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Abstract

Pumpkinseed Liepomis gibbosysoriginates from North America and has been widely
introduced in Europe where invasive populations ehasstablished. We tested the
effectiveness of a biomanipulation approach basethe stocking of a native top-predatory
species, the northern pik&dqox luciuy, in 23 small and oligotrophic ponds at the Pinalil
Nature Reserve (Vienne, France) among which 10 parete stocked twice. In addition, 16
ponds with similar environmental characteristicsevesed as control with no pike stocking.
Our study revealed that, even with limited spaa lanited alternative prey species, northern
pike did not eradicate pumpkinseed populationseady we found that pumpkinseed were
younger and larger when reaching sexual maturityhe stocked pondssuggesting an
increased growth rate in ponds with the predatdres€é results suggest thetvasion
populations might adapt and respond to managenractiges. These changes were likely
driven by an adaptation to predation pressure amth@nges in food availability with reduced
intraspecific competition. Importantly, such chasgmight actually modify the level of
invasiveness potential of non-native populationd ead to counterproductive results for

managers.

Keywords biological invasion <Esox luciuse freshwater ¢ predator-prey interaction e

Lepomisgibbosusbiomanipulation ¢ biocontrol
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Introduction
The introduction of non-native freshwater fish igigespread phenomenon and invasive fish
have been reported to induce important ecologmphicts across different levels of biological
organization(Cucherousset and Olden, 2011). A widairoduced species is pumpkinseed
(Lepomis gibbosufL.innaeus, 1758); Perciformes: Centrarchidae) thginated from North
America and that has been introduced in many cmsntcross the globe(Copp and Fox,
2007). Reported ecological impacts of pumpkinseeel arimarily direct through the
consumption of native prey and competition withivetconsumers(Préau et al., 2017).
Indeed, pumpkinseed is omnivorous and prey maimyinvertebrates of various groups
(Garcia-Garcia-Berthou and Moreno-Amich, 2000, Giseet al., 2016). In Western Europe,
the species has been reported to display a lat@ihidgradient in term of population
invasiveness whereby southern populations are deresi as more prolific and more invasive
than northern populations (Cucherousset et al9R00

In France, the species is legally classified aasie (Guevel, 1997) and managers are
legally required to control the species. The mamage of invasive freshwater fish is
challenging (Britton et al., 2011) and the most omn measure used in the country to
eradicate pumpkinseed is the removal of specimaugit by anglers, although the efficiency
of such a method is limited (Evangelista et al.1®20n some areas, novel approaches to
control invasive fish species have been testedidimg biocontrol through the introduction
of native predators (hereafter referred tobammanipulation, which has been reported in
some cases as efficient for controlling invasivecsgs in freshwater ecosystems (Britton et
al., 2011).

In the present study, we tested the efficiency dfiacontrol approach in the Pinail
Nature Reserve (Vienne, Nouvelle Aquitaine, Nortbtveérance).This area is composed of

3000 permanent ponds among which approximately 2€oftained pumpkinseed(Préau et
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al., 2017). While the introduction history of thgesies in this area remains largely unknown,
the species has been observed impacting severaé rfaka with high conservation values
such as amphibians (e.@riturus marmoratusand Hyla arboreg, white-clawed crayfish
(Austropotamobius pallipésnd probably other invertebrates (Castelnau.e@l6, Préau et
al., 2017). Consequently, eradicating the speciesn fthese ecosystems with high
conservation values is crucial for local managhknsial tests to eradicate pumpkinseed from
the ponds included angling, netting and electrafighout were, overall, inefficient(Sellier,
2013). Therefore, the efficiency of a biomanipulatapproach based in the introduction of a
native top predator, the Northern pikBspx luciuy was tested. This top carnivore is
preferentially piscivore, is known to eat pumpkiedealso at the Pinail reserve and the
species foraging strategy is based on active amprestation (Diana, 1979, Chapman et al.,
1989, Castelnau et al., 2016). In the present stugy quantified the efficiency of this
approach at eradicating pumpkinseed in very snaidpecosystems. The very small size of
the pond ecosystems could be considered as incgedabie likelihood of successful
eradication and should be the first step to tryolefiming at developing the same approach
in larger systems. We specifically tested the hiypsis that, due to the high predator stocking
density and the small size of the ecosystems wiititdd alternative prey, predation by
Northern pike should lead to the eradication of pkimseed three years after pike stocking.
Pike were stocked twice in some ponds and we hgsatd that this additional stocking

would lead to a higher rate of eradication in postdgked twice.

Materials and methods
Study area
The Nature Reserve of the Pinail (Réserve Natuidditonale du Pinail, 135 ha, N 46° 42

2.698"- E 0° 31' 13.378") is a unique ecosystent ttemtains a high concentration of
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5013permanent and temporary ponds (Figurel). Thesds are artificial and were created
by millstone extraction starting at the Roman d&ymds are filled by rainwater and some are
interconnected while others are fully isolated. #oare colonised by macrophytes composed
mainly of Utricularia australis U. bremi, Potamogeton polygonifoliysP. natans
Myriophyllum alterniflorump Nymphaea albasee Beaune et al.,, 2018a for details). Both
freshwater and terrestrial ecosystems in the NeRaserve have a high conservation value.
Indeed, it forms a very rich ecological complex wéhenore than 2 613 plant and animal
species have been reported so far. The area isusgi@d by 4166 ha of forest mainly
classified with the Natura 2000 status (ZSC: spemae of preservation and ZPS: zone of
special protection), ZICO (Zone of Europe communitierest for birds; European Nature
Protection area network) and ZNIEFF (Natural ZohEaplogical Interest Fauna and Flora).
The study area is covered with diversifiedica moors on acid and oligotrophic
ground (podzol) resulting from human pasturing dnaning (Pernat et al., 2017). For
centuries, humans have used the ponds as tempesamnyoirs for fish and several native and
non-native species have been introduced in thaesallinfishless ecosystems(Beaune et al.,
2018a), includingAmeiurus melagRafinesque, 1820)Anguilla anguilla(Linnaeus, 1758);
Carassius auratugLinnaeus, 1758)Carassius carassiuf.innaeus, 1758)Cyprinus carpio
Linnaeus, 1758Esox luciud.innaeus, 1758 epomis gibbosu@.innaeus, 1758);.eucaspius
delineatus(Heckel, 1843);Rutilus rutilus (Linnaeus, 1758)Scardinius erythrophthalmus
(Linnaeus, 1758)Tinca tinca(Linnaeus, 1758). Unfortunately, no informatioraisilable on

the history of introduction of fish, including puikipseed, in these ecosystems.

Biomanipulation and population monitoring
In 2013, a total of 39 ponds known to contain pumgded in 2013 and 2005 were randomly

selected. These ponds as all ponds of the Pinailraatively small (Figure 1), with an
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average area of 92.3 £ 20.3 m? and water depthmgrigom 1 to 2.6 m with an average of
1.6 m. The physicochemical parameters of these p@rede similar to the majority of the
acidic ponds of the Pinail (pH<6.8) with similargetation covers (Beaune et al., 2018a,
Beaune et al., 2018b). In addition, the diversityalternative prey for pike is very limited:
with L. gibbosuspresence, there is no crayfish, few amphibianéaPet al., 2017) and in the
ponds of the study no other fish were captured@aat et al., 2016). Because there was a
low level of variability in physicochemical pararaet between ponds (Castelnau et al., 2016;
Beaune et al. 2018b), we assume that all pumpkihgepulations were experiencing similar
environmental conditions before pike introductiorddad similar life-history traits (age and
size distribution, age at sexual maturity). Thisussption was reinforced by a random
allocation of the ponds to each treatmétponds were used as control (no pike stocking and
pike absent) and 23 ponds were used as treatmkatsjocked). A total of 649 young-of-the-
year (YOY) pike (TL approximately 5 cm) able todeenL. gibbosuswvere introduced in the
stocked ponds with an average density of 32 indadisl per pond (averaging 7 YOY/m?) in
2013. Because pumpkinseed were still visually @edrin some treated ponds after a year
(2014), a second introduction of additional pikeswdecided for 10 out of the 23 ponds
initially stocked with pike. A total of 374 YOY p&kmeasuring approximately 5 cm TL were
introduced in the same proportion (35-40) intoXBgponds in 2014.

Three years after the initial pike introductiore(iApril and May 2016), the presence
of pike in the stocked pond was quantified usingliag. Here, angling with lure was used
because ecosystems were small and to minimizedtemial negative effects of sampling of
other biological taxa such as amphibians as samplas performed during their reproduction
period. The aim here was to assess whether pike stédr present (occurrence) and not to
assess density, therefore the angling protocol veagd on a first trial (15 min). If no pike

were detected, the first trial was followed by axmaum of 3 additional trials performed



143  every 2 days. If no pike were detected in thesellgpaad systems after 4 trials, the pike
144  population was assumed to be extirpated from so@il system. Although this could lead to
145 false-negative, the underestimation of pike ocawee would not impact our results
146  qualitatively. The presence bf gibbosusvas also first assessed using angling (hooks baited
147  with maggots) in both control and stocked ponds. dtéeted with a first 30 min trial. If no
148 individual was caught, two additional trials wererfprmed with two-day intervals. If no
149 individual was caught by angling, two sessions gisiaited minnow traps (5 traps per pond)
150  were performed. Captured pumpkinseed were meagordibdy length (+ 1 mm) and mass

151  (£0.1g) and scales sample taken for age determmméfigure 2).

152

153  Statistical analyses

154  The proportion of ponds containing pumpkinseed easpared between the treatments (one
155  stocking event &two stocking events) and controhgi® using a Chi Square test. Based on
156 individuals captured using the same technique &ngling, n = 40), difference in the body
157 length and age of pumpkinseed was compared betwestrol and treated ponds (one
158  stocking event & two stocking events) using norapaetric Wilcoxon rank sum test. All
159  statistical analyses were performed using R 2.1R®évelopment Core Team, 2011). The
160 software FiSAT Il was used to perform non-lineatineation of growth parameters (the
161  curvature parameter of the von Bertalanffy Growtinétion K) and the asymptotic length
162 (L) from length-at-age data (i.e. total length (x Injnand age (years) determined from
163  scales reading; no pumpkinseeds larger than 70 inmwere captured). See Gayanilo et al.,

164 2005. The parameters of the Von Bertalanffy grovidéhmula (VBGF) are estimated

165  from:Lt = Loo(1 — exp("K(=t0) ) - Lt beeing the lenght would reach a fish ate agae

166  growth performance indexiX) was quantified using (Pauly and Munro, 1984)fola:d =

167 log,o K + 2log,o Lo . The natural mortality M) was estimated from the Rikhter and
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Efanov's method (Rikhter and Efanov, 1976). Wiih filmctionM = ((1.52/tasd-0.72) - 0.16;
where tassiS the age at first maturity (the fish of the tweatments were pooled as no

biological trait history differed).

Ethical statement

Introduced fish (pike) and invasive pumpkinseedemeot reintroduced in the habitat after
they were captured, but were immediately euthanm®edranial percussion. Ethical approval
was received from the scientific board of the NagloReserve in compliance with the

national guideline.

Results

In total, we found that pike growth in all pondseafa year and were still present 3 years later
in at least 63.6 % of the stocked ponds since wixe captured or observed in 14 of the 23
stocked ponds (7/13 in ponds with one stocking eaad 7/10 in ponds with two stocking
events). The minimum size of the captured pike 3¢asm, maximum size 60 cm (mean: 43.6
cm £ SE 3.26 cm, @4 [36.2 cm - 50.9 cm]). The largest individual weaghl283 g and the
thinnest 188 g (mean: 539.2 g £ 135.2 gs(233.3 g - 845.1 g)).

There was a significantly higher occurrence of pkimseed in ponds where pike
were stocked twice than in control pong$ € 4.875, df = 1, p = 0.027) while there was no
significant difference between ponds where pikeevgtocked once and control pongs €
1.7561, df = 1, p = 0.185). Indeed, pumpkinseed@®Mwas sampled in 10/10 stocked ponds
with two stocking events,11/13 with one stockingme and in 10/16 of the control ponds.

Pumpkinseed were significantly younger in stockedds (average age = 2.1y + SE
0.2 and 3.4y £ 0.1 in treatment and control ponespectively; Wilcoxon rank sum test, W =

231.5, p < 0.001) and had a significantly largeshybsize (average length = 76 mm + 3 and 67
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mm = 4 in treatment and control ponds, respectjwMy= 103, p = 0.014) than in control
ponds, suggesting that pumpkinseed grew fasteéooked ponds. Females from stocked
ponds were mature (with gonads) at Age 2 while fesmxom control ponds were mature at
Age 3. This was confirmed by the von Bertalanffgwth rateK =1.49/yearin stocked ponds
(N =16) and 0.54/yedimn control ponds (N = 24}« averaged 7.9 cm in stocked ponds and
8.31cmin control pondsb' was 1.244in stocked ponds and 0.384 in controtdpoThe

natural mortality coefficient of fish from the si@d ponds wak=0.763 while it was 0.529

in the control ponds (Table 1).

Discussion

The present study demonstrated the complexity ohagiag an invasive fish species
following its successful establishment in the wild. small pond ecosystems with high
conservation value, biomanipulation with nativedatery fish appeared to managers as one
of the most appropriate approach since other msthadh as trapping, poisoning or draining
would induce important ethical and conservationess Although pike are active predators of
pumpkinseed (confirmed by stomach content analysebe study area, Castelnau et al.,
2016) and the studied ecosystems are small witly lnented alternative prey, predator
stocking did not allow to fully eradicate invasipampkinseed populations. Furthermore, we
found that the response to pike stocking of inwasigopulations might lead to
counterproductive effects by reducing the negatlemsity-dependent effects caused by
competition for resources, and by decreasing thepkinseed age at maturity. Although it
should be interpreted carefully, based on lifedrigttraits (age at maturity and juvenile
growth rate; Cucherousset et al. (2009), pumpkohsieem the stocked ponds could be

categorized as ‘invasive’ while it is not the cé&sepopulations from the control ponds.
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The pike has already been used to control invapyaulations such as topmouth
gudgeon Pseudorasbora parya(Lemmens et al., 2015), American bullfrogstiiobates
catesbeianus(Louette, 2012) and red-swamp crayfisirdcambarus clark)i (Neveu, 2001)
with variable success. In the present study, ptkeksng even in very high density (higher
than the models oBkov and Nilsson 2007), was not efficient to eradicate pumpkinseed
population over a three-year period. Although idifficult to predict and it remains to be
tested, we hypothesize that a longer duration ké presence would be unlikely to eradicate
pumpkinseed in these pond ecosysteRike are known as being very efficient predator in
freshwater ecosystems. However, the environmemtadiidons of the studied ponds might
limit their efficiency to capture pumpkinseed. Iede the studied pond had a high level of
macrophytes. These macrophytes, needed for pilablestment, are also plausible refuges
for prey fish that might prevent their completedecation by pike(Diehl, 1988, Heck Jr and
Crowder, 2012).

Fish life history traits have been widely reportedchange with predator selective
pressure and changes in resource availability (&adl Baker, 1996, Robinson and Wilson,
1996, Wilson et al., 1993, Coleman and Wilson, 1%piel et al., 1996, Arendt and Wilson,
1997) and pumpkinseed can also respond to managgmessure (Evangelista et al., 2015).
Here, we found that pumpkinseed populations in bioipulated ponds were younger,
sexually mature earlier and larger, with a fastemgh rate. Although density data could not
be gathered here, biomanipulation might have medifpopulation density, releasing
intraspecific competition and increasing food asfaility. Therefore, this might modify the
dynamic of invasive populations and their potenegablogical impacts. Pike may have
disappeared from some ponds due to insufficierdureg availability even in ponds where
pumpkinseed are still present. However, the stoncaclent analyses revealed that pike also

consumed invertebrates (Castelnau et al., 2016&).alisence of capture of pumpkinseed in

10



243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

some control ponds may have been caused by lo¢apation of populations due to an
overexploitation of trophic resources and/or popaote occurring at very low fish density.

In conclusion, the present study highlights thasmall pond ecosystems with limited
alternative prey availability, the introductionmdtive top predator was not sufficient to fully
eradicate invasive pumpkinseed. In addition, wenébthat biomanipulation induced changes
in the life history traits of the invader that wdikeely driven by an adaptation to predation
pressure and/or changes in food availability watiuced intraspecific competition. Such
changes are likely to modify the ecological impaxftsvasive species on native organisms
(e.g. invertebrates, amphibians) and recipientystems (Zavorka et al. 2018), but this

remains to be quantified.
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Figures

Figure 1 Areal picture of the study area (Réservenaturatienale of the Pinail, France) containing morentha
3000 ponds with water permanently (yellow linesprBanipulated pond (with pike stocking, n = 23) are

displayed in green and control pond (no pike, ré¥dre displayed in red.

Figure 2 Scale of a mature female bépomisgibbosugAge 4) with four visible annuli in the Pinail naé

reserve, France.

Figure 3 Occurrence of pumpkinseeldgpomis gibbosygmean + SD) in the control ponds (left bar, n516§
treated ponds with one pikEgox luciu}¥ stocking (n = 13) and the treated ponds with pik@ stockings (right

bar, n = 10). Different letters indicate signifitaiifference between treatments.
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362 Table 1 Occurrence opumpkinseedlepomis gibbos)sand biological parameters of pumpkinseed thregsye
363 after pike Esox luciup stocking in stocked (n = 23) and control (n = fi6hds.

364
Variables Control ponds Stocked ponds
Pumpkinseed occurrence (%) 63 91
Growth Function, year') 0.54 1.49
Asymptotic length (ko, in cm) 8.3 7.9
Growth performance index) 0.384 1.244
Natural mortality |/, year") 0.529 0.763
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