10

11

12

13

14

15

16

17

Structure of past and present food webs from a semiarid wetland subjected

to species invasion and environmental degradation

Lilia Serrano-Grijalval®, Rall Ochoa-Hueso??, Salvador Sanchez-Carrillo?,

!Department of Biogeochemistry and Microbial Ecology, National Museum of Natural Sci-
ences, MNCN-CSIC, Serrano 115 dpdo, E-28006-Madrid, Spain. 2Department of Biology,
University of Cadiz, Avenida Republica Arabe s/n, 11510, Puerto Real, Spain, 3IVAGRO,

University of Cadiz, 1510, Puerto Real, Spain

Abstract words: 259
Main text words: 5599
Figures: 6

Tables: 2

References: 115

*Author for correspondence: lilia_ecol@yahoo.com.mx



18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Abstract

Species invasion and habitat degradation very often result in local species loss, which may
result in a cascade of secondary extinctions that typically end up disrupting whole ecological
netwroks. Herein, we used historical records and the natural abundance of stable isotopes
(*3C and **N) of primary producers, aquatic animals and sediment/detritus to derive the past
and present structure of food webs from the freshwater wetland “Las Tablas de Daimiel”, in
central Spain. Before the green revolution and agricultural transformation of the area, this
wetland was characterised by a high biodiversity of basal species, including primary consum-
ers such as bivalves and gastropods, which are currently absent or very scarce. Our results
demonstrate that the increase of anthropogenic disturbances, exotic species and changes in
primary productivity of this wetland is affecting the biodiversity at all trophic levels (mainly
herbivorous fish) but not the length of the food chain, which we estimated between 3.9 and
4.4 trophic levels. Using the mixing models, we showed that macrophytes represent an im-
portant contribution of matter and energy to higher trophic levels. Our model also suggested
that a currently expanding, allochthonous halophytic tree (Tamarix canariensis) may be the
main energy source for two species of commonly found butterflies (Pieris rapae and Rho-
dometra sacraria) as well as for invertebrates, while the macrophyte Thypa dominguensis
was the main diet source for the exotic crayfish Procambarus clarkii, which occupies the
niche left by the native crayfish. Our work demonstrates the importance of taking a whole-
systems approach to characterize the magnitude of human impacts on the functioning of wet-

land ecosystems.

Keywords: Tablas de Daimiel; Food web; SISUS; Procambarus clarkii; Tamarix canar-

iensis; Species invasion; Habitat degradation
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Introduction

Species invasion and habitat degradation of wetlands, including water eutrophication, often
cause an initial loss of local species that can result in a cascade of secondary extinctions, thus
generating considerable challenges to conservation efforts (Sahasrabudhe and Motter, 2011).
Although it is well established that nutrient enrichment and species invasion typicallly de-
crease diversity within and across trophic levels (Guy et al., 2012; Post, 2002; Sahasrabudhe
and Motter, 2011; Schindler and Scheuerell, 2002; Vander Zanden et al., 1999), only a few
studies have sought to assemble complete food webs in ecosystems that have historically
been simultaneously subjected to multiple anthropogenic stressors and where both alien and
native species currently coexist (Costanzo et al., 2005; Gartner et al., 2002; Spies et al.,
1989). Studies related to the impacts of allochthonous species in wetlands usually report dra-
matic effects on the size, structure and species diversity of food webs, very often causing a
loss of connectivity between native species (Demopoulos et al., 2007; Ings et al., 2009;
Nilsson et al., 2012; Rennie et al., 2009; Woodward et al., 2008). However, other studies re-
port no alteration in the length of the food chain under disturbance (Marks et al., 2000;
McHugh et al., 2010; Pimm and Kitching, 1987; Walters and Post, 2008). In this context,
natural abundance of stable isotopes from current living and non-living samples, coupled
with information obtained from historical records, can be used to track changes in the struc-
ture of the food webs of ecosystems exposed to the simultaneous effects of eutrophication
and invasion by allochthonous species (Brauns et al., 2011).

The National Park Tablas de Daimiel (NPTD) is one of the few relict floodplain wet-
land of the Iberian Peninsula. However, it has been subjected to numerous environmental
pressures during the last 50 years, including drainage, sewerage, flooded area reduction, pol-
lution (mainly organic) and the introduction of exotic species, many of them introduced on

purpose for commercial reasons (Castaro et al., 2018). Although its biodiversity and the po-
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tential causes of its reduction in the NPTD have been the subject of numerous studies
(Alvarez-Cobelas et al., 2001; Feilhauer et al., 2018), there is no previous study about the
structure of food webs and the effects of environmental degradation, including those derived
from exotic species and eutrophication, on this emblematic wetland. However, based on his-
torical information, it has been suggested that fifty years ago the wetland must have had a
very complex trophic structure that included, besides the European crayfish Austropotamobi-
us pallipes, up to ten endemic species of fish, all disappeared today due to widespread degra-
dation of the wetland (Alonso et al., 2000). Therefore, stablishing how the structure of the
food web and the links within and between trophic levels have changed over time is key to
the develpment of adequate conservation, mitigation and, eventually, restoration strategies.
There are many matter and energy sources that can potentially contribute to different
consumers in the food web. The use of natural abundances of the stable isotopes *3C and **N
in organisms of a given ecosystem is useful to establish the range of possible contributions of
each source (isotope mixing; (Galvan et al., 2011). Since food webs are overly complex to
solve due to multiple dietary sources (Layman et al., 2007), different mixing models have
been designed for situations in which n isotopes can be used to determine the range of contri-
bution of a mixture of n + 1 sources (Phillips and Gregg, 2003). These models are limited by
isotopic mass balances (Phillips, 2001) and the absence of a unique solution for each case
(Benstead et al., 2006). However, Bayesian mixing models have allowed the incorporation of
d13C- 8N signatures of multiple diets to generate potential solutions through probability
distributions (Holtgrieve et al., 2010; Solomon et al., 2011). For example, SISUS (Stable Iso-
tope Sourcing Using Sampling; Erhardt et al. 2014) is a mixing model based on Bayesian
statistics that has been developed to estimate the proportional contributions from different

sources to a mixture using stable isotope data (Erhardt and Bedrick, 2013), allowing many
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exact solutions, unlike other probabilistic models such as the deterministic mixture IsoSource
(Phillips and Gregg, 2003), which yields only approximations.

In this study, we aimed to determine the past and present configuration of the food
web in Las Tablas de Daimiel. For this, we used historical sources and stable isotopes (**C
and °N) of the main consumer species that are currently present in the ecosystem. We also
assessed the most important structural and functional changes, including the trophic effects of

introduced exotic species.

Material and methods

2.1. Study site

The study was conducted at the NPTD (39 ° 08'N, 3 ° 43'W), in the semiarid portion of cen-
tral Spain. The representative species of the local flora restricted to coastal areas are emerging
aquatic macrophytes such as the European sedge (Cladium mariscus), reed (Phragmites aus-
tralis) and cattail (Typha dominguensis) (Alvarez-Cobelas and Cirujano, 1996), along with
other species such as Scirpus maritimus and Potamogeton pectinatus, as well as submerged
macrophytes such as charophytes (Chara sp.). In addition to the common carp (Cyprinus
carpio), the local wildlife is represented exclusively by exotic species such as the American
crayfish (Procambarus clarkii), bluegill (Lepomis gibbosus), mosquitofish (Gambusia

holbrookii) and catfish (Ameirus melas).

2.2. Sampling

To examine the structure and composition of the food web of NPTD, we focused on the dom-
inant taxa from all trophic levels. We considered all potential sources of energy in the wet-
land, including detritus/sediment, dissolved organic matter (DOC), particulate organic matter

(POC), and primary producers (phytoplankton, epiphyton, filamentous algae, seaweed, aquat-
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ic and terrestrial vegetation). We also considered microbial mats (i.e., benthic communities
composed of different layers of photosynthetic prokaryotes and eukaryotes, such as filamen-
tous and unicellular cyanobacteria and diatoms). The microbial mats were included due to
their key role in primary production and decomposition of organic matter (Goldsborough and
Robinson, 1996). Benthic macroinvertebrates and zooplankton were considered as primary
consumers, whereas crabs, fish and waterfowl were considered higher level consumers.
Winged insects were also included to assess their contribution and importance in the food
web. In the NPTD, no bivalve mollusks have been present since the mid-1970 (there are re-
mains of shells of freshwater mussel Unio sp.), and during this study there were none ob-

served in the substrate.

2.2.1. Collection of consumer organisms
The collection and preparation of samples of sediment/detritus, primary producers, zooplank-
ton and benthic macroinvertebrates was performed as follows: different species of winged
adult insects were collected in the vegetation, air (<2 m above the ground surface) and nests
in twelve random points along the wetland during June 2011. The sampled insects were iden-
tified to genus level and, when possible, to species level. The collection of secondary con-
sumers was conducted using different techniques. Fish and crabs were caught using gillnets
(light path of 8 cm) and pots (1.5, 2.5, 4, 7 and 10 cm mouth opening) at five and ten loca-
tions in the wetland, respectively. Smaller fish (G. holbrookii and catfish) were caught using
landing nets in wetland areas where they were present (Morenillo and Tablazo, mainly). For
isotopic analysis, 5-10 specimens of each species from each sampling site were frozen until
further preparation.

Samples of waterfowl were provided by the Toxicology Wildlife Research Institute of

Hunting Resources (IREC-CSIC) and were collected post-mortem in the wetland and its sur-
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roundings during the spring and summer of 2011. Muscle tissue from the specimens were
taken, packaged and frozen in liquid N immediately after collection in the field. Waterfowl
were represented by stilt (Himantopus himantopus), black-headed gull (Larus ridibundus),
yellow gull (Larus sp.), coot (Fulica atra), white-headed duck (Oxyura leucocephala), shov-
eler (Anas clypeata), mallard frieze (Anas strepera) and cattle egret (Bubulcus ibis). Since the
specimens were exclusively collected post-mortem, we could not obtain samples from all
species of waterfowl present in the wetland.

Filamentous algae were represented mainly by Cladophora glomerata, Spirogyra sp.
and Vaucheria dichotoma (Aboal et al., 1996); charophytes consisted of the species Chara
hispida var. major; microbial mats were mostly formed by the cyanobacteria Schizothrix pen-
icillata (Baron, 2011); the epiphyton was represented mainly by Pseudonabaena catenata, P.
tenuis, Fragilaria acus, Nitzschia cf. capitelata and Navicula venta and phytoplankton spe-
cies Cyclotella meneghiniana, Cryptomonas erosa, Rhodomonas bill and Monoraphidium
griffithii (Rojo and Rodrigo, 2010). The vegetation was represented by two species of vascu-
lar submerged macrophytes (Potamogeton pectinatus and Ceratophyllum submersum), four
species of emergent macrophytes (Cladium mariscus, Phragmites australis, Typha
dominguensis and Scirpus maritimus) and Tamarix canariensis as the dominant tree species.

Primary consumers consisted of zooplankton (rotifers and ciliates, mainly; Rojo &
Rodrigo 2010), benthic macroinvertebrates (one Odonata [Crocothemis erytrhaea] larvae),
one Heteroptera [Naucoris maculatus larvae] and one Diptera [Chironomus sp.] larvae), sev-
en species of winged insects, including Lepidoptera (Leptotes pirithous, Pieris rapae, Poly-
ommatus icarus, Maniola jurtina, Pontia daplidice, Colias crocea, Rhodometra sacraria),
two species of Odonata (Lestes sp. and Sympetrum sp.), one crustacean decapod (Procamba-
rus clarkii) and four species of fish (Ameirus melas, Cyprinus carpio, pumpkinseed and east-

ern mosquitofish). In some areas of the NPTD, we were also able to capture both juvenils and
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adults of A. melas. To perform isotopic analysis, G. holbrookii individuals were separated by
size (1.5-3 mm, 3.1-4 mm and> 4.5 mm). Individuals of P. clarkii were separated between
females and males. At each sampling location individuals of each species of fish and crabs

were measured and weighed (Table 1).

2.3 Sample preparation and analysis

Prior to isotopic analysis, all samples were treated following the procedures cited in Lewis et
al. (2001), Parkyn et al. (2001) and (Oreilly et al., 2002). We removed insect heads and ex-
tremities (Gratton and Denno, 2006; Gratton and E Forbes, 2006) Whenever there was
enough biomass available, a composite sample was prepared combining 3-7 individuals of
the same species for each capture site. Since the main limitation of the analysis was obtaining
enough material for isotopic analysis (0.5 to 1 mg dry mass), those less abundant insect spe-
cies whose presence was sporadic at any given sampling site had to be analysed together with
a sample composed of several individuals, combining sites that were closer to one another. In
samples of fish and crabs, muscle tissue was extracted by removing the viscera and digestive
tract. Muscle tissue lipids were removed from all samples with a solution of chloroform:
methanol (2: 1), following the procedures described in Hobson and Welch (1992), Murry et
al., (2006) and Logan & Lutcavage (2008). Subsequently, all samples were washed with dis-
tilled water and oven-dried at 60 °C (insects) and 80 °C (crabs, fish and birds) for 24 to 48
hours. Once dried, samples were crushed with a grinder, pulverized in an agate mortar and
finally sieved through a 1-mm mesh. Finally, all samples were stored in sealed plastic con-

tainers (ependorf type) for shipment to the stable isotope laboratory.
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2.4 Stable isotope analysis

The analysis of stable isotopes *C and °N were carried out at the Environmental Isotope
Laboratory of the University of Arizona, United States
(http://www.geo.arizona.edu/node/153) using a continuous flow isotope ratio mass spectrom-
eter (Delta Finnigan PlusXL) coupled to an elemental analyzer (Costech). Two standards,
Peedee belemnite and atmospheric N2, were used for C and N, respectively. The results are
presented as parts per thousand (%o). Units used to express the ratios of stable isotopes in the
notation (), a common form of isotopic measurement (Ben-David and Flaherty, 2012):

S13C or 8'°N (%o) = [(Rsample / Rstandar) - 1] % 103

Where R = 13C / 12C and ®N / ¥N. Analytical accuracy was greater than + 0.2 %o.

2.5 Determination of trophic levels of consumers in Daimiel

We used the equation developed by (Vander Zanden et al., 1997), and subsequently modified
by Post (2002), to estimate the trophic levels of each of the organism: trophic level (TL) TL =
A+ (8N - 8°Nbpase) / An. Where A (A = 1 or 2) is the basis of the trophic level, whether pri-
mary producers or primary consumers, respectively. In this study the trophic levels with both
A (1 and 2) were determined to check whether there were differences. For the baseline A = 2
(primary consumers), the average value of the §*°N signature of zooplankton was used since
bivalve mollusks were absent in this wetland. The use of primary consumers as a baseline (A
= 2) reduces the error in the estimation of trophic levels (Wolf et al., 2009). 6*°N represents
the isotopic composition of the N consumers, and 8'°Npase is the isotopic composition of the
base used. Finally, A is the trophic level enrichment, which was set at 2.54 as suggested in

the meta-analysis by (Vanderklift and Ponsard, 2003).
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2.6. Data analysis of present-day and past food webs
To explore the functional relationships between predators and potential prey, first, the eating
habits of each species was investigated through literature search and, subsequently, using the
Bayesian statistical model SISUS (vO.09 workbook template, (Erhardt et al., 2014) in R. This
model uses 3*3C and §™°N signatures to estimate the proportional contribution of each source
to each consumer. To apply the SISUS model, and prior to resolving each consumer's diet,
increases were made in 5!3C values and potential sources §*°N according to the values
suggested by previous studies (33C: 0-1 %o and 5'°N: 2.54, 3.4 and 4 %o; Minagawa & Wada,
1984; McCutchan Jr et al. 2003; Post 2002; Vanderklift & Ponsard 2003). Finally, we chose a
value between 0 and 1 %o for 8*3C and 3 %o for 8'°N because we found that the average in-
crease in 8'°N with increasing trophic level was around 3 %o. In addition, this combination
showed a greater number of relationships between consumers and sources studied in the eco-
system.

We complemented the isotopic analyses with literature search and records containing
historical information that would allow us to reconstruct the foodweb of the wetland around
1950 (Alvarez-Cobelas and Cirujano, 1996). However, due to the lack of data and samples

from that time, this part of the study was necessarily categorical rather than quantitative.

Results

3.1 Isotopic composition of the primary and secondary consumers of the wetland

13C and *°N signatures and ratios of C and N of all components of the NPTD are shown in
Fig. 1. None of the species differed in terms of 13C and N depending on the sampling loca-
tion, except in the case of A. melas and P. clarkii (Figs. 2 and 3). Catfish showed a signifi-

cantly different isotopic signature depending on their size, stage of development and weight
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(Fig. 2a and 2b). The crayfish also showed a different °N signature depending on its size but

showed no difference regarding sex (Fig.3).

3.2 Food chain length and trophic levels

The food chain length in the NPTD was estimated at 3.9 trophic levels, where primary pro-
ducers are considered as the base, and at 4.4 trophic levels (Fig. 4a and 4b), when the primary
consumers are used as the base. Food chain length description, hereinafter, is based on the
results obtained with primary consumers as the chain base.

Invertebrates, zooplankton, three species of birds (B. ibis, Larus sp. and L. ridibun-
dus) and the most abundant winged insects (butterflies) and the damselfly (Sympetrum sp.),
were placed in the primary consumers level. Secondary consumers were represented by two
species of birds (H. himantopus and F. atra) and the winged insect Lestes sp. The fish species
C. carpio, G. holbrooki, three species of birds (Anas clypeata, A. strepera, and Aythya ferina)
and P. clarkii were integrated into the tertiary consumers group. Finally, A. melas, L. gibbosus

and the white-headed duck (O. leucocephala) were at the top of the food web.

3.3 Organic source's contribution to consumers of the NPTD

The estimates of the SISUS model using two stable isotopes *C and '°N-consumers are
shown in Table 2 and Fig. 5. Concerning waterfowl, the diets of black-headed gull and stilt
showed connection with microbial mats, perhaps a reflection of their opportunistic feeding
behaviour in the mud. The laughing gull also revealed dependence on benthic macro inverte-
brates and sediment in their diet. The American crab and invertebrates were the main diet
source of the shoveler. The diet of the coot reflected a varied eating habit with a similar dis-

tribution between zooplankton, macrophytes and crayfish. The main food source of Odonata
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class, represented by Lestes sp. And Sympetrum sp., was invertebrates (41 to 60.47% and
from 23.05 to 60.25%, respectively).

Macrophytes were, in most cases, a primary or secondary energy source for organisms
of higher trophic levels. For example, P. clarkii (trophic level = 3.2) based its diet intake on
emergent macrophytes, representing up to 81.98% and 76.91% of its diet (T. dominguensis
and S. maritimus, respectively). Another clear example is the secondary consumers H. himan-
topus and F. atra (trophic level= 2.0 and 2.9, respectively), which can base a significant per-
centage of their diet on submerged macrophytes. The isotopic signatures of Tamarix canar-
iensis indicated that it was one of the main food sources for winged such as insects Rhodom-
etra sacraria and Pieris rapae, and also for the cattle egret. The mixing model indicated that

the contribution of macrophytes to the diet of the fish species collected is negligible.

3.4 Past and present foodweb in NPTD

In the mid-twentieth century, up to twelve native fish species in the wetland coexisted with
carp and mosquito fish, including sea lamprey (Petromyzon marinus ), eel (Anguilla anguil-
la), common catfish, comiza and cabecicorto (Barbus bocagei, B. comiza, B. microcephalus,
respectively), boga (Condrostoma willkommii polylepis), chub (Leuciscus pyrenaicus) pardila
(Rutilus lemmingii), tench (Tinca tinca), calandino (Tropidophoxinellus alburnoides), loach
(Cobitis malaria) and monk (Blennius fluviatilis) (Elvira and Barrachina, 1996), along with
other species of gastropods (Lymnaea peregra, Pisidium sp., Bithynia tentaculata and Physel-
la acuta, among others; (Casado de Otaola, 1996). Nowadays, they have all disappeared.
Based on historical information (Alvarez-Cobelas and Cirujano, 1996), we reconstructed the
foodweb of the wetland around 1950 when, before the introduction of the mosquito fish, the
NPTD was still a series of fish reserves (Fig. 6). The food web of NPTD for 1950 was com-

posed of fish species, all autochthonous, and species of waterfowl supported by mollusks,
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macroinvertebrates, and zooplankton and accompanied by the autochthonous crab Austro-
potamobius pallipes. Filter-feeding mollusks fed on phytoplankton, clarifying the water and
contributing to the development of submerged macrophytes. These should have been food for
the native crayfish and ducks, who also consumed soft macroinvertebrates. The food chain
length was probably similar to the one present today. In contrast, Fig. 5 shows the configura-
tion of the current food web in 2011, strictly constructed with the results obtained with the
results from the SISUS model. Here, we have included species of winged insects, although
most butterflies do not show interactions with the species sampled. In today's food web, there
are no shellfish, and the autochthonous crab has been completely replaced by the crayfish,
which has a reduced number of interactions compared to those that A. pallipes could have
potentially had in the food web of 1950. Higher trophic level organisms showed no trophic
interactions with the rest of the organisms. Sediment/detritus is a food source for only egrets
and gulls, while for benthic organisms like crayfish, its only of marginal importance. Some
examples of food chains obtained through SISUS estimates are: T. dominguensis - P. clarkii-
A. clypeata; Tamarix canariensis -invertebrates - Lestes sp.; or C. submersum - zooplankton -

F. atra.

4. Discussion

Nowadays, the fish fauna of Las Tablas de Daimiel is only represented by opportunistic exot-
ic species, such as in other heavily disturbed freshwater ecosystems (Copp et al., 2005). Four
species, three of them exotic, make up the fish fauna of this wetland; three from North Amer-
ica: the bluegill (Lepomis gibbosus), the mosquitofish (Gambusia holbrookii), introduced for
the control of malaria in 1950 (Alvarez-Cobelas and Cirujano, 1996) and catfish (Ameirus
melas), emerging in the wetland (first sightings in 2010; National Park team, personal com-

munication) and carp (Cyprinus carpio), which had already been mentioned in Las Tablas
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around 1910 (Elvira and Barrachina, 1996). NPTD has also been invaded by the American
crayfish (Procambarus clarkii), native to the southeastern United States, replacing the Euro-
pean crayfish (Austropotamobius pallipes), also introduced in the late nineteenth century, and
that was very abundant in these waters until the end of the 1960s, until it became extinct by

the crayfish plague (Alvarez-Cobelas et al., 2010).

4.1 Food chain length of NPTD

The input of nutrients (including N, P and trace elements, etc.) and the invasion of exotic spe-
cies greatly influence energy pathways, C balance, and nutrient budget of many habitats (Guy
et al., 2012), but little is known about the effects on the food webs of these ecosystems. Las
Tablas de Daimiel is a hypertrophic ecosystem (Alvarez-Cobelas et al., 2001), but the food
chain may be considered moderate in length (from 3.9 to 4.4 trophic levels; Briand & Cohen,
1987; Beaudoin et al., 2001). Several authors have cited that disturbances and changes in
primary productivity resulting from nutrient enrichment do not necessarily exert direct im-
pacts on the food chain length (McHugh et al., 2010; Walters and Post, 2008). However, there
are clear indications that, among others, primary productivity (McHugh et al., 2010; Vander
Zanden et al., 1999), the size of the ecosystem (Post, 2002; Schoener, 1989) and disruptions
(Briand, 1983; Menge and Sutherland, 1987) are key in determining the configuration of food
webs in aspects such as species diversity within trophic levels, the connection between spe-
cies, and the influence of the trophic position of an organism.

The size of the ecosystem influences the food chain length, generating an increase or
decrease in the number of trophic levels, allowing the coexistence of two predatory species in
the same niche and even conditioning the abundance of a particular species (Takimoto et al.,
2008). Disturbances, however, seem more crucial in controlling the abundance of species at

higher trophic levels (Takimoto et al., 2008). In this situation it is expected that the inflow of
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nutrients in NPTD has helped to increase net primary productivity, changing the structure of
the food web from the bottom-up (bottom-up effects; (Sahasrabudhe and Motter, 2011).
However, changes in consumer species also alter the structure of the food chain via trophic
cascades (i.e., top-down; (Scheffer, 1998). The nutrient enrichment registered in NPTD and
the consequent deterioration of the habitat has contributed to the disappearance of many spe-
cies of consumers, which has significantly modified the structure of the network (see Angeler
et al. 2001; 2002)

The highest trophic level in Las Tablas is occupied by two species of exotic fish (A.
melas and L. gibbosus) with a very irregular abundance over time (Sanchez-Carrillo and
Angeler, 2010), probably conditioned by extreme changes suffered in the wetland from year
to year (e.g., drought-flood cycles). In fact, A. melas has not been observed in recent surveys
in the park, in contrast to what happens downstream (Llanos Gabaldon Lozano and Pefia,
2009). Large fluctuations in the flooded area as well as disturbances have favored the inva-
sion of the exotic species that are more resistant to the new hydrological conditions (Dudgeon
et al., 2006). In fact, populations of C. carpio in the Upper Guadiana Basin are concentrated
in Las Tablas. Apparently, the disruption suffered by the NPTD and the consequent reduction
in both the size of the habitat and its quality is a key factor in the disappearance of popula-
tions of native fish species, which can still be seen in the upper reaches of the Zancara,
Giglela and Riansares rivers (seven-eight endemic species: (Elvira and Barrachina, 1996;
Llanos Gabaldén Lozano and Pefia, 2009). If the flooded area remained constant for a long-
term cycle (over 10 years) and if the water quality improved, then it would be likely that
some of these native species arrive to populate the NPTD again, which may eventually lead
to a readjustment of the structure of trophic niches (Gathman et al., 2005; Wilcox et al.,

2008).
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Recently, the presence of comiza barbel (Barbus comiza) has been reported in the
NPTD when the surface of the flooded area increased significantly after almost a decade
without water. But its passage through the ecosystem has been ephemeral and it is unknown if
this is related to its niche being occupied by other exotic species. Changes in the ecosystem
can also alter the eating habits of certain species indirectly. For example, (Takimoto et al.,
2008) showed that with the reduction of the ecosystem, the trophic cascade effect is magni-
fied, and species of higher trophic levels seek food at lower trophic levels, consequently re-
ducing their trophic position and length of the chain. This may be the reason why the speci-
mens studied here of the genus Larus, which in other ecosystems reach a trophic level of 4
(e.g. on the Mediterranean coast; Navarro et al. 2011), are located at trophic level 1 (i.e., pri-

mary consumers) at NPTD.

4.2 Source contribution to the support of the food web of NPTD

There has been some controversy about the importance of macrophytes as the base of aquatic
food webs because of their high biomass and production in these ecosystems (Hamilton et al.,
1992; Hart and Lovvorn, 2002). Some studies using stable isotopes in aquatic food webs
show that vascular plants are not as important in C flow for aquatic food webs (France,
1995). In wetlands, traditionally it is considered that food webs are supported by the decom-
position of macrophytes as they are an important source of C for benthic macroinvertebrates
(James et al., 2000; Kornijow, 1996). Numerous studies show that phytoplankton may be-
come more important as secondary producers (Hamilton et al., 1992; Hart and Lovvorn,
2002). To our knowledge, only one study found vascular plants as major actors in wetland
food webs through herbivores and detritivores (France R. L., 1995). Despite this, macro-
phytes are known to play a main role in trophic interactions in shallow lakes as they condition

numerous chemical, behavioral and structural interactions (Burks et al., 2006).
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Our isotopic results suggest that plants from NPTD contribute to the diet of some con-
sumers that occupy the highest trophic levels. For example, Tamarix canariensis appeared as
an important food source for benthic macroinvertebrates and for butterflies through its flow-
ers (in fact, on the days of collection we noted that leaves were coated with pollen, indicating
that it was their blooming time). In fact, the use of Tamarix sp. flowers by Pieris rapae has
been described in the Mojave Desert (USA; Andersen & Nelson, 2013). Moreover, T.
dominguensis and S. maritimus seem to be the main food sources of P. clarkii in the park. In
support of this, other studies have reported that the diet of the American crab includes differ-
ent macrophytes such as Callitriche brutia, Chara connivens, Ranunculus peltatus (Alcorlo et
al., 2004) and T. dominguensis (Rosenthal et al., 2005).

Six of the nine species of waterfowl evaluated in this study showed isotopic signa-
tures consistent with the sources studied (Carpenter and Lodge, 1986). Fulica atra bases its
diet on submerged macrophytes, while the coot has a varied diet, feeding on macrophytes and
other aquatic plants. However, its diet also includes invertebrates, filamentous algae, detritus,
seeds, herbs, insects, snails, worms and even tadpoles (Perrow et al., 1997; Phillips et al.,
1978). In contrast to waterfowl, the contribution of macrophytes to the fish fauna was negli-
gible, something also noted by others (Bunn and Boon, 1993; Keough et al., 1996). This same
pattern has been observed in Ruidera Laguna Complex (Cave Morenilla; Ruiz-Jimenez,
2015). Also, isotopic composition of fish does not reflect any consistency in the carbon
sources evaluated in this study, as some authors also observed in other ecosystems (Matthews
and Mazumder, 2003; Post, 2002). This may be because the fish community is subsidized by
external habitats (Sierszen et al., 2019), all potential food sources of the wetland that were not
captured, or because the park's isotopic variation of zooplankton is more heterogeneous than
what was recorded in this study. Consistent with this, a study in several lakes in Finland

showed that the *C-zooplankton can vary up to 19 delta *C (from -46.0 %o to -27.2 %o;
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(Jones et al., 1999), depending on the hydro-geomorphological conditions (E. Sierszen et al.,
2006). The isotope fractionation accompanying the anaerobic decomposition of vascular
plants in wetlands may result in that C fluxes between microbial populations and the rem-
nants of macrophytes become decoupled, with the consequence that the isotopic signatures of
the fish do not reflect the values of the vascular plants (Boon and Sorrell, 1991). Another fac-
tor may be the high concentration of sulphates in the wetland, mainly in the summer
(Sanchez-Carrillo and Angeler, 2010), which makes §**C-consumer values appear more de-
pleted than their food source (Alongi, 1998; Brooks et al., 1987; Robinson and Cavanaugh,
1995).

The contribution of P. australis, the most abundant and productive macrophyte in the
NPTD (Cirujano et al., 2010), to the food web of this wetland is almost insignificant, except
for zooplankton and crawfish, for which it represented up to 54% and <20% of their diet.
However, this species has a high range of isotopic variability (Hines et al., 2006; Treydte et
al., 2009) and its consumption may remain masked by other sources (Chapin Il et al., 1995;
Hines et al., 2006). If this is confirmed, this would have major implications for ecosystem
management, as the withdrawal of biomass would not critically affect trophic interactions, at
least directly. To date, only in a marsh in the Delaware Bay, United States, there is knowledge
of P. australis having a direct contribution to the diet of secondary producers (73% mixing
models 3C and %S; (Wainright et al., 2000). Moreover, most studies show adverse effects of
proliferation of P. australis, including lower abundance of fish (Able and Hagan, 2003,
Hunter et al., 2006) and lower abundance of some groups of algae, which indirectly influence
higher trophic levels (Perez et al., 2013) and the reduction of birds and mammals due to the

decrease in favourable areas (Hauber et al., 1991).
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4.3 Las Tablas food web: past and present

More than five decades ago, the food web in Las Tablas was represented by a high diversity
of organisms, including ten species of fish (Alvarez-Cobelas and Cirujano, 1996). Around the
mid-twentieth century, it is likely that fish species coexisted at all trophic levels and with a
trophic role of the crayfish Austropotamobius pallipes very similar to the American crayfish,
based on the eating habits of this species (Reynolds and O’keeffe, 2005). Although it is likely
that in the past the baseline wetland resources were much higher (with the presence of, for
examples, bivalves and gastropods), a currently poorly connected trophic system suggests
that ecosystem resources are currently not being fully exploited. Main causes may be related
to the quality of the ecosystem or the presence of populations of certain opportunistic, versa-
tile species that undermine potential competitors. The trophic configuration presented in Fig-
ure 5 shows a wide variety of fish species, mainly in the lower trophic levels, with high im-
portance of benthic macroinvertebrates in sustaining the food web.

The water restrictions limit the diversity of intermediate predatory fish species
(Hairston Nelson G. and Hairston Nelson G., 1993, 1997). It is more likely that in Las Tablas
the lack of species populating the lower niches (trophic level 1 and 2), rather than resource
constraints, may have allowed the expansion of opportunistic and resistant species such as A.
melas and P. clarkii, as reported in other studies (Braig and Johnson, 2003; Novomeska and
Kovag, 2009; Winemiller and Rose, 1992). This influences the low trophic complexity of the
wetland present today, although the deterioration in water quality also has harmful effects on
the diversity of fish species (e.g Serrano-Grijalva et al., 2011). Likewise, the American cray-
fish may also be contributing indirectly to an important control of certain fish populations and
may also be key for consumer interactions. It has been said that P. clarkii benefits limne-
philus species, such as A. melas, that depends on specific substrate conditions to lay eggs and

build nests (Braig and Johnson, 2003; Cucherousset et al., 2006). It has also been suggested
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that P. clarkii controls the abundance of certain species like L. gibbosus through the reduction
of the macrophytes they depend on (Roth et al., 2007). The indirect influence of P. clarkii in
the presence of amphibians for the removal of sediments has also been reported (Nystrom et
al., 1999). Opportunistic species such as P. clarkii and A. melas have a high trophic versatility
and can occupy more than one trophic level throughout their life cycle (Maténa, 1995). The
low abundance of carp, in decline since 1983 in the NPTD, may be allowing the entry of oth-
er exotic species to the ecosystem, altering the trophic structure of the wetland. The American
crayfish can efficiently extract resources from niches left by other local and even exotic spe-
cies that have disappeared from the ecosystem due to environmental degradation (Angeler et
al., 2002; Leunda et al., 2008). The lack of success in capturing the diet of other species very
adapted to the NPTD such as the mosquitofish may be due to its peculiar diet based on inver-
tebrates captured in a wide range of microhabitats from the benthos (Diptera, Odonata and
ostracods), surface water column (Hemiptera, Coleoptera, copepods, cladocerans), and even
those that swarm on aquatic vegetation (Hymenoptera) (Rodriguez-Jimenez A. J., 1987). In
our study, the mosquitofish occupies the 3.18-3.6 trophic level, demonstrating the plasticity
of this species, whereas its previously described trophic level was lower (2.2; Capps et al.,
2009).

In summary, the food chain length of the NPTD wetland does not appear to have
changed significantly during the last 50 years. In contrast, environmental variations sustained
over time associated with the entry of nutrients from different sources and species invasion
have reduced the diversity within trophic levels and also resulted in a loss of connectivity
between species, which has allowed the success of versatile, opportunistic organisms at all

trophic levels.

Acknowledgements



484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

The DECAMERON project (2008/001) funded by the Agency for National Parks of the
Spanish Ministry of Agriculture, Food and Environment, provided financial support for the
wetland FACE facility. Thank you very much to Brian Fry for help me in the interpretation
and Erick Heardt for allow me to use the SISUS model. Many thanks are due to TDNP staff,
especially to the Principal, Carlos Ruiz de la Hermosa, and TRAGSA team for logistic and
technical support. We also thank to José Luis Ayala, Carlos Menor, Jesus Iglesias, Adrian
Carrero, Maria José Ortiz, Ana Meco and for their valuable support during FACE operation
and field sampling. LSG and RSA were supported by JAE-PreDoc and JAE-Doc contracts

respectively, co-funded by the European Social Funds.

References

Able, K. W. and Hagan, S. M.: Impact of common reed, Phragmites australis, on essential
fish habitat: Influence on reproduction, embryological development, and larval abundance of
mummichog (Fundulus heteroclitus), in Estuaries, vol. 26, pp. 40-50, Estaurine Research
Federation., 2003.

Aboal, M., Prefasi, M. and Asencio, A. D.: The aquatic microphytes and macrophytes of the
Transvase Tajo-Segura irrigation system, southeastern Spain, Hydrobiologia, 340(1), 101
107, 1996.

Alcorlo, P., Geiger, W. and Otero, M.: Feeding Preferences and Food Selection of the Red
Swamp Crayfish, Procambarus Clarkii , in Habitats Differing in Food Item Diversity,
Crustaceana, 77, 435-453, 2004.

Alongi, D. M. (Daniel M. .: Coastal ecosystem processes, CRC Press., 1998.

Alonso, F., Temifio, C. and Dieguez-Uribeondo, J.: Status of the white-clawed crayfish,
Austropotamobius pallipes (Lereboullet, 1858), in Spain : distribution and legislation, Bull. Fr.

Péche Piscic., (356), 31-53, 2000.



509 Alvarez-Cobelas, M. and Cirujano, S.: Las Tablas de Daimiel. Ecologia acuatica y sociedad,
510 Organismo Auténomo Parques Nacionales, Madrid., 1996.

511 Alvarez-Cobelas, M., Cirujano, S. and Sanchez-Carrillo, S.: Hydrological and botanical man-
512 made changes in the Spanish wetland of Las Tablas de Daimiel, Biol. Conserv., 97(1), 89-98,
513 2001.

514  Alvarez-Cobelas, M., Cirujano, S. and Meco, A.: The Man and Las Tablas de Daimiel, vol. 2,
515 pp. 241-254., 2010.

516 Andersen, D. C. and Nelson, S. M.: Floral ecology and insect visitation in riparian Tamarix sp.
517 (saltcedar), J. Arid Environ., 94, 105-112, 2013.

518 Angeler, D. G., Sanchez-Carrillo, S., Garcia, G. and Alvarez-Cobelas, M.: The influence of
519 Procambarus clarkii (Cambaridae, Decapoda) on water quality and sediment characteristics in
520 a Spanish floodplain wetland, Hydrobiologia, 464(1), 89-98, 2001.

521 Angeler, D. G., Alvarez-Cobelas, M., Sanchez-Carrillo, S. and Rodrigo, M. A.: Assessment
522 of exotic fish impacts on water quality and zooplankton in a degraded semi-arid floodplain
523 wetland, Aquat. Sci., 64(1), 76-86, 2002.

524  Bardn, M. M.: La funcion del plancton y los tapetes microbianos en el parque nacional las
525 tablas de daimiel, Universitat de Valencia., 2011.

526 Beaudoin, C. P, Prepas, E. E., Tonn, W. M., Wassenaar, L. I. and Kotak, B. G.: A stable

527  carbon and nitrogen isotope study of lake food webs in Canada’s Boreal Plain, Freshw. Biol.,
528 46(4), 465-477, 2001.

529 Ben-David, M. and Flaherty, E. A.: Stable isotopes in mammalian research: a beginner’s

530 guide, J. Mammal., 93(2), 312-328, 2012.

531 Benstead, J. P., March, J. G., Fry, B., Ewel, K. C. and Pringle, C. M.: Testing isosource:

532 stable isotope analysis of a tropical fishery with diverse organic matter sources, Ecology,

533 87(2), 326-333, 2006.



534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

Boon, P. I. and Sorrell, B. K.: Biogeochemistry of billabong sediments. I. The effect of
macrophytes, Freshw. Biol., 26(2), 209-226, 1991.

Braig, E. C. and Johnson, D. L.: Impact of black bullhead (Ameiurus melas) on turbidity in a
diked wetland, Hydrobiologia, 490, 11-21, 2003.

Brauns, M., Gucker, B., Wagner, C., Garcia, X.-F., Walz, N. and Pusch, M. T.: Human
lakeshore development alters the structure and trophic basis of littoral food webs, J. Appl.
Ecol., 48(4), 916-925, 2011.

Briand, F.: Environmental Control of Food Web Structure, Ecology, 64(2), 253-263, 1983.
Briand, F. and Cohen, J. E.: Environmental correlates of food chain length, Science,
238(4829), 956 LP — 960, 1987.

Brooks, J. M., Kennicutt, M. C., Fisher, C. R., Macko, S. A., Cole, K., Childress, J. J.,
Bidigare, R. R. and \etter, R. D.: Deep-Sea Hydrocarbon Seep Communities: Evidence for
Energy and Nutritional Carbon Sources, Science, 238(4830), 1138 LP — 1142, 1987.

Bunn, S. E. and Boon, P. I.: What sources of organic carbon drive food webs in billabongs? A
study based on stable isotope analysis, Oecologia, 96(1), 85-94, 1993.

Burks, R. L., Mulderij, G., Gross, E., Jones, I., Jacobsen, L., Jeppesen, E. and Van Donk, E.:
Center Stage: The Crucial Role of Macrophytes in Regulating Trophic Interactions in
Shallow Lake Wetlands, in Wetlands: Functioning, Biodiversity Conservation, and
Restoration, edited by R. Bobbink, B. Beltman, J. T. A. Verhoeven, and D. F. Whigham, pp.
37-59., 2006.

Capps, K., B. Turner, C., Booth, M., Lombardozzi, D., McArt, S., Chai, D. and Hairston, N.:
Behavioral Responses of the Endemic Shrimp Halocaridina rubra (Malacostraca: Atyidae) to
an Introduced Fish, Gambusia affinis (Actinopterygii: Poeciliidae) and Implications for the
Trophic Structure of Hawaiian Anchialine Ponds, Pacific Sci., 63, 27-37, 2009.

Carpenter, S. R. and Lodge, D. M.: Effects of submersed macrophytes on ecosystem



559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

S77

578

579

580

581

582

583

processes, Aguat. Bot., 26, 341-370, 1986.

Casado de Otaola, S.: Los primeros pasos de la ecologia en Espaiia, Publicaciones de la
Residencia de Estudiantes., 1996.

Castafio, S., de la Losa, A., Martinez-Santos, P., Mediavilla, R. and Santisteban, J. I.: Long-
term effects of aquifer overdraft and recovery on groundwater quality in a Ramsar wetland:
Las Tablas de Daimiel National Park, Spain, Hydrol. Process., 32(18), 2863-2873, 2018.
Chapin Il F. S., Shaver, G. R., Giblin, A. E., Nadelhoffer, K. J. and Laundre, J. A..
Responses of Arctic Tundra to Experimental and Observed Changes in Climate, Ecology,
76(3), 694711, 1995.

Cirujano Bracamonte, S., Alvarez-Cobelas, M., P.Riolobos, Sanchez-Carrillo, S., L., M.,
Aragonés, A., Rubio, A. and Angeler, D. G.: Estudio limnol6gico y botanico del Parque
Nacional Las Tablas de Daimiel, Espafia., 1998.

Cirujano, S., Alvarez-Cobelas, M. and Sanchez-Andrés, R.: Macrophyte Ecology and Its
Long-term Dynamics BT - Ecology of Threatened Semi-Arid Wetlands: Long-Term
Research in Las Tablas de Daimiel, edited by S. Sanchez-Carrillo and D. G. Angeler, pp.
175-195, Springer Netherlands, Dordrecht., 2010.

Copp, G. H., Bianco, P. G., Bogutskaya, N. G., Erés, T., Falka, 1., Ferreira, M. T., Fox, M. G,
Freyhof, J., Gozlan, R. E., Grabowska, J., Kova¢, V., Moreno-Amich, R., Naseka, A. M.,
Penaz, M., Povz, M., Przybylski, M., Robillard, M., Russell, I. C., Stakénas, S., Sumer, S.,
Vila-Gispert, A. and Wiesner, C.: To be, or not to be, a non-native freshwater fish?, J. Appl.
Ichthyol., 21(4), 242262, 2005.

Costanzo, S. D., Udy, J., Longstaff, B. and Jones, A.: Using nitrogen stable isotope ratios
(615N) of macroalgae to determine the effectiveness of sewage upgrades: changes in the
extent of sewage plumes over four years in Moreton Bay, Australia, Mar. Pollut. Bull., 51(1),

212-217, 2005.



584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

Cucherousset, J., Paillisson, J.-M., Carpentier, A., Eybert, M.-C. and Olden, J. D.: Habitat use
of an artificial wetland by the invasive catfish Ameiurus melas, Ecol. Freshw. Fish, 15(4),
589-596, 2006.

Demopoulos, A. W. J., Fry, B. and Smith, C. R.: Food web structure in exotic and native
mangroves: a Hawaii—Puerto Rico comparison, Oecologia, 153(3), 675-686, 2007.

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z.-1., Knowler, D. J., Lévéque, C.,
Naiman, R. J., Prieur-Richard, A.-H., Soto, D., Stiassny, M. L. J. and Sullivan, C. A.:
Freshwater biodiversity: importance, threats, status and conservation challenges, Biol. Rev.,
81(2), 163-182, 2006.

E. Sierszen, M., S. Peterson, G., Trebitz, A., Brazner, J. and W. West, C.: Hydrology and
nutrient effects on food-web structure in ten Lake Superior coastal wetlands, Wetlands, 26,
951-964, 2006.

Elvira, B. and Barrachina, P.: Peces, in Las Tablas de Daimiel, Ecologia acuatica y Sociedad.,
edited by M. Alvarez-Cobelas and S. Cirujano, pp. 171-186, ICONA, Madrid., 1996.
Erhardt, E. B. and Bedrick, E. J.: A Bayesian framework for stable isotope mixing models,
Environ. Ecol. Stat., 20(3), 377-397, 2013.

Erhardt, E. B., Wolf, B. O., Ben-David, M. and Bedrick, E. J.: Stable Isotope Sourcing Using
Sampling, Open J. Ecol., 4, 289-298, 2014.

Feilhauer, H., Schmid, T., Faude, U., Sanchez-Carrillo, S. and Cirujano, S.: Are remotely
sensed traits suitable for ecological analysis? A case study of long-term drought effects on
leaf mass per area of wetland vegetation, Ecol. Indic., 88, 232-240, 2018.

France R. L.: Carbon-13 enrichment in benthic compared to planktonic algae: foodweb
implications, Mar. Ecol. Prog. Ser., 124, 307-312, 1995.

Galvan, K., Fleeger, J. W., Peterson, B., Drake, D., Deegan, L. A. and Johnson, D. S.: Natural

abundance stable isotopes and dual isotope tracer additions help to resolve resources



609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

supporting a saltmarsh food web, J. Exp. Mar. Bio. Ecol., 410, 1-11, 2011.

Gartner, A., Lavery, P. and Smit, A.: Use of d15N signatures of different functional forms of
macroalgae and filter-feeders to reveal temporal and spatial patterns in sewage dispersal, Mar.
Ecol. Ser., 235, 63-73, 2002.

Gathman, J. P.,, Albert, D. A. and Burton, T. M.: Rapid Plant Community Response to a Water
Level Peak in Northern Lake Huron Coastal Wetlands, J. Great Lakes Res., 31, 160-170,
2005.

Goldsborough, L. G. and Robinson, G. G.: Pattern in Wetlands. Contribution 248 from the
University Field Station (Delta Marsh), University of Manitoba, Winnipeg., in Aquatic
Ecology, edited by J. Stevenson, M. Bothwell, and R. A. E. Lowe, pp. 77-117, Academic
Press, San Diego., 1996.

Gratton, C. and Denno, R. F.: Arthropod Food Web Restoration Following Removal Of An
Invasive Wetland Plant, Ecol. Appl., 16(2), 622-631, 2006.

Gratton, C. and E Forbes, A.: Changes in 813C stable isotopes in multiple tissues of insect
predators fed isotopically distinct prey, Oecologia, 147, 615-624, 2006.

Guy, W., Brown, L. E., Francois, E., Lawrence, H., Alexander, M., D, R. and Ledger Mark E.:
Climate change impacts in multispecies systems: drought alters food web size structure in a
field experiment, Philos. Trans. R. Soc. B Biol. Sci., 367(1605), 2990-2997, 2012.

Hairston Nelson G. and Hairston Nelson G.: Cause-Effect Relationships in Energy Flow,
Trophic Structure, and Interspecific Interactions, Am. Nat., 142(3), 379-411, 1993.

Hairston Nelson G., J. and Hairston Nelson G., S.: Does Food Web Complexity Eliminate
Trophic-Level Dynamics?, Am. Nat., 149(5), 1001-1007, 1997.

Hamilton, S. K., Lewis, W. M., Jr. and Sippel, S. J.: Energy Sources for Aquatic Animals in
the Orinoco River Floodplain: Evidence from Stable Isotopes, Oecologia, 89, 324-330, 1992.

Hart, E. A. and Lovvorn, J. R.: Interpreting stable isotopes from macroinvertebrate foodwebs



634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

in saline wetlands, Limnol. Oceanogr., 47(2), 580-584, 2002.

Hauber, D. P., White, D. A., Powers, S. P. and DeFrancesch, F. R.: Isozyme variation and
correspondence with unusual infrared reflectance patterns in Phragmites australis (Poaceae),
Plant Syst. Evol., 178(1-2), 1-8, 1991.

Hines, J., Megonigal, J. P. and Denno, R. F.: Nutrient subsidies to belowground microbes
impact aboveground food web interactions, Ecology, 87(6), 15421555, 2006.

Hobson, K. and Welch, H. E.: Determination of trophic relationships within a high artic
marine food web using delta-C-13 and Delta-N-15 analysis, Mar. Ecol. Ser., 84, 9-18, 1992.
Holtgrieve, G. W., Schindler, D. E., Branch, T. A. and A’mar, Z. T.: Simultaneous
quantification of aquatic ecosystem metabolism and reaeration using a Bayesian statistical
model of oxygen dynamics, Limnol. Oceanogr., 55(3), 1047-1063, 2010.

Hunter, K. L., Fox, D. A., Brown, L. M. and Able, K. W.: Responses of resident marsh fishes
to stages of Phragmites australis invasion in three mid Atlantic estuaries, Estuaries and Coasts,
29(3), 487-498, 2006.

Ings, T. C., Montoya, J. M., Bascompte, J., Bllthgen, N., Brown, L., Dormann, C. F.,
Edwards, F., Figueroa, D., Jacob, U., Jones, J. I., Lauridsen, R. B., Ledger, M. E., Lewis, H.
M., Olesen, J. M., Van Veen, F. J. F., Warren, P. H. and Woodward, G.: Review: Ecological
networks — beyond food webs, J. Anim. Ecol., 78(1), 253-269, 2009.

James, M. R., Hawes, I. and Weatherhead, M.: Removal of settled sediments and periphyton
from macrophytes by grazing invertebrates in the littoral zone of a large oligotrophic lake,
Freshw. Biol., 44(2), 311-326, 2000.

Jones, R. I, Grey, J., Sleep, D. and Arvola, L.: Stable Isotope Analysis of Zooplankton
Carbon Nutrition in Humic Lakes, Oikos, 86(1), 97-104, 1999.

Keough, J. R., Sierszen, M. E. and Hagley, C. A.: Analysis of a Lake Superior coastal food

web with stable isotope techniques, Limnol. Oceanogr., 41(1), 136-146, 1996.



659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

Kornijoéw, R.: Cumulative consumption of the lake macrophyte Elodea by abundant generalist
invertebrate herbivores, Hydrobiologia, 319(3), 185, 1996.

Layman, C. A., Arrington, D. A., Montafia, C. G. and Post, D. M.: Can stable isotope ratios
provide for community-wide measures of trophic structure?, Ecology, 88(1), 42-48, 2007.
Leunda, P. M., Oscoz, J., Elvira, B., Agorreta, A., Perea, S. and Miranda, R.: Feeding habits
of the exotic black bullhead Ameiurus melas (Rafinesque) in the Iberian Peninsula: first
evidence of direct predation on native fish species, J. Fish Biol., 73(1), 96-114, 2008.

Lewis, W. M., Hamilton, S. K., Rodriguez, M. A., Saunders, J. F. and Lasi, M. A.: Foodweb
analysis of the Orinoco floodplain based on production estimates and stable isotope data, J.
North Am. Benthol. Soc., 20(2), 241-254, 2001.

Llanos Gabaldon Lozano and Pefia, M. R.: Guia de peces y cangrejos de Castilla La Mancha,
Primera., edited by J. de C. de C.-L. Mancha, C. de A. y D. Rural, and D. G. de P. Forestal,
Junta de comunidades de Castilla-La Mancha., 20009.

Logan, J. M. and Lutcavage, M. E.: A comparison of carbon and nitrogen stable isotope ratios
of fish tissues following lipid extractions with non-polar and traditional chloroform/methanol
solvent systems, Rapid Commun. Mass Spectrom., 22(7), 10811086, 2008.

Marks, J. C., Power, M. E. and Parker, M. S.: Flood disturbance, algal productivity, and
interannual variation in food chain length, Oikos, 90(1), 20-27, 2000.

Maténa, J.: The role of ecotones as feeding grounds for fish fry in a Bohemian water supply
reservoir, Hydrobiologia, 303(1), 31-38, 1995.

Matthews, B. and Mazumder, A.: Compositional and inter-lake variability of zooplankton
affect baseline stable isotope signatures, Limnol. Oceanogr., 48, 1977-1987, 2003.
McCutchan Jr, J. H., Lewis Jr, W. M., Kendall, C. and McGrath, C. C.: Variation in trophic
shift for stable isotope ratios of carbon, nitrogen, and sulfur, Oikos, 102(2), 378-390, 2003.

McHugh, P. A., Mcintosh, A. R. and Jellyman, P. G.: Dual influences of ecosystem size and



684 disturbance on food chain length in streams, Ecol. Lett., 13(7), 881-890, 2010.

685 Menge, B. A. and Sutherland, J. P.. Community Regulation: Variation in Disturbance,

686 Competition, and Predation in Relation to Environmental Stress and Recruitment, Am. Nat.,
687 130(5), 730-757, 1987.

688 Minagawa, M. and Wada, E.: Stepwise enrichment of 15N along food chains: Further

689 evidence and the relation between 615N and animal age, Geochim. Cosmochim. Acta, 48(5),
690 1135-1140, 1984.

691 Murry, B. A, Farrell, J. M., Teece, M. A. and Smyntek, P. M.: Effect of lipid extraction on the
692 interpretation of fish community trophic relationships determined by stable carbon and

693 nitrogen isotopes, Can. J. Fish. Aquat. Sci., 63(10), 2167-2172, 2006.

694 Navarro, J., Coll, M., Louzao, M., Palomera, 1., Delgado, A. and Forero, M. G.: Comparison
695 of ecosystem modelling and isotopic approach as ecological tools to investigate food webs in
696 the NW Mediterranean Sea, J. Exp. Mar. Bio. Ecol., 401(1), 97-104, 2011.

697 Nilsson, E., Solomon, C. T., Wilson, K. A., Willis, T. V, Larget, B. and Vande Zanden, M. J.:
698 Effects of an invasive crayfish on trophic relationships in north-temperate lake food webs,
699 Freshw. Biol., 57(1), 10-23, 2012.

700 Novomeska, A. and Kovac, V.: Life-history traits of non-native black bullhead Ameiurus
701 melas with comments on its invasive potential, J. Appl. Ichthyol., 25(1), 79-84, 2009.

702 Nystrom, P., Bronmark, C. and Granéli, W.: Influence of an Exotic and a Native Crayfish
703 Species on a Littoral Benthic Community, Oikos, 85(3), 545-553, 1999.

704  Oreilly, C., E. Hecky, R., Cohen, A. and Plisnier, P.-D.: Interpreting stable isotopes in food
705 webs: Recognizing the role of time averaging at different trophic levels, Limnol. Oceanogr.,
706 47, 306-309, 2002.

707 Parkyn, S. M., Collier, K. J. and Hicks, B. J.: New Zealand stream crayfish: functional

708 omnivores but trophic predators?, Freshw. Biol., 46(5), 641-652, 2001.



709 Perez, A., Mazerolle, M. J. and Brisson, J.: Effects of exotic common reed (Phragmites

710 australis) on wood frog (Lithobates sylvaticus) tadpole development and food availability, J.
711  Freshw. Ecol., 28(2), 165-177, 2013.

712  Perrow, M. R., Schutten, J. H., Howes, J. R., Holzer, T., Madgwick, F. J. and Jowitt, A. J. D.:
713 Interactions between coot (Fulica atra) and submerged macrophytes: the role of birds in the
714  restoration process, in Shallow Lakes ’95, pp. 241-255, Springer Netherlands, Dordrecht.,
715  1997.

716  Phillips, D. L.: Mixing models in analyses of diet using multiple stable isotopes: a critique,
717  Oecologia, 127(2), 166170, 2001.

718 Phillips, D. L. and Gregg, J. W.: Source partitioning using stable isotopes: coping with too
719 many sources, Oecologia, 136(2), 261-269, 2003.

720  Phillips, G. L., Eminson, D. and Moss, B.: A mechanism to account for macrophyte decline in
721 progressively eutrophicated freshwaters, Aquat. Bot., 4, 103-126, 1978.

722 Pimm, S. L. and Kitching, R. L.: The Determinants of Food Chain Lengths, Oikos, 50(3),
723 302-307, 1987.

724  Post, D. M.: The long and short of food-chain length, Trends Ecol. Evol., 17(6), 269-277,
725 2002.

726 Rennie, M. D., Sprules, W. G. and Johnson, T. B.: Resource switching in fish following a
727 major food web disruption, Oecologia, 159(4), 789-802, 2009.

728 Reynolds, J. D. and O’keeffe, C.: Dietary patterns in stream- and lake-dwelling populations
729  of Austropotamobius pallipes, Bull. Francais la Péche la Piscic., (376-377), 715-730, 2005.
730 Robinson, J. J. and Cavanaugh, C. M.: Expression of form | and form 11 Rubisco in

731 chemoautotrophic symbioses: Implications for the interpretation of stable carbon isotope
732  values, Limnol. Oceanogr., 40(8), 1496-1502, 1995.

733 Rodriguez-Jimenez A. J.: Notas sobre ecologia de Rutilus lemmingii (Steindachner, 1866)



734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

(Pisces: Cyprinidae), Ecologia, 1, 247-256, 1987.

Rojo, C. and Rodrigo, M. A.: Plankton Ecology and Diversity, pp. 137-173., 2010.
Rosenthal, S. K., Lodge, D. M., Mavuti, K. M., Muohi, W., Ochieng, P., Mungai, B. N. and
Mkoji, G. M.: Comparing macrophyte herbivory by introduced Louisiana crayfish
(Procambarus clarkii) (Crustacea: Cambaridae) and native Dytiscid beetles (Cybister
tripunctatus) (Coleoptera: Dytiscidae), in Kenya, African J. Aquat. Sci., 30(2), 157-162, 2005.
Roth, B. M., Tetzlaff, J. C., Alexander, M. L. and Kitchell, J. F.: Reciprocal Relationships
Between Exotic Rusty Crayfish, Macrophytes, and Lepomis Species in Northern Wisconsin
Lakes, Ecosystems, 10(1), 75-86, 2007.

Sahasrabudhe, S. and Motter, A. E.: Rescuing ecosystems from extinction cascades through
compensatory perturbations, Nat. Commun., 2, 170, 2011.

Sanchez-Carrillo, S. and Angeler, D.: Ecology of Threatened Semi-Arid Wetlands: Long-
Term Research in Las Tablas de Daimiel, Springer., 2010.

Scheffer, M.: Ecology of shallow lakes, Chapman & Hall., 1998.

Schindler, D. E. and Scheuerell, M. D.: Habitat coupling in lake ecosystems, Oikos, 98(2),
177-1809, 2002.

Schoener, T. W.: Food Webs From the Small to the Large: The Robert H. MacArthur Award
Lecture, Ecology, 70(6), 15591589, 1989.

Serrano-Grijalva, L., Sanchez-Carrillo, S., Angeler, D. G., Sanchez-Andrés, R. and Alvarez-
Cobelas, M.: Effects of shrimp-farm effluents on the food web structure in subtropical coastal
lagoons, J. Exp. Mar. Bio. Ecol., 402(1), 65-74, 2011.

Sierszen, M. E., Schoen, L. S., Kosiara, J. M., Hoffman, J. C., Cooper, M. J. and Uzarski, D.
G.: Relative contributions of nearshore and wetland habitats to coastal food webs in the Great
Lakes, J. Great Lakes Res., 45(1), 129-137, 2019.

Solomon, C. T., Carpenter, S. R., Clayton, M. K., Cole, J. J., Coloso, J. J., Pace, M. L.,



759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

7T

778

779

780

781

782

783

Vander Zanden, M. J. and Weidel, B. C.: Terrestrial, benthic, and pelagic resource use in lakes:
results from a three-isotope Bayesian mixing model, Ecology, 92(5), 1115-1125, 2011.

Spies, R. B., Kruger, H., Ireland, R. and Rice, D. W.: Stable isotope ratios and contaminant
concentrations in a sewage-distorted food web, Mar. Ecol. Prog. Ser., 54(1/2), 157-170, 1989.
Takimoto, G., Spiller, D. A. and Post, D. M.: Ecosystem size, but not disturbance, determines
food-chain length on islands of the Bahamas, Ecology, 89(11), 3001-3007, 2008.

Treydte, A. C., Heitkonig, I. M. A. and Ludwig, F.: Modelling ungulate dependence on higher
quality forage under large trees in African savannahs, Basic Appl. Ecol., 10(2), 161-169,
2009.

Vanderklift, M. A. and Ponsard, S.: Sources of variation in consumer-diet 615N enrichment: a
meta-analysis, Oecologia, 136(2), 169-182, 2003.

Wainright, S. C., Weinstein, M. P. and Able, K. W.: Relative importance of benthic
microalgae, phytoplankton and the detritus of smooth cordgrass Spartina alterniflora and the
common reed Phragmites australis to brackish-marsh food webs, Mar. Ecol. Prog. Ser., 200,
77-91, 2000.

Walters, A. W. and Post, D. M.: An experimental disturbance alters fish size structure but not
food chain length in streams, Ecology, 89(12), 32613267, 2008.

Wilcox, D. A., Kowalski, K. P., Hoare, H. L., Carlson, M. L. and Morgan, H. N.: Cattail
Invasion of Sedge/Grass Meadows in Lake Ontario: Photointerpretation Analysis of Sixteen
Wetlands over Five Decades, J. Great Lakes Res., 34(2), 301-323, 2008.

Winemiller, K. O. and Rose, K. A.: Patterns of Life-History Diversification in North
American Fishes: implications for Population Regulation, Can. J. Fish. Aquat. Sci., 49(10),
2196-2218, 1992.

Wolf, N., Carleton, S. A. and Martinez del Rio, C.: Ten years of experimental animal isotopic

ecology, Funct. Ecol., 23(1), 17-26, 2009.



784

785

786

787

788

789

790

791

792

Woodward, G., Papantoniou, G., Edwards, F. and Lauridsen, R. B.: Trophic trickles and
cascades in a complex food web: impacts of a keystone predator on stream community
structure and ecosystem processes, Oikos, 117(5), 683-692, 2008.

Vander Zanden, J., Cabana, G. and Rasmussen, J.: Comparing trophic position of freshwater
fish calculated using stable nitrogen isotope ratios (15N) and literature dietary data, Can. J.
Fish. Aquat. Sci., 54, 1142-1158, 1997.

Vander Zanden, M. J., Casselman, J. M. and Rasmussen, J. B.: Stable isotope evidence for the

food web consequences of species invasions in lakes, Nature, 401(6752), 464-467, 1999.



793 Table 1. Length and weight of the species of fish and crabs captured in NPTD n summer 2011. Small: <10.5 cm, Medium: 10.5-12 cm, large >12
794  cm.

795
Length (cm) Weight (g)
Species Common name Stage |[No.|Average| SD |MIN|MAX|Average| SD | MIN [MAX
Lepomis gibbosus Pumpkinseed sunfish| Adult | 1 115 |115(115|115| 148 |14.8| 148|148
Cyprinus carpio Carp Adult | 61| 353 |1.7(32.0(39.0| 648.1 |91.0{500.0|800.0
Ameiurus melas Cat fish Adult | 38| 18.0 |25 |115|22.0| 1145 |90.5| 21.6 |400.0
Ameiurus melas Cat fish Fry (40| 24 03|18 3.0 02 |01]|01]| 04
Gambusia holbrookii Gambusia Fry |76| 34 12|17 | 56 07 |07 01| 23
Procambarus clarkii American crab Small {106] 9.3 |10|65|105| 241 [8.7| 43 |418
Procambarus clarkii American crab Medium| 54 | 114 |0.4|11.0| 120 | 470 |7.3|30.2|645
Procambarus clarkii American crab Large |16 | 130 |0.6 125|145 | 61.0 |(11.1|47.7|145
796

797
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Table 2. Range of contribution (minimum and maximum) of the different food sources to consumers in the NPTD based on the mixing model
SISUS through the use of stable isotopes (**C and °N).

Winged insects Crustaceans Birds

R. sacraria | Pieris rapae Lestes sp. |Sympetrumsp.| P. clarkii L. ridibundus |H. himantopus| Fulica atra | A. clypeata Larus sp. B. ibis

MIN | MAX | MIN | MAX | MIN | MAX | MIN | MAX |[MIN| MAX | MIN | MAX | MIN | MAX |MIN| MAX |MIN | MAX | MIN | MAX| MIN | MAX
Sediment 0.00 | 14.63 | 0.00 | 27.95 (0.00| 2.89 0.00 | 27.82 | 0.00 | 52.03 43.06 | 62.92 | 17.46 | 30.20
POC 0.00| 23.12
Phytoplankton 0.00 | 20.75 | 0.00 | 39.64 0.00 | 51.67 | 0.00 | 73.80 0.00 | 29.04 | 0.00 |18.63
Periphyton 0.00 | 40.27 | 0.00 | 32.29 0.00 | 17.48 | 0.00 | 29.22 0.00 | 871 | 0.00 | 5.59
Filamentous algae 0.00 | 44.58 | 0.00 | 35.75 0.00 | 19.35| 0.00 | 30.39 0.00 | 857 | 0.00 | 5.50
Microbial mats 0.00 | 26.73 | 0.00 | 51.07 16.90 | 83.51 | 0.00 | 73.53 0.00 | 20.84 | 0.00 |13.37
C. hispida var. major | 0.00 | 11.45| 0.00 | 2.69 0.00| 2.22 0.00 | 23.44 | 0.00| 43.85|0.00 | 6.76
C. submersum 0.00 | 5.15 | 0.00 | 6.35 0.00| 8.59 0.00 | 72.74 {0.00| 21.33|0.00 | 25.33 | 0.00 | 12.68 | 0.00 | 8.14
P. pectinatus 0.00 | 5.76 | 0.00 | 3.79 0.00| 3.13 0.00 | 61.45 | 0.00 | 9.37
S. maritimus 0.00 | 1.97 | 0.00 | 2.43 0.00| 76.91
T. dominguensis 0.00 | 2.10 | 0.00 | 2.59 0.00| 81.98 0.00 | 573 | 0.00 | 3.68
C. mariscus 0.00 | 80.64 | 0.00 | 18.94 0.00| 15.65
P. australis 0.00 | 2.39 | 0.00 | 2.95 0.00| 16.14
T. canariensis 18.68 | 86.88 | 78.80 | 95.08 3.02| 21.53 25.66 | 33.76 | 62.47 | 67.67
Invertebrates 41.00 | 60.47 | 23.05 | 60.25 2.48 |39.49 | 0.00 | 47.82 | 0.00| 20.86 |0.00 | 50.18 | 0.00 | 7.95 | 0.00 | 5.10
Zooplankton 0.00 | 32.27 | 0.00 | 25.88 0.00 | 14.01 | 0.00 | 20.36 | 0.00| 76.06 | 0.00 | 16.88 | 0.00 | 6.31 | 0.00 | 4.05
P. clarkii small 0.00 | 27.89 | 0.00 | 67.08
P. clarkii medium 0.00 | 45.77 | 0.00 | 83.35
P. clarkii large 0.00 | 41.76 | 0.00 | 49.53




804 Figure. 1. Scatterplot of 613C and 615N (mean and standard deviation) of the main sources, primary producers and consumers from the present
805 food web in the NPTD. DIC = dissolved inorganic C. DOC = dissolved organic C. POC = paticulate organic C.
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810 Figure 2. a) Mean + SE of §*3C y 5'°N of Ameirus melas in the four sites where it was
811 collected. ANOVA: §3C p=0.003 and °N p=0.036. b) Relationships between size and
812 weight with isotopic signatures of A. melas.
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819 Figure 3. Scatterplot of 5*3C and 5°N of P. clarkii based on (a) sampling location (b) and
820 sex (ANOVA §13C p> 0.05 and §*°N p>0.05).
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829 Figure 4. Trophic levels of the main consumers from NPTD when (a) producers or (b) primary consumers are considered as the base of the
830 foodweb.
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839 Figure 5. Representation of the present foodweb. The range of contribution (minimum and maximum) of the different food sources to consumers
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844  Figure 6. Schematic representation of the trophic network of NPTD around 1950 based on Alvarez-Cobelas and Cirujano (1996) and Cirujano
845 Bracamonte et al. (1998).
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