	0.11
	-0.07
	-0.07
	-0.14
	-0.27
	0.21
	-0.51
	0.22
	0.37
	0.65**
	0.62**
	-0.25
	0.61**
	-0.12
	-0.01
	-0.01

	Potamogeton pectinatus c
	0.56
	-0.29
	-0.06
	-0.09
	-0.13
	-0.14
	0.92***
	0.79
	-0.23
	-0.03
	-0.3
	0.2
	-0.29
	0.19
	0.07
	0.44
	0.67
	-0.18
	0.05
	0.1

	Salicornia sp. c
	0.67
	0.45
	-0.51
	-0.44
	0.20
	0.75
	0.08
	-0.03
	-0.41
	0.41
	-0.12
	0.15
	0.2
	-0.08
	0.35
	0.38
	-0.13
	0.09
	0.21
	0.23

	δ15N
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Aquatic plants
	0.09
	-0.12
	-0.10
	-0.08
	0.02
	-0.08
	-0.18
	-0.28
	0.22
	0.35*
	0.29
	0.25
	0.2
	0.27
	-0.03
	-0.07
	0.06
	0.34
	0.25
	0.22

	By group
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Marginal plants
	0.32
	-0.03
	0.13
	-0.21
	-0.14
	-0.27
	-0.21
	-0.10
	-0.04
	0.09
	0.09
	0.15
	0.28
	0.12
	-0.07
	0.22
	0.01
	0.15
	0.06
	0.04

	Vascular plants
	-0.40
	-0.25
	-0.12
	-0.26
	-0.33
	-0.21
	-0.22
	-0.47
	0.6
	0.46
	0.70**
	0.6
	0.77***
	0.75***
	0.21
	0.01
	0.72**
	0.55
	0.71**
	0.69**

	By species
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Chara hispida var. major a
	-0.18
	-0.80
	0.58
	0.58
	0.75
	0.74
	0.75
	0.76
	0.33
	0.53
	0.94**
	0.59
	-0.56
	-0.01
	0.31
	-0.59
	-0.83
	0.67
	0.49
	0.52

	Scirpus maritimus b
	-0.46
	-0.43
	-0.10
	-0.11
	0.00
	-0.35
	0.10
	-0.11
	0.36
	0.24
	0.37
	0.35
	0.25
	0.52
	0.03
	-0.76**
	0.42
	0.33
	0.1
	0.07

	Scirpus litoralis b
	0.58
	-0.66
	0.30
	0.26
	-0.97
	-0.99
	-0.27
	0.64
	0.28
	0.39
	0.68
	0.47
	-0.36
	-0.06
	0.06
	-0.33
	-0.3
	0.45
	0.46
	0.45

	Cladium mariscus b
	0.54
	0.50
	-0.35
	-0.38
	-0.53
	-0.50
	-0.55
	-0.21
	-0.43
	-0.37
	-0.43
	-0.43
	0.42
	-0.27
	-0.23
	0.42
	0.35
	-0.21
	-0.35
	-0.36

	Phragmites australis b
	0.16
	0.28
	-0.17
	-0.14
	-0.01
	-0.05
	-0.05
	-0.20
	-0.2
	0.1
	0.06
	0.12
	0.29
	0.02
	-0.16
	0.32
	-0.12
	0.14
	0.11
	0.09

	Typha dominguensis b
	0.76
	0.45
	-0.09
	-0.11
	-0.16
	0.02
	-0.27**
	0.23**
	-0.24
	-0.25
	0.08
	-0.57
	0.42
	0.12
	0.12
	0.43
	0.12
	-0.4
	-0.56
	-0.54

	Potamogeton pectinatus c
	-0.33
	-0.44
	0.21
	0.26
	-0.05
	0.20
	-0.84**
	-0.57
	0.57
	0.17
	0.89**
	-0.61
	0.02
	-0.72
	-0.56
	-0.94***
	-0.43
	-0.46
	-0.44
	-0.48

	Salicornia sp. c
	0.13
	-0.45
	0.10
	-0.36
	0.08
	-0.10
	0.63
	0.14
	-0.04
	0.04
	0.71
	0.85**
	0.81
	0.89**
	-0.16
	-0.27
	0.89**
	0.87**
	0.73
	0.7





Table 6. Pearson correlation values between δ13C and δ15N measured in aquatic plants and land use and socioeconomic variables at the basin level (year 2000 data). Nat. veg. = natural vegetation area; Agric.= agriculture; Ind.= industry; Build.= building sector; Serv.= tertiary sector. **P < 0.05; ***P < 0.001.
	δ13C
	Nat. veg. 
	Rainfed crops
	Irrigated
	Rainfed-irrigated
	Urban 
	% Agric.
	% Ind.
	% Build.
	% Serv. 

	Aquatic plants
	-0.25
	0.30
	-0.13
	0.01
	-0.04
	-0.42**
	0.04
	0.49**
	-0.02

	By group
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Marginal plants
	-0.33
	0.16
	0.19
	-0.20
	0.23
	-0.13
	0.55***
	-0.32
	-0.22

	Vascular plants
	0.39
	0.13
	-0.19
	0.00
	-0.34
	-0.28
	-0.41
	0.46
	0.04

	By species
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Chara hispida var. major
	-0.45
	0.91
	-0.82
	0.73
	-0.15
	-0.87
	0.21
	0.59
	0.86

	Scirpus maritimus
	0.08
	-0.25
	0.08
	0.06
	0.21
	-0.13
	0.09
	-0.08
	0.09

	Scirpus litoralis
	-0.47
	0.47
	-
	-
	-
	-0.62
	0.09
	-0.89
	0.89

	Cladium mariscus
	-0.63
	0.77
	-0.23
	0.65
	-0.59
	-0.80**
	0.14
	0.51
	0.08**

	Phragmites australis
	-0.28
	0.12
	0.30
	-0.10
	0.11
	0.00
	0.26
	-0.25
	-0.09

	Typha dominguensis
	-0.35
	0.26
	0.47
	-0.01
	-0.21
	0.44
	-0.29
	-0.16
	-0.16

	Potamogeton pectinatus
	0.33
	0.48
	-0.17
	-0.14
	-0.71
	-0.11
	-0.16
	0.57
	-0.27

	Salicornia sp.
	-
	0.11
	0.10
	0.10
	-0.17
	0.07
	0.11
	-0.19
	-0.06

	δ15N
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Aquatic plants
	-0.07
	-0.23
	0.33
	0.36
	0.27
	0.05
	0.44**
	-0.30
	-0.25

	By group
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Marginal plants
	0.27
	-0.48**
	0.33
	0.08
	0.15
	0.07
	0.39
	-0.02
	-0.42**

	Vascular plants
	-0.16
	-0.30
	0.49
	0.39
	0.16
	0.64**
	0.64**
	-0.39
	-0.38

	By species
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Chara hispida var. major
	-0.87
	0.58
	-0.10
	0.57
	0.47
	0.02
	-0.92
	0.75
	0.17

	Scirpus maritimus
	-0.16
	-0.41
	0.28
	0.27
	0.57
	0.06
	0.76**
	0.02
	-0.49

	Scirpus litoralis
	0.96
	-0.96
	-
	-
	-
	0.89
	0.10
	-0.28
	0.28

	Cladium mariscus
	0.62
	-0.58
	0.13
	-0.40
	0.01
	0.26
	0.17
	-0.40
	-0.29

	Phragmites australis
	0.25
	-0.38
	0.33
	0.13
	0.03
	0.01
	0.37
	0.03
	-0.38

	Typha dominguensis
	0.26
	-0.40
	0.00
	-0.12
	0.70**
	0.60**
	0.24
	0.33
	-0.64**

	Potamogeton pectinatus
	0.16
	-0.74
	-0.51
	0.20
	0.71
	0.77
	0.62
	-0.16
	-0.39

	Salicornia sp.
	-
	-0.13
	0.86**
	0.86**
	-0.42
	0.60
	0.31
	-0.57
	-0.63




Table 7. Pearson correlation values between δ13C and δ15N measured in aquatic plants and land use and socioeconomic variables at the local scale (year 2000 data). Nat. veg. = natural vegetation area; Agric. = agriculture; Ind. = industry; Build. = building sector; Serv. = tertiary sector. **P < 0.05; ***P < 0.001.
	δ13C
	Nat. veg. 
	Rainfed crops
	Irrigated crops
	Rainfed-irrgigated
	Urban 
	% Agric.
	% Ind.
	% Build.
	% Serv. 

	Aquatic plants
	-0.19
	0.17
	0.24
	-0.10
	0.00
	-0.34
	0.14
	0.49**
	-0.13

	By group
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Marginal plants
	-0.40**
	0.44**
	-0.13
	-0.04
	-0.11
	-0.02
	0.43**
	-0.22
	-0.20

	Vascular plants
	0.66**
	-0.45
	0.55
	-0.37
	-0.21
	-0.20
	-0.16
	0.71**
	-0.09

	By species
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Chara hispida var. major
	-0.59
	0.53
	0.59
	0.47
	0.36
	-0.79
	0.29
	0.34
	0.73

	Scirpus maritimus
	-0.35
	0.19
	0.19
	0.07
	0.28
	-0.06
	-0.02
	0.17
	-0.04

	Scirpus litoralis
	-0.97
	0.88
	0.99
	0.82
	-0.53
	-0.31
	-0.91
	0.00
	0.96

	Cladium mariscus
	-0.71**
	0.70
	0.66
	0.48
	-0.18
	-0.53
	-0.05
	0.02
	0.60

	Phragmites australis
	-0.33
	0.34
	-0.14
	0.20
	-0.17
	0.06
	0.20
	-0.22
	-0.08

	Typha dominguensis
	-0.24
	0.29
	-0.10
	0.20
	-0.06
	0.47
	-0.41
	0.03
	-0.10

	Potamogeton pectinatus
	0.14
	-0.23
	0.35
	-0.12
	0.36
	-0.50
	-0.01
	0.61
	-0.02

	Salicornia sp. c
	-0.50
	0.34
	0.32
	-0.48
	0.24
	0.32
	0.57
	0.59
	-0.56

	δ15N
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Aquatic plants
	-0.25
	0.17
	0.09
	0.37
	0.09
	-0.07
	0.23
	-0.04
	-0.11

	By group
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Marginal plants
	0.11
	-0.15
	0.01
	0.16
	0.10
	-0.13
	0.28
	0.06
	-0.16

	Vascular plants
	-0.73**
	0.38
	-0.27
	0.33
	0.42
	0.22
	0.30
	-0.44
	-0.10

	By species
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Chara hispida var. major 
	-0.70
	0.76
	0.43
	0.85
	-0.79
	0.33
	-0.89**
	0.91**
	-0.47

	Scirpus maritimus
	-0.75**
	0.43
	-0.07
	0.48
	0.48
	-0.20
	0.46
	0.11
	-0.12

	Scirpus litoralis
	0.42
	-0.63
	-0.10
	0.40
	0.93
	-0.88
	-0.24
	0.98
	0.10

	Cladium mariscus
	0.56
	-0.60
	-0.32
	-0.46
	0.44
	-0.13
	0.55
	-0.05
	-0.09

	Phragmites australis
	0.16
	-0.20
	0.15
	0.08
	-0.07
	-0.09
	0.30
	0.00
	-0.18

	Typha dominguensis
	0.17
	-0.10
	-0.28
	-0.01
	-0.27
	0.73**
	0.30
	0.20
	-0.61**

	Potamogeton pectinatus
	-0.56
	0.33
	-0.13
	0.22
	-0.21
	0.94***
	0.21
	-0.32
	-0.36

	Salicornia sp.
	-0.15
	-0.39
	0.53
	0.22
	0.47
	-0.27
	0.10
	0.19
	0.06
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889 ha en las lagunas intermedias del complejo Lagunas de Ruidera hasta casi las 60,000 ha que
ocupa la subcuenca que drena directamente sobre Las Tablas de Daimiel. Se evaluaron un total

de 25 lagunas que se distribuyen por las provincias de Cuenca, Toledo, Albacete y Ciudad Real, y

0102 4w o
e el 7 I

Fig. 1. Localizacion geografica de la Cuenca Alta del Guadiana y de los humedaes estudiados (en verde se muestran las
subcuencas de cada laguna).

Capitulo IV: Efectos e las perturbaciones antropogénicas en los stopos estables de 13Cy 15N de
Ias plantas acuaticas y su uso como indicadores en humedales
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