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Ontogenetic diet shifts: an additional
mechanism for successful invasion of a
piranha species in a Neotropical floodplain
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Abstract: Ontogenetic shifts in food preference reduces intraspecific competition as
immature individuals eat different food types than adults. This diet plasticity could
facilitate species’ ability to successfully invade and establish itself in a new environment,
even when co-occurring with phylogenetically close species. Here, ontogenetic diet
shifts of a non-native piranha species (Serrasalmus marginatus) was tested by analyzing
the relationship between its body length and the carbon and nitrogen stable isotope
signatures. Carbon stable isotope was not correlated to fish length, but positive
significant correlation between 6®N values and fish length was found for the non-native
piranha. Also, immature and adult S. marginatus showed low isotopic niche overlap. The
correlation between fish length and &"N, and the low trophic overlap between immature
and adult, indicate that the non-native S. marginatus had ontogenetic shifts in food
preference, which may be viewed as an additional mechanism underlying its successful
establishment in the upper Parana River. Our findings indicate that ontogenetic shifts in
food preference may be an invasive trait that facilitates the establishment of non-native
fish species in tropical aquatic systems.
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in body size, because slight increases in body
size may result in bigger mouth size, which

Intrapopulational ontogenetic shifts in food
preference is a process widely known for a
variety of animal groups (insects - Cisneros &
Rosenheim 1997, crabs - Lim et al. 2016, and fishes
- Sanchez-Hernandez et al. 2012), which lead
individuals to occupy different trophic positions
throughout of their life cycle (Reum et al. 2019). If
within a population, individuals exploit different
resources, then the intraspecific resource
overlap is reduced (Schroder et al. 2009, Reum
et al. 2019), with positive implications for both
fitness and the individual competitive abilities
(Cipresso-Pereira et al. 2015). Ontogenetic diet
shifts often occur as a result of the increases

may enlarge the spectrum of exploitable food
items (Bozza & Hahn 2010). Many studies about
fish diets have detected that juveniles are
zooplanktivores, while adults are piscivores
(Mittelbach & Persson 1998, Davis et al. 2012). For
example, Roeboides descalvadensis Fowler (1932)
juveniles are zooplanktivores and as individuals
grow, their teeth migrate outside of the mouth
- a change in the animal’s feeding appendages
associated to ingestion of scales in adults (Hahn
et al. 2000). In contrast, other fish species, such
as the piranha Serrasalmus maculatus Kner,
1858, consume similar food items throughout
their lives (e.g, fish in the case of S. maculatus),
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with high niche overlap between immature and
adult individuals (Agostinho et al. 2003).

The ontogenetic shifts in addition to being
essential to reduce the intraspecific competition
may also be a key trait to species successfully
colonizing new environments (Lavrincikova &
Kovac 2007, Schroder et al. 2009). This is because
the likelihood of a species successfully invading
an ecosystem may vary not only according to
the environment into which invaders were
introduced but also according to the invaders’
fitness (Elton 1958, Jeschke & Strayer 2005).
Therefore, if during somatic growth the
individuals eat different types of food, then the
probability of this species successfully invading
a new environment would be higher than a
species without such ontogenetic shifts in food
preference (Lavrincikova & Kovac 2007, Horkova
& Kovac 2015).

In the Parana River floodplain, the
construction of the Itaipu hydroelectric power,
in 1982, flooded a set of waterfalls (Sete Quedas
falls), which formerly isolated the lower and
upper portions of the river (Jalio Jr et al. 2009).
The removal of these natural geographic barriers
resulted in the invasion of 33 fish species, which
were native to the lower basin, but migrated
upstream and colonized the upper portion of
the basin (Langeani et al. 2007, Casimiro et al
2016). Amongst the non-native fish was the
piranha Serrasalmus marginatus Valenciennes,
1837, which is overtaking its native congeneric,
S. maculatus, in terms of population abundance,
since 1986 (Agostinho 2003, Alves et al. 2017,
Rodrigues et al. 2018). Although different spatial
organization and trophic segregation between
close-related piranha species seem to be
amongst the mechanisms that underlie their
coexistence (Alves et al. 2017, Rodrigues et al.
2018), it is still unclear what traits favored the
establishment and spread of the non-native
piranha species. One hypothesis is that the
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non-native S. marginatus have ontogenetic shifts
in food preference while its native congeneric, S.
maculatus do not (Agostinho et al. 2003). If so,
then the ontogenetic shifts in food preference
might represent an additional mechanism
to explain the establishment success of S.
marginatus in the upper Parana River.

Here, we evaluated the ontogenetic
diet shifts of a non-native piranha species
(S. marginatus) using an isotopic approach
by analyzing the relationship between its
standard length (SL) and stable isotope
signatures (hereafter referred as 6°C and &°N).
Stable isotopes are useful tools to verify the
ontogenetic diet shift because the assimilated
food is revealed during their ontogenetic
development (Manetta et al. 2011, Davis et al.
2012). Thus, considering that consumer’s 6"C
and 6"N signatures provide insights about diet
shifts, especially during somatic growth (Davis
et al. 2012), the prediction is that the non-native
piranha species has an ontogenetic shift in its
diet. In addition, we provided data regarding
the relationship between SL and nitrogen stable
isotopes for a smaller range of body-sizes of the
native S. maculatus to indicate whether isotopic
data follow the same trend found using stomach
content analysis (Agostinho et al. 2003) - the
lack of ontogenetic diet shift in native piranha.

MATERIALS AND METHODS

The isotopic composition (6”C and &°N) of S.
maculatus and S. marginatus was evaluated
in three floodplain ponds associated with the
Upper Parana River, in South America (Figure
1). This floodplain is formed by a mosaic of
aquatic habitats, including channels, tributaries,
and floodplain ponds associated with these
tributaries. All three floodplain ponds are
shallow, have similar limnological conditions
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Figure 1. Study area. Points (-) indicate the ponds in which the fish samples were taken in the Upper Parana River

floodplain, located in southern Brazil.

(Roberto et al. 2009), with seasonal connections
with the rivers or secondary channels during
flood periods (Thomaz et al. 2004). Samples were
taken during the dry season (September 2011)
because, during this period, fish are confined
within the ponds of the floodplain, minimizing
the chances of migration to the main channel,
and maximizing the probability of trophic
interactions with their prey (Alves et al. 2017).
The samples were obtained by using gill nets
with different mesh sizes (ranging from 2.4 to
16.0 cm between opposite knots). The nets were
exposed for a 24 h period and checked with an
interval of 8 hours (at 8:00 AM, 4:00 PM, and 10:00
PM). The care and use of experimental animals
complied with the Ethics Committee on the use
of animals of the State University of Maringa

animal welfare laws, guidelines and policies as
approved by the permit number 123/2010-CEAE.
The license to carry out sampling was registered
in the Brazilian Institute of the Environment and
Renewable Natural Resources (IBAMA) under the
number 22442-3.

A total of 39 piranha individuals were
sampled (14 native and 25 non-native species).
Species from Serrasalmidae family present low
abundance in relation to other fish species
usually found in the fish assemblage of big
rivers (Santos et al. 2017). All sampled fish were
immediately packed in ice coolers and taken to
the laboratory for biometric measurements and
isotopic analysis preparation. In the laboratory,
fish were anaesthetized using benzocaine
and sacrificed with a cut in the spinal cord.
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Subsequently, fish were measured (standard
length - SL) and weighed (standard weight - SW)
and a muscle tissue sample was extracted from
the base of the dorsal fin, for analysis of the
ratio of carbon and nitrogen stable isotopes. The
determination of isotope ratios was performed
on an Isotope Ratio Mass Spectrometer from
PDZ Europe ANCA-GSL with a PDC Europe 20-20
interface (Sercon Ltd., Cheshire, UK). The results
were expressed in delta notation (parts per
thousand deviation from a standard material):
6"C or 8°N = [(R_,, 1o/ Roiangars) -1] ¥1000; where
R = PC/™C or ®"N/"“N. The standard material for
carbon was the international Vienna Pee Dee
Belemnite (V-PDB) limestone, and the nitrogen
standard was atmospheric nitrogen.
Ontogenetic shift in the diet of the non-
native piranha species was assessed testing
the correlation (Pearson’ method) between
fish body length (standard length) and the raw
values of carbon and nitrogen stable isotopes
(used as a proxy of feeding habit). The limited
size range data for native piranha hindered a
direct comparison between the diets of both
piranha species during their ontogenetic
development. However, we presented the
relationship between SL and nitrogen stable
isotopes for a limited size range of the native
piranha (Supplementary Material- Figure S1) as
it could still be important to indicate whether
isotopic data follow a similar trend found using
stomach content analysis (Agostinho et al. 2003)
- the lack of ontogenetic diet shift in native
piranha. Raw values of §°N were used, instead of
calculating the trophic position (TP), because of
the uncertainty of primary sources for these fish
species, which could bias the trophic position
outcomes, and because of the lack of large-
bodied sessile primary consumer (e.g., snails or
other molluscs) during sampling. All specimens
inhabit the same floodplain ponds (i.e., they all
co-occur in all three sampling habitats) that
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share similar limnological condition (Roberto et
al. 2009) and a similar set of primary producers
(e.g., Lopes et al. 2015, Benedito et al. 2018).
Therefore, we assumed that the baseline was the
same for all individuals, allowing comparisons
of raw isotopic values. The Pearson correlation
was carried out in the R software program v.
3.6.0 (R Development Core Team 2019)

We assessed trophic differences between
immature and adult S. marginatus, determined
bythesize(standard length) atfirstmaturity (from
11.5t0 12.2 cm for male and female, respectively;
Froese & Pauly 2019). Then, we considered fish
bigger than 12.2 cm as adult individuals. All
sampled S. maculatus were adults (they were
bigger than 10.8 cm; Froese & Pauly 2019). We
calculated the standard ellipse area (SEA) for
each size-class category (Jackson et al. 2011) to
test whether immature and adult non-native
individuals exploit similar feeding resources.
The SEA is a representation of the isotopic niche
and contains ca. 40% of the data; is expressed in
%o’. We corrected the SEA for the small sample
size to increase the reliability. This correction is
useful because it allows comparisons between
different (and/or small) sample sizes. We
indicated such correction by the letter “c” after
SEA: SEAc. Also, we estimated the areas of the
ellipses associated with each size-class category
using Bayesian modelling (SEA,) to assess
possible differences in the sizes of the isotopic
niche (Jackson et al. 2011). SEA, is calculated
using an iterative model based on Bayesian
inference to estimate the covariance matrix
from the isotope data. SEA, considers variability
in the data (caused by natural variations and
analytical error) more efficiently and provides
a distribution of solutions rather than a single
value, therefore allowing error estimates as well
as pairwise comparisons (Jackson et al. 2011).
Here, the number of iterations was set to 10*
Differences in the size of isotopic niches were
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evaluated by calculating the probability that
the relative posterior distribution of immature
isotopic niche size to be smaller or larger
than that of the adult individuals (Jackson et
al. 2011). We considered a probability of > 0.95
to reflect noteworthy differences in the size of
the niche breadth. Both SEAc and SEA, analysis
were conducted in the R package SIBER v. 214
(R Development Core Team 2019, Jackson et al.
2011).

Trophic niche overlap between adult and
immature fish was estimated using the R package
nicheROVER v. 1.0 (Lysy et al. 2014, Swanson et al.
2015), which provides estimates of overlap that
are insensitive to small sample sizes. To account
for uncertainty and sample size variations the
package applies a Monte Carlo estimation on the
niche overlap (10,000 steps) (Swanson et al. 2015).
Then, the trophic niche overlap is calculated as
the probability of each fish size-class category
(immature and adult individuals) to be found
in each other posterior ellipses (Swanson et
al. 2015). Also, to assess possible differences
for each isotope between immature and adults
a one-way analysis of variance (ANOVA) was
conducted using the SPSS® software program.
The level of significance for all analysis was set
at p < 0.05.

ONTOGENETIC DIET SHIFTS EASE THE FISH INVASION

RESULTS

The standard length varied from 16.0 to 23.0
cm for native and from 7.0 to 21.5 cm for non-
native piranha species (Table 1). No correlation
was found between the fish standard length and
8°C for S. marginatus (R = 0.24, t =117, p = 013).
Therefore, the non-native piranha population
do not shift the exploited primary energy source
as they grow. In addition, the non-native piranha
&”N was positively correlated with fish standard
length (R = 0.53, t = 2.97, p < 0.07; Figure 2).
Non-native adult individuals were enriched
in 6°N (Fm23 =16.98, p < 0.001), but had no different
values of §°C from those of immature individuals
(F,, =199, p = 017). Regarding the isotopic niche
width, we observed a smaller SEAc for adult
S. marginatus (SEAC = 1.45%.”) compared to
immature individuals (SEAc = 1.89%0°) (Figure 3;
Table 1). The model-estimated standard ellipse
area (SEA,) of adult individuals was smaller than
that of the immature individuals in more than
65% of model runs, evidencing a larger trophic
nichetrend associated withimmature individuals
(Table 1). Analysis of trophic overlap based on
Bayesian posterior ellipses distributions showed
that both categories of S. marginatus had a low
probability of assimilating the same resources
(considering an ellipse with 40% of the data):

Table I. Mean (+Standard Deviation) of standard length (SL) and of 6°C and 6"N values of each fish species. All
Serrasalmus maculatus were adult individuals. Adult and immature represent the size-class categories of the
non-native piranha Serrasalmus marginatus and its respective isotopes and size. For each species, and life stage
(where possible) is the number of sampled individuals (n), the standard length (SL), corrected standard ellipse
area (SEAc) and the mode of model-estimated standard ellipse area (SEA, - lower and upper 95% confidence

interval).
Speggg Iufe SL (cm) 5°C (%o)
S. maculatus 14 17.89 (+ 1.87) -27.89 (+ 111)
S. marginatus 25 13.34 (+ 3.62) -29.55 (+ 1.28)
Adult 14 15.93 (+ 2.42) -29.24 (£ 1.22)
Immature 1 10.05 (+ 1.58) -29.95 (+ 1.30)

6"N (%) SEAC (%0?) SEA, (%0?)
11.09 (+ 0.44) - -
11.05 (+ 0.66) - -
1142 (+ 0.57) 145 1.39 (0.82-2.49)
10.57 (+ 0.43) 1.89 1.62 (0.83-3.06)
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adult has about 12% of probability to be found
in the immature isotopic niche, while immature
has approximately 7% of probability to be found
in the adult isotopic niche (Figure &).

DISCUSSION

The correlation between 8”C and &§°N signatures
and fish length was tested in a non-native
piranha species, which invaded the Parana River
after the removal of a geographical barrier ca. 30
years ago (Julio Jr. et al. 2009). Isotopic carbon
signatures was not correlated to their standard
length, but 8°N were positively correlated with
fish length. Also, adult and immature non-native
piranha species showed low isotopic niche
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overlap. The findings of this study show that the
non-native piranha species (S. maculatus) has
ontogenetic shiftsin food preference. The ‘theory
of alternative ontogeny and invasive potential’
(Kovac 2010) considers that successful invaders
may have narrower niche breadth in their
native areas (i.e., where the selective pressure
shapes the organism’ traits) and they are more
generalists in areas they have invaded. The
existence of such biological plasticity contributes
to non-native species successfully colonizing a
new environment (Lavrin¢ikova & Kovac 2007,
Horkova & Kovac 2015). Thus, although we have
no data regarding the S. marginatus diet in their
native area, their ontogenetic diet shift in the
area they have invaded can be viewed as an
invasive trait that facilitated their establishment

8 12

16 20

SL (cm)

Figure 2. Relationship between standard length (SL) and raw values of 6N in the non-native piranha Serrasalmus
marginatus (R = 0.53; t = 2.97; p < 0.01). Grey shading around the regression line indicates the 95% confidence

interval.
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(Grabowska & Przybylski 2015, Nagelkerke et al.
2018). Therefore, we suggest that ontogenetic
shift in food preference of S. marginatus is
one mechanism that facilitates the successful
establishment of this non-native piranha
species. Such a mechanism is complementary
to others that have been reported, such as the
segregation of food resources (Alves et al. 2017)
and the ability to occupy different habitats (e.g.,
reproducing in lotic environments) from its
native congeneric in the Parana River floodplain
(Rodrigues et al. 2018).

Post (2002) suggests that for an increase in
one trophic level, aquatic consumers should be
enriched in their 8°N in ca. 3.4 %o. Here, although
non-native individuals have different 8N values
as they grow, the difference between smallest
and biggest individuals was on average 1 %o.
Therefore, individuals of non-native piranha
species did not change their trophic position as
they grow. Recognizing that prey with larger body
sizes have higher 8"N values in their tissue (Fry
2006, Kawakami et al. 2019), then the positive

ONTOGENETIC DIET SHIFTS EASE THE FISH INVASION

relationship between SL and 6°N may be a result
of the consumption of larger prey as the non-
native piranha grow. Six other piscivorous fishes
in the same floodplain showed the pattern of
consuming larger prey with the increase of their
body size (Bozza & Hahn 2010).

Additionally, one might expect that piranha
would not consume large-bodied fish prey as
they grow because these fish are known for
taking bites instead of consuming the whole fish
(e.g., Nico & Taphorn 1988, Agostinho et al. 2003).
Thus, biting larger piscivorous predators could
be a risk since the piranhas can become easy
prey of these large-bodied fish. On the other
hand, taking more risk is an expected result in
terms of getting high-quality food because the
amount of protein and energy embodied in large
fish are usually high (i.e., following the ‘Optimal
foraging theory’; MacArthur & Pianka 1966, Emlen
1966). Therefore, in order to maximize its overall
rate of energy gain, large prey should be the
most profitable prey for piranhas to fulfil their
growing energy needs, especially in invaded
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Figure 3. Stable isotopes values of carbon (6°C) and nitrogen (6”N) and Standard Ellipses Areas (SEAc) for
immature (red solid ellipse) and adult (black dashed ellipse) individuals of the non-native piranha Serrasalmus

marginatus.
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habitats where there is native congeneric as a
possible competitor (Agostinho et al. 2003, Alves
et al. 2017).

Another hypothesis is that fish becomes
increasingly important to the non-native
piranha’s diet as it grows, while piranhas with
small/intermediate body size mix their diet with
fish and other food types (like invertebrates).
Trophic specialization is a wide known
phenomenon for many fish species, especially
for piscivores (e.g., Manetta et al. 2011, Davis et al.
2012). For example, Grey (2001) showed a marked
ontogeny and specialization for the brown
trout from Loch Ness, with bigger individuals
having high values of 8°N and narrow isotopic
range. Bozza & Hahn (2010) also found that
four (out of six) adult piscivorous fish showed
narrower niche breadth compared to immature

ONTOGENETIC DIET SHIFTS EASE THE FISH INVASION

individuals. Our results showed that adult fish
had a smaller isotopic niche in most of the
posterior distributions of the Bayesian model
(i.e., ca. 65%). Although not significant, this
analysis showed a trend with a more specialized
adult feeding habit and even slight shifts in food
preference can reduce niche overlap facilitating
the coexistence among individuals within a fish
population.

Identifying whether the species ability to
invade a new environment is associated with
specific traits is important to predict which
species can rapidly spread and cause local
species extinctions where it is not native (PySek
& Richardson 2007, Vitule et al. 2009, Figueiredo
et al. 2018, Nagelkerke et al. 2018). One way to
identify such invasive traits is to look for trait
differences between native and non-native
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Figure 4. Posterior distribution of percentage overlap of 40% niche regions between Adult and Immature
populations of Serrasalmus marginatus. Niche overlap is defined as the probability that an individual from one
category (rows) is found within the niche region of the other category (columns).
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species, such differences could allow the non-
native species to occupy unfilled niches and
then establish itself in a new environment (van
Kleunen et al. 2010, Grabowska & Przybylski 2015).
In the case of piranhas, Agostinho et al. (2003)
using stomach contentanalysis found that native
piranha had a high intraspecific trophic overlap
between juveniles and adults, while our findings
showed low trophic overlap between juveniles
and adults for non-native piranha. Therefore, we
suggest that the differences in foraging behavior
during ontogenetic development presented by
the non-native piranha could be a key life history
trait that could facilitate its establishment
in the Upper Parana River floodplain.
Furthermore, previous evidence suggests that
differences in other behavioral features such
as aggressiveness could favor non-native over
native piranha species (Agostinho et al. 2003),
which would explain why the non-native piranha
is overtaking its native congeneric. Our findings
suggest that ontogenetic diet shifts may be
an additional mechanism for non-native fish
species successfully establish populations in
tropical aquatic systems.
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