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ABSTRACT

The trophic ecology of the red swamp crayfish (Procambarus clarkii) in Mediterranean aquatic ecosystems: a stable
isotope study

The red swamp crayfish (Procambarus clarkii) is an invasive species in most of its current distribution range. As an omnivorous
species that feeds on items of many trophic levels and is eaten by many others, it occupies a key trophic position within the
invaded food webs. This trophic position, in combination with its active physiology, makes P. clarkii a suitable organism for
ecotoxicological studies and, more specifically, a bioindicator of heavy metal pollution. These characteristics also make P.
clarkii a likely vector of contaminants toward higher trophic levels. In this study, we (i) describe aquatic food webs in three
contrasting Mediterranean wetlands in the lower Guadalquivir River Basin, southwestern Spain, each populated by invasive P.
clarkii but having a different heavy metal concentration, (ii) assess the trophic role of crayfish and temporal trends in its diet
using stable isotope analysis (513C and 6°N), and (iii) assess the relationship of crayfish isotopic signatures to the content of
heavy metals (Cu, Zn, Pb, Cd, As) bioaccumulated in crayfish body tissues. We detected significant between-site differences in
carbon and nitrogen isotopic signatures but found significant between-date differences only for nitrogen signatures. Between-
site changes in carbon and nitrogen isotopes were due primarily to variations in the relative contribution of autochthonous
vs. allochthonous primary producers and shifts in crayfish abundance through time, respectively. Isotopic food web models
were used to distinguish between systems driven by a detritus-based energy pathway and systems supported by detritus and
primary producers. The trophic positions estimated for crayfish and other invertebrates at each site were low, suggesting the
prevalence of omnivory and the occurrence of a trophic continuum rather than discrete levels. Isotopically, crayfish occupy a
predator position in the observed food webs, which is consistent with the predominance of animal food sources in the species’
diet. No significant changes were found between crayfish ontogenetic stages using isotopic ratios. The site with the highest
concentration of heavy metals showed the highest 513C and 51°N values, and a significant correlation was found between five
heavy metal elements (As, Cd, Zn. Cu, Pb) measured in crayfish and their nitrogen isotope signatures (r = 0.72, p <0.0001),
thus reinforcing its contamination biomarker role.
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RESUMEN

Ecologia tréfica del cangrejo rojo (Procambarus clarkii) en ecosistemas acuaticos mediterraneos: un estudio sobre is6topos
estables

El cangrejo rojo (Procambarus clarkii) es una especie invasora en la mayor parte de su area de distribucioén actual. Ocupa un
estatus trdfico clave dentro de las redes troficas invadidas al ser una especie omnivora que se alimenta de muchos recursos
tréficos, ademéas de ser presa de otros consumidores. Tal posicion de especie clave, junto con su activa fisiologia, hace
que sea un vector potencial de contaminantes a posiciones superiores en las redes troficas, y por lo tanto, un excelente
bioindicador de contaminacion por metales pesados que ha sido muy utilizado en estudios ecotoxicoldgicos. En este estudio
describimos las redes tréficas de tres humedales mediterraneos de la cuenca del Bajo Guadalquivir (SO, Espafia), que poseen
densas poblaciones de P. clarkii y que muestran diferentes grados de afeccion por contaminacién de metales pesados, usando
is6topos estables (51°C and 6°N). Ademas, se explora la relacion que existe entre las sefiales isotopicas y las concentraciones
de metales pesados (Cu, Zn, Pb, Cd, As) bioacumuladas en sus tejidos. Se detectaron diferencias significativas en las sefiales
isotopicas de carbono y nitrégeno entre las diferentes localidades, mientras que las diferencias temporales s6lo fueron
reflejadas por la sefial del nitrégeno. Los cambios medios que se dan en las sefiales del carbono y nitrégeno en cada localidad,
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son debidas a la contribucién relativa de los productores primarios autdctonos respecto a la de los al6ctonos y cambios en
la abundancia de cangrejos a lo largo del tiempo, respectivamente. La descripcion de las redes troficas realizada a través
de los is6topos estables distingue entre los sistemas con flujos energéticos basados en detritus, y los basados en productores
primarios junto con detritus. Las posiciones troficas estimadas para los cangrejos e invertebrados en cada localidad fueron
bajas, sugiriendo que existe un predominio de la omnivoria y la existencia de un ““continuo tréfico” mas que la existencia de
niveles discretos. Isotopicamente, los cangrejos ocupan una posicién de depredador en las redes tréficas que concuerda con
el predominio de recursos de origen animal en su dieta. No se encontraron cambios ontogenéticos en la dieta de los distintos
estadios de cangrejo segun las sefiales isotdpicas. La localidad con una mayor contaminacion de metales pesados mostrd una
relacion directamente proporcional significativa con las sefiales isotopicas de 53Cy 6°N (r = 0.72, p <0.0001), reforzando

asi su papel como biomarcador.

Palabras clave: Redes tréficas, 53C, 5°N, cangrejo, is6topos estables, humedales mediterraneos, metales pesados.

INTRODUCTION

Among the several alien species of freshwater
crayfish that have been introduced in Spain
during recent decades, the red swamp cray-
fish (Procambarus clarkii Girard) has been
the most successful and therefore the most
environmentally threatening of them all (Gu-
tiérrez-Yurrita, et al., 1999). P. clarkii was
introduced in 1973 at two aquaculture installa-
tions in Sevilla and Badajoz, southwestern Spain
(Habsburgo-Lorena, 1983) and spread through-
out the Mediterranean region and central Europe
during the subsequent three decades (Alonso et
al., 2000). Its broad ecological tolerance, rapid
growth, high fecundity and resistance to diseases
explain such achievement (Montes et al., 1993;
Gherardi & Barbaresi, 2000).

The establishment of red swamp crayfish
populations in Mediterranean wetlands and
rivers in southwestern Spain was so successful
because of the similar environmental conditions
with P. clarkii’s homeland aquatic systems (the
southeastern areas of the USA) (Geiger et al.,
2005). The species’ establishment in Spain
was also greatly promoted by intentional and
repeated translocations by humans for economic
or recreational purposes (Montes et al., 1993).
The presence of this alien species has significant
impacts on the structure and functioning of the
invaded aquatic ecosystems. An example of
such an impact is the physical alteration of the
habitat structure, primarily through shredding

of macrophytes during feeding and indirectly
through bioturbation of sediments (Geiger et al.,
2005). These mechanisms are considered to be
responsible for the change observed in many
invaded ecosystems from a natural, macrophyte-
dominated, transparent water equilibrium state
to a turbid, eutrophic, phytoplankton-dominated
equilibrium state (Anastacio & Marques 1995;
Angeler et al., 2001; Rodriguez et al., 2003). Be-
cause P. clarkii is an opportunistic, omnivorous
feeder with high assimilation efficiencies that
rapidly develops dense populations (Gutiérrez-
Yurrita et al., 1999), it is expected to have strong
effects on aquatic food webs and to impact
trophic levels both below (llhéu & Bernardo,
1993, 1995; Gutiérrez-Yurrita et al., 1998) and
above its own (Geiger et al., 2005; Tablado et al.,
2010). Despite P. clarkii’s major role in struc-
turing aquatic food webs, information regarding
the species’ diet in natural habitats is scarce
(Feminella & Resh, 1986, 1989; D’Abramo &
Robinson, 1989; Ilhéu & Bernardo, 1993, 1995;
Gutiérrez-Yurrita et al., 1998; Alcorlo et al.,
2004). Studies of food webs have traditionally
been based on stomach content analyses for the
placement of species at their proper trophic po-
sition (Hobson & Welch, 1992). This approach,
however, often relies on data gathered on a casual
rather than on a regular basis making trophic
models particularly susceptible to both the tem-
poral and the spatial scales used (Paine, 1988).
In recent years, the biological interpretation of
changes in the relative abundance of naturally
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occurring stable isotopes of nitrogen (6%°N)
and carbon (6%3C) has provided an alternative
method for characterising food web structures
and dynamics (Peterson et al., 1985; Peterson &
Fry, 1987; Lajtha & Michener, 1994; Hershey
& Peterson, 1996; Gannes et al., 1998; Inger &
Bearhop 2008; Martinez del Rio et al., 2009).
This approach is based on the fact that stable-iso-
tope ratios of nitrogen and carbon in the tissues of
consumers reflect those in their prey ina predictable
manner (DeNiro & Epstein, 1978, 1981).

In addition, the polytrophic character of
crayfish has important consequences for ecosys-
tem management because of the role that these
animals play in the transport of Xxenobiotic
substances throughout the food web. P. clarkii
can ingest and eventually store large amounts
of heavy metals in its tissues (Maranhao et
al., 1995) and is able to adjust, using complex
physiological mechanisms, to survive in polluted
environments (Naqvi & Flagge, 1990; Naqvi and
Howel, 1993; Allison et al., 2000). P. clarkii has
therefore been widely used as a biomarker (De-
pledge & Fossi, 1994; Anderson et al., 19973,
1997b; Schilderman et al., 1999; Schlenk, 1999;
Anton et al., 2000; Alcorlo et al., 2006; Martin-
Diaz et al., 2006; Vioque-Fernandez et al., 2007;
Vioque-Ferndndez et al., 2009; Faria et al.,
2010; Suérez-Serrano et al., 2010) to efficiently
trace the relocation of heavy metals from non-
biological (primarily sediments) to biological
compartments (food webs) in the ecosystem.

The estimation of the amount of pollutants
that P. clarkii mobilises and stores as biomass
is ecologically relevant because this species is
now the major prey item for many endangered
and legally protected vertebrate species in the
Lower Guadalquivir Basin (Adrian & Delibes,
1987; Palomares & Delibes, 1991; Senra & Alés,
1992; Correia, 2001; Tablado et al., 2010). Pol-
lution effects can potentially travel far from the
source area through the trophic relationships that
link crayfish with wide-ranging predator species
(e.g., herons, spoonbills, storks, otters).

The general aim of the present study is to de-
scribe the trophic position of P. clarkii and its role
as a heavy metal bioindicator in three Mediter-
ranean wetlands exposed to different land-uses

(one in a natural protected area, one surrounded
by agricultural land and one affected by a toxic
mine spill). Our specific aims are as follows:
1) to describe the food webs using carbon and ni-
trogen stable isotopes, with emphasis on tempo-
ral and habitat variations in the diet of P. clarkii;
2) to determine whether P. clarkii occupies the
same trophic position in each of the three envi-
ronments; 3) to investigate whether isotopic sig-
natures describe changes in diet in relation to
crayfish ontogeny; and 4) to analyse the rela-
tionship between nitrogen isotopic signatures and
heavy metal bioaccumulation in P. clarkii tissues.
Our hypothesis is that the isotopic descrip-
tions of the assembled food webs in three types of
aquatic ecosystem will reflect the differing struc-
tures of the food web patterns developed. Ac-
cording to this hypothesis, 1) the isotopic signals
of crayfish will reveal distinct positions in each
system depending on the unequal contribution of
the exploited food resources and the ontogenetic
shifts in diet, and 2) the nitrogen isotopic signa-
ture of P. clarkii will be correlated with the levels
of heavy metal contamination because of the dis-
similar communities developed at each site.

METHODS

Study area

The study was conducted in three tributaries of
the Lower Guadalquivir River (SW Spain) close
to the northern boundary of Dofiana National
Park (Fig.1). The three sampling sites are
subject to differing land-use and anthropogenic
pressures and have contrasting morphological
features in terms of the nature and grain size
of stream bed sediments and of the channel
shape (Montes et al., 1998).

Site 1 (Brazo del Este, UTM: 29SQB633117)
is located in a section of a stream that collects
water runoff with a high content of pesticides
and fertilisers from the surrounding rice fields
(Cano & Ocete, 1997; Vioque-Fernandez et al.,
2009). The agricultural activity in this area has
resulted in the discharge of pesticides with lead
(Pb), copper (Cu) and arsenic (As) (http://npic.
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Figure 1. Schematic map of the studied area, sampling sta-
tions and mine location. 1.-Brazo del Este, 2.-Puente de los
Vaqueros, 3.-Charco de la Boca. Mapa de la zona de estu-
dio, donde se muestran las estaciones de muestreo y la mina.
1.-Brazo del Este, 2.-Puente de los Vaqueros, 3.-Charco de la
Boca.

orst.edu/ingred/aifact.html) into the surrounding
aquatic ecosystems for many years (Vioque—
Fernandez et al., 2009). The riverbanks are
covered by well-developed cattail (Typha sp.)
stands. The sediment is muddy and rich in clay and
siltand has a thick, organic-rich, black layer on top.

Site 2 (Puente de los Vaqueros, UTM:
29SQB495168) is located in the lower wa-
tercourse of the Guadiamar Basin (Fig. 1).
Although the Guadiamar River was formerly one
of the main tributaries of both the Guadalquivir
River and its associated marshland, it is nowa-
days dramatically transformed in a multitude
of channels that distribute and collect irrigation
water to and from the surrounding rice fields.
In April 1998, the entire basin was severely af-
fected by a toxic spill from the Aznalcéllar mine
that released 5 Hm?® of acid water and metal-
rich sludge (As-0.6 %; Pb-1.2%; Zn-0.8%
dry weight, and other metals) (Meharg et al.,
1999). In addition to mining activity, the stream
also receives sewage dumping from the nearby
urban areas (Prat et al., 1999). In the sampling
area, the emergent vegetation on the banks has

been reduced to small patches of common reed
(Phragmites australis) and cattail (Typha sp.).
The riverbed sediments are very rich in silt, which
causes the water to be turbid most of the time.

Site 3 (Charco de la Boca, UTM: 29SQB
227121) is located in a wetland within the bound-
aries of Dofiana National Park (Fig. 1). The entire
area is covered by pines (Pinus pinea) growing
on sandy soils. The littoral zone of the wetland is
rich in silt and clay and is occupied by belts of
Phragmites australis and cattail Typha sp., which
provide shelter and food to many waterfowl and
other bird species (Montes et al., 1998).

Field data collection

Samples were collected during periods when
crayfish were very abundant and their popula-
tions included individuals of varying sizes and
developmental stages: autumn (November 2000-
date 1 and 2001-date 3; the end of the growing
season for crayfish), and mid-Spring (April
2001-date 2; which is the growing season). Three
replicate samples for each of the categories used
in the food web (i.e., fish, crayfish, invertebrates
-zooplankton and zoobenthos-, aquatic flora,
detritus and sediments) were taken on each date.
Limnological descriptors [depth (cm), turbidity
(cm, Secchi disk depth), water temperature (°C)
and dissolved oxygen (mg I* and %, WTW-
oxymeter), conductivity (uS cm=, WTW LF96-
conductivimeter), and pH (Merck- indicators
paper)] were measured in situ. Sediment samples
were obtained with a core-sampler (54 mm
inner diameter, 50 cm height). The upper layer
(5 cm deep), where most of the detritus is stored,
was sliced out and kept in a polyethylene bag
hermetically closed. This fraction containing
the organic matter in the sediment will be
referred to hereafter as detritus. The so-called
phytoplanktonic fraction, a mixture of true algae
plus particulate organic matter (0.45-100 um),
was collected on a pre-ashed (500°C for 4 h)
glass fibre filter (Whatman, CF/C) and stored in
a hermetic polyethylene bag kept in darkness.
Helophyte samples were obtained from emergent
plant species (Phragmites australis in sites 2 and
3, and Typha in all sites). Samples of submerged
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vegetation were restricted to the terrestrial grass
Cynodon dactylon in sites 2 and 3. Healthy green
leaves and stems were handpicked from various
stands and put in hermetic polyethylene bags.
A hand net (250 um mesh size) was used for
collecting invertebrates. Samples were obtained
by filtering water along 50 m long transects for
five to ten minutes. Material collected in this
way was placed in polyethylene bottles (500 ml).
Fish, crayfish and shrimp were collected at each
site using 10 shrimp traps (‘hasa camaronera’).
The traps were checked after 24 h. When cap-
tures were too small (e.g., n < 10 individuals),
the traps were left in the field for a second day.
Captured animals were individually placed in
hermetic plastic bags.

All sediment and biological samples were
kept refrigerated (4°C) until freezing on the
same day of collection. The samples remained
frozen until they were prepared for stable isotope
analysis. Crayfish selected for the analysis of
heavy metal contents (ten individuals from each
site) were measured in situ for body length
(distance from the edge of the rostrum to the
telson, expressed in cm) and mass (using a
portable Scaltec balance and expressed in g with
an accuracy of 0.1 g). An additional sample
of zooplankton and benthos was taken and
fixed (4 % neutralised formaldehyde) for further
taxonomic identification.

Stable isotope analysis

For the isotopic analysis of sediments, 30-50 mg
of each frozen sample was thawed, placed in a
250 ml Erlenmeyer flask, and suspended in
100 ml of 0.2 N HCI for 24 h at room temperature
to remove carbonates. The sediments were then
rinsed thoroughly with deionised water and dried
at 60 °C until no further water loss occurred (Ci-
fuentes et al., 1988; Bernasconi et al., 1997). The
samples were then homogenised using a mortar and
pestle and stored dry in 15 ml vials until analysed.

Filters of phytoplankton samples were dried
at 60°C until no water loss was recorded and
stored dry in vials until analysed (Gearing et al.,
1984). Macrophyte and helophyte samples were
thawed, epiphytic material was removed from

leaves and stems by gentle wiping and washed
with deionised water, and all of these materials
were dried at 60 °C (LaZerte & Szalados, 1982;
Boon & Bunn, 1994). The dried periphyton ma-
terial was homogenised using a mortar and pes-
tle and stored dry in 15 ml vials until analysed
(France, 1999). The aquatic plant tissues were
milled using an analytical mill (model IKA-A10).

The dominant planktonic and benthic taxa
were sorted by hand from the thawed samples. In
several cases, insects and microcrustaceans had
to be pooled by taxonomic groups (i.e., Order) to
obtain sufficient material for isotopic analysis.
Ostracods (crustaceans with a calcareous cara-
pace) were suspended in a solution of 0.2 N HCI
for 24 h at room temperature to remove carbon-
ates. The samples were then rinsed thoroughly
with deionised water, dried at 60°C until no
water loss was recorded, homogenised with a
mortar and pestle and stored dry in 15 ml vials
until analysed (Gearing et al., 1984).

The abdominal muscles of crayfish (France,
1996a) and muscle samples above the lateral line
of fish (Kwak & Zedler, 1997) were dissected
after thawing of the samples. The samples were
rinsed thoroughly with deionised water, dried,
powdered, and stored at room temperature (20 to
25 °C) until isotope analysis.

Stable carbon and nitrogen analyses were
performed on 1 mg subsamples of homogenised
materials by loading them into tin cups and
combusting at 1800°C in a Carbo Erba 1108-
CHNS elemental analyser. The resultant CO,
and N, gases were analysed using a Micromass
Isochrom continuous-flow isotope ratio mass
spectrometer (CFIRMS) with every 9 unknowns
separated by two or three laboratory standards
(NBS22, sucrose, atropine, benzoic).

Stable isotope abundances were expressed in
6 notation as the deviation from standards in
parts per thousand (%) according to the follow-
ing equation:

oX = [(Rsample/Rstandard) - 1] x 1000

were X is the isotope °N or °C, and R is the cor-
responding ratio **N/*N or BC/*?C. The Rgandard
for N is that for atmospheric N, (air) and the
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Rstandarg TOr 13C is that for Pee Bee Belemmnite
(PDB) limestone formation. Based on numerous
measurements of organic and inorganic standards
by the lab that performed the analyses, the precision
of these measurements was estimated to be +0.1
and +0.2 %o for carbon and nitrogen, respectively.

Isotopic models

The trophic position of food web items at
each site was estimated assuming a constant
enrichment value of 3.4 %o in the nitrogen stable
isotope, in accordance with previous studies
performed in other aquatic ecosystems (Mina-
gawa & Wada, 1984; DeNiro & Epstein, 1981;
Whitledge & Rabeni, 1997; Ponsard & Ardi-
ti, 2001). Accordingly, the trophic level was
computed by the following equation:

(Dp - Db)

TL=1
T3z

where TL is the trophic level of a consumer and
D, is the 6*°N value of the whole body tissues of
consumers in the case of insects and microcrus-
taceans or the 5°N value of the consumer’s mus-
cle tissue in the case of fish and crayfish (%o). Dy,
is the baseline 6°N value; i.e., the isotopic value
of the main food sources of the consumer. Detri-
tus was assumed to be the main food source for
all of the consumers in the food web except the
microcrustaceans, for which phytoplankton were
assumed to be the main food source.

The above approach is a simplistic way to
summarise the various enrichment factors that
might occur between different food web items.
Further studies are required to identify more pre-
cisely the 6°N enrichment factors between con-
secutive trophic levels. Alternatively, the use of
an average enrichment factor of 3.4 %o, as actu-
ally found in several aquatic food webs, appears
to provide a good estimate of the trophic interac-
tions that we are trying to elucidate.

We used a concentration—weighted linear
mixing model of 6'°N and 6**C values (Phillips
& Koch 2002; http://lwww.epa.gov.wed/pages/
models.htm) to estimate the proportion of the
crayfish diet allocated to each of the major

food items (invertebrates, vegetative material or
detritus) as determined in previous conventional
crayfish dietary studies that analysed stom-
ach contents and were performed at the same
sites (Gutiérrez Yurrita et al. 1998, Alcorlo et
al., 2004) and in other studies (Brown, 1990;
Whitledge & Rabeni, 1997; Evans-White et
al., 2001). This model assumes that for each
element, the contribution of a source is pro-
portional to the contributed mass times the
elemental concentration in that source. Isotopic
values for food sources must be adjusted by the
appropriate fractionation values to account for
trophic fractionation (Phillips & Koch, 2002). In
this study, we used 3.4 and 0.8 %o fractionation
factors for nitrogen and carbon isotopes, respec-
tively (Ponsard & Arditi, 2001). The elementary
compositions of C and N of the food web items
determined were analysed with an elemental
analyser (Carbo Erba 1108-CHNS) during the
isotopic determinations.

Such models have both mathematical and bi-
ological limitations (Ben-David & Shell, 2001;
Phillips, 2001; Phillips & Gregg, 2001). An over-
estimation of the contribution to the diet may oc-
cur if one source has a signal similar to that of
the sink, and exact solutions are not possible un-
less all of the end members are included. The
ranges of source contributions can be determined.
The breadth of these ranges depends on the ge-
ometry of the mixing space (e.g., mixing trian-
gles) and the similarity of the source and mixture
isotopic signatures. When the mixture lies near
the periphery of the convex polygon connecting
the sources, the sources on that side of the mix-
ing diagram predominate and the ranges of the
possible contributions from each source are well
constrained. We followed the suggestion of Ben-
David & Shell (2001) and the procedure of Jones
& Waldron (2003),and used these models as a
heuristic tool to investigate the patterns of our data.

Heavy metal analysis

Heavy metal analyses of arsenic (As), copper
(Cu), zinc (Zn), cadmium (Cd) and lead (Pb)
were performed for the crayfish sampled in
November 2001. Because P. clarkii is exploited
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for commercial use in the study area and the legal
limits for human consumption are expressed in
fresh weight, we expressed the heavy metal
concentrations as u g - g~* fresh weight.

The entire body of each crayfish was pow-
dered and homogenised, and a 2-g subsample
was digested in 10 ml of nitric acid (65 %) for
at least 30 min. A posterior microwave diges-
tion was performed using a CEM Microwave Di-
gestion System 2100 and following the proto-
col App. Note BI-7 “EPA 3052”. The samples
were then cooled, filtered (Whatman fiber glass
filters, 47 mm diameter), brought to a volume
of 100 ml with deionised water, and each heavy
metal item was analysed following the appropri-
ate procedure. As and Pb were measured using
Electrothermal Atomic Absorption Spectrometry
with a graphite furnace. Cd, Zn and Cu were mea-
sured using Inductively Coupled Plasma Emis-
sion Spectroscopy (EPA 6010 B).

Statistical analyses

The 6%3C and &'°N values estimated in each
biological compartment of the food web were
compared simultaneously between sites, dates
and their interaction (date x site), using a
multi-way analysis of variance (MANOVA) with
the Wilks’ lambda statistic. Certain samples in
which only one of the 6 values was available
were excluded from the analysis. When post-hoc
comparisons were required, we used Tukey’s
Honestly Significant Difference test (HSD). The

normality of distributions was assessed by the
inspection of normal plots. Departures from
homogeneity of variances were assessed by
Levene’s test. Log-transformation of dependent
variable was performed when necessary after
exploring the correction of the heteroscedasticity
of the transformed data.

A two-sample t test for a two-tailed hypothe-
sis was performed to assess the variation in mean
6N values resulting from ontogenetic changes
between young and adult crayfish.

Multiple correlation and regression analyses
were performed to determine whether crayfish ni-
trogen stable isotope abundances were influenced
by the heavy metal contents measured at all sites
pooled together and at each site separately.

RESULTS

Limnological parameters and community
composition

The three aquatic ecosystems sampled are char-
acterised by their shallowness and a slightly
saline character (Table 1). Sites 1 and 2 have
conductivity and pH values that are higher than
those of site 3. This finding is most likely due to
the nature of the underlying geological materials,
which are sandier and more acid in the area of site 3.

The community composition in the studied
sites is shown in APPENDIX 1 (www.limne-
tica.net/internet). Crustaceans, particularly cla-

Table 1. Ranges of variation of physico-chemical parameters of water at the three sampling sites. Rangos de variacion de los
parametros fisico-quimicos del agua en las tres estaciones de muestro.

Sampling site z Secchi T Conductivity oH 0, 0,
(cm) (cm) 9] (wS-cm™) (mg-17) (%)

Site 1
mean 40.58 10.50 19.10 3296.20 8.02 5.84 90.60
range 24.5-57 6-15 7.3-26.5 2600-4711 7.5-8.5 1.9-10.31 78-103.2
Site 2
mean 41.00 9.53 20.05 1859.88 7.91 10.05 119.25
range 24-67 7-12 11.2-28.9 1173-3334 7-8.5 6.08-17.6 58.5-184
Site 3
mean 24.25 11.00 15.08 584.25 6.91 5.16 56.40
range 7-37.5 7-15 11-16.9 425-730 6.5-8 3.8-7.48 39-73
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docerans and copepods, and aquatic bugs (In-
secta: Heteroptera) were the most species-rich
animal groups. For certain rare taxa (ostracods
and mayflies) it was not possible to obtain
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sufficient biomass for the stable isotope analyses,
and these taxa were therefore excluded from the
statistical analysis. Rotifers and ciliates were also
excluded because of their low sampled biomass.
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Figure 2. Stable isotope ratios for carbon (5'°C, %o, mean + S.D.) and nitrogen (8'°N, %o, mean + S.D.) for food web
components at each of the sampling sites (upper: November 2000, middle: April 2001, lower: November 2001). Trophic items
are as follows: 1.-detritus, 2.-phytoplankton, 3.-helophytes, 4.-periphyton, 5.-submersed macrophytes, 6.-Gambusia holbrooki,
7.-Anguilla anguilla, 8.-Liza ramada, 9.-Cyprinus carpio, 10.-Barbus sclateri, 11.-crayfish (<3 cm), 12.-crayfish (<7 cm), 13.-
crayfish (>7 cm), 14.-Palaemon serratus (shrimp), 15.-heteroptera, 16.-odonata, 17.-coleoptera, 18.-ephemeroptera, 19.-gastropoda,
20.-diptera, 21.-copepoda, 22.-cladocera, 23.-microcrustaceans (copepoda and cladocera). Trophic categories are symbolised as: ©
primary producers, ® invertebrate herbivores (ephemeroptera and gastropoda), A invertivores (heteroptera and odonata), omnivores
(fish, shrimp and crayfish), A detritivores (diptera), filter feeders (copepoda and cladocera). Razones isotopicas de carbono (5§3C, %o,
media + D.E.) y nitrdgeno (6*°N, %o, media + D.E.) para los componentes de la red tréfica de las tres estaciones (arriba: noviembre
2000, en el medio: abril 2001, debajo: noviembre 2001). Los recursos troficos son los siguientes: 1.-detritus, 2.-fitoplancton,
3.-heldfitos, 4.-perifiton, 5.-macroéfitos sumergidos, 6.-Gambusia holbrooki, 7.-Anguilla anguilla, 8.-Liza ramada, 9.-Cyprinus carpio,
10.-Barbus sclateri, 11.-cangrejos (<3 cm), 12.-cangrejos (<7 cm), 13.-cangrejos (>7 cm), 14.-Palaemon serratus (camarones),
15.-heterépteros, 16.-odonatos, 17.-coledpteros, 18.-efemerdpteros, 19.-gasterépodos, 20.-dipteros, 21.-copépodos, 22.-claddceros,
23.-microcrustéaceos (copépodos + claddceros). Categorias tréficas simbolizadas como: © productores primarios, ® invertebrados
herbivoros (efemerdpteros y gasterépodos), A invertivoros (heterépteros y odonatos), omnivoros (peces, camarones y cangrejos), A
detritivoros (dipteros), fitradores (copépodos y claddceros).
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Food web structure revealed through the use
of stable isotopes

MANOVA showed no significant interac-
tion (date x site) (A Wilks’ = 0.97, Rao’s
Regsoe) = 1.03, p = 0.4) but did show significant
differences between dates (A Wilks® = 0.64,
Rao’s R4y = 36.13, p < 0.0001) and sites (A
Wilks” = 0.96, Rao’s Rys0sy = 2.67, p = 0.03)
for 63C and 5N values, suggesting that the
space and time factors have independent effects

on the isotope values. Indeed, significant differ-
ences on 6N (Fpae = 3.72, p = 0.02) were
observed only for dates 2 and 3 (Tukey’s HSD
test; p = 0.025 and p = 0.018, respectively),
but no significant differences were observed
for 513C. The 6N values for site 2 increased
through time, as follows: November 2000 < April
2001 <November 2001. In regard to carbon iso-
topes, no significant differences in 6°C were
observed, except for the last date on site 3
(Tukey’s HSD test, p = 0.026).
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Figure 3. Stable nitrogen and carbon isotope concentration in food web components of the three sites during the sampling period.
Sample sizes are given in parentheses following the names of species. Circle (®): primary producers; triangle (A) : invertebrates;
square (m): vertebrates. Concentracion de is6topos estables de carbono y nitrégeno de los componentes de las redes tréficas de las
tres estaciones durante el periodo de muestreo. Circulos: productores primarios, triangulos: invertebrados, cuadrados: vertebrados.
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The average whole system content of §3C
and 6N was highest for site 2 (which was
affected by the heavy metals from the toxic
spill), intermediate for site 3, and lowest for
site 1 (513C: F(g,zgg) = 15.48, p <0.0001; S51°N:
F(z’zgg) = 58, p< 00001) (Flg 2)

Detritus and periphyton drove the food webs
in the habitats with soft and muddy bottom, i.e.,
sites 1 and 2, whereas the trophic dynamics in
site 3 (which had a sandy bottom) were driven
primarily by detritus and submersed vegetation
(Fig. 2). The higher trophic positions in all of the
systems were occupied by fish and crayfish, with
crustaceans and insects at intermediate positions.

Natural abundance of §3C and §1°N

The range values of §'3C for the three sites
differed mainly in their basal components. For
site 1, the lowest and highest mean values
corresponded to copepods and periphyton, re-
spectively (-34.3 +1.2; —19.3 + 0.5 %o, APPEN-
DIX 2, www.limnetica.net/internet). Similarly,
copepods at site 2 had the lowest 5'°C value
(=29.9 + 1.7 %0) while detritus had the highest
value (-13.4 + 0.4 %) (APPENDIX 3, www.
limnetica.net/internet). For Site 3, the lowest
value was found for cladocerans (—33.9 + 1.4 %)
and the highest value was found for the sub-
mersed grass Cynodon dactylon (—16.2 + 5.2 %)
(APPENDIX 4, www.limnetica.net/internet).

The 6N values for the three systems fluc-
tuated in a variable manner. For sites 1 and 2,
the lowest 6°N values were found for periphy-
ton (3.4+0.5 %o and 8.4+3.2 Y%orespectively) and
the highest values were found for eels, Anguilla
anguilla (13.7 £ 3.6 %o and 17.2 +£0.2 %o, respec-
tively) (APPENDIX 2 and 3). Finally, 5*°N val-
ues in site 3 fluctuate between 6.61 + 1.42 %, for
detritus to 14.3 + 0.9 %o for the all-fish sample
(APPENDIX 4).

The trophic positions were very close to-
gether, and very short trophic distances were
found between species. The lowest crayfish val-
ues were found for site 1 (APPENDIX 2-4). For
a better understanding of these variations in the
513C and 6N ratios, we constructed an isotope
scaling for the different compartments analysed

for each system over the entire sampling pe-
riod (Fig. 3). Adult crayfish always appeared
in higher trophic positions than juveniles. No
significant differences were found between the
5N values of juvenile and adult crayfish, except
for site 3 (ty00s) = —2.68, p = 0.016) (APPEN-
DIX 2-4; Figs. 3 and 4).

Trophic role of red swamp crayfish: applying
a mixed model

We estimated the resources most frequently used
by crayfish using two sources: stable isotopes and
traditional diet studies that were performed in the
same geographic area (Gutiérrez-Yurrita et al.,
1998; Alcorlo et al., 2004). The results of the ap-
plication of the concentration-weighted mixing
model using the equations proposed by Phillips
and Koch (2002) were inconsistent with the iso-
topic data for site 1 but fit well with the isotopic
data from the other sampling sites (Table 2).

Nitrogen stable isotope ratios and heavy metals

The highest concentrations of heavy metals in
crayfish were found for site 2, except for As
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Figure 4. Stable nitrogen and carbon isotope concentration
for juvenile and adult crayfish at the three sites (site 1, n =9, 15;
site 2, n = 9, 15; site 3, n = 6, 15). Concentracién de is6topos
estables de carbono y nitrogeno de los cangrejos juveniles y
adultos de las tres estaciones (Estacion 1, n = 9, 15; estacion
2,n =9, 15; estacion 3, n = 6, 15).
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which was higher at site 1 (Fig. 5). The Cu and
Pb concentrations were well above the legal lim-
its for heavy metal content in crustacean food-
stuffs included in the Spanish law and EC Reg-
ulation No. 1881/2006 (20 ppm and 0.3 ppm for
Cu and Pb, respectively). Arsenic (As) concen-
trations were high at each of the sites (0.56-0.98,
0.36-2.04 and 0.79-1.02 ug g~* or ppm for sites
1,2, and 3, respectively) when compared with the
provisional tolerable daily intake suggested by
the European Food Safety Authority (2 ug kg
body weight) (EFSA, 2009).

The contribution of heavy metals to the 5°N
signatures in crayfish was estimated through a
multiple regression analysis of the five heavy
metals analysed over the &'°N signatures of
crayfish (pooled individuals of the three sites)
as the dependent variable and explained 51 %
of the total variation of crayfish 6°N (r = 0.72,

r? = 051, Fgasy = 7.35, p <0.0001). Further
multiple regression analyses were performed for
each site. Only site 3 showed significant results,
with 93 % of the variance in 5N explained by
the heavy metal contents of crayfish and with
Cu (r = -0.79, p <0.05) and Cd (r = -0.78,
p <0.05) as the elements that accounted for most
of this relationship.

DISCUSSION

In this study, the spatial variability (between-site
differences) was significant for both 6'C and
5N isotope signatures, whereas the temporal
variability (between-date differences) was signif-
icant only for average 5*°N signatures. The pat-
tern of variation of 5C values was related to
the variability of the basal food sources (mainly
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Figure 5. Patterns of variability of five heavy metals analysed in whole body crayfish from the three studied ecosystems, expressed

as ug - g* fresh weight. Sample sizes of each crayfish sample are given in parentheses for each site. Site 1 (n = 10); site 2 (n = 20); site
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estacion. Estacion (n = 10), estacion 2 (n = 20); estacion 3 (n = 10).



132 Alcorlo & Baltanas

detritus and primary producers) at each site. The
amount of detritus for each sampling site varied
depending on the underlying lithology and or-
ganic matter inputs from biological communities
within the area or nearby (autochthonous or al-
lochthonous inputs, respectively). The §3C val-
ues for detritus from sites 1 and 2 (the muddy
sites) indicated that the sites were both enriched
in carbon and had very similar ranges but dif-
fered markedly from the value for sandy site 3.
These values are similar to those found in highly
productive freshwater ecosystems that store large
amounts of detritus, such as Laguna Madre of
Texas (=16 %o) (Fry & Sherr, 1984). The 6°C
value for site 3 was lower and more similar to
the average values of terrestrial organic matter
(=26 %0) and estuaries (—25.8 %) inthe Delaware
estuary, Philadelphia (Cifuentes et al., 1988) or of
littoral areas (—29.9 %o in Wards Creek, Virginian
Atlantic Coast) (Garman & Macko, 1998).
Helophytes and macrophytes showed smaller
51BC values compared with detritus. This
effect can be used to estimate the relative
importance of these primary producers to her-
bivores. Allochthonous (Cynodon dactylon)
and autochthonous (phytoplankton, periphyton,
helophytes) food sources can be easily identified
according to their &'3C signatures. Because
C. dactylon is a gramineous plant with a C-4
photosynthetic pathway, it is expected to have
higher 6°C values (LaZerte & Szalados, 1982).
This species, which is associated with areas of
groundwater discharge, is the only terrestrial
plant that remains green throughout the dry
season and is an important food source for nume-
rous waterfowl species that live in the area

(Gonzalez-Bernaldez, 1997). Our isotopic food
web models (Figs. 2 and 3, Table 2) are consis-
tent with systems driven by a detritus-based energy
pathway (sites 1 and 2) and with a system based
on both primary producers and detritus (site 3).
The mean 6°N values for detritus fell within
the range observed for other aquatic ecosystems
at many sites (3.93-15.70 % in Lake Lugano,
Switzerland [Bernasconi et al., 1997]; 5.5-
18.7 %o in the Delaware estuary [Cifuentes et
al., 1988]), suggesting that nitrate is not limiting
to primary producers. At each site, the primary
producers and consumers showed changes in
their 6'°N signatures that are consistent with
species replacement within the communities that
inhabit these ecosystems (see APPENDIX 1).
Whereas the 6'°N values of species varied
significantly between sites, the isotopic signa-
tures of consumers fit well within the ranges of
potential food sources at each site. Invertebrates
displayed a broad range of trophic strategies
including suspension feeders (e.g., copepods or
cladocerans), detritivores or ’collectors’ (sensu
(Merrit and Cummins 1996)) (e.g., dipterans and
ostracods), herbivores or ‘macrophyte piercers’
(Merritt and Cummins, op. cit.) (e.g., mayflies),
carnivores (e.g., many heteroptera, coleoptera
and odonata), and omnivores (e.g., fish and
crayfish). Detritivores and grazers appear to be
primarily omnivorous, as indicated by their high
SN values, which are similar to those of preda-
tors. At all sites, the variation in 6N within
trophic levels was low, and trophic levels were
not easy to discriminate. The high variation and
overlap observed in isotopic signatures (Figs. 2
and 3) showed a group effect for different trophic

Table 2. Contribution of food items to crayfish of the three study sites determined by the concentration—weighted linear mixing
model. Contribucion de los distintos recursos alimenticios de los tres casos de estudio al cangrejo calculados segtin un modelo lineal

de mezcla ponderado.

Site  Detritus  Primary producers  Invertebrates

Food items included in the model

1 0.515 —-0.259 0.744
2 0.637 0.020 0.343
3 0.737 0.246 0.017

detritus, periphyton, shrimps, heteroptera, odonata and
diptera

detritus, periphyton, submersed macrophytes, shrimps,
heteroptera and diptera

detritus, periphyton, submersed macrophytes, copepoda,
cladocera, shrimps, heteroptera and diptera
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species in the same taxonomic category, which
suggests that animals act as opportunistic feeders
that focus on food sources according to their
availability, as reported in other field studies
(Zah et al., 2001).

The gradual enrichment in &®N values
between species in our simplified model sug-
gested that the concept of trophic levels with
discrete jumps in trophic position along a food
chain is inappropriate. Co-existing species ap-
peared to feed along a continuum of trophic
levels, as has been observed in other systems
(Hobson et al., 1994; France & Peters, 1997;
Vander Zanden et al., 1999).

The omnivore trophic role of crayfish is
particularly relevant in these ecosystems. Gut
content studies and stable isotopes analyses
have revealed detritus as a major component
of the diet of many crayfish species (Creed,
1994; Whitledge & Rabeni, 1997; Gutiérrez-
Yurrita et al., 1998; Alcorlo et al., 2004). Our
concentration-weighed mixing isotopic model
estimated that the proportions of detritus in
crayfish tissues were 63 % and 73 % for sites 2
and 3, respectively. The fact that crayfish from
site 1 did not fall in the mixing triangle (Table 2)
suggests that the chosen fractionation factors
should be corrected because of the sensitivity of
this type of model to the discrimination factors
used, as suggested by Bond & Antony (2011),
or that there are no substantial differences in iso-
topic composition among sources, as suggested
by Phillips & Gregg (2001). There was also a
small contribution from other invertebrates, as
revealed by their 6'°N signatures, which fall
within the expected enrichment range of 3.4 %
(APPENDIX 2-4). The estimated contribution
of primary producers to the crayfish 6*°N signal
seems to be very small. The 63C signatures
of P. clarkii revealed that the animals used
primary producer food sources in each of the
three sites, both autochthonous sources (detritus
and the primary producers of the system [phy-
toplankton, periphyton and helophytes]) and
the allochthonous sources (terrestrial submersed
vegetation) (Table 2).

In regard to the changes in diet corresponding
to the ontogeny of crayfish, it has long been

recognised that juveniles of many species feed
predominantly on invertebrate prey, whereas
adults shift their food requirements to vegetation
and detritus (Goddard, 1988; France, 1996b).
The stable isotope analysis in the present study
did not identify differences in nutritional path-
ways between crayfish of different sizes (Fig. 4).
The ontogenetic shift in diet detected in gut
analyses may indicate that lower volumes of
invertebrates are able to satisfy the energetic
requirements for adult growth (Parkyn et al.,
2001). Gut content analyses identify crayfish
as omnivores that process detritus and vegeta-
tion and prey upon other invertebrates, such as
chironomids, water bugs, cladocerans, snails
and mayflies (Alcorlo et al.,, 2004). On the
other hand, isotopic signatures indicated that
crayfish tend toward a predator position (Figs. 2
and 3). These findings suggest that, despite
the use of several food sources, crayfish feed
predominantly on animal prey and that these
prey are more important in terms of assimilation
and incorporation into crayfish biomass. Similar
results have been found in studies of other cray-
fish species, such as Paranephrops planifrons
in New Zealand streams (Parkyn et al., 2001;
Hollows et al. 2002) and Orconectes nais and O.
neglectus in a tallgrass prairie stream in Kansas
(Evans-White et al., 2001).

We observed a consistent relationship be-
tween the concentrations of heavy metals (As,
Cd, Zn, Cu, Pb) bioaccumulated in crayfish
tissues and their nitrogen isotope signatures.
This relationship, however, became weak when
it was estimated site by site. The metals that have
the greatest influence on 6'°N are Cu and Cd,
whose accumulation has been found to be dose
(i.e., Cd)- and time (i.e., Cu)-dependent in other
studies performed in the area (Alcorlo et al.,
2006). The bioaccumulation of different metals
by crayfish depends on their environmental
concentration and the nature and/or possible role
of these metals as essential elements for crayfish
metabolism. Cu is an essential metal whose
levels are regulated and controlled within certain
limits because it forms part of active enzyme
centres and respiratory pigments (Rainbow,
1995), whereas Cd is a non-essential metal



134 Alcorlo & Baltanas

(Rainbow, 1997) and tend to be detoxified by
metallothionein proteins located in the digestive
glands of P. clarkii (Del Ramo et al., 1989).
These results are related to the different metal
assimilation routes used by crayfish, i.e., direct
uptake from water or indirect uptake from food.

Given that crayfish behave as polytrophic
species (omnivorous) in the systems where they
occur establishing a high number of trophic
interactions with other biological compartments
of the systems; its trophic role has important con-
sequences for the management of the ecosystems
where crayfish is present. For example, crayfish
can efficiently transport xenobiotic substances
throughout the trophic web in polluted areas,
such as the one described in this study (Gonzalez
et al., 1985; Hernandez et al., 1992). Because
crayfish constitute an important food source
for vertebrate predators, such as fish (Anguilla
anguilla), birds (e.g., Ciconia ciconia in Correia,
2001) and mammals (e.g., Lutra lutra in Delibes
& Adrian, 1987; Palomares & Delibes, 1991;
Beja, 1996) we strongly recommend a long-term
monitoring programme to keep track of the
transfer of pollutants to higher order food web
levels mediated by crayfish.

Finally, we conclude that our isotopic food
web models are consistent with systems driven
by a detritus-based energy pathway (sites 1 and 2)
and with a system based on both primary produc-
ers and detritus. The trophic positions estimated
for crayfish and other invertebrates at each site
were low, suggesting the prevalence of omnivory
and the occurrence of a trophic continuum rather
than discrete levels. Isotopically, crayfish occu-
pied a predator position in the food webs, con-
sistently with a predominance of animal sources
in their diet. However, no significant changes be-
tween crayfish ontogenetic stages were found us-
ing isotopic ratios in this study. The site with
the highest concentration of heavy metals showed
6%3C and 6N ratios, and we found a signif-
icant correlation between five heavy metal ele-
ments (As, Cd, Zn. Cu, Pb) measured in crayfish
and their nitrogen isotope signatures (r = 0.72,
p <0.0001). These findings support the role of P.
clarkii as a pollution biomarker.
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