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Abstract

Introduced fishes for enhancing sport angling tend to be large bodied and of high trophic
position, raising ecological concerns on their impacts on prey communities and interactions
with native fishes in the same functional guild. The piscivorous pikeperch Sander lucioperca
is invasive in several European countries, including in England where it occupies the same
functional guild as native Northern pike Esox [ucius. Both species undergo ontogenetic dietary
shifts from macroinvertebrates to piscivory during their juvenile life-stages. The influence of
this dietary shift on their trophic positions and niche sizes was assessed across three sites in an
invaded lowland river basin in Western England. Stable isotope metrics revealed pikeperch
switched to piscivory at smaller body sizes than pike (albeit with high inter-individual
variability); stomach contents analyses revealed pikeperch were piscivorous from 31 mm.
Irrespective of ontogeny, there was low overlap in the isotopic niches of the two species, with
the niche of pike generally more enriched in §!*C but with minimal differences in 8'°N. The
prey resources of invasive pikeperch and native pike were thus largely differentiated,
suggesting the ecological consequences of pikeperch invasion include increased predation

pressure on aspects of prey populations that are usually not depredated upon by pike.

Key words: Pikeperch, Northern pike, invasive, stable isotope analysis, trophic position.
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Introduction

Recreational angling acts as a major introduction pathway for non-native fishes, with large-
bodied species often introduced to diversify sport angling experiences (Hickley and Chare,
2004; Britton, 2023). As these fish are of high trophic position (Eby et al., 2006), their invasions
can result in substantial ecological impacts including increased predation pressure on native
fish communities (Britton et al., 2023), potentially leading to trophic cascades (Britton et al.,
2024). For example, largemouth bass Micropterus salmoides (Lacepéde, 1802) which have
been introduced globally for sport angling, exert strong top-down effects to native prey
populations which can result in altered community structure (Long and Seguy, 2024). Indirect
ecological impacts can be incurred through both consumptive and non-consumptive effects
(Sih et al., 2010). For instance, interactions with functionally analogous native species can
result in the species altering their foraging behaviours, and trophic position and niche size,
leading to changes to food web structure (Cucherousset and Olden, 2011; Ricciardi et al.,

2013).

Understanding intra-guild trophic interactions between native and invasive fishes is important
for predicting the ecological consequences of invasions (Guzzo et al., 2013; Britton et al.,
2019). Resource partitioning is a key mechanism enabling the co-existence of functionally
similar species (Guzzo et al., 2016; Butt et al., 2017; Reinas et al., 2022), with studies
suggesting that trophic niche divergence can be important in the structuring of invaded fish
communities (Jackson and Britton, 2014; Comte et al., 2016; Britton 2018). This divergence
can occur when species minimise inter-specific competition by becoming more specialised in
their diets, resulting in reduced population trophic niches that are divergent from competitors

(Schulze et al., 2012; Jackson et al., 2016). Alternatively, increased competitive interactions
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can cause increased intraspecific resource variation and niche expansion through diets

becoming more generalized (Svanbdck and Bolnick, 2006).

Ontogenetic dietary switches can influence the extent of intra- and inter-specific resource
divergence between co-existing native and non-naive fishes that can facilitate their co-
existence (Sanchez-Hernandez et al., 2018, 2022). In piscivorous fishes, ontogenetic dietary
shifts represent the period of development when individuals switch their diet to one primarily
comprising of fish, with an early transition to piscivory potentially providing important fitness
advantages (Mittelbach and Persson, 1998; Valentine and Whitledge, 2022). Ontogenetic
dietary shifts can also influence the extent of individual movements and timing of natal
departure from nursery areas (Cucherousset et al., 2013; Nyqvist et al., 2017, 2019). Predator-
prey interactions in piscivorous fishes are driven by morphological constraints, where
maximum prey size is dependent on gape limitations (Mittelbach and Persson, 1998; Lundvall
et al.,, 1999; Schoenebeck et al., 2024). For gape-limited, freshwater piscivores, such as
Northern pike Esox lucius L. (‘pike’ hereafter) and pikeperch Sander lucioperca (L.) (Nilsson
2001; Bousseba et al., 2024), these ontogenetic dietary switches generally occur in the first

year of life, although the size at which this occurs can vary (Mittelbach and Persson, 1998).

The pikeperch is a relatively large-bodied piscivorous fish that has been introduced for angling
and aquaculture into countries including France, Spain, Turkey and England (Hickley, 1986;
Elvira and Almodovar 2001; Kopp et al., 2009; Yagci et al., 2014). In England, where the
native pike is the only other large-bodied piscivorous fish present, the first releases of non-
native pikeperch for angling enhancement occurred in the 1960s (Hickley and Chare, 2004),
with invasive populations then developing in many river catchments in central and southern

areas in the 1970s and 1980s (Hickley, 1986). An obligate piscivore (Kopp et al., 2009;
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Bousseba et al., 2024), ecological concerns on their invasion of English rivers included their
predation of native fishes and their potential for adversely affecting native pike populations
(Fickling and Lee, 1983). Elsewhere, invasive pikeperch impacts on prey populations has
included predator-induced modification of prey behavioural traits and competitive interactions
with native piscivores (Holker and Mehner, 2005). However, their dietary overlap with native
fishes is potentially reduced due to inter-specific differences in trophic positions and dietary
specialisations that facilitate trophic niche partitioning (Kopp et al., 2009; Alieva et al., 2023).
There is, however, considerable uncertainty as to how these ecological interactions and

mechanisms develop, especially in relation to ontogeny.

The aim of this study was to quantify the trophic interactions of co-existing native pike and
invasive pikeperch populations, and in relation to their diet switch to piscivory. It used the pike
and pikeperch populations in three locations across the lower Severn River Basin, Western
England, with diet assessments mainly based on stable isotope analysis (8'°N; 3'3C) (e.g.
Cucherousset et al., 2012). Accordingly, the objectives were to: (1) quantify the size ranges at
which ontogenetic dietary shifts to piscivory occurs in both species; (2) assess how the
ontogenetic dietary switches affect the size and position of their trophic niches; and (3) assess
the influence of the switch to piscivory on trophic niche overlaps within and between the

species.

Methods

Sampling
The co-existing native pike and invasive pikeperch populations were present in the lower River

Severn Basin, Western England, where the native pike and non-native pikeperch populations
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have co-existed since the early 1980s (Hickley 1986). The River Severn general study areas
was located between Diglis Weir (upstream) and Upper Lode Weir (downstream) (Fig. 1a;
52.1819°, -2.2241° to 51.9943°, -2.1735°), with the Warwickshire Avon general study area
being close to its confluence with the River Severn but separated from it by two weirs that were
considered impassable in both directions to the two species (51.9955°, -2.1579° to 52.1152°, -

2.0702; Fig. 1).

The primary sampling locations were three sites focused on boat marinas, as these represented
the only off-channel habitats in the sampling areas, and these were used as spawning, nursery,
foraging and refuge areas by both species (Nolan et al., 2024). One of the marinas was directly
connected to the Warwickshire Avon tributary (Site 1; 52.002709°, -2.152218°) (Fig. 1). The
other two were directly connected to the lower River Severn, where Site 2 was Upton Marina
(52.065292°, -2.212214°) and Site 3 was Tewkesbury Marina (Severn) (51.999995°, -
2.154586°) (Fig. 1). Seine netting was used to sample these sites as it was the most efficient
sampling method in that habitat. Samples were collected (with supplementary sweep-netting
in the littoral zone for macro-invertebrates for stable isotope analysis) was completed every 6
weeks in off-channel areas between December 2016 and December 2018. During this
sampling, captured fish were identified to species, measured (nearest mm), and scale samples
taken (3 to 5 scales per fish, collected from the body area between the dorsal fin and lateral
line). The non-native pikeperch were then euthanised (overdose of anaesthetic, MS-222), and
transported on ice to the laboratory for processing for stable isotope and stomach contents
analysis. All of the captured pike were returned alive due to their importance as the only native

piscivore in the recreational fisheries of the rivers.
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To supplement the samples from the boat marinas, fish samples from the connected main river
channels were also collected. In these areas, both rivers had widths averaging 20 m with depths
to at least 4 m, meaning that the application of traditional fish sampling techniques (e.g. electric
fishing, seine netting, fyke netting) was largely inefficient. However, these river sections are
popular sport fishing locations for both species (all catch-and-release) practised between mid-
June and mid-March (Nolan et al., 2019a). Accordingly, sampling of pike and pikeperch in the
main river channels was primarily through catch-and-release angling conducted by specialist
anglers between June 2014 and December 2018 (except between mid-March and mid-June of
each year due to a closed season). This sampled was coordinated by the Environment Agency
(the inland fishery regulatory body of England), who provided training in the collection of fish
scales (from the body area between the dorsal fin and lateral line) and the recording of
associated fish length information and capture details (general location and river, date).
Although the primary purpose of the scale sample collection was for fish age determination for
management purposes, the scales also provided material suitable for stable isotope analysis
(SIA) (Nolan et al., 2019b). At each site, angler captured fish were only used when they had

been caught within the same river section as where boat marina was located.

Stable isotope analysis

Fish scales are used regularly in stable isotope studies as a non-destructive sampling alternative
in place of tissues such as muscle, with this particularly important for use in fisheries that
operate on catch-and-release (Basi¢ and Britton, 2015). Scales tend to have a longer stable
isotope half-life than muscle and fin tissue (Heady and Moore, 2013; Busst and Britton, 2017),
with predictable relationships for both pike and pikeperch between their scale stable isotope
data and those derived from dorsal white muscle and fin tissue (Nolan and Britton, 2018b;

Winter et al., 2019). Processing of scale for isotope analysis was as per Trueman and Moore
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(2007), with scales cleaned with distilled water and the outer portion of the scale, which
represents the most recent growth (generally the last full year), removed for analysis. Scale
decalcification was not performed prior to analyses since the removal of inorganic carbonates
has no significant effect on scale §'*C and 8'°N values (Ventura and Jeppesen 2010). One to
three scales per individual fish were used for SIA (dependent on quantity of material). For
macro-invertebrates, one to three individuals of the same family were used for analysis
(dependent on body sizes); family groups were Asellidae (Asellus aquaticus (L.)),
Chironomidae (non-biting midge larvae) and Gammaridae. For pikeperch < 100 mm, the small
size of their scales prevented their effective use within SIA and so a portion of white dorsal
muscle was used as an alternative tissue. All SIA samples were cleaned with distilled water
and dried to constant mass at 60 °C prior to their analysis at the Cornell Isotope Laboratory,
New York, U.S.A. The samples were then ground to powder, weighed to ~1,000 pg and
analysed on a Thermo Delta V isotope ratio mass spectrometer (Thermo Scientific, U.S.A.)
interfaced to a NC2500 elemental analyser (CE Elantach Inc., U.S.A.). Verification of accuracy
was against internationally known reference material and was tested every 10 runs. No lipid
correction was performed as C:N ratios indicated low lipid content across all taxa (<3.5; Post

etal., 2007).

Stomach content analysis

The pikeperch sampled from the boat marinas were analysed for their stomach contents to
complement the SIA. This was not completed for pike as these were all returned alive following
their capture and processing. Following estimation of total stomach fullness (% volume), the
prey items present in stomachs were identified to their lowest possible taxonomic level and
their contribution to overall stomach fullness assessed. To quantify dietary shifts with body

length, the prey items in stomachs were then categorised as either ‘macro-invertebrates’ or
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‘fish’, and their contributions to diet expressed as percentages in terms of frequency of
occurrence and prey-specific abundance. Frequency of occurrence (% F) of a given prey type
was defined as the number of stomachs in which that prey occurred, expressed as a frequency
of the total number of stomachs in which prey were present (Costello, 1990). For prey-specific
abundance, prey type contribution was first estimated in proportion to overall stomach fullness
(in volume). The proportional fullness contribution of each diet category was then expressed

as percentage prey specific abundance (% P;) (Equation 1):

2 F;
0 , = | ——
% P; <Z F, x 100

Where P; was the prey-specific abundance of prey i, F; was the stomach content fullness for
diet category i and F; was the total stomach fullness in only those predators with prey i in their

stomach (Amundsen et al., 1996).

Analyses of stable isotope data

Prior to analysing the stable isotope data, it was necessary to convert pikeperch muscle isotope
values to their equivalent scale values using pikeperch specific conversions due to inherent
inter-tissue differences in their stable isotope values (Nolan and Britton 2018b). There was then
a need to determine whether stable isotope data for pike, pikeperch and macro-invertebrates
could be combined across sampling areas and years for the River Warwickshire Avon and the
River Severn respectively (Supplementary material, Table S1). For pike and pikeperch, this
was completed using analysis of covariance (ANCOVA), testing for the independent and
interactive effects on 8!°N and 8'3C of sampling area and year sampled (main effects), and fish
length (covariate) (Table S1). For macro-invertebrates, analysis of variance (ANOVA) tested
for the independent and interactive effects on 8'°N and 8!°C of sampling area and year sampled
(Table S1). Temporal differences in '°N and 8'3C values were non-significant (Supplementary

material, Table S2), but there were consistent, significant spatial differences for pikeperch §'°N

10
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and 8"C between the River Severn and Tewkesbury marina (River Severn side)
(Supplementary material, Table S2). Consequently, all subsequent analyses were completed
for three distinct areas (sites) in the study area: Site 1: the Warwickshire Avon, incorporating
the River Warwickshire Avon and Tewkesbury marina (River Warwickshire Avon side); Site
2: the Severn, incorporating the River Severn and Upton marina; and Site 3: Tewkesbury

marina (River Severn side) (Table 1; Fig. 1).

The linear relationships of 8'°N and 8'3C versus body length were then tested for pike and
pikeperch at each site using linear regression. The trophic positions (TP) of pike and pikeperch
at distinct size classes within each population were then calculated through Bayesian estimation
completed within the package ‘tRophicPosition’ in R (Quezada-Romegialli et al., 2017).
Analyses were performed using the §!°N and §!°C values for the consumers pike and pikeperch
and the baselines (macro-invertebrates) for each site. As such, a one baseline, two-trophic
discrimination Bayesian model was run for each site with 5 parallel chains and 10,000 adaptive
iterations which assumed a baseline trophic position of 2. The trophic discrimination factors
used were 3.35 + 0.5 %o for 8"°N and 3.49 + 0.5 %o for 8'3C, values which are suitable for
piscivorous fish stable isotope data from scales (Nolan et al., 2019b). As ontogenetic dietary
switches in pike and pikeperch are often apparent at lengths below 100 mm (Mittelbach and
Persson 1998), this was tested in each species by estimating their posterior trophic positions at
each 10 mm length increment for fish below 100 mm. For fish above this length, the grouping
length increments were increased to 100 mm. Model outputs were reported as the means of all
feasible solutions and the 5%-95% credible intervals of the distribution range. To then identify
these dietary switches at the individual level, for pikeperch < 150 mm and pike <300 mm, their
8!°N data were converted to trophic position (TP) according to Olsson et al. (2009): TP =

(8'°Nfish - 8'°Nprey / 3.4) +2 (Equation 2), where TP and §'°Nfish are the trophic positions

11
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and the nitrogen ratios of each pike or pikeperch, 8'°Nprey is the mean nitrogen ratio of the
macroinvertebrate sample at that sampling location and year (Table S1) and 2 is their trophic
position (as primary consumers), and 3.4 was the fractionation factor used between adjacent

trophic levels (Post, 2002).

The trophic niche of pike and pikeperch was calculated as the isotopic niche and was estimated
at each site (population level) and before and after the dietary shift to piscivory, where this shift
was informed by the posterior trophic positions by size class. The isotopic niches were
estimated using metrics based on stable isotope standard ellipse areas and completed within
the package ‘Stable Isotope Bayesian Ellipses in R’ (SIBER; Jackson et al., 2011), with isotope
niche metrics only calculated for sample sizes > 5 (Table 3). Metrics included standard ellipse
areas (SEA), this is a bivariate measure of the distribution of individuals in isotopic space and
represents the typical resource use of a population (Jackson et al., 2011; Jackson et al., 2012).
Additional calculations were the total area of the convex hull encompassing the data points
(TA), the correction applied to SEA to account for small sample sizes (SEAc), and the Bayesian
estimated standard ellipse area (SEAg) and their 95% credible intervals. Significant differences
in the size of isotopic niches were identified when > 95% of posterior draws from SEAg for
one area were smaller than the other. The area of niche overlap between ellipses was also
calculated representing the area, in units of per mil squared, contained by the shape that lies
within the overlapping ellipses. This was calculated both as the total proportional area of

overlap and the proportional area of overlap for each ellipse.

Where error is expressed around the mean, it represents £ 95% confidence limits unless
otherwise stated. All statistical analysis and graphical outputs were performed using R (Version

3.5.3; (R Development Core Team 2018).
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287  Table 1. Mean (+ SD) carbon and nitrogen stable isotope ratios for pike and pikeperch from scale tissues and macro invertebrates by site, including
288  the number of samples and their length range (mm). Site 1: Warwickshire Avon, Site 2: River Severn, and Site 3: Tewkesbury marina, River

289  Severn. NA: not applicable.

290

Species Sitet N Length range (mm) Mean length (mm) Range 8'3C (%0) Mean 813C (%0) Range 6'°N (%0) Mean 8N (%o)
Pikeperch Site 1 54 40to 870 206 + 227 -32.99 to -25.19 -28.99 +1.93 13.19 t0 21.72 18.30 +1.77
Site2 42 48to 838 500 + 234 -28.90 t0 -19.73  -24.94 +1.78 12.61 to 17.38 15.98 + 0.85
Site3 67 29to 331 76 +£57.8 -32.79 to -27.43  -30.38 +1.43 13.20 to 20.82 17.65 +1.65
Pike Site 1 35 101 to 1020 352+ 283 -30.03 t0 -16.05 -26.46 + 2.66 15.44 t0 21.24 18.47 +£1.33
Site2 78 114 to 1060 572 £295 -28.22t0-16.34 -23.54+2.77 12.08 to 17.32 15.86 = 1.00
Invertebrate Site 1 25 NA NA -35.32t0-27.93 -30.16+1.75 11.78 to 18.09 1548 +1.79
Site2 17 NA NA -32.31t0-26.22 -29.46+1.53 11.11 to 15.27 13.44 £1.23
Site3 18 NA NA -34.91 to -28.88  -32.15+ 1.63 14.52 to 18.35 16.29 +£1.04

13
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River Severn
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River Warwickshire Avon
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River Severn . - .
River Warwickshire Avon

Figure 1. (a) Sampling locations on the Rivers Severn and Warwickshire Avon within the lower
reaches of the River Severn basin in Western England (inset) and the position of off-channel
sampling areas including (b) Site 2 (Upton Marina, River Severn) and (c) Tewkesbury marinas,
one with connection to the River Severn (Site 3) and one with connection to the River

Warwickshire Avon (Site 1). Weirs are shown as solid lines.
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Results

Stable isotope-length relationships

For pike, there were significant increases in 8'3C and 8'°N with increasing length at all sites,
except for 3'°N at site 1 (Fig. 2, Table 2). Pike posterior trophic positions (TP) by size class
ranged from 2.07 to 2.96, with a general pattern of TP increasing as body size increased and
with the smallest size class (100 to 199 mm) having the lowest trophic position (Fig. 3a). This
increasing TP with length was also seen at the individual level, where at lengths between 101
and 300 mm, there was a significant increase in TP by approximately one trophic level (R? =

0.80; F136=109.4, P <0.001; Fig. 3b).

For pikeperch, regression analyses revealed significantly higher 8!°C and 8'°N with increasing
body length at all sites (Fig. 2; Table 2). Pikeperch posterior TP by size class ranged from 2.02
to 3.21, with TP most variable at lengths below 100mm and with the lowest TP in the 40 to 49
mm size class (Fig. 3a). This high variability in TP in pikeperch < 100 mm was also seen at the
individual level, where there were differences in individual TP of almost one tropic position in
fish of 29 to 50 mm. The relationship between individual pikeperch length and TP was

significant R> = 0.26; F196 = 30.1, P < 0.001; Fig. 3b).

This variability in TP in smaller pikeperch was supported by their stomach contents analyses
(Table 3). Although piscivory was evident in individuals as small as 31 mm, macro-
invertebrates were important prey for individuals up to 153 mm at site 1. At site 2, all analysed

pikeperch were piscivorous, although sample size was low (n = 7; Table 3).
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Isotopic niche sizes and overlaps

The largest isotopic niches of pike and pikeperch were in Site 1 (Fig. 4a; Table 4), where inter-
specific differences were not significant in niche size and niche overlap (pikeperch shared 34
%, while pike shared 33 %). The isotopic niches of pike and pikeperch were smallest at Site 2
(Fig. 4b, Table 4), where pike had a significantly larger niche and shared less niche space than
pikeperch (42% versus 75 %). The isotopic niche size of pikeperch at Site 3 was lower than at

the other two sites (Fig. 4c, Table 4).

Isotopic niche size could only be estimated pre- and post-ontogenetic dietary switch to
piscivory for pike at Sites 1 and 2 (approximate maximum size at piscivory: 200 mm; Fig. 3),
and pikeperch at Site 1 (approximate maximum size at piscivory: 100 mm; Fig. 3). There was
significant niche expansion after switching to piscivory for pike but not for pikeperch, with
minimal niche overlap before and after the switch to piscivory within both species (Fig. 4,
Table 4). Only at Site 1 could inter-specific differences be tested in isotopic niche overlap
before and after the switch to full piscivory. Prior to full piscivory, pike had a significantly
smaller niche than pikeperch and shared 14 % of their isotopic niche space (Fig. 4). Following
the switches to piscivory in both species, there was no significant difference in their isotopic

niche sizes and their niche overlap increased (total overlap 10 %, shared overlap 19 % each).

16



342 Table 2. Relationships between pike and pikeperch length with §'3C and 8'°N for each site
343  according to linear regression. Site 1: the Warwickshire Avon, Site 2: the Severn and Site 3:

344  Tewkesbury marina, River Severn.

Species Site Relationship  Statistics (a slope and b intercept.)
Pike Site 1 d13C R?=0.61, F133=54.38, P<0.001,a=0.01, b=-30.40
SN R’=0.03,Fi33=194,P=0.17,a=0.01, b= 17.89
Site 2 813C R?=0.76, F176=243.2, P<0.001, a=0.01, b=-28.23
SN R?=0.23, F176=24.03, P<0.001,a=0.01, 5= 14.91
Pikeperch Site 1 d13C R?=0.50, F15=54.98, P<0.001,a=0.01, b =-30.24
815N R°=0.29, F15,=22.42,P<0.001,a=0.01,b=17.42
Site 2 813C R?=0.65, Fi40=76.83, P<0.001,a=0.01, 5 =-28.02
SN R?=0.35, F140=22.97, P<0.001,a=0.01, b= 14.89
Site 3 d13C R?=0.60, F165=99.26, P<0.001,a=0.02, b =-31.84
SN R?=0.32, F16= 3222, P<0.001,a=0.02, b = 16.41

345
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346  Table 3. Frequency of occurrence (% F;) and prey specific abundance (% P;) of diet by prey types ‘macro-invertebrates’ and ‘fish’ for pikeperch
347  from the River Severn basin Western England, by site, including the number of samples, number of empty stomachs and their length ranges (mm).

348  Site 1: the Warwickshire Avon, Site 2: the Severn and Site 3: Tewkesbury marina, River Severn

. Empty Length Invertivorous Piscivorous length % F (macro- % F % Pi (macro- % Pi
e ' stomachs (n) range (mm) length range (mm) range (mm) invertebrates)  (fish)  invertebrates) (fish)
Site1l 46 13 19 to 222 19 to 153 48 to 222 36.36 63.64  25.89 74.11
Site2 7 3 48 to 490 - 77 to 100 0 100 0 100
Site3 73 22 14 to 148 14 to 31 31to 148 5.88 94.12  2.57 97.43

349
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350  Table 4. Isotopic niche metrics for pike and pikeperch by site and including groups before (“invertivorous”) and after ontogeny (“piscivorous), where TA: the
351 total area of the convex hull encompassing the data points, SEA: the Standard Ellipse Area containing 40% of the data, SEAc: Correction applied to SEA to

352  account for small sample sizes, and the Bayesian estimate for SEA (SEAg) with 95% credible intervals.

Site Species n Length range (mm)  TA SEA SEAc SEAB SEAB (95%CI)
1 Pikeperch 54 40 - 870 44.23 10.65 10.87 10.67 7.91,13.92
Pike 35 101 - 1020 43.71 11.02 11.35 11.16 7.61,15.30
Invertivorous pikeperch 5 40 - 65 9.26 9.91 13.22 7.56 1.85,17.46
Invertivorous pike 8 101 - 238 4.99 3.30 3.85 1.28 0.54,2.55
Piscivorous pikeperch 49 67 - 870 36.09 9.12 9.32 8.59 6.61, 11.68
Piscivorous pike 27 251-1020 37.17 9.19 9.56 8.89 5.91, 12.56
2 Pikeperch 42 48 - 838 21.31 4.43 4.54 4.48 3.15,5.97
Pike 78 114 - 1060 23.16 7.96 8.06 8.04 6.27,9.89
Invertivorous pike 16 114 - 241 11.13 4.43 4.74 2.59 1.45,4.10
Piscivorous pike 62 250 - 1060 19.02 5.28 5.37 4.53 3.45,5.71
3 Pikeperch 67 29 -331 25.47 6.57 6.67 6.65 5.11, 8.35
Invrtivorous pikeperch 64 29 - 148 25.47 6.40 6.50 6.25 4.83,7.88
Piscivorous pikeperch 3 227 - 331 NA NA NA NA NA
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Figure 2. Linear relationships between pike (a) and pikeperch (b) length with §'3C (top) and 8'°N (bottom) for

site 1 (circle, solid line), site 2 (triangle, dashed line) and site 3 (square, dotted line) with 95% confidence

intervals around the fitted values.
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Figure 3. Relationships of trophic position with fish length. (a): posterior trophic position estimates (bars show
95% credible interval of each posterior trophic position) for pike (black) and pikeperch (grey) by size class
within the Severn River Basin catchment, Western England, as calculated in the R package ‘tRophicPosition’.
(b): trophic position (Equation 2) versus fish length for individual pikeperch (clear circle) and pike (filled

circle), where the dashed lines represent the significant relationships according to linear regression.
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Discussion

Ontogenetic dietary shifts to piscivory are an important feature of the ecology of freshwater
piscivorous fishes with body size determining the extent of predator-prey interactions. Here,
stable isotopes revealed an ontogenetic dietary switch at smaller lengths for pikeperch
compared to pike according to fish length/ §'°N relationships and trophic position (by size class
using Bayesian estimates and at the individual level). Trophic position changes were reflective
of an ontogenetic dietary shift towards piscivory in both species, with trophic position estimates
revealing an increase in trophic position at 30 to 70 mm for pikeperch and from 100 to 200 mm
for pike. For both species, these diet switches to piscivory were occurring during the first year
of life (Nolan and Britton, 2018a). The influence of these ontogenetic dietary shifts on the
isotopic niches of the species was intra-specific isotopic niche segregation pre- and post-diet
switching in both species, with some inter-specific niche partitioning evident that occurred

irrespective of the dietary switch to piscivory.

For pikeperch, a dietary switch to piscivory occurred at relatively small sizes when compared
to pike, with this evident in both the stable isotope data and stomach contents analysis, where
there was consistency in the size at which fish were the dominant prey item in pikeperch
stomachs across the sites. In a review of the dietary ontogeny of freshwater piscivorous fishes,
pikeperch switched to piscivory at lengths of 35 to 100 mm, which is usually within their first
summer of life (Mittelbach and Persson, 1998). This pattern was also well supported in other
studies of pikeperch ontogenetic dietary switches (e.g. Persson and Bronmark, 2002). For pike,
the size at which their diet switches to piscivory was consistent across the analytical methods
and sites. These sizes were larger than reported for pike by Mittelbach and Persson (1998),

where ontogenetic dietary switches to piscivory were from 45 to 100 mm, although there can
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be considerable variation between individuals (Nyqvist et al., 2017) and high levels of dietary

overlap between different ontogenetic stages in pike (Amundsen et al., 2003).

An early ontogenetic dietary shift towards piscivory has been associated with a faster growth
rate in the early life stages of piscivorous fishes, with benefits including increased energy
returns and growth which increase the long-term survival and fecundity of individuals
(Mittelbach and Persson, 1998; Sanchez-Hernandez et al., 2018). Although it is common for
pike and pikeperch to switch to piscivory in their first growth season (Mittelbach and Persson,
1998), this switch can be delayed in the absence of suitable prey species (Ginter et al., 2011).
Indeed, synchronisation of ontogenetic diet shifts with fluctuations in resource availability,
such as new cohorts of prey, has been observed (Persson and Bronmark, 2002), and individual
variability in the timing of dietary switch can result in intra-cohort variation in the size of
juveniles where there are both fast-growing piscivorous and slow-growing macroinvertebrate
feeding individuals (Nyqvist et al., 2018, 2019). Despite the differences in size at ontogenetic
dietary switch found here, they do represent a switch to piscivory in their first year of life,
where the average size of pike and pikeperch at age 1 from the sampled population was 281

and 188 mm respectively (E. Nolan, unpublished data).

Inter- and intra-specific trophic interactions of pike and pikeperch were assessed at both the
population and group level. When the isotopic niches pre- and post-diet switching were
estimated, pike and pikeperch were largely diverged, with the between-species piscivorous life
stages displaying more convergence in isotopic niche space and being of similar sizes. Niche
sizes pre- and post-diet switching also showed some intra-specific niche divergence and
constriction. A moderate niche compression of pike in response to the introduction of pikeperch

was observed in a whole lake experiment in Germany (Schulze et al., 2012), where the extent
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of pike niche modification was reduced and the overlap between niches was asymmetrical
towards pike due to a less specialised diet composition. Pike populations were also resilient to
adverse effects from invasive pikeperch in rivers in southwest France due to differences in their
trophic positions that suggested some key dietary differences (pike: 3.7, pikeperch: 4.2) (Kopp
et al., 2009). Here, the estimates of trophic positions (TP) for both pike and pikeperch were
lower in the River Severn catchment than found for these sympatric populations in southwest
France, with intra-specific differences in trophic position generally more apparent than inter-
specific differences. Categorical size classes are often used to examine shifts in diet and trophic
position, but the use of size groupings should be biologically relevant and made alongside

assessments of continuous predictors if possible (Hammerschlag-Peyer et al., 2011).

Pike generally have broader prey preferences than pikeperch and can ingest larger prey due to
their larger gape size (Persson et al., 1996; Dorner et al., 2007). Studies based on stomach
contents analysis corroborate the importance of dietary specialisation in the partitioning of prey
resources when the two species are in sympatry (Schulze et al., 2012; Didenko and Gurbyk,
2016). Levels of specialisation in pike can vary with prey availability, and although often
considered as an obligate piscivore that specialises on fish prey, individual pike have been
demonstrated as consuming macro-invertebrates as adults (Chapman et al., 1989; Pedreschi et
al., 2015; Cittadino et al., 2024). However, many generalist populations often comprise of sub-
sets of specialised individuals (Aragjo et al., 2011) and, although not explored here, pike in the
lower River Severn have been identified as being composed of sub-sets of individual
specialists, some of which exploit energy pathways based on large prey items containing
marine derived nutrients (MDN), with other individuals only exploiting a freshwater energy
pathway (Nolan et al., 2019b). This could provide some explanation for the intra-specific

differences in isotope niche size and position for pike at Site 2. Similar patterns in explaining
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intraspecific variability have been shown in largemouth bass, where ontogenetic dietary shifts
result in trophic niche differences, but with individual dietary specialisations (aquatic versus
terrestrial resources) being important determinants of within niche variability (Zhao et al.,

2014).

Stable isotopes are an important tool when assessing the trophic interactions and ecological
effects of non-native freshwater fish species (Cucherousset et al., 2012; Britton, 2023). In
particular, 3'°N and 8'3C enable estimates of trophic positions and energy sources to be made
(Fry 2006) and can be used to define isotopic niche space through advanced Bayesian
techniques as a reliable proxy for ecological niche (Newsome et al., 2007; Jackson et al., 2011).
However, when estimating ontogenetic dietary shifts using stable isotopes, it is also important
to account for isotopic turnover (Hertz et al., 2016). Specifically, it should be recognised that
there will be a time lag between dietary changes and the stable isotope values of the consumer
tissue (Vander Zanden et al., 2015). This is important here, given that growth rates in the early
life stages of pike and pikeperch can be extremely high (Rypel 2012; Nolan and Britton,
2018a), and so dietary changes might have occurred at smaller sizes than detected by the stable
isotope analyses. However, the combined use of SIA with stomach content analyses for
pikeperch here enabled some corroboration on the body size at which the fish switched their

diet to piscivory.

The results here were largely based on stable isotope analysis, with stomach contents data
limited to the smaller pikeperch and sample sizes of larger fish being limited. The body size
bias against lager fish was largely intentional, as ontogenetic shifts to piscivory tend to happen
at relatively small sizes and in the first year of life in these species (Mittelbach and Persson,

1998). However, it did prevent further exploration of the extent to which the species are either
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oligate (eating fish only) or facultative (fish and macroinvertebrates) piscivores (e.g. Pedreschi
et al., 2015). It was nevertheless apparent that the prey resources of largely invasive pikeperch
and native pike were largely based on fish but with the two populations having divergent
niches. This suggests that the ecological consequences of pikeperch invasion include increased
predation pressure on aspects of prey populations that are usually not depredated upon by pike.
Although concerns on the ecological impacts of this increased predation pressure on native fish
populations in England have persisted (Nolan et al., 2109a), with some basic impact assessment
attempted (e.g. Hickley, 1986), there remains a paucity of data on their prey species to enable
more precise impact analyses to be completed. This at least in part due to the invaded lowland
rivers, such as the Severn and Warwickshire Avon, being sufficiently large to prevent accurate
abundance estimates on their prey populations. However, both rivers support large populations
of roach Rutilus rutilus (L.) and common bream Abramis brama (L.), as well as supporting
individual large pike (>10 kg) (Nolan et al., 2019b; Amat Trigo et al., 2024). Consequently,
these populations of native species appear to be at least sustainable and capable of supporting
recreational fisheries in pikeperch presence (e.g. Britton and Nolan, 2021), although it remains

unknown what the status of these populations would be in pikeperch absence.

The application of stable isotope metrics here thus provided information on the differences on
the size at which a native and an invasive fish switched their diet to piscivory, and the influence
of this dietary switch on their trophic (isotopic) niches. The results revealed that both before
and after switching to piscivory, the fishes were largely partitioned in their isotopic niches,
suggesting some key differences in their exploitation of prey resources, with differences in
their gape size and so prey size potentially providing some explanation of this. These results
suggest, however, that the influence of invasive pikeperch in these sites was to increase

predation pressure across a wider proportion of the prey resources available, rather than
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increase pressure on those resources already being exploited by pike, although the ecological

implications of this require further work.
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