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Abstract

Multiple introductions of alien species can lead to the formation of new and diverse
communities with diverse interactions, particularly in isolated freshwater ecosystems.
In Lake Arréo (currently known as Caicedo-Yuso), located in Basque Country,
Northern Spain, the introduction of several North American species (largemouth
bass Micropterus salmoides, pumpkinseed Lepomis gibbosus and the red swamp
crayfish Procambarus clarkii) and the common carp Cyprinus carpio has resulted
in a unique community composed mainly of alien species. Previous efforts to
eradicate them by intensive fishing/trapping have failed. Reintroduction of native
predators could represent a complementary method, with an added biodiversity
value. The reintroduction of the European eel Anguilla anguilla could lead to an
increased predation on crayfish as shown by previous studies, but also affects the
abundance of juvenile fish. To investigate the current situation of Lake Arreo,
stable isotope analyses were conducted using 15 muscle tissue samples per each fish
and crayfish species, while stomach contents of the same species were analysed.
Additionally, samples from the common reed Phragmites australis, the trophically
lowest food source available for fish and crayfish species, were collected and used
as baseline for the isotope analysis. To investigate the usefulness of stable isotopes
to predict the effects of species reintroductions on present species communities,
available stable isotope and diet data from A. anguilla in a German freshwater lake
with a similar species composition were retrieved and included in the Arreo
community analysis. While results from both, dietary and stable isotope analyses,
indicate high interactions among alien species with P. clarkii having a central
position, the modelled reintroduction of A. anguilla shows to possibly affect
recruits of alien fish species as well as an increased feeding of M. salmoides on
reintroduced eels.

Key words: stable isotope, biocontrol agent, invasive species, eradication, modelling,
risk assessment
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Introduction

There is no saturation in the global accumulation of alien species and this
has important implications for local biodiversity (Seebens et al. 2017).
Introductions of species and their subsequent dispersal can indeed change
the structure and composition of entire communities (Huxel et al. 2002;
Strayer 2010). Moreover, simultaneously present alien species tend to
occupy different trophic levels (Gamradt and Kats 1996; Kiesecker and
Blaustein 1998) and interact across trophic levels, leading to increased and
often unforeseeable effects due to the prevalence among predators
(Peckarsky and MacIntosh 1998; Pringle and Hamazaki 1998; Sih et al.
1998). The complex interactions among alien species within the same
ecosystem are so far not well understood (Parker et al. 1999; Huxel et al.
2002; Strayer 2010; Bissattini et al. 2018). As described in the “invasional
meltdown hypothesis” (Simberloff and Von Holle 1999), they can favour
the chance of a species establishment success and increase the impact on
the recipient environment (Simberloff and Von Holle 1999; Simberloff
2006), while in certain cases lowering the impact of predatory invasive
alien species on native species (Soluk and Collins 1988a, b; Soluk 1993;
Rosenheim 1998; Bissattini et al. 2018).

Lake Arreo in Basque Country (Northern Spain), currently known as
Lake Caicedo-Yuso, provides an interesting example of a multiple invaded
freshwater ecosystem. The dominant species (Micropterus salmoides Lacépede,
1802; Lepomis gibbosus Linnaeus, 1758; Cyprinus carpio Linnaeus, 1758
and Procambarus clarkii Girard, 1852) are all considered invasive. They
dominate the communities’ biomass and change its composition and
structure, negatively affecting the remaining native flora and fauna and
thus the lake’s status as a protected area (see e.g. Costantini et al. 2018).

From 2014 to 2017, Lake Arreo has been monitored, and the four
invasive alien species (IAS) have been controlled: Their abundance was
reduced, but eradication was not achieved (Haubrock et al. 2018). The
reintroduction of a native predator, the European eel Anguilla anguilla
Linnaeus, 1758, which was once present in the lake, has proven to be an
efficient biocontrol for the population of the Procambarus clarkii (Aquiloni
et al. 2010; Musseau et al. 2015). However, the introduction of predators
has major impacts on trophic structures within and across trophic levels
(Codron et al. 2018; Costantini et al. 2018). While effects of such
reintroduction might be negative for present IAS, positive effects may
occur when the activity of the reintroduced predator provides a stable food
source for other present species (Codron et al. 2018).

In general, European eels are considered to be night-active predators
(Tesch 1999) that hunt close to the bottom rather than in the open water
column (Barak and Mason 1992) but are highly opportunistic (Lammens et al.
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1985; Schulze et al. 2004). Nonetheless, being a second-order carnivorous
species, the species can shift its diet and feeding strategy according to the
available potentially seasonally and varying resources presented by the
surrounding ecosystem (Bouchereau et al. 2006). Considering this and also
its ability to survive in saline environments such as Lake Arreo (Skadhauge
1969), makes A. anguilla an ideal candidate for biocontrol in Lake Arreo.
But since the interaction between reintroduced predator and omnivorous
IAS such as P. clarkii, and hence successive effects, are unpredictable, being
able to provide such a prediction will be of increasing interest.

Using Stable Isotopes Analysis (SIA) of carbon and nitrogen, can provide
long-term information on species, enabling to have a trophic snapshot of a
community (Boecklen et al. 2011; Layman et al. 2012; Middelburg 2014),
estimate trophic levels (Post 2002), and finely quantify ecological niches
(Newsome et al. 2007). Hence, SIA proved to be a useful tool in investigating
IAS (Vander Zanden et al. 1999a, b; Balzani et al. 2016). While carbon
signatures identify the major energy sources, nitrogen signatures relate to
the trophic position within a food web (Layman et al. 2012). This
relationship relies on predictable changes in the isotopic values from prey
to consumer, being enriched of 1%o0 for C and 2.5-5%0 for N between
consecutive trophic levels (Post 2002; Vanderklift and Ponsard 2003).

Combined with the analysis of dietary contents (DA), which provide a
direct short temporal insight into the feeding habit of a species,
relationships among species can be investigated (Polis and Strong 1996;
Bissattini et al. 2018; Meeuwig and Peacock 2017). By means of SIA and
DA, the trophic web and interactions of Lake Arreo were assessed. The use
of overlapping isotopic niches has previously been taken into consideration
when predicting consequences at the community level following the
introduction of a new species (Vander Zanden et al. 1999a; Gorokhova et
al. 2005; Maguire and Grey 2006). Thus, isotope and dietary data of
A. anguilla retrieved from different ecosystems were used to model and
predict the effect of this species reintroduction and the potential
consequences for other species, helping us predict the potential
effectiveness of biocontrol agents for the management of IAS and the
response of native species. Moreover, this approach could be an efficient
risk assessment tool and way to evaluate impacts in the future (Kolar and
Lodge 2001; Ricciardi 2003; Keller et al. 2007; Ricciardi et al. 2013).
Resultant, using this technique could furthermore help increase our
understanding of long-term species invasions and bio-manipulation
(Wysujack and Mehner 2002; Strayer et al. 2006). Considering the diet
preferences of A. anguilla, we hypothesize that the applied mixing models
will predict the predation of reintroduced A. anguilla on the abundant
alien species.
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Materials and methods
Study area

Lake Arreo (42°46'42"N; —2°59'28"E; surface area: 6 ha; max. depth: 24 m)
in Basque Country, Spain, is a “Nature 2000 Network — Special Areas of
Conservation (ZEC)” (ES2110007) habitat and the largest most unique and
natural continental lake system among the scarce lakes of the Iberian
Peninsula. Being fed by hypersaline water from the diapiric substratum,
there are small areas with crusts of salt allowing the existence of plant
communities atypical for the area. Concerning the Basque Catalog of
Endangered Species, two present plant species are listed as endangered
(Berula erecta Hudson Coville, 1893; Utricularia australis Brown, 1810),
one other as vulnerable (Puccinellia fasciculate Parlatore, 1850) and two
others as near threatened (Cistus crispus Linnaeus, 1753; Juncus acutus
Linnaeus, 1753). Nutrient-drag and fertilizers used around the ecosystem
reduced peripheral vegetation, the introduction of alien species has led to a
poor ecological state, as determined by the Monitoring Network of the
Ecological State of Wetlands of the autonomous community of the Basque
Country (CAPV). The lake state has thus worsened in recent years. Lake
Arreo is frequently visited by the common pochard Aythya farina
Linnaeus, 1758, the common reed bunting Emberiza schoeniclus Linnaeus,
1758, the common moorhen Gallinula chloropus Linnaeus, 1758, the
common snipe Gallinago gallinago Linnaeus, 1758 and migrating birds.
Additionally, 27 families of invertebrates were identified from 2010 to 2012
but no information on their current status has been assessed. The native
crayfish Austrapotamobius pallipes Lereboullet, 1858 is considered to have
disappeared as a result of the introduction of the North American crayfish
P. clarkii. Moreover, the conservation of the Lake Arreo endemic aquatic
beetle Gyrinus paykulli Miiller, 1764 is listed in the management plan of
the “Lago de Caicedo Yuso y Arreo (ES2110007)” as desirable. The entire
fish community consists of the common carp (C. carpio), the largemouth
bass (M. salmoides) and pumpkinseed (L. gibbosus), that are the most
dominant species in terms of abundance and biomass, while barbel (Barbus
graellsi Steindacher, 1866), tench (Tinca tinca Linnaeus, 1758), European
eel (A. anguilla Linnaeus, 1758) and the exotic Carassius auratus Linnaeus,
1758 are considered extinct (Haubrock et al. 2018).

Field work

In September 2017, as part of the annual monitoring and control effort, 15
specimens of M. salmoides and L. gibbosus, 11 specimens of C. carpio as
well as 10 specimens of P. clarkii from all size classes were collected under
the consideration of an even spatial distribution across the lake ecosystem
(Willson et al. 2010). Additionally, five samples of the dominant introduced
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aquatic plant, the common reed Phragmites australis were collected to
complement the primary consumer (P. clarkii) as primary producer
(Vander Zanden and Rasmussen 1996; Vander Zanden and Vadeboncoeur
2002). Other macroinvertebrates were not sampled as they were not found
during sampling. Samples were immediately put on ice before being
transported to the laboratory for further processing.

Laboratory procedure

Total length (TL) of fish and carapace length (CL) of crayfish were
measured with a calliper (accuracy: 0.01 mm) and body mass (BM) was
measured using an electronic balance (accuracy: 0.01 g). From twenty
randomly chosen individuals of each species, muscle tissue for SIA was
extracted. Muscle tissue was cleaned from fat, skin, scales, bones and shell
(for crayfish), and for plants, a 5-10 cm leaf was cut off. Samples were
placed into separated glass trays, dried for 48 hrs in an oven at 60 °C and
afterwards grinded into fine powder with an agate mortar and pestle. For
each sample of fish and crayfish, two replicates of each 0.20-0.30 mg
(respectively 1.00-1.10 mg for plants) were weighed on a Mettler Toledo
AG245 microscale and enclosed into a tin capsule to be combusted with a
FlashEA 1112 elemental analyser. Samples were subsequently analysed by a
Thermo Finnigan Delta Plus Advantagean isotope ratio mass spectrometer
at the Istituto di Geologia Ambientale e Geoingegneria of the National
Research Council (CNR) in Montelibretti, Rome (Italy). Isotope
compositions were expressed as %o with the § notation (based on §"*C or
0N = ((Reample/ Rstandara) — 1) X 1000, where R is PC:"*C or PN:"N ratios).
Results were referred to Vienna Pee Dee Belemnite for carbon and to
atmospheric N, for nitrogen. Arithmetic mean + 1 SE was calculated for
each species. The trophic positions of all species (TP.) were calculated by
applying the equation TP.= ((8"°Nc — 8" Nuase)/AN) +A, where 8N is the
mean 0N of the consumer, §"Np is the mean 8"N of primary
consumers, A Nis the standard enrichment of 3.4 %o between trophic levels
and X\ is the basal trophic level (= 1 for plants in our case) (Post 2002;
Bissattini et al. 2018; Britton et al. 2018).

Statistical analyses

DA of IAS in Lake Arreo were previously performed (Haubrock et al. 2018;
Supplementary material Table S1) but were used to compare a potential
diet overlap with the results presented by SIA. To estimate and quantify
intra-specific and community niche width, Layman metrics (Layman et al.
2007) were calculated with the R-package SIAR (Stable Isotope Analysis in R;
Parnell et al. 2010). Additionally, the corrected standard ellipse areas
(SEAc) for all species and community were calculated (Jackson et al. 2011).
The application of dual plot graphs for 8N versus §°C of consumer
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tissues and food sources enabled the determination of probable prey
sources and combinations of prey contributing to the diet of predators
(Phillips and Gregg 2003). Thus, to investigate how sampled species
contribute to the isotopic signatures of each other, Stable Isotope Mixing
Models (SIMMs) were applied using the R-package SIMMr (Parnell et al.
2013). SIMMs were conducted for all M. salmoides present in Lake Arreo
and potential prey items. Results are presented as the average percent
values with the possible range percentage for each prey item. A Canonical
Analysis of Principal Coordinates (CAP) for both factors, i.e. 8N and
8PC, was applied to investigate which contributed more consistently in
differentiating species. Spearman correlations for each variable with CAP1
axis, the only one found informative in differentiating the species’ niches
are reported. Additionally, a PERMANOVA and pairwise post-hoc tests
were used to identify significant differences in 6N and §“C among
species and to eventually determine niche overlap between species using
the PRIMER software (Clarke et al. 2001).

Predicting the effect of reintroducing Anguilla anguilla

The probable long-term impact of reintroducing A. anguilla as a
biocontrol agent for the invasive species in Lake Arreo was predicted using
the previously described application of mixing models with the inclusion
of isotope data of A. anguilla. Moreover, these were discussed in respect to
information on A. anguilla feeding behaviour. Additionally, the corrected
standard ellipse areas (SEAc; considering 40% of central data points) as an
indicator of niche overlap and the corresponding 95% standard ellipse
areas (SEADb) for all species, indicating effects due to common resource
usage, were calculated. With these, the degree of isotopic niche overlap,
which lays between 0, i.e. no overlapping, and 1, completely overlapping,
can be estimated and subsequently used as “a quantitative measure of
dietary similarity among populations” (Jackson et al. 2011). Calculations
were computed using the R package SIBER (Jackson et al. 2011). Therefore,
8N and 8"C values of IAS in Lake Arreo were standardized with the
mean of the primary producer P. australis, and §"N and §"C isotope
values of A. anguilla (from Dorner et al. 2009) were standardized with the
combined means of the two present primary producers in Grof3er Vitersee
(Germany), a species community containing native counterparts with
similar ecological roles to the alien species present in Lake Arreo, to make
communities comparable (Taylor et al. 2017). In the Grofler Vitersee,
piscivorous eels ranged from 31.5 to 77 cm and 17.8% stomachs contained
only fish (overall diet: 40% perch, 34% roach, 17% crayfish, 8% insects,
2% gastropods). Results were complemented with a short review of dietary
analysis of A. anguilla (Costa et al. 1992; Dorner and Benndorf 2003, 2009;
Bouchereau et al. 2006) and discussed.
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These analyses were complemented with an assessment of the predation
effect of 1,000 potentially reintroduced eels (average weight: 600 g) into
Lake Arreo over time on the basis feeding rates (e.g. fish biomass
consumed per unit time; data retrieved from Aquiloni et al. 2010) and
offtake-rates of alien fish (i.e. predation impact of eels on aliens; data
retrieved from Aquiloni et al. 2010). This information was inferred to the
i) abundance and ii) biomass of L. gibbosus and P. clarkii in Lake Arreo
from 2015 to determine how long it would take for reintroduced eels at the
previously identified feeding rates and thus per capita effect to remove
alien fish (assumption: 0 mortality; 0 recruitment). For this purpose, the
mean percentage of consumed prey per day in relation to the bodyweight
of European eels (0.5% day' (large individuals, 59-65 cm), 5.5% day
(small individuals, 30-36 cm), 1.3% day' (combined size classes)) as well as
the consumption rate of approximately one crayfish every four days as
identified by Aquiloni et al. (2010) were used. Data from 2015 was chosen,
because population size of P. clarkii was not available for 2017 and moreover
presents in contrast to 2014 data during ongoing electrical removal.

Results
Lake Arreo community structure

IAS in Lake Arreo occupied all trophic levels, with M. salmoides being the
top predator, L. gibbosus predator, C. carpio occupying an intermediate
position between primary consumer and predator and P. clarkii being the
single primary consumer.

The dietary data from Haubrock et al. (2018) showed a relatively low diet
overlap (< 0.4) and diet-based niche overlap between species (0.18 overall,
0.21 between L. gibbosus and M. salmoides) and was subsequently linked to
a rather enclosed trophic web and low competition within the North
American species community in Lake Arreo. Additionally, common carp
C. carpio was mostly excluded from these species’ interactions. While
M. salmoides was shown to have a rather specialized diet, targeting L. gibbosus
and P. clarkii, L. gibbosus showed a wider diet feeding mainly on crayfish
but also including a variety of insects (Figure 1; insects not included).

Based on the assumption of an enrichment of §"°N by 3.4 %o for each
trophic level (Post 2002), Layman’s metrics of the entire species community
showed a wide range of nitrogen (NR = 8. 62), indicating that the community
spans over approximately two to three trophic levels. Procambarus clarkii
showed the widest isotope ranges for NR and carbon range (CR = 4.81 and
8.31, respectively). Procambarus clarkii also expressed the highest convex
hull (TA = 16.29; the smallest polygon containing all data points) and
SEAc (corrected standard ellipse area) with 10.17, indicating a high trophic
plasticity. Its CR values revealed that this is especially due to a plasticity in
the carbon source use, making this species a potential omnivore rather than
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Figure 1. Trophic position and feeding interactions displaying the trophic web of
alien species in Lake Arreo. The y-axis indicates the trophic level of species.

Table 1. Estimated Layman’s metrics and Stable Isotope results for 8'°N and 8'°C of alien species in Lake Arreo. NR = §'°N
range, CR = 31%C range, TA = convex hull area, CD = mean distance to centroid, MNND = mean nearest neighbour distance,
SDNND = standard deviation of the nearest neighbour distance, SEAc = Standard Ellipse Area.

Layman metrics and Stable Isotope Analysis results

Giroup Mean 6N Mean5C __NR __CR___TA __CD MNND SDNND _ SEAc
Cyprinus carpio 12.2 -33.9 2.8 3.8 54 1.0 0.6 0.5 2.5
Lepomis gibbosus 13.5 -32.2 3.8 34 4.9 1.2 0.5 0.4 2.2
Micropterus salmoides 15.2 -30.8 2.2 2.3 2.6 0.9 0.3 0.2 2.3
Procambarus clarkii 9.4 —28.2 4.8 9.6 16.3 32 0.8 0.7 10.2
Phragmites australis 8.4 —28.6 1.0 1.4 0.1 0.6 0.3 0.2 0.1
Community na na 8.6 12.3 53.4 3.0 0.4 0.4 17.1

primary consumer and herbivore. Cyprinus carpio and L. gibbosus had
similar Layman’s metrics values, with the only difference being in NR,
which was considerably higher for L. gibbosus (Table 1). Among fish species,
M. salmoides expressed the lowest values for each metric. Moreover, SIMMs
(Figure 2) of M. salmoides showed it feeds mainly on L. gibbosus, less on
crayfish (Figure 2), this high feeding specialization being confirmed by the
low values of each Layman metrics.

The applied PERMANOVA (Table 2) and post-hoc test (Table S2) as
well as CAP (Figure 3) analysis of isotope data highlighted that all species
are clearly distinct and separated from each other for carbon and nitrogen
levels (Fss; = 41.78, p = 0.001), confirming the results of trophic position
estimations.
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Figure 2. Results of Stable Isotope Mixing Models for Micropterus salmoides: the
statistical probability of the applied model is reported in the top right corner (y-axis;
mean plus standard deviation of prey items in x-axis) contribution to trophic level.

Table 2. PERMANOVA main test result for factor “species”

Source df SS MS Pseudo-F P(perm) perms P(MC)
Species 3 502.55 167.52 41.777 0.001 999 0.001
Residuals 52 208.51 4.0098
Total 55 711.06
R D1 Euclidean distance |
B} 04— species
10,00 Specles A C. carpio
i ¥ P. clarkii
: f CZ)TO L. gi?)lrx;ls_us
- gibbosus # M. salmoides
O M. salmoides
7,50 ° @ P. clarkii 02—
O P. australis an
:.
- L J
© 500 ‘ ¢ &
5 P 30
L]
3 L)
2,50 - e
e o
- 0,2+
L J
e © d15N  d13C
00 CAP1 -0,895 0,138
®e dac CAP2 0446 -0,990
e ®
- -0'477I Il 1 Il |
T T T T T T -0,4 -0,2 0 0,2 0,4
7,50 -5,00 -2,50 00 2,50 5,00 CAPT
dC13

Figure 3. Stable Isotope distribution of sampled species (left) and visualization of CAP analysis (right) with the Spearman
correlation of each isotope and the respective CAP axis (bottom right).
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5N %o

5"%C %o

Figure 4. Distribution of 8'°N and 8'°C and standard ellipse area (95%) for Lake Arreo IAS Micropterus salmoides (green),
Lepomis gibbosus (light blue), Cyprinus carpio (black), Procambarus clarkii (dark blue) and the potentially reintroduced
biocontrol agent Anguilla anguilla (red).

Predicting the effect of introducing the European eel Anguilla anguilla

Anguilla anguilla relies on macrozoobenthos and fish (Moriarty 1972, 1973;
De Nie 1987) while being able to strongly influence the abundance of age 0
fish through intense predation (Radke and Eckmann 1996; Dérner and
Benndorf 2003). In a study by Lammens et al. (1985), the low abundance of
chironomid larvae resulted in a diet shift of eels over 40 cm towards smelts
(Osmerus eperlanus Linnaeus, 1758). In the Mediterranean Ingril lagoon,
France, fish constituted to only 1.01-3%, while Gammarus gr. locusta
(24-48%) and Chironomidae (12.01-24%) overweighed. Nonetheless, in
February fish (44%) and decapods (44%) dominated, implying an overall
mostly benthic predation. However, Costa et al. (1992) determined that
tish are always secondary but significant food item, fluctuating due to
availability and habitat.

Having a trophic level of 2.8, A. anguilla was positioned between L. gibbosus
and M. salmoides but showed a high overlap in the distribution of §"°N and
8C with L. gibbosus (Figure 4).

The review of dietary data and feeding habits showed a mixed diet
between macrozoobenthic species in all size class of A. anguilla and also
tish with an increase of predator size (according to abundance of potential
prey items) (Figure 4). Layman’s metrics for European eels showed a broad
isotopic range similar to those of other fishes. TA (7.5) was considerably
greater than other species present in the lake, although SEAc value, which
is generally less affected by extreme samples and thus outliers, was comparable
with other species. The standard deviation of the nearest neighbour distance
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Table 3. Overlap of the corrected Standard Ellipse Area (SEAc = 40%) and standard ellipse area (SEAb = 95%) for all IAS
present in Lake Arreo and the potentially reintroduced biocontrol agent Anguilla anguilla.

Cyprinus carpio

Lepomis gibbosus

Micropterus salmoides ~ Procambarus clarkii

Anguilla anguilla

(SEAc / SEADb) (SEAc/ SEAD) (SEAc/ SEAD) (SEAc/ SEAD) (SEAc/ SEAD)
1.301043e-18 0 0 1.431147e-17
0.583 0.659 0.223 0.644
< 8.673617e-18 0 0.4067617
0.645 0.195 0.752
. 5.155355e-17 0
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P, clarkii
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Figure 5. Likely feeding habits of Anguilla anguilla in Lake Arreo. Grey lines and values indicate
predation according to reviewed literature. The y-axis indicates the trophic level of species.

(SDNND) showed little inter-individual variability in this species. Metrics
for the community including A. anguilla showed very little variation, with
a slight increase in TA.

The estimated standard ellipse area revealed no considerable overlap
between species except for L. gibbosus and A. anguilla (0.4). However, under
consideration of 95% of data points, overlap among species increased,
indicating high values all IAS in Lake Arreo and potentially with A. anguilla
(Table 3).

Applying SIMMs on combined IAS in Lake Arreo for M. salmoides and
A. anguilla from Germany indicated that M. salmoides might mainly feeds on
A. anguilla and then secondarily on other species (Figures 5, 6). Additionally,
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Figure 6. SIMMs for Micropterus salmoides (a) and Anguilla anguilla (b) by combining data from Lake Arreo and Lake Grof3er
Vitersee (Dorner et al. 2009). The number on the top right corner of each diagram indicates the statistical probability of each result
presenting the proportion (y-axis; mean plus standard deviation of prey items in x-axis).

Table 4. Population estimated for L. gibbosus and P. clarkii from Lake Arreo from 2015
(Haubrock et al. 2018).

Species Mean welg?gt]/ individual Number individuals Total [ligl]omass
Lepomis gibbosus 222 52062 1155776
Procambarus clarkii 52.8 70500 3722400

Table 5. Calculated days needed for three different estimated consumption rates (Aquiloni et
al. 2010).

Consumption rate

Species 0.5%day! 5.5%day! 1.3%day! 1 prey items /
Adults Juveniles combined 4 days™
Lepomis gibbosus 1240.8 112.8 477.2 282
Procambarus clarkii 385.3 35.0 148.2 208.2

results indicated an exclusively piscivorous diet of A. anguilla although
crayfish (spinycheek crayfish Orconectes limosus Rafinesque, 1817) is present
in the German lake, thus indicating a very low probability of predation on
crayfish (Figure 6).

Using data from Haubrock et al. (2018), estimated population sizes for
L. gibbosus and P. clarkii from 2015 (Table 4) and the estimated mean
weight of each species were used to calculate the amount of days needed to
eradicate the populations of both respective species without consideration
of recruitment and 0 mortality (Table 5). These surrogates for the per-capita
effect resulted in 35 to 385 days for L. gibbosus and 113 to 1241 days for
P. clarkii until either species is reduced to 0. However, using one crayfish
every four days resulted in 200-280 days to for both species.

PERMANOVA as well as post-hoc tests (Table S3) and CAP analysis
(Figure 7) on the combined and individually standardized datasets confirmed
that all species remain distinct and separated for both carbon and nitrogen
levels (Pair wise test: p = 0.001). Cross validation showed that A. anguilla
overlaps with all fish species, which agrees with the PERMANOVA main
test and left-one-out allocation explained 66.67% of correct reallocation.
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Figure 7. CAP analysis for IAS of Lake Arreo and Anguilla anguilla. Table in lower-left
corner indicates the correlation of Stable Isotopes with CAP1 and CAP2 axis.

Discussion

Studying communities of IAS is challenging due to the lack of information
on species interactions and potential adaptations to the invaded ecosystem.
However, these interactions can lower the impact on native species or
facilitate it. To our knowledge, this is the first attempt of using Stable
Isotopes to predict potential effects of a predator reintroduction as a
biocontrol agent.

Our study in Lake Arreo revealed that IAS were highly interconnected
through feeding activities, but their effect on native species could not be
directly assessed due to their lack in the sampling. However, the native
species abundance has been observed to steadily decrease in the last years,
which has been hypothesized to be linked to the presence of IAS (Jose
Augusto Monteoliva, pers. comm.). Moreover, the novelty of the applied
approach showed a potentially high predation on L. gibbosus by A. anguilla,
but also on A. anguilla by M. salmoides, highlighting how already present
predators might respond to the presence of this reintroduced species.

Lake Arreo community structure

Isotope values of sampled fish for §"°N in Lake Arreo were high, likely due
to the already high value of the primary producer P. australis, a species that
is known to extract nitrates from the surrounding ecosystem and
accumulating it in its tissue (Wigand et al. 2007). The food chain is short,
including two-three trophic levels. This simple community shows no niche
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overlap among species, that are distinct, especially for their N isotope
values. Moreover, species are highly linked, with both M. salmoides and
L. gibbosus relying on the abundance of P. clarkii as food source (aside
from P. australis as the primary producer) in terms of dietary and SIMMs
results. Cyprinus carpio stomach content was composed only of detritus,
confirming the benthic feeding habit of this species. Nonetheless, its N
isotopic signature placed carp in an intermediate position between primary
consumers and predator, which could be explained by either high content of
consumed detritus due to the eutrophic state of Lake Arreo or a considerable
proportion of crayfish in the diet of carp, as C. carpio is known to actively
prey on highly abundant macrozoobenthos (Britton et al. 2007; Anton-Pardo
et al. 2014), i.e. small crayfish in our study site. Hence, SIMMs results
supported the observation of Anton-Pardo et al. (2014) and furthermore
confirm the highly interconnected community of North American species
that simultaneously show low niche overlap, as previously observed by
Haubrock et al. (2018) based on pure dietary analyses.

Predicting the effect of reintroducing Anguilla anguilla

The increasing number of isotope studies on a wide variety of species in an
even wider range of ecosystems and community compositions allow the
prediction of IAS impacts (France 1995; Vander Zanden et al. 19994, b) as
well as the effectiveness of a species reintroduction as a biological control
agent (McNabb et al. 2001; Kraiss and Kullen 2008). Although the potential
outputs would be inevitably imprecise due to the various differences (i.e.
origin of isotope values, different primary producers and soils, species
number, abundance and composition of species and geographical and
climatic variation), they could provide a valuable tool to forecast how
species interactions could affect further introductions (Britton et al. 2010).
Indeed, the use of stable isotope data from different areas has a relevant
importance and manifold applications, as it was recently pointed out by
Pauli et al. (2017), who called for a centralized database for such data in
order to explore further applications. Moreover, potential results can refer
to a system in equilibrium, given that used data originate from presumably
stable communities. However, this is not always true, because at the
beginning of an introduction relationships among species will vary
depending on various factors (population growth, interactions, presence of
other species, behavioural plasticity) from those predicted. This way of
approaching IAS introductions could approximate the outcome in terms of
ecological niches when using isotope data from the most comparable
system available and dietary and behavioural studies. Such an approach
could be also integrated in invasive species risk assessment models.
Benndorf (1995) reports that A. anguilla were successfully used with
other species of piscivorous predators such as the pike Esox lucius
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Linnaeus, 1758 to decrease the abundance of smaller planktivorous species,
emphasising the fact that predators introduced as biomanipulator would
need to cover all age classes to show a significant effect on the target
community. Nonetheless, such studies (including Dérner and Benndorf
2003) did not sufficiently assess the effectiveness of these introduced
species and predation on non-target species. Isotope data on A. anguilla
are rare, due to the protected status of this species, and concern different
ecosystems. Dorner et al. (2009) investigated the trophic position and diet
of A. anguilla from two lakes in Germany. Due to the obvious climatic
differences between Lake Arreo and the Grofle Vitersee, extracted
information have to be supplemented with behavioural data from climatic
more comparable ecosystems. Although dietary information on A. anguilla
is sparce, especially for northern Spain, the available information agrees
that, although fish appear to be of secondary importance, piscivorous
feeding activity can dominate seasonally due to prey abundances
(Lammens et al. 1985; Costa et al. 1992). However, predation of potentially
present native macroinvertebrates cannot be excluded from significant side
effects. Therefore, results presented by the applied mixing models, predicting
an intense feeding of A. anguilla on L. gibbosus (a small sized Perciformes),
are consistent with the observed predation on perch in the Grofer
Vitersee (Dorner et al. 2009), where, although less frequently consumed
than chironomid larvae, fish were major contributors to the biomass of
analysed diets. Moreover, crayfish were also predated in a considerable
amount, which was not the case for estimated SIMMs in Lake Arreo, but is
in accordance with the 2017 observed higher abundance of fish than
crayfish (Haubrock et al. 2018). Although the high contribution of
Perciformes to the trophic position of eels reintroduced into Lake Arreo
might be based on i) the long-time mediated information provided by SIA
as well as ii) the diet of specimens from which data was used, the
remarkably low proportion of P. clarkii indicates high piscivorous feeding
activity and fits to the in 2017 (year samples were taken from Lake Arreo)
observed higher abundance of L. gibbosus (frequency and biomass; Haubrock
et al. 2018). In addition to this potential predation on L. gibbosus, the
estimated SEAc indicated an overlap between A. anguilla and L. gibbosus,
likely indicated a similar use of resources and prey (e.g. insects and small
sized P. clarkii). However, the SEAb overlap underlined that introduced
A. anguilla would affect all IAS in Lake Arreo. Additionally, the SEAc
values estimated for A. anguilla showed a lower value in this reintroduction
scenario, indicating that the total community niche space would be more
compact. This would relate to less niche space for present species, after the
reintroduction of A. anguilla, likely due to the occupied niche falling in the
already defined community cloud (trophic redundancy, Layman et al. 2007).

Concerning the diet of eels, the difference in carbon signatures should
be considered. Dorner et al. (2009) stated that the difference in benthic
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reliance, i.e. carbon deriving from the benthic pathway, was about 45%.
This result would indeed indicate that eels serve as a link between benthic
and pelagic food webs when availability of insects is low, meaning that,
when the abundance of macrozoobenthos (including the in Lake Arreo
abundant P. clarkii) is low, eels may shift to a more piscivorous diet (i.e.
piscivory is controlled by availability of insects), as in the case of Lake Arreo.

Using the determined feeding-rates by Aquiloni et al. (2010), there is a
high variability in the number of days required by small or large A. anguilla
to eliminate the alien species populations has been revealed. Moreover, the
consumed biomass per day is providing only few information, partially due
to the high variability, but also due to temperature depending feeding
activity (Kuhlmann 1975; Seymour 1989) and seasonal variability of prey
abundance and thus, diet shifts in A. anguilla (Lammens et al. 1985).
Therefore, using the estimated feeding activity of one consumed crayfish
every four days is probably more reliable, considering the estimated 35
days at a consumption rate of 5.5% day'. However, without available
information on mean daily population growth for both alien species and
considering the decreased activity of P. clarkii in the presence of A. anguilla
as well as the increased predation during moult of crayfish, the results of
the present study can only be seen as a rough indication. Moreover,
considering ongoing electrical removal, these numbers indicate a
potentially high contribution of reintroduced eels to the aimed eradication
of alien species.

The American eel (Anguilla rostrate Le Sueur, 1817) is known to predate
on eggs in nests of M. salmoides and L. gibbosus. Therefore, A. anguilla
could be a likely competitor for M. salmoides (depending on niche overlap;
Schiphouwer et al. 2017). On the other hand, a possible predation of IAS
and aquatic birds on A. anguilla has to be considered possible. The applied
SIMMs estimated a potential high predation of M. salmoides on eels.
Indeed, Micropterus sp. are known to occupy wide and variable trophic
niches (Costantini et al. 2018) as well as to eat small sized A. rostrata, when
available (McCord 2005).

Moreover, Lake Arreo provides a productive fishery with high
abundances of prey (small sized L. gibbosus, M. salmoides and P. clarkii)
and a suitable habitat in the shallow hygrophyte areas for eels. The Lake is
also considered as highly saline, a factor that likely contributes to the
success of A. anguilla as a predator. Nonetheless, problems might arise on
the long term if the mature specimens cannot migrate for reproduction: In
this case, individuals showed a decrease in weight and fat content but
stayed alive for up to 10 years (Westin 2003). However, Lake Arreo’s inlet
provides the opportunity to migrate during the late fall and winter period
(Alberto Criado, pers. comm.), but a return of individuals is not certain.
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Conclusion

Reintroducing eels to decrease the abundance of IAS as a complementary
technique, to control methods like electrofishing under an integrated pest
management approach is an interesting and potentially promising approach
(Aquiloni et al. 2010). This approach can provide good indications of
potential effects of eels on the IAS of Lake Arreo. It can furthermore be
assumed that reintroduced eels would exert a high predation effect on
available prey in Lake Arreo, which would be increased by manual removal
of L. gibbosus. The reintroduction of A. anguilla could affect at least the
population of P. clarkii or L. gibbosus, but a more accurate prediction is
currently impossible, as outcomes highly depend on the abundance of
potential prey, feeding behaviour of eels and lastly the arising interactions
after the reintroduction of A. anguilla. This approach needs to be validated
using data collected during sampling pre- and post to a species
reintroduction. Another possibility to assess the potential impact of a
predator on a species community, native or alien, would be analysis of
comparative functional responses (Dick et al. 2013). Such studies are
usually conducted in model systems by investigating the feeding response
on differing prey densities. Furthermore, SIA have been considered to be
an interesting and potentially valuable addition for these studies (Dick et
al. 2013, 2014). For Lake Arreo and the assessment of reintroducing a
biocontrol agent, conducting a functional response study, even if only on a
theoretical model, could be worthwhile, as the effect of reintroducing a
biomanipulator would differ according to its propagule pressure as well as
the resident species densities.

Acknowledgements

We would like to acknowledge Jaimie Dick for pointing the direction in the analysis. This work
has been executed on behalf of the Natural Heritage Service of the Provincial Council of Alava,
through a technical assistance contract granted to Ecohydros and under the supervision of
Joseba Carreras: Servicios técnicos para la restauracion del ecosistema acudtico del lago de
Caicedo Yuso ZEC ES2110007 en el periodo postLIFE del proyecto LIFE 11 NAT/ES/707-
“LIFE TREMEDAL”. We would also like to thank Antonin Kouba and Ali Serhan Tarkan for
helpful comments on an earlier version of the manuscript. Funding was provided by the
Aquainvad-ED project (2020 Marie Sklodowska-Curie ITN-2014-ETN-642197). Lastly, we
wish to acknowledge the work of referees, who increased the quality of this manuscript with
their comments.

References

Anton-Pardo M, Hlava¢ D, Masilko J, Hartman P, Adamek Z (2014) Natural diet of mirror and
scaly carp (Cyprinus carpio) phenotypes in earth ponds. Folia Zoologica 63: 229-237,
https://doi.org/10.25225/fozo.v63.i4.a1.2014

Aquiloni L, Brusconi S, Cecchinelli E, Tricarico E, Mazza G, Paglianti A, Gherardi F (2010)
Biological control of invasive populations of crayfish: the European eel (4dnguilla anguilla)
as a predator of Procambarus clarkii. Biological Invasions 12: 3817-3824, https://doi.org/10.
1007/s10530-010-9774-z

Balzani P, Vizzini S, Santini G, Masoni A, Ciofi C, Ricevuto E, Chelazzi G (2016) Stable
isotope analysis of trophic niche in two co-occurring native and invasive terrapins, Emys
orbicularis and Trachemys scripta elegans. Biological Invasions 18: 3611-3621,
https://doi.org/10.1007/s10530-016-1251-x

Haubrock et al. (2019), Management of Biological Invasions 10(1): 171-191, https://doi.org/10.3391/mbi.2019.10.1.11 187


https://www.invasivesnet.org
https://doi.org/10.3391/https://doi.org/10.1007/s10530-010-9774-zmbi.2019.10.1.11

2)

&

INVASIVESNET

Predicting biocontrol agent effectiveness

Barak NE, Mason CF (1992) Population density, growth and diet of eels, Anguilla anguilla L.,
in two rivers in eastern England. Aquaculture Research 23: 59-70, https://doi.org/10.1111/j.
1365-2109.1992.tb00596.x

Benndorf J (1995) Possibilities and limits for controlling eutrophication by biomanipulation.
International Review of Hydrobiology 80: 519-534, https://doi.org/10.1002/iroh.19950800404

Bissattini AM, Buono V, Vignoli L (2018) Field data and worldwide literature review reveal
that alien crayfish mitigate the predation impact of the American bullfrog on native
amphibians. Aquatic Conservation: Marine and Freshwater Ecosystems 28: 14651475,
https://doi.org/10.1002/aqc.2978

Boecklen WJ, Yarnes CT, Cook BA, James AC (2011) On the use of stable isotopes in trophic
ecology. Annual Review of Ecology, Evolution, and Systematics 42: 411440, https://doi.org/
10.1146/annurev-ecolsys-102209-144726

Bouchereau J, Marques C, Pereira P, Guélorget O, Vergne Y (2006) Trophic characterization of
the Prévost lagoon (Mediterranean Sea) by the feeding habits of the European eel Anguilla
anguilla. Cahiers de Biologie Marine 47(2): 133-142

Britton JR, Boar RR, Grey J, Foster J, Lugonzo J, Harper DM (2007) From introduction to
fishery dominance: the initial impacts of the invasive carp Cyprinus carpio in Lake
Naivasha, Kenya, 1999 to 2006. Journal of Fish Biology 71: 239-257, https://doi.org/10.1111/
j.1095-8649.2007.01669.x

Britton JR, Davies GD, Harrod C (2010) Trophic interactions and consequent impacts of the
invasive fish Pseudorasbora parva in a native aquatic foodweb: a field investigation in the
UK. Biological Invasions 12: 1533—1542, https://doi.org/10.1007/s10530-009-9566-5

Britton JR, Ruiz-Navarro A, Verreycken H, Amat-Trigo F (2018) Trophic consequences of
introduced species: Comparative impacts of increased interspecific versus intraspecific
competitive interactions. Functional Ecology 32: 486—495, https://doi.org/10.1111/1365-2435.
12978

Clarke KR, Warwick RM (2001) PRIMER v6. Change in marine communities: an approach to
statistical analysis and interpretation, 2™ edition. PRIMER-E, Plymouth, 172 pp

Codron D, Radloff FG, Codron J, Kerley GI, Tambling CJ (2018) Meso-carnivore niche
expansion in response to an apex predator’s reintroduction—a stable isotope approach.
African Journal of Wildlife Research 48: 1-16, https://doi.org/10.3957/056.048.013004

Costa JL, Assis CA, Almeida PR, Moreira FM, Costa MJ (1992) On the food of the European
eel, Anguilla anguilla (L.), in the upper zone of the Tagus estuary, Portugal. Journal of Fish
Biology 41: 841-850, https://doi.org/10.1111/j.1095-8649.1992.tb02712.x

Costantini ML, Carlino P, Calizza E, Careddu G, Cicala D, Sporta Caputi S, Rossi L (2018)
The role of alien fish (the centrarchid Micropterus salmoides) in lake food webs highlighted
by stable isotope analysis. Freshwater Biology 63: 1130—1142, https:/doi.org/10.1111/fwb.13122

De Nie HW (1987) The decrease in aquatic vegetation in Europe and its consequences for fish
populations. European Inland Fisheries Advisory Commission. Food and Agricultural
Organization of the United Nations, 52 pp

Dick JT, Gallagher K, Avlijas S, Clarke HC, Lewis SE, Leung S, Minchin, D, Caffrey J,
Alexander ME, Maguire C, Harrod C (2013) Ecological impacts of an invasive predator
explained and predicted by comparative functional responses. Biological Invasions 15: 837—
846, https://doi.org/10.1007/s10530-012-0332-8

Dick JT, Alexander ME, Jeschke JM, Ricciardi A, Maclsaac HJ, Robinson TB, Kumschick S,
Weyl OL, Dunn AM, Hatcher MJ, Paterson RA (2014) Advancing impact prediction and
hypothesis testing in invasion ecology using a comparative functional response approach.
Biological Invasions 16: 735-753, https://doi.org/10.1007/s10530-013-0550-8

Dorner H, Benndorf J (2003) Piscivory by large eels on young-of-the-year fishes: its potential
as a biomanipulation tool. Journal of Fish Biology 62: 491-494, https://doi.org/10.1046/j.1095-
8649.2003.00035.x

Dérner H, Skov C, Berg S, Schulze T, Beare DJ, Van der Velde G (2009) Piscivory and trophic
position of Anguilla anguilla in two lakes: importance of macrozoobenthos density. Journal
of Fish Biology 74: 2115-2131, https://doi.org/10.1111/j.1095-8649.2009.02289.x

France RL (1995) Differentiation between littoral and pelagic food webs in lakes using stable
carbon isotopes. Limnology and Oceanography 40: 1310-1313, https://doi.org/10.4319/lo.
1995.40.7.1310

Gamradt SC, Kats LB (1996) Effect of introduced crayfish and mosquitofish on California
newts. Conservation Biology 10: 1155-1162, https://doi.org/10.1046/j.1523-1739.1996.10041155.x

Gorokhova E, Hansson S, Hoglander H, Andersen CM (2005) Stable isotopes show food web
changes after invasion by the predatory cladoceran Cercopagis pengoi in a Baltic Sea bay.
Oecologia 143: 251-259, https://doi.org/10.1007/s00442-004-1791-0

Haubrock PJ, Criado A, Monteoliva AP, Monteoliva JA, Santiago T, Inghilesi AF, Tricarico E
(2018) Control and eradication efforts of aquatic alien fish species in Lake Caicedo Yuso-
Arreo. Management of Biological Invasions 9: 267-278, https://doi.org/10.3391/mbi.2018.9.3.09

Huxel GR, McCann K, Polis GA (2002) Effects of partitioning allochthonous and autochthonous
resources on food web stability. Ecological Research 17: 419-432, https://doi.org/10.1046/
j.1440-1703.2002.00501.x

Haubrock et al. (2019), Management of Biological Invasions 10(1): 171-191, https://doi.org/10.3391/mbi.2019.10.1.11 188


https://www.invasivesnet.org
https://doi.org/10.1111/j.1365-2109.1992.tb00596.x
https://doi.org/10.1146/annurev-ecolsys-102209-144726
https://doi.org/10.1111/j.1095-8649.2007.01669.x
https://doi.org/10.1111/1365-2435.12978
https://doi.org/10.4319/lo.1995.40.7.1310
https://doi.org/10.1046/j.1440-1703.2002.00501.x

2)
M INVASIVESNET

Predicting biocontrol agent effectiveness

Jackson AL, Inger R, Parnell AC, Bearhop S (2011) Comparing isotopic niche widths among
and within communities: SIBER—Stable Isotope Bayesian Ellipses in R. Journal of Animal
Ecology 80: 595—602, https://doi.org/10.1111/.1365-2656.2011.01806.x

Keller RP, Lodge DM, Finnoff DC (2007) Risk assessment for invasive species produces net
bioeconomic benefits. Proceedings of the National Academy of Sciences 104: 203-207,
https://doi.org/10.1073/pnas.0605787104

Kiesecker JM, Blaustein AR (1998) Effects of introduced bullfrogs and smallmouth bass on
microhabitat use, growth, and survival of native red-legged frogs (Rana aurora).
Conservation Biology 12: 776—787, https://doi.org/10.1046/j.1523-1739.1998.97125 x

Kolar CS, Lodge DM (2001) Progress in invasion biology: predicting invaders. Trends in
Ecology & Evolution 16: 199-204, https://doi.org/10.1016/S0169-5347(01)02101-2

Kraiss H, Cullen EM (2008) Efficacy and nontarget effects of reduced-risk insecticides on
Aphis glycines (Hemiptera: Aphididae) and its biological control agent Harmonia axyridis
(Coleoptera: Coccinellidae). Journal of Economic Entomology 101: 391-398, https://doi.org/
10.1093/jee/101.2.391

Kuhlmann H (1975) Der Einfluss von Temperatur, Futter, Grosse und Herkunft auf die sexuelle
Differenzierung von Glasaalen (Anguilla anguilla). Helgolinder wissenschaftliche
Meeresuntersuchungen 27: 139—155, https://doi.org/10.1007/BF01611802

Lammens EH, Nie HWD, Vijverberg J, Densen WLTV (1985) Resource partitioning and niche
shifts of bream (4bramis brama) and eel (Anguilla anguilla) mediated by predation of smelt
(Osmerus eperlanus) on Daphnia hyalina. Canadian Journal of Fisheries and Aquatic
Sciences 42: 1342—1351, https://doi.org/10.1139/f85-169

Layman CA, Quattrochi JP, Peyer CM, Allgeier JE (2007) Niche width collapse in a resilient
top predator following ecosystem fragmentation. FEcology Letters 10: 937-944,
https://doi.org/10.1111/j.1461-0248.2007.01087.x

Layman CA, Araujo MS, Boucek R, Hammerschlag-Peyer CM, Harrison E, Jud ZR, Post DM
(2012) Applying stable isotopes to examine food-web structure: an overview of analytical
tools. Biological Reviews 87: 545-562, https://doi.org/10.1111/j.1469-185X.2011.00208.x

Maguire CM, Grey J (2006) Determination of zooplankton dietary shift following a zebra
mussel invasion, as indicated by stable isotope analysis. Freshwater Biology 51: 1310—
1319, https://doi.org/10.1111/j.1365-2427.2006.01568.x

McNabb DM, Halaj J, Wise DH (2001) Inferring trophic positions of generalist predators and
their linkage to the detrital food web in agroecosystems: a stable isotope analysis.
Pedobiologia 45: 289297, https://doi.org/10.1078/0031-4056-00087

McCord JW (2005) American eel. South Carolina State Documents Depository

Meeuwig MH, Peacock MM (2017) Food Web Interactions Associated With a Lahontan
Cutthroat Trout Reintroduction Effort in an Alpine Lake. Journal of Fish and Wildlife
Management 8: 449-464, https://doi.org/10.3996/092016-JFWM-073

Middelburg JJ (2014) Stable isotopes dissect aquatic food webs from the top to the bottom.
Biogeosciences 11: 2357, https://doi.org/10.5194/bg-11-2357-2014

Moriarty JA (1972) Total energy of copper, silver, and gold. Physical Review B 6: 1239-1252,
https://doi.org/10.1103/PhysRevB.6.1239

Moriarty DJW (1973) The physiology of digestion of blue-green algae in the cichlid fish,
Tilapia nilotica. Journal of Zoology 171: 25-39, https://doi.org/10.1111/j.1469-7998.1973.tb07514.x

Musseau C, Boulenger C, Crivelli AJ, Lebel I, Pascal M, Boulétreau S, Santoul F (2015) Native
European eels as a potential biological control for invasive crayfish. Freshwater Biology 60:
636—-645, https://doi.org/10.1111/fwb.12510

Newsome SD, Martinez del Rio C, Bearhop S, Phillips DL (2007) A niche for isotopic ecology.
Frontiers in Ecology and the Environment 5: 429436, https://doi.org/10.1890/1540-9295(2007)
5[429:ANFIE]2.0.CO;2

Parker IM, Simberloff D, Lonsdale WM, Goodell K, Wonham M, Kareiva PM, Goldwasser L
(1999) Impact: toward a framework for understanding the ecological effects of invaders.
Biological Invasions 1: 3—19, https://doi.org/10.1023/A:1010034312781

Parnell AC, Inger R, Bearhop S, Jackson AL (2010) Source partitioning using stable isotopes:
coping with too much variation. PloS ONE 5: €9672, https:/doi.org/10.1371/journal.pone.0009672

Parnell AC, Phillips DL, Bearhop S, Semmens BX, Ward EJ, Moore JW, Inger R (2013)
Bayesian stable isotope mixing models. Environmetrics 24: 387-399, https://doi.org/10.
1002/env.2221

Pauli JN, Newsome SD, Cook JA, Harrod C, Steffan SA, Baker CJ Cicero C (2017) Opinion:
Why we need a centralized repository for isotopic data. Proceedings of the National
Academy of Sciences 114: 2997-3001, https://doi.org/10.1073/pnas. 1701742114

Peckarsky BL, Mclntosh AR (1998) Fitness and community consequences of avoiding multiple
predators. Oecologia 113: 565-576, https://doi.org/10.1007/s004420050410

Phillips DL, Gregg JW (2003) Source partitioning using stable isotopes: coping with too many
sources. Oecologia 136: 261-269, https:/doi.org/10.1007/s00442-003-1218-3

Polis GA, Strong DR (1996) Food web complexity and community dynamics. The American
Naturalist 147: 813-846, https://doi.org/10.1086/285880

Haubrock et al. (2019), Management of Biological Invasions 10(1): 171-191, https://doi.org/10.3391/mbi.2019.10.1.11 189


https://www.invasivesnet.org
https://doi.org/10.1016/S0169-5347(01)02101-2
https://doi.org/10.1093/jee/101.2.391
https://doi.org/10.1890/1540-9295(2007)5[429:ANFIE]2.0.CO;2
https://doi.org/10.1002/env.2221

2)

&

INVASIVESNET

Predicting biocontrol agent effectiveness

Post DM (2002) Using stable isotopes to estimate trophic position: models, methods, and
assumptions. Ecology 83: 703-718, https://doi.org/10.1890/0012-9658(2002)083[0703:USITET]
2.0.CO;2

Pringle CM, Hamazaki T (1998) The role of omnivory in a neotropical stream: separating
diurnal and nocturnal effects. Ecology 79: 269-280, hitps://doi.org/10.1890/0012-9658(1998)
079[0269:TROOIA]2.0.CO;2

Radke RJ, Eckmann R (1996) Piscivorous eels in Lake Constance: can they influence year class
strength of perch? In: Annales Zoologici Fennici. Finnish Zoological and Botanical
Publishing Board, pp 489—494

Ricciardi A (2003) Predicting the impacts of an introduced species from its invasion history: an
empirical approach applied to zebra mussel invasions. Freshwater Biology 48: 972-981,
https://doi.org/10.1046/j.1365-2427.2003.01071.x

Ricciardi A, Hoopes MF, Marchetti MP, Lockwood JL (2013) Progress toward understanding
the ecological impacts of nonnative species. Ecological Monographs 83: 263-282,
https://doi.org/10.1890/13-0183.1

Rosenheim JA (1998) Higher-order predators and the regulation of insect herbivore populations.
Annual Review of Entomology 43: 421-447, https://doi.org/10.1146/annurev.ento.43.1.421

Seebens H, Blackburn TM, Dyer EE, Genovesi P, Hulme PE, Jeschke JM, Bacher S (2017) No
saturation in the accumulation of alien species worldwide. Nature Communications 8:
14435, https://doi.org/10.1038/ncomms 14435

Schiphouwer ME, Felix RPWH, Van Duinen GA, De Hoop L, De Hullu PC, Matthews J,
Leuven RSEW (2017) Risk assessment of the alien smallmouth bass (Micropterus
dolomieu). Reports Environmental Science 527: 1-60

Seymour EA (1989) Devising optimum feeding regimes and temperatures for the warmwater
culture of eel, Anguilla anguilla L. Aquaculture Research 20: 311-324, https://doi.org/10.
1111/5.1365-2109.1989.tb00356.x

Schulze T, Kahl U, Radke RJ, Benndorf J (2004) Consumption, abundance and habitat use of
Anguilla anguilla in a mesotrophic reservoir. Journal of Fish Biology 65: 1543-1562,
https://doi.org/10.1111/5.0022-1112.2004.00565.x

Sih A, Englund G, Wooster D (1998) Emergent impacts of multiple predators on prey. Trends
in Ecology & Evolution 13: 350-355, https://doi.org/10.1016/S0169-5347(98)01437-2

Simberloff D (2006) Invasional meltdown 6 years later: important phenomenon, unfortunate
metaphor, or both? Ecology Letters 9: 912-919, https://doi.org/10.1111/1.1461-0248.2006.00939.x

Simberloff D, Von Holle B (1999) Positive interactions of nonindigenous species: invasional
meltdown? Biological Invasions 1: 21-32, https://doi.org/10.1023/A:1010086329619

Skadhauge E (1969) The mechanism of salt and water absorption in the intestine of the eel
(Anguilla anguilla) adapted to waters of various salinities. The Journal of Physiology 204:
135-158, https://doi.org/10.1113/jphysiol.1969.sp008904

Soluk DA (1993) Multiple predator effects: predicting combined functional response of stream
fish and invertebrate predators. Ecology 74: 219-225, https://doi.org/10.2307/1939516

Soluk DA, Collins NC (1988a) Synergistic interactions between fish and stoneflies: facilitation
and interference among stream predators. Oikos 55: 94—100, https://doi.org/10.2307/3565987

Soluk DA, Collins N C (1988b) Balancing risks? Responses and non-responses of mayfly larvae
to fish and stonefly predators. Oecologia 77: 370-374, https://doi.org/10.1007/BF00378044

Strayer DL (2010) Alien species in fresh waters: ecological effects, interactions with other
stressors, and prospects for the future. Freshwater Biology 55: 152—-174, https://doi.org/10.
1111/5.1365-2427.2009.02380.x

Strayer DL, Eviner VT, Jeschke JM, Pace ML (2006) Understanding the long-term effects of
species invasions. Trends in Ecology & Evolution 21: 645-651, https:/doi.org/10.1016/j.tree.
2006.07.007

Taylor GC, Weyl OL, Hill JM, Peel RA, Hay CJ (2017) Comparing the fish assemblages and
food-web structures of large floodplain rivers. Freshwater Biology 62: 1891-1907,
https://doi.org/10.1111/fwb.13032

Tesch FW (1999) Der Aal. Berlin, Parey

Vander Zanden MJ, Rasmussen JB (1996) A trophic position model of pelagic food webs:
impact on contaminant bioaccumulation in lake trout. Ecological Monographs 66: 451-477,
https://doi.org/10.2307/2963490

Vander Zanden MJ, Vadeboncoeur Y (2002) Fishes as integrators of benthic and pelagic food
webs in lakes. Ecology 83: 2152-2161, https://doi.org/10.2307/3072047

Vander Zanden MJ, Casselman JM, Rasmussen JB (1999a) Stable isotope evidence for the food
web consequences of species invasions in lakes. Nature 401: 464—467, https:/doi.org/10.1038/
46762

Vander Zanden MJ, Shuter BJ, Lester N, Rasmussen JB (1999b) Patterns of food chain length
in lakes: a stable isotope study. The American Naturalist 154: 406-416, https:/doi.org/10.
1086/303250

Vanderklift MA, Ponsard S (2003) Sources of variation in consumer-diet § 15 N enrichment: a
meta-analysis. Oecologia 136: 169—182, https://doi.org/10.1007/s00442-003-1270-z

Westin L (2003) Migration failure in stocked eels Anguilla anguilla. Marine Ecology Progress
Series 254: 307-311, https://doi.org/10.3354/meps254307

Haubrock et al. (2019), Management of Biological Invasions 10(1): 171-191, https://doi.org/10.3391/mbi.2019.10.1.11 190


https://www.invasivesnet.org
https://doi.org/10.1890/0012-9658(2002)083[0703:USITET]2.0.CO;2
https://doi.org/10.1890/0012-9658(1998)079[0269:TROOIA]2.0.CO;2
https://doi.org/10.1111/j.1365-2109.1989.tb00356.x
https://doi.org/10.1016/S0169-5347(98)01437-2
https://doi.org/10.1111/j.1365-2427.2009.02380.x
https://doi.org/10.1016/j.tree.2006.07.007
https://doi.org/10.1038/46762
https://doi.org/10.1086/303250

@

|NVMW[SNH Predicting biocontrol agent effectiveness

Wigand C, McKinney RA, Cole ML, Thursby GB, Cummings J (2007) Varying stable nitrogen
isotope ratios of different coastal marsh plants and their relationships with wastewater
nitrogen and land use in New England, USA. Environmental Monitoring and Assessment
131: 71-81, https://doi.org/10.1007/s10661-006-9457-5

Willson JD, Winne CT, Pilgrim MA, Romanek CS, Gibbons JW (2010) Seasonal variation in
terrestrial resource subsidies influences trophic niche width and overlap in two aquatic
snake species: a stable isotope approach. Oikos 119: 11611171, https://doi.org/10.1111/j.1600-
0706.2009.17939.x

Wysujack K, Mehner T (2002) Comparison of losses of planktivorous fish by predation and
seine-fishing in a lake undergoing long-term biomanipulation. Freshwater Biology 47:
2425-2434, https://doi.org/10.1046/j.1365-2427.2002.00994 .x

Supplementary material

The following supplementary material is available for this article:

Table S1. Identified dietary components for L. gibbosus (N = 38), M. salmoides (N = 38) and C. carpio (N = 11). Results are displayed
as frequency of occurrences [F%] in percentages. Data taken from Haubrock et al. 2018.

Table S2. Post hoc comparison (pair-wise tests) after PERMANOVA.

Table S3. PERMANOVA main test result for factor SPECIES using all species including data of Anguilla anguilla from the GroBer
Viitersee.

This material is available as part of online article from:
http://www.reabic.net/journals/mbi/2019/Supplements/MBI 2019 Haubrock etal SupplementaryMaterial.xIsx
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