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Abstract: The signal crayfish Pacifastacus leniusculus Dana, 1852 is a successful invasive species in the
Iberian Peninsula. This is of particular conservation concern, as fish fauna is highly endemic and
also threatened within this ecoregion. The aim of this study was to analyze behavioral interactions
and trophic overlap between signal crayfish and native fishes in Iberian rivers (northern Spain).
Video cameras were used to record fish “dominance/evasion” after spatial encounters with crayfish.
Diet composition and isotopic signatures (5'3C and §!°N) were compared to evaluate the niche
overlap. Fish were dominant in 25% of the encounters with juvenile crayfish, whereas this percentage
was only 4% with adult crayfish. Observations showed a high fish “evasion” response for Pyrenean
stone loach Barbatula quignardi (Bdcescu-Mester, 1967) (>30%). Dietary results showed a high trophic
overlap between signal crayfish with the pelagic Pyrenean minnow Phoxinus bigerri Kottelat, 2007
and the benthic loach. However, the isotopic niche overlap was low, with brown trout Salmo trutta L.,
1758 showing the highest area (only 0.1 %?). Overall, our findings suggest that interferences may
occur with native species for food (i.e., benthic invertebrates). Consequently, measures should be
applied to control invasive crayfish in Iberian rivers.

Keywords: aquatic communities; direct/indirect interactions; ecological impacts; species
introduction; stable isotope analysis; trophic levels

1. Introduction

Biological invasions are one of the most important causes of biodiversity loss at the global
scale [1-3]. This conservation concern is particularly relevant across inland waters of the Mediterranean
region in Europe [4], where endemic freshwater fish are highly threatened by invasive species [5].
As an example, >50% of the native fish species are unique to the Iberian Peninsula (i.e., Spain and
Portugal) [6,7]. Amongst the variety of aquatic introductions, non-native crayfishes are common
freshwater invaders worldwide, with these being keystone species because of their significant
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ecological and socioeconomic impacts [4]. The signal crayfish Pacifastacus leniusculus Dana, 1852 is
native to North America and was introduced into the Iberian Peninsula from Sweden in 1974 for the
purpose of expanding aquaculture [8]. In this region, signal crayfish were first introduced into the
North of Ebro Basin >40 years ago, where it spread hundreds of km in a few years [8]. This crayfish
species is currently very common across central and northern Iberian waters, where it is a strong
competitor to native fauna and is a vector for the crayfish plague Aphanomyces astaci Schikora, 1906 [8].
Indeed, signal crayfish is partly responsible for the recent extirpation of the white-clawed crayfish
Austropotamobius pallipes (Lereboullet, 1858) from many Iberian streams [8].

The mechanisms by which fish and crayfish interact may be indirect through habitat alteration [9]
or direct by means of predation, behavioral interference (e.g., aggression), and competition for
food/space [10]. In field studies, Guan and Wiles [11] found an inverse relationship between the
abundances of the introduced signal crayfish and benthic fishes, such as bullhead Cottus gobio L.,
1758 and stone loach Barbatula barbatula (L., 1758), inhabiting a British lowland river. Peay et al. [12]
also observed a negative association between densities of signal crayfish and juvenile brown trout
Salmo trutta L., 1758 in a British stream. These findings are based on traditional comparisons of the
abundances of crayfish and fish populations. Consequently, this “indirect” design does not elucidate
the particular effects of invasive crayfish on native fish. To provide a better understanding of the
mechanisms of interaction, observations have been carried out on signal crayfish and a variety of fish
species under laboratory conditions. For example, Bubb et al. [13] assessed behavioral interactions and
competition for shelter between bullhead and signal crayfish in experimental aquaria. These authors
observed that signal crayfish were dominant over bullhead through aggressive approaches. In addition,
a negative relationship between the densities of signal crayfish and bullhead was observed. Also,
under controlled conditions, Griffiths et al. [14] observed that the proportion of Atlantic salmon Salmo
salar L., 1758 sheltering was significantly lower in the presence of aggressive signal crayfish when
refuge was limiting. In contrast, these authors showed that the proportion of signal crayfish sheltering
was independent of the presence of Atlantic salmon.

Despite the wide field of research on crayfish ecology under captive conditions, laboratory
experiments have restrictions concerning their applicability to natural ecosystems due to the limitation
of space and trophic resources [15]. Particularly for crayfish, Bergman and Moore [16] found that
agonistic interactions among two species of genus Orconectes (currently Faxonius, see Crandall and
De Grave [17]) were shorter, less intense and less likely to end with a tail flip in nature than in the
laboratory facilities. Nonetheless, very few attempts have been made to evaluate the real effects of
introduced crayfish species on native fishes under natural conditions. In this respect, Almeida et al. [18]
highlighted the usefulness of observations in the wild for assessing the effects of invasive species
on aquatic communities. Despite the conservation concern posed by non-native crayfish, to our
knowledge, no previous study has assessed the behavioral interactions between introduced crayfish
and Iberian fishes under natural conditions.

As mentioned above, competition for food is another potential mechanism of interaction
between invasive crayfish and fish communities [10]. Quantifying the trophic ecology in animals
has traditionally focused on direct analysis (e.g., stomach content), although these methods do not
adequately reflect the quantity of nutrients assimilated into tissues [19]. In recent years, ecologists have
successfully employed stable isotopes of carbon (>C) and nitrogen (1°N) to define the trophic niche of
species [20], as this technique can reveal the consumer’s long-term feeding habits [21,22]. Specifically,
the ratios of carbon and nitrogen isotopes provide a time- and space-integrated representation of the
food source and trophic level, respectively (e.g., [23]). In addition, isotopic biplots of '3C and °N are
useful to assess the extent of isotopic niche overlap between species, which can show the potential for
coexistence or competitive exclusion posed by invasive crayfish [24,25].

In light of the dearth of information on these biotic relationships in the Iberian Peninsula, the aim
of this study was to analyze behavioral interactions and trophic overlap between signal crayfish and
native fishes within this ecoregion. Specifically, we recorded the behavior after spatial encounters
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between signal crayfish and native fishes in Iberian rivers (northern Spain) and also compared diet
composition and isotopic “signatures” between these taxa. We hypothesized that (i) signal crayfish will
physically displace native fishes, especially benthic species, as previous aquarium experiments have
shown (e.g., [13]) and (ii) both dietary and isotopic data will reveal a high trophic overlap between
signal crayfish and native fishes (e.g., [24]).

2. Materials and Methods

2.1. Study Area

The upper and middle reaches were surveyed in the main rivers of the Navarra region (northern
Spain). Sampling sites (n = 20) were located in water courses that drain to the Ebro River, which is one
of the main Iberian basins, with a catchment area of 85,362 km? (Figure 1). Specifically, the following
rivers were sampled (from West to East Navarra); Ega, Urederra, Arakil, Lizarrusti, Basaburua, Larraun,
Ulzama, Arga, Erro, Urrobi, Irati, Areta, and Salazar (Figure 1). Flow regime is pluvio-nival in the study
rivers and the period of greatest discharge lasts from November until April [26]. Riparian vegetation
is abundant in all the rivers. In upper reaches, livestock is common in grasslands, while cereal fields
are dominant in middle reaches.
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Figure 1. Distribution map of the n = 20 sampling sites for this study in Navarra region (northern
Spain). Black circumferences show the n = 5 sites where behavioral interactions were recorded (see
Methods section for the names of towns and rivers). Black circles show the n = 17 sites where crayfish
and native fishes were sampled to evaluate their trophic overlap from both dietary and isotopic data
(see Table 2 for the names of towns and rivers). Two sites (numbers 4 and 12) were used for the
two approaches (i.e., behavioral interactions and trophic overlap), which are marked with both black
circumferences and circles.
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In the study rivers, native fish communities consist of benthic fishes, such as Pyrenean
stone loach Barbatula quignardi (Bacescu-Mester, 1967), Pyrenean gudgeon Gobio lozanoi Doadrio
& Madeira, 2004 and, less frequently, the northern Iberian spined-loach Cobitis calderoni Bacescu, 1962;
bentho-pelagic fishes, such as Ebro nase Parachondrostoma miegii (Steindachner, 1866); and pelagic
fishes, such as Pyrenean minnow Phoxinus bigerri Kottelat, 2007 and brown trout [27,28]. Specifically
regarding brown trout, this salmonid species is considered as a native fish in the Iberian Peninsula,
although it is also true that several stocking programs have been undertaken in the study area by
using fish individuals from central European populations. This implies a certain degree of genetic
introgression towards the “Iberian lineages” [29].

2.2. Behavioral Interactions

Observations were conducted during the months of June and July 2017 because during this
period of the year the water clarity is generally good and the activity of fish and crayfish is high [30].
Recordings were carried out in five rivers located in Navarra region (northern Spain), from headwaters
to middle reaches (towns and number of the sampling site in parenthesis): Lizarrusti (Lizarragabengoa,
4), Ulzama (Olave, 10), Arga (Idoi, 12), Erro (Lizoain, 13), and Areta (Ripodas, 17) rivers (Figure 1).
These sampling sites were selected because signal crayfish were highly abundant, which allows
recording an elevated number of observations. Also, these five sites were distributed along the W-E
axis in northern Navarra to accomplish a spatially representative data set (Figure 1).

As both signal crayfish and Pyrenean stone loach are more active at night, a total of 10 recording
sessions (2 sessions per site on consecutive days) were carried out immediately after sunset. At each
session, an area of ~9 m? of riverbed was recorded for 3.5 h. Infrared lamps were used to illuminate
and to avoid disturbing the natural behavior of signal crayfish and fishes [16,31]. The recording
equipment consisted of three cameras placed above the water 1 m from the riverbed in a zenith
position (GoPro4 CHDHX-401-M modified for night vision, with a 2.5 mm lens, GoPro Inc., San Mateo,
Califfornia, EE.UU.) and six infrared lamps (IR100, 890 nm, 2AH, 12V, Philips Electronics Nederland BV,
Eindhoven, The Netherlands) installed in a fully adjustable metallic structure. A battery (80 amperes/h)
provided energy to the infrared lamps (Figure 2).

The videos from the three cameras were merged with the program Adobe Premiere Pro CS6
(Adobe Inc., San Jose, California, EE.UU.) and were visualized with VLC media player (version 2.2,
VideoLAN, Paris, France). The relative body size and morphological proportions (e.g., cheliped /body
ratio) were used to distinguish each crayfish individual (n = 422). To avoid pseudoreplication,
only the first encounter of each crayfish individual with native fish fauna was analyzed (n = 254).
The encounters were defined from the point of view of fish and categorized as (adapted from [18]) (1)
“fish evasion”, when only the fish individual clearly changes the direction after the encounter with
the crayfish; (2) “fish dominance”, when only the crayfish individual clearly changes the direction
after the encounter with the fish; and (3) “no interaction”, when neither the crayfish nor the fish
change the direction after the encounter with the other. The life stage (i.e., juvenile/adult) and sex
(i.e., male/female only for adult specimens) of crayfish individuals were also annotated, given that
these factors can modulate behavior (e.g., [32,33]). To provide a high certainty on life stage and
sex identifications, R. Miranda (from the author list) was the responsible person to visually classify
these categories during video visualizations. This researcher is an experienced observer of signal
crayfish from previous field surveys (R. Miranda, pers. observ.). More in detail, the approximate
size ranges were 50 to 90 and 100 to 150 mm of total length (TL) for juvenile and adult crayfish,
respectively. Previous measurements on particle sizes of substratum helped to establish these TL
ranges during visualizations.
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Figure 2. Recording system showing the distribution of three video cameras adapted for night vision
in the zenith position and six infrared lights connected to a battery. Dimensions of the structure are
also showed.

2.3. Trophic Overlap

Crayfish and fish were collected from 17 of the 20 sites in June—July 2017 to evaluate the trophic
overlap between signal crayfish and native fishes (Figure 1). The remaining three sites (numbers
10, 13, and 17; see Figure 1) were not sampled by electrofishing to avoid disturbing the endangered
populations of northern Iberian spined-loach. Given that mean depths were very low (15-80 cm) and
that the water clarity was good enough, nocturnal hand sampling of crayfish with headlights was
the most effective methodology in this type of river sections [34]. A total of n = 85 specimens of adult
crayfish (5 per site) were collected (103-146 mm TL). Fish collection was performed by electrofishing
(Hans Grassl model 1G200/2D, 300-600 V, 0.2-2 A, Hans Grassl GmbH, Schonau am Koénigssee,
Germany). According to the local abundances and conservation status, the lowest possible number of
native fish specimens was collected among the sampling sites to provide a statistically representative
data set from the study area. Specifically, we collected a total of 1 = 85 specimens for Pyrenean minnow
(80-68 mm TL), n = 60 for brown trout (163-199 mm TL), n = 25 for Pyrenean gudgeon (30-110 mm
TL), n = 20 for Pyrenean stone loach (50-100 mm TL), and # = 10 for Ebro nase (84-119 mm TL). All of
the collected fish and crayfish were properly euthanized with low temperatures (cooler), as the use of
anesthetic was not recommended for the subsequent stable isotope analysis (SIA) [35]. Crayfish and
fish individuals were stored in ice during transport to the laboratory on the same date of collection
(<2 h since capture). All field procedures complied with animal use and care regulations of Europe
and Spain (specific licenses were granted for Scientific Field Research in Navarra). Crayfish and fish
were collected by trained personnel (i.e., the holders of the licenses: I. Vedia and R. Miranda). Thus,
no adverse effects were caused on the wildlife in the study habitats.
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On arrival at the laboratory, crayfish and fish individuals were measured for TL (1 mm) and
weighed for total mass (TM, £0.1 g). Crayfish sex (i.e., male/female) was also annotated. The pyloric
and cardiac stomachs were extracted from each crayfish individual and were preserved in 70%
ethanol until processing. Fish were not dissected to extract guts because data from previous surveys
were used for the present study (see justification in “Data Analyses” below). For dietary analysis,
stomachs were dissected and prey categories were identified to the lowest possible taxonomic level
using available keys (e.g., [36]). The number of each prey category was counted using a dissecting
microscope (magnification 40x). The presence of plant material and detritus was also annotated per
crayfish individual.

For SIA, a sample from the abdominal muscle tissue of each crayfish specimen was extracted
to determine the carbon and nitrogen stable isotopes [24]. A sample of white muscle tissue of each
fish specimen was extracted from the dorsal area immediately behind the operculum [37]. Muscle
samples were used because such tissue type exhibits less variation in the isotopic signatures (i.e., §'3C
and 5'°N values, see description below) than other tissues, reflecting more accurately the diet over a
longer period of time [38,39]. After tissue extractions, muscle samples (~0.2 g) were frozen (20 °C)
until processing. Muscle samples were not acidified and no debris from exoskeletons containing
inorganic carbonates were included [40]. Samples were dried at 60 °C for 72 h and milled with
tungsten carbide balls (& 3mm) in a Retsch Mixer Mill MM400 (100-240 VAC, 50/60 Hz, Retsch GmbH,
Haan, Germany). The resulting homogeneous powder was then precisely weighed (1 mg) into tin
cups using an electronic balance (+0.1 mg). Isotopic signatures were estimated for each crayfish and
fish specimen. Firstly, total C and N proportions (% dry weight) were determined using an elemental
analyzer (varioMICROCube, Elementar Analysensysteme GmbH, Langenselbold, Germany) with
an analytical precision of 0.1%. Calibration was performed using sulfanilic acid. A plant reference
material (algae-14th Intercomparison exercise of Organic Elemental Analysis of Reference Materials
for Quality Control, MAT Control, University of Barcelona) was used to ensure that the accuracy was
within 7% of the known total C and N proportions. Secondly, stable C and N isotope contents were
measured using an isotope ratio mass spectrometer (Isoprime 100, Isoprime, Ltd.), operating in a
continuous-flow mode. Vienna Pee Dee Belemnite (i.e., V-PDB) was the standard used as reference
material for C. High-purity N, was the standard used as reference material for N, after calibration
to the atmospheric N,. Two sources were used to provide the N, standard: IAEA-N-1 (International
Atomic Energy Agency) and USGS 40 (U.S. Geological Survey). Isotope data are given as §3C and
815N, which are expressed per thousand (%q). These values represent the ratio between the isotopic
composition of the sample and V-PDB for carbon and atmospheric N, for nitrogen, respectively:

51°C (%o vs. V-PDB) = [(Rsample /Rstandard) — 11 x 1000

5'°N (%o vs. atm-N3) = [(Rsample /Rstandard) — 1] X 1000,

where Rgymple is the isotope ratio 13C/12C or 1N /1N for the muscle sample and Rgtandard is the isotope
ratio for the particular standard (V-PDB or atmospheric N»). Accuracy below 3% was found for §'C
and 85N using the same reference plant material (algae AEO, see above) as a standard. The precision
of the SIA was based on the relative standard deviation (RSD) of duplicated samples. RSD was found
to be within 3% for isotopic signatures.

2.4. Data Analyses

Separate contingency analyses were performed using Fisher’s exact test to assess the statistical
association between the categorical variables “encounter” (fish evasion/fish dominance/no interaction)
with crayfish “sex” (male/female), crayfish “life stage” (juvenile/adult), and “fish species”.
Standardized residuals were used to reveal significant associations between particular categories
in those cells where an absolute value of this parameter is >1.5 [41].
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For dietary analysis, data on crayfish were pooled, as previous results (nonparametric and
chi-squared tests) showed that diet composition was similar between sites, sexes, and life stages.
To analyze the trophic overlap between the invasive crayfish and the native fishes, the stomach
contents of signal crayfish (n = 85) were compared with the published information for specimens
of Pyrenean stone loach (n = 27, 46-97 mm TL), brown trout (n = 101, 150-219 mm TL), Pyrenean
gudgeon (n = 70, 30-113 mm TL), and Pyrenean minnow (1 = 333, 26-69 mm TL). Given that these
native fish species are subjected to conservation measures, relevant published data on greater sample
sizes (see above) of fish were obtained from previous surveys in the same study area by several
coauthors of this manuscript [42—47]. Dietary data from these previous fish surveys (2000-2006)
were compiled at the same period as the present study (i.e., summer months). Moreover, benthic
invertebrate communities and fish diet has not significantly changed in the study sites between fish
and crayfish surveys, as monitored by Oscoz et al. [48] and J. Oscoz (pers. observ.). Two overall dietary
indices were calculated (omitting empty stomachs) by using data sets on crayfish (present study) and
fishes (previous studies). These indices were expressed as a percentage for each prey category: (1)
occurrence (frequency of stomachs/guts in which a particular prey category occurred relative to the
total number of crayfish/fish individuals) and (2) abundance (frequency of the number of individuals
for a particular prey category relative to the total number of individuals for all prey categories). Trophic
overlap between signal crayfish and native fishes was determined by using the Schoener index (S) [49]
on dietary data:

S=1-05x () Ipi—Piv!)

where pj; and pj, are the relative proportions of each prey category i for species “a” and “b”, respectively.
The index ranges from 0, which indicates no dietary overlap, to a maximum overlap of 1, when all
prey items are found in equal proportions. Index values >0.6 indicate significant trophic overlap [50].

At each site, pairwise comparisons were used by means of Mann-Whitney U tests to reveal
significant differences between signal crayfish and native fishes for §!3C and §'°N. This analytical
approach (i.e., pairwise comparisons at each site, specifically with crayfish) was selected rather than a
global analysis, as this technique did not reveal any clear pattern and results were not explanatory
enough for a biological interpretation. Moreover, the isotopic baseline may differ across the study
sites (e.g., [24]). The packages Stable Isotope Bayesian Ellipses and Stable Isotope Analysis in R (i.e.,
SIBER and SIAR, respectively) were used to estimate (1) the “size” of isotopic niche per species and
(2) the trophic overlap between signal crayfish and native fishes [22,51]. SIBER and SIAR were also
applied per site. The values of isotopic signatures for each individual were used to represent the
isotopic niche of a particular species in a biplot, where §'3C and §'°N are the first and second axis,
respectively. The size of isotope niche (i.e., a measure of trophic width) was quantified as the corrected
Standard Ellipse Area (SEAc). These ellipses were estimated to minimize the bias caused by small
sample sizes within a site, using the variance and covariance of bivariate isotopic signatures to contain
approximately 40% of the data. Thus, these ellipses represent the cores of isotopic niches for the
crayfish/fish population at each site. Given the coordinates of isotopic signatures for two species,
the area of overlap (i.e., a measure of trophic overlap) was calculated between their respective SEAc
per site (see methodology in [51]). Overall means were calculated for SEAc and Areas of Overlap to
provide a better understanding on the global patterns of trophic niche width (per species) and trophic
niche overlap (between crayfish and fishes) across the study area.

Statistical analyses were performed with SPSS 15.0 and R 3.1.3 (specific packages SIBER and SIAR
were executed, see above) [52]. The level of significance was established at p = 0.05. The geographical
information system software ArcGIS (version 10) was used for generating maps.
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3. Results

3.1. Behavioral Interactions

A total of 28 encounters were observed with brown trout (11%), 103 with Pyrenean minnow
(41%), 39 with Pyrenean stone loach (15%), and 79 with undetermined fish (31%) (Figure 3). Given that
only five encounters were observed with Pyrenean gudgeon (i.e., 2% of interactions), this species
was not analyzed. No association was observed between the result of the encounter and crayfish sex
(F =3.41, p = 0.197). The frequency of encounter categories significantly differed between juvenile
and adult crayfish (F = 24.16, p < 0.001) (Figure 3). In particular, fish individuals were dominant in
25% (13% expected) of the encounters with juvenile crayfish (standardized residual = 3.4), whereas
fish were dominant in only 4% (13% expected) of the encounters with adult crayfish (standardized
residual = -3). For juvenile crayfish specifically, a significant association was found between the fish
species and the result of an encounter (F = 21.85, p = 0.003). In 50% of the encounters with juvenile
crayfish, Pyrenean stone loach was dominant (25% expected; standardized residual = 1.9). In 33% of
encounters between undetermined fish and juvenile crayfish, fish individuals displayed evasion from
crayfish (19% expected; standardized residual = 1.9) (Figure 3). No association was detected between
the encounter category and fish species in adult crayfish (F = 9.30, p = 0.316), although observations
showed a higher fish “evasion” response for Pyrenean stone loach (>30%) (Figure 3). Regarding the
behavioral category “no interaction”, our results showed that encounters between signal crayfish with
pelagic fishes, especially brown trout, only triggered a fish response (either dominance or evasion) in
<30% occasions (Figure 3).

a) 100 b)
o I
80
70
60
50
40
30
20
10
0

Result of encounters (%)

S.irutta P.bigerri  B.quignardi  Fish nd. S.irutta P.bigerri  B.quignardi  Fish nd.

Figure 3. Percentages of encounter categories between native fishes and juvenile (a) or adult (b) signal
crayfish Pacifastacus leniusculus. No interaction (white), fish dominance (gray), and fish evasion (black).
n = number of encounters; Fish nd. = fish species not determined.

3.2. Trophic Overlap

In terms of occurrence and abundance, signal crayfish mainly preyed on Diptera, Trichoptera,
and Ephemeroptera. These three prey categories were also the most important for Pyrenean stone
loach, along with Crustacea, in occurrence; although Diptera larvae was clearly the most abundant
prey (>75%) for this benthic fish (Table 1). Brown trout showed a diet composition highly variable,
with Ephemeroptera being the most important prey in occurrence and Crustacea the most abundant.
Diptera larvae were the most frequent and abundant prey for Pyrenean gudgeon and Pyrenean
minnow. The Schoener index showed a significant trophic overlap between signal crayfish with
Pyrenean minnow (>0.80), Pyrenean stone loach (>0.75), and Pyrenean gudgeon (~0.70) (Table 1).
Apart from prey items, a high occurrence of plant material was found in crayfish diet (>25%), such as
algae and vegetation debris. Detritus was also a frequent food category (>20%).
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Table 1. Diet composition of signal crayfish Pacifastacus leniusculus (PL), Pyrenean stone loach Barbatula
quignardi (BQ), brown trout Salmo trutta (ST), Pyrenean gudgeon Gobio lozanoi (GL), and Pyrenean
minnow Phoxinus bigerri (PB). Percentages of occurrences and abundances are presented. Trophic
overlap values between signal crayfish and native fishes are presented by using the Schoener index.

% occurrence % abundance

Prey category

PL BQ ST GL PB PL BQ ST GL PB
Turbellaria - - 1 - - - - <1 - -
Nematoda - - 39 7 2 - - 7 1 <1
Oligochaeta - - 8 - - - - <1 - -
Gastropoda 4 - 8 7 6 1 - <1 <1 2
Hydracarina 9 - 3 5 4 3 - <1 <1 <1
Crustacea ! 12 32 39 35 10 6 6 46 17 2
Crayfish - - 1 8 - - - <1 <1 -
Ephemeroptera 2 27 64 71 5 23 13 10 26 <1 5
Plecoptera 2 1 4 13 2 <1 <1 <1 <1 <1 <«
Heteroptera adults - - 1 - - - - <1 - -
Megaloptera larvae - - 1 - - - - <1 - -
Trichoptera larvae 29 5 39 48 45 22 6 5 7 28
Diptera larvae 30 84 24 98 70 53 7% 2 66 51
Coleoptera larvae 2 - 4 2 2 <1 - <1 <1 <1
Terrestrial
Arthropoda ® 8 16 22 63 35 1 1 2 7 9
Fish - - 2 - - - - <1 - -
Schoener Index - 077 039 069 0.84

! Cladocera, Copepoda, Ostracoda; 2 Nymphs and just emerged adults; > Adult winged insects (e.g., wasps and
bees), ants, and spiders. — No data.

The isotopic values of crayfish and fish species were significantly different in several sites, mainly
for 81°N (Table 2; Figure 4). Particularly for this stable isotope of N, fishes always showed a higher
mean value than signal crayfish (Table 2). Consequently, the isotopic niche overlap (i.e., based on the
SEAc) between signal crayfish and native fish species was low (Table 3; Figure 4). According to fish
results, signal crayfish had an intermediate mean SEAc value (i.e., isotopic niche). Brown trout had the
widest isotopic niche (>2%¢?), and only this fish species showed a certain degree of isotopic overlap
with crayfish (Table 3).

Table 2. Results on 5'3C and §'°N for signal crayfish Pacifastacus leniusculus and native fishes.
The numbers in parenthesis indicate the sampling sites represented in Figure 1. Significant differences
(Mann-Whitney U test, p < 0.05) between signal crayfish and native fishes are marked with an asterisk
(*) within each site. Results are means + SD.

Town River Species n s13C 815N
Zuiiga (1) Ega P. leniusculus 5 —-289+03 994+0.6
P. bigerri 5 —-297+£03* 105 £0.5%
S. trutta 5 —=297+£07 11.5+0.7*
G. lozanoi 5 —-289+£07 111£02*
Artavia (2) Urederra P. leniusculus 5 —326+04 6.9+ 0.7
P. bigerri 5 —332+£03* 73+£02
S. trutta 5 =334%£07 76 £0.7
B. quignardi 5 -33.0£03 75+03
Ziordia (3) Ega P. leniusculus 5 =275£02 9.0x1.1
P. bigerri 5 —277£07 105 £0.8*%
S. trutta 5 —276+£06 115 +14*
B. quignardi 5 —=281+£10 122 +04*
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Table 2. Cont.

Town River Species n s18C 815N

Lizarragabengoa (4) Lizarrusti P. leniusculus 5  —26.6+0.3 34+10
P. bigerri 5 274408 6.0+14*%

S. trutta 5 —=292+07* 544+05*

Udabe (5) Basaburua P. leniusculus 5 —26.6 £ 0.5 7505
P. bigerri 5 —=279+07* 87+05*

S. trutta 5 —-279+06* 88+05*

Latasa (6) Larraun P. leniusculus 5 —26.0 +0.1 9.8+ 05
P. bigerri 5 —262+£06 108 £04*

G. lozanoi 5 -256+05 104 +£0.1
S. trutta 5 —-263+05 10.6 £02*

P. miegii 5 —248+05* 9.4+0.1

Oskia (7) Arakil P. leniusculus 5 —26.8+0.3 12.0 £ 0.7
P. bigerri 5 —282+09* 139 +£0.7*
P. miegii 5 -267+1.1 13.2+0.3*

Iraizoz (8) Ulzama P. leniusculus 5 —24.0+03 8.0+ 04
P. bigerri 5 —-240+06 104 +£04*
S. trutta 5 —-237405 104 +£0.7%

Latasa (9) Ulzama P. leniusculus 5 —25.0+0.1 10.6 £ 0.5
P. bigerri 5 252404 13.8+1.6*

S. trutta 5 —257+03* 10.7 £ 1.0

Urtasun (11) Arga P. leniusculus 5 —278+04 71+1.0

P. bigerri 5 —-239+£03* 81+0.3

S. trutta 5 —-248+17* 75402

Idoi (12) Arga P. leniusculus 5 —-252+03 89 +0.6
P. bigerri 5 —-259+06 9.8+03*

G. lozanoi 5 —247+£05 9.8+ 04
B. quignardi 5 —-235+05* 104 +£0.1*

Espinal (14) Urrobi P. leniusculus 5 —25.7+ 03 9.7+ 05
P. bigerri 5 —253+12 123+ 0.6*

S. trutta 5 —-255+15 103 +1.3

Uriz (15) Urrobi P. leniusculus 5 252406 69+ 04
P. bigerri 5 —-238+1.1*% 103 +0.7*

Aribe (16) Irati P. leniusculus 5 —256+03 56+ 05
P. bigerri 5 —=253£10 6.81+0.3*

S. trutta 5 —274+13* 6.3 £05

B. quignardi 5 —-265£05* 65+04*

Ezcaroz (18) Salazar P. leniusculus 5 —25.8+0.2 85+ 04
P. bigerri 5 —-265+07 10.8 +£0.3*
S. trutta 5 —-269+07* 10.8 £1.0*

Guesa (19) Salazar P. leniusculus 5 —-263+ 0.7 9.0+ 0.8
P. bigerri 5 275407 102+ 05*
G. lozanoi 5 —-259+08 10.7 £ 04*

Aspurz (20) Salazar P. leniusculus 5 —284+10 82108
P. bigerri 5 —283+05 94+04*

G. lozanoi 5 —-273£05 9.6 +04*

Table 3. Corrected standard ellipse areas (SEAc) for each species and areas of overlap between signal

crayfish Pacifastacus leniusculus and native fishes. Results are overall means =+ SD.

Species SEAc (%0?) Area of Overlap (%?)

P. leniusculus 0.80 £ 0.49 -

B. quignardi 0.68 + 0.55 (27+54) x 1074
G. lozanoi 0.62 + 0.25 (1.342.6) x 1072
P. bigerri 1.05 & 0.67 (2.8+32)x10°18
P. miegii 0.55 + 0.65 (4.8+6.7) x 1018
S. trutta 2.01 + 2.00 01+02
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Figure 4. Biplots of isotopic signatures §'3C and §'°N for signal crayfish Pacifastacus leniusculus and
native fishes at four representative sampling sites (see Figure 1 and Table 2 for details). Corrected
standard ellipse areas (SEAc) are showed per species. See Table 3 for overall means of SEAc and areas

of overlap.

4. Discussion

4.1. Behavioral Interactions

In agreement with our first hypothesis, observations showed that signal crayfish can physically
displace native fishes, with >25% of encounters showing fish evasion under particular conditions, i.e.,
according to crayfish size and fish species. The result of an interaction between crayfish and fish is
strongly influenced by the crayfish life stage (mainly the size). Thus, fishes were more dominant when
interacting with juvenile crayfish, whereas adults displayed more dominance in their interactions with
native fishes [53,54]. The present results also supported our expectations, as evasion was a behavioral
response clearly observed in the benthic Pyrenean stone loach, after interacting with adult crayfish.
This behavior may be related to the high spatial overlap in the habitat use between signal crayfish
and a variety of benthic fishes [13]. As an example, Guan and Wiles [11] observed, in an artificial
British stream, how signal crayfish displaced two benthic fishes (bullhead and stone loach) from
shelters after displaying aggressive behaviors. Similar interferences have been also observed under
natural conditions in an Iberian stream, the River Jarama (central Spain). Thus, field observations
(via snorkeling) revealed physical displacement for habitat/refuge by signal crayfish on two endemic
Iberian loaches, the northern Iberian spined-loach and the southern Iberian spined-loach Cobitis paludica
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(de Buen, 1930) (D. Almeida, pers. observ.). In North America, the benthic Paiute sculpin Cottus beldingii
(Eigenmann & Eigenmann, 1891) reduced its use of refuges and pools, shifted into higher velocity
microhabitats and spent more time fleeing in the presence of invasive signal crayfish [53]. However,
we must consider that the degree of interference is strongly dependent on the overall availability
of shelters. In this regard, previous studies suggest that shelter availability is limited under natural
conditions because signal crayfish may be found at densities higher than or similar to the number of
potential shelters within a particular site [53]. All these results, along with the present study, reinforce
the idea that spatial interference occurs between benthic fish and signal crayfish where this species has
been introduced in American and European fresh waters. Regarding pelagic fishes, such as brown
trout in the study rivers, our previous results also indicate that signal crayfish can spatially interfere
with salmonids, although these observations were recorded under laboratory conditions [14]. As a
consequence of this potential spatial interference, the vulnerability of displaced fish to predation may
be increased [55]. In particular, Rahel and Stein [56] observed that predation on the Johnny darter
Etheostoma nigrum Rafinesque, 1820 was more intense by the small-mouth bass Micropterus dolomieu
Lacépede, 1802 where the rusty crayfish Faxonius rusticus (Girard, 1852) was present and shelter was
limiting. In our study area, signal crayfish may increase the risk of predation for benthic fishes, such as
Pyrenean stone loach, by piscivorous fish (e.g., brown trout), birds (e.g., gray heron Ardea cinerea L.,
1758), and mammals (e.g., Eurasian otter Lutra lutra (L., 1758)) [57-59].

4.2. Trophic Overlap

The present results partly supported the second hypothesis. Specifically, the analysis of stomach
content showed that signal crayfish preyed on an important number of benthic invertebrates, mainly
Diptera larvae (e.g., taxonomic families of Chironomidae and Simuliidae). Except for brown trout,
benthic invertebrates were also the staple food resource for the study fish species (see bibliographic
references on fish diet in Methods section), which was the reason for the high trophic overlap
with crayfish by using dietary data. However, plant material and detritus were also common food
categories for signal crayfish. These findings indicated a foraging strategy more “generalist” for
crayfish (e.g., [40]), whereas fish species followed a more “predatory” feeding tactic on invertebrates.
This would be related to an ecological role for signal crayfish as a wide omnivorous species, affecting
different levels of the freshwater trophic web [60,61]. As it was stated in the Methods section, the
present study used dietary data from different years (see above). Food resources can largely vary
from year to year in Mediterranean freshwater habitats [62]. Thus, such a difference between survey
periods could mean a confounding factor for results on diet composition. However, comprehensive
monitoring surveys have been carried out on benthic invertebrates and fish diet (e.g., 48), which show
that the prey use-availability have been relatively stable in the study area. This is important to state
that such variation is unlikely to affect the present results regarding overlap.

Given that plant material was not used for calculation of the Schoener index (only prey items),
this is the most likely cause for the discrepancies between dietary and stable isotope results on trophic
overlap. The Schoener index is commonly calculated by using numbers of particular items, e.g.,
prey individuals to estimate overlap between obvious predatory species (e.g., [63]). Ingested mass of
plant material and detritus should have been included in the gut content analysis for a more realistic
comparison. Unfortunately, these data are not provided from the previous surveys, as fish species
analyzed in the present study were mainly predatory on invertebrates (see bibliographic references
on fish diet in Methods section), whereas signal crayfish was more omnivorous (see findings above).
In these cases (i.e., discrepancies), SIA reveals feeding habits comprising a longer period, whereas
dietary analysis only represents a “snapshot” of the whole foraging strategy [38,39]. More specifically,
signal crayfish had lower §'5N values than native fishes, which may be a consequence of the increased
ingestion of algae and detritus. In this respect, Rosewarne et al. [64] analyzed the gut content of adult
specimens of signal crayfish in the River Stour (UK). This study revealed a wide variety of food items,
including algae, macrophytes, terrestrial detritus, benthic invertebrates, and fish. As a result, signal
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crayfish occupied an intermediate trophic level after performing SIA, which was similar to different
omnivorous species of insect nymphs [64]. Invasive species are expected to have broader ecological,
and particularly, trophic niches, as they are often generalists to exploit a wide variety of environmental
resources (e.g., see [65] for a comprehensive review). Nevertheless, the niche size of signal crayfish was
not as elevated as expected for this bioinvasion in the present study. This finding may be at least in part
due to the size of crayfish (adult only) used in the SIA, as the isotopic niche width varies according to
the ontogenetic stages [40], although other authors reported no evidence of such ontogenetic changes
(e.g., [66]).

Contrary to our second hypothesis, SIA showed a lack of trophic overlap between signal crayfish
and benthic fishes. A possibility to explain this result consists of potential niche alterations. More in
detail, if competitively inferior individuals (i.e., fish in this case) are physically displaced and forced
to feed on less suitable resources, trophic niche shifts likely occur [67]. Also, a slight isotopic overlap
was found between signal crayfish and brown trout only. This can be partially explained because of
the high variety of diet composition for this fish species and thus, its wide isotopic niche. The broad
trophic niche of brown trout may be explained by the ontogenetic stage and seasonal variations
of food resources. In particular, reliance on terrestrial and aquatic resources can be very different
according to the age and period of year, irrespective of the fish density [68]. Another cause for such a
variable diet may be the expansion of the trophic niches in top predators with increased population
density due to high intraspecific competition, which leads to a differential diet specialization among
individuals [69]. Another potential reason for this overlap is that large brown trout occasionally prey
on crayfish, which are omnivores, and small brown trout commonly prey on planktonic crustaceans,
such as Cladocera or Copepoda, which feed on phytoplankton. These may result in a decrease of the
overall §'°N level and a subsequent overlap with the isotopic crayfish niche. Other native fish species
had a higher trophic level (i.e., higher 5'°N value) than brown trout in several sites (e.g., Pyrenean
minnow and Pyrenean stone loach). These fish species frequently fed on predatory Trichoptera larvae
with larger sizes, such as the taxonomic family Rhyacophilidae [43,45], which may increase the 1°N
level in their body tissues.

Only dietary results on niche overlap (i.e., the Schoener index) suggested that trophic interference
may occur between signal crayfish and native fishes, particularly for benthic invertebrates. Although
we mentioned above that these results from dietary data must be limited at a specific moment (i.e.,
a snapshot), a certain degree of competition may be established between signal crayfish and benthic
fishes, such as Pyrenean stone loach and Pyrenean gudgeon. Indeed, these three species (i.e., crayfish
and two fishes) select similar shelter features in coarse substrata and feed virtually on the same benthic
invertebrate communities [44,45]. Such a potential competition could be especially relevant when the
abundance of this food resource is scarce (i.e., limiting) during some periods of the year. In particular,
summer drought can be ecologically “severe” in northern rivers of the Iberian Peninsula under partly
Mediterranean climate conditions [62]. Moreover, signal crayfish populations can reach high densities
in the study rivers [70], with the pressure on benthic invertebrates being increased accordingly [61].
However, the relationship between competition and niche overlap is highly complex and difficult to
evaluate in field studies. Thus, particular resources may not always limit populations and species
could overlap their niches with no competition [71].

As a final remark and according to our results, a particular conservation concern arises in the
study area. The benthic fish species northern Iberian spined-loach is catalogued as “Endangered” on
the IUCN Red List, as their populations have undergone a steep decline across the Iberian Peninsula
in recent years [72]. The present study did not analyze any direct impact of signal crayfish on this
endemic loach species. However, and given that its distribution area widely overlaps with that of
signal crayfish, conservation managers should apply urgent measures to control populations of this
invasive species.
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5. Conclusions

The present study is one of the few examples assessing crayfish behavior within its spatial
natural context (e.g., [30,31]). Therefore, our findings are highly valuable for real impact assessment of
invasive signal crayfish. In this regard, our field study appears to support the assumptions of previous
laboratory experiments, which indicated that non-native crayfish could have detrimental effects on fish
populations, especially benthic fish species (e.g., [11,13]). However, more data is necessary to accurately
establish the level of ecological competition, both for food and space. In particular, these data should be
generated from field surveys spending more than two years in the same study area, including different
seasons (see [73] for a comprehensive review on river research). Thus, the precise environmental
factors controlling habitat and prey availabilities will be better identified, as inherent fluctuations occur
in crayfish/fish populations over time [55].
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