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Multiple anthropogenic pressures including the widespread introductions of non-native species threaten biodiversity and
ecosystem functioning notably by modifying the trophic structure of communities. Here, we provided a global evaluation
of the impacts of non-native species on the isotopic structure (δ13C and δ15N) of freshwater ﬁsh communities. We gathered
the stable isotope values (n ⫽ 4030) of ﬁsh species in 496 ﬁsh communities in lentic (lakes, backwaters, reservoirs) and lotic
(running waters such as streams, rivers) ecosystems throughout the world and quantiﬁed the isotopic structure of
communities. Overall, we found that communities containing non-native species had a diﬀerent isotopic structure than
communities without non-native species. However, these diﬀerences varied between ecosystem types and the trophic
positions of non-native species. In lotic ecosystems, communities containing non-native species had a larger total isotopic
niche than communities without non-native species. This was primarily driven by the addition of non-native predators at
the top of the food chain that increased δ15N range without modifying the isotopic niche size of native species. In lentic
ecosystems, non-native primary consumers increased δ15N range and this was likely driven by an increase of resource
availability for species at higher trophic levels, increasing food chain length. The introduction of non-native secondary
consumers at the centre of the isotopic niche of recipient communities decreased the core isotopic niche size, the δ13C
range of recipient communities and the total isotopic niche of coexisting native species. These results suggested a modiﬁed
contribution of the basal resources consumed (e.g. multi-chain omnivory) and an increase level of competition with native
species. Our results notably imply that, by aﬀecting the isotopic structure of freshwater ﬁsh communities at a global scale,
non-native species represent an important source of perturbations that should be accounted for when investigating
macro-ecological patterns of community structure and biotic interactions.

The importance of biodiversity in supporting ecosystem
functioning and stability is now well recognized (Cardinale
et al. 2006, Duﬀy et al. 2007, Thompson et al. 2012). Among
the multiple facets of biodiversity, interactions between
species (e.g. competition, predation, parasitism) are a major
factor driving ecosystem functioning (Thompson et al.
2012). In particular, these interactions shape the architecture of food webs, i.e. the networks of trophic interactions that occur among species within ecosystems (Rooney
and McCann 2012), which aﬀects energy transfer across
trophic levels and biogeochemical cycles within and across
ecosystems.
Although food webs are assumed to provide a quantitative framework to link biodiversity and ecosystem functioning (Rooney and McCann 2012, Thompson et al. 2012),
it is still unclear how changes in community composition
could aﬀect their trophic structure. This is especially true
in the context of human-induced impacts such as the introduction of non-native species that have impacted biodiversity and ecosystem functioning. Indeed, introduced species

modify community composition and the network of trophic
interactions (through the extinction or extirpation of
native species and the addition of new non-native species,
Cucherousset et al. 2012b).
Freshwater ecosystems are considered among the most
altered in the world, especially because of the widespread introduction of non-native ﬁshes (Copp et al. 2005). Introduced
ﬁsh species have been demonstrated to alter existing biological interactions among native species (Vander-Zanden et al.
1999, Cucherousset and Olden 2011). In many instances
introduced ﬁsh species have a larger body size than native
species (Blanchet et al. 2010) and large-bodied introduced
predators could increase food chain length whereas largebodied introduced herbivores could modify the basal structure of food webs modifying the overall trophic structure
of recipient communities (Cucherousset et al. 2012a).
To date, however, most of the studies investigating the
impacts of non-native species on the trophic structure of
communities were conducted locally and there is to date
no global understanding. This is despite the fact that such
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investigation could provide both applied and theoretical
perspectives in our understanding of biological invasions
and their eﬀects on communities and food webs. Therefore
it is urgent to investigate the ecological eﬀects of non-native
species on the trophic structure of communities at a global
scale.
The burgeoning application of stable isotopes in ecology
(Fry 2006) has provided new insights into trophic ecology
by allowing a two-dimensional quantitative analysis of the
horizontal (i.e. within a trophic level; δ13C) and the vertical
(i.e. along the food chain; δ15N) dimensions of food webs
(Duﬀy et al. 2007). Predictable relationship between the
stable isotope values of a consumer and its diet allow the
study of trophic networks among species and the architecture of food webs (Fry 2006). In addition, recently developed multivariate metrics allow a quantitative assessment of
the isotopic structure of communities (Layman et al. 2007,
Jackson et al. 2011). Stable isotope consequently appeared as
a powerful tool for investigating the consequences of nonnative ﬁsh species introductions on trophic structures
(Vander-Zanden et al. 1999, Cucherousset et al. 2012b).
Although there have been many studies using stable isotope
analyses during the last two decades, global syntheses of this
information to provide a broader macroecological understanding of the two-dimensional structure of food webs
is limited (but see for instance Vander-Zanden and Fetzer
(2007) for food chain length).
Here, we provide a global evaluation of the consequences
of non-native species on the isotopic structure (δ13C and
δ15N) of freshwater ﬁsh communities. First, we test whether
non-native species have modiﬁed the relationship between
species richness and stable isotope niche size. We hypothesise
that isotopic niche size of communities would increase with
species richness diﬀerentially between communities with
and without non-native species. Speciﬁcally, we predict that
species richness will mechanically increase isotopic niche size
through species addition and that, since non-native species
diﬀer from native species (Blanchet et al. 2010, Cucherousset
et al. 2012a) and might use novel isotopic space in recipient
communities, isotopic niche size will increase faster in
communities with non-native species than in communities
without non-native species. Second, we test whether the
trophic position of non-native ﬁsh species is a consistent
predictor of their eﬀect on the isotopic structure of communities and we hypothesise that species with diﬀerent trophic
positions have diﬀerent impacts on the trophic structure of
recipient communities. Speciﬁcally, we predict that nonnative species with high trophic position will lengthen food
chain through the addition mechanism (Post and Takimoto
2007) and will modify the isotopic niche of native species
(Walsworth et al. 2013). We also predict that the insertion
of non-native species with intermediate trophic position
will lengthen food chain and diversify the spectrum of basal
resources used in a community, contracting the isotopic
niche of native species through competition. Finally, we
predict that the introduction of species with low trophic
position will increase the level of omnivory in the community, decreasing food chain length without modifying
the isotopic niche of native species. These predictions were
tested independently in lotic (ﬂowing water) and lentic
(standing water) ecosystems as they have been reported to
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diﬀer regarding their trophic structure (Vander-Zanden and
Fetzer 2007).

Material and methods
A total of 163 independent published studies (journal
articles, university theses and reports, Supplementary
material Appendix 1) about stable isotope values of
freshwater ﬁshes were collected using online search engines
(ISIWeb of Knowledge® and Google Scholar™) until 1 April
2013. All these publications provided raw isotopic values
(δ13C and δ15N) for at least four freshwater ﬁsh species in
comprehensively sampled communities, which allowed
computing relevant isotopic indices (see next section). In
each source, stable isotope values were extracted from tables
or ﬁgures for each ﬁsh community studied. When δ13C
and δ15N values were provided for diﬀerent age classes or
sub-species, they were averaged to obtain a single value per
species. The ﬁnal database contained a total of 4030 δ13C
and δ15N values relative to 847 ﬁsh species present in
496 freshwater ﬁsh communities located in a total of
38 countries (Fig. 1). Among them, 305 were sampled in
lentic ecosystems (i.e. lakes, reservoirs, backwaters) and 191
in lotic ecosystems (i.e. rivers, streams, brooks). All ecosystems were assigned to a drainage basin based on HydroSHED
15 s basin delineations (Lehner et al. 2006).
Information about species status (i.e. native or nonnative in each community), and trophic position of nonnative species was collected for each taxon in each community.
Species status was deﬁned at the country scale and obtained
from FishBase (Froese and Pauly 2013), except in the USA
where species status was deﬁned at the state level using
the USGS Nonindigenous Aquatic Species database
(⬍ http://nas.er.usgs.gov ⬎). Trophic position values
were collected for 769 species using FishBase (Froese and
Pauly 2013) and the R package ‘rﬁshbase’ (Boettiger et al.
2012). According to their trophic position (TP), species
were grouped into three trophic guilds: primary consumers
(TP ⱕ 2.5), secondary consumers (2.5 ⬍ TP ⱕ 3.5) and top
predators (TP ⬎ 3.5).

Stable isotope metrics
In each community, species richness was estimated as the total
number of ﬁsh species that were analysed for stable isotopes.
Because we selected articles that comprehensively sampled
ﬁsh communities and that analysed at least four species in
each community without explicitly stating that some species
sampled where not analysed for stable isotopes, this provided
a representative estimate of the local species richness interacting trophically. Since baselines (i.e. primary consumer stable
isotope values) were not available for all the communities,
raw stable isotope values of each freshwater ﬁsh species were
transformed according to the community centroid, i.e. the
average stable isotope values of all native and non-native species in a given community (following Schmidt et al. 2011).
These standardized stable isotope values then allowed crosscommunity comparisons. Four isotopic metrics were computed for each ﬁsh community. First, two one-dimensional

Figure 1. Geographical distribution of the freshwater ﬁsh communities in lentic (green dots) and lotic (blue dots) ecosystems with stable
isotopes (δ13C and δ15N) values.

metrics (‘δ13C range’ and ‘δ15N range’) were calculated as
the diﬀerences between maximal and minimal values for
δ13C and δ15N in a given community, respectively (Layman
et al. 2007). Ecologically, δ13C range (horizontal dimension)
represents the broadness of resources used in a community,
and δ15N range (vertical dimension) is an indicator of the
number of trophic levels (i.e. food chain length) within a
community. Second, the ‘total isotopic niche’ was quantiﬁed
as the area within the convex hull shaping the community in
the two-dimensional δ13C–δ15N space (Layman et al. 2007).
This index was calculated for the entire community and for
native species only (i.e. by excluding non-native species from
the calculation in communities with non-native species).
Third, the ‘core isotopic niche’ was calculated as the standard
ellipse area (SEA), a two-dimensional metric that is less sensitive to extreme values than the total isotopic niche (Jackson
et al. 2011). SEAc was used here to account for small sample
number and computed based on Bayesian statistics (Jackson
et al. 2011). These two last metrics provide complementary
information about the isotopic niche of a community, with
the convex hull area being driven by species located at the
edges of the community while SEAc focuses of the centre of
the stable isotope niche.

the isotopic niche (i.e. δ13C and δ15N ranges of the entire
community) and on the total isotopic niche of native species (to fully account for the species located at the edges of
the isotopic niche) were analysed by decomposing species
richness (number of species in a community) in trophic
guilds (sum of native and non-native species belonging to
each trophic guild based on their trophic position) using a
multiple regression approach (isotopic metric ∼ number of
native primary consumers ⫹ number of non-native primary
consumers ⫹ number of native secondary consumers ⫹
number of non-native secondary consumers ⫹ number of
native top predators ⫹ number of non-native top predators
⫹ random eﬀects). Isotopic metrics, except SEAc ellipses,
were transformed using log function or Box–Cox transformation to meet normality assumptions. All hypotheses were
tested with linear mixed eﬀect models using study and location as random factors nested into drainage basin, since in
many cases, more than one community were reported from
the same study or from the same basin. Mixed eﬀect models were computed using nlme package in R (Pinheiro et al.
2013, R Core Team).

Statistical analyses

Irrespective of the presence of non-native species, total
isotopic niche size signiﬁcantly increased with increasing
species richness (Fig. 2a, b). In lotic ecosystems, communities containing non-native species had a higher total
isotopic niche than communities without non-native
species (p ⫽ 0.026; Table 1; Fig. 2a). However, no signiﬁcant diﬀerence in the core isotopic niche was observed
in lotic ecosystems (p ⫽ 0.249; Table 1; Fig. 2c). In lentic ecosystems, the interaction term between non-native
species presence and species richness had a signiﬁcant eﬀect on total isotopic niche (p ⬍ 0.001; Table 1;
Fig. 2b). Total isotopic niche size increased at a slower
rate with species richness in communities containing
non-native species than in communities without nonnative species. A signiﬁcant eﬀect of the interaction term
between non-native species presence and species richness
was also observed for the core isotopic niche (p ⫽ 0.004;
Table 1). Core isotopic niche size increased with species

Lotic and lentic ecosystems displayed diﬀerent isotopic
diversity patterns (see details in Supplementary material
Appendix 2) and the two ecosystem types were therefore
analysed separately. To test our ﬁrst hypothesis, the eﬀects
of the presence of non-native species on the relation between
species richness and the total isotopic niche were tested using
mixed eﬀect models. The same analysis was performed for
the core isotopic niche. These two metrics were selected
here because they are a two-dimensional representation of
all species in a community within the isotopic space. These
models were ﬁrst run with a pairwise interaction term (i.e.
taxonomic richness ⫻ non-native species presence) in addition to the explanatory variables. The interaction term was
subsequently removed when not signiﬁcant (Crawley 2012).
To test our second hypothesis, the eﬀects of non-native
species on the horizontal and the vertical dimensions of
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Figure 2. Relationship between species richness and total isotopic niche (ﬁrst row, residuals) or core isotopic niche (second row, residuals)
in communities with (red triangles) and without (blue circles) non-native species in lotic (a, c) and lentic (b, d) ecosystems. Continuous
and dashed lines represent the regression lines in ecosystems without and with non-native species, respectively.

richness in communities without non-native species while
it decreased with species richness in communities containing non-native species (Fig. 2d).
In lotic ecosystems, none of the trophic guilds signiﬁcantly aﬀected δ13C range (Table 2 and Supplementary

material Appendix 3). δ15N range signiﬁcantly increased with
the number of native (p ⫽ 0.024; Table 2) and non-native
(p ⫽ 0.036; Table 2) top predators while the other trophic
levels had no signiﬁcant eﬀects on δ15N range. The
total isotopic niche size of native species signiﬁcantly increased

Table 1. Effects of non-native species presence on total isotopic niche and core isotopic niche in lotic and lentic ecosystems tested using
mixed effect models. Signiﬁcant p-values (α ⫽ 0.05) are displayed in bold.
Ecosystem
Lotic

Variable

Parameters

Total isotopic niche

Intercept
Species richness
Non-native presence
Intercept
Species richness
Non-native presence
Intercept
Species richness
Non-native presence
Species richness ⫻
Non-native presence
Intercept
Species richness
Non-native presence
Species richness ⫻
Non-native presence

Core isotopic niche

Lentic

Total isotopic niche

Core isotopic niche
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Estimate ⫾ SE

t-value

p-value

0.38 ⫾ 0.18
0.20 ⫾ 0.02
0.36 ⫾ 0.16
4.13 ⫾ 0.77
0.24 ⫾ 0.07
0.80 ⫾ 0.79
0.56 ⫾ 0.20
0.24 ⫾ 0.02
1.25 ⫾ 0.30
⫺0.12 ⫾ 0.03

DF
81
64
64
81
64
64
126
126
126
126

2.04
12.00
2.28
5.39
3.30
1.17
2.80
10.03
4.19
⫺3.54

0.044
⬍ 0.001
0.026
⬍ 0.001
⬍ 0.002
0.249
0.006
⬍ 0.001
⬍ 0.001
⬍ 0.001

5.92 ⫾ 1.13
0.33 ⫾ 0.13
5.27 ⫾ 1.69
⫺0.55 ⫾ 0.18

126
126
126
126

5.22
2.48
3.12
⫺2.97

⬍ 0.001
0.015
0.002
0.004

0.14 (0.015)
0.07 (0.303)
0.02 (0.971)
0.06 (0.083)
0.03 (0.504)
1.27 (0.001)
0.07 (0.345)
⫺0.01 (0.997)
0.18 (0.792)
Lentic

1.48 (⬍ 0.001)
1.58 (⬍ 0.001)
1.67 (0.260)

⫺0.06 (0.556)
0.25 (0.022)
⫺1.11 (0.321)

0.04 (0.092)
0.081 (0.012)
1.11 (⬍ 0.001)

⫺0.12 (0.005)
⫺0.02 (0.740)
⫺0.96 (0.048)

0.08 (0.366)
0.25 (0.036)
0.16 (0.857)
0.12 (0.155)
0.24 (0.024)
1.89 (0.032)
0.09 (0.189)
0.06 (0.432)
⫺0.20 (0.764)
⫺0.01 (0.891)
0.02 (0.646)
0.54 (0.114)
0.12 (0.162)
0.11 (0.316)
1.06 (0.234)
1.16 (⬍ 0.001)
1.16 (⬍ 0.001)
3.07 (0.199)
Lotic

δ13C range
δ15N range
Native species total
isotopic niche
δ13C range
δ15N range
Native species total
isotopic niche

⫺0.02 (0.870)
0.18 (0.246)
0.86 (0.373)

Number of non-native
top predators
Number of native
top predators
Number of non-native
secondary consumers
Number of native
secondary consumers
Number of non-native
primary consumers
Number of native
primary consumers
Intercept
Variable
Ecosystem

Table 2. Effects of the numbers of native and non-native species primary consumers, secondary consumers and top predators on δ15N range, δ13C range and the total isotopic niche of native species in
lotic and lentic ecosystems tested using mixed effect models. Signiﬁcant p-values (α ⫽ 0.05) are displayed in bold. Further statistical details are provided in Supplementary material Appendix 3.

with the number of native top predators (p ⫽ 0.032; Table 2)
but was not aﬀected by the number of non-native species
of each trophic guild (p ⬎ 0.05; Table 2 and Supplementary
material Appendix 3). In lentic ecosystems, δ13C range
signiﬁcantly decreased with the number of non-native secondary consumers (p ⫽ 0.005; Table 2 and Supplementary
material Appendix 3) and signiﬁcantly increased with the
number of non-native top predators (p ⫽ 0.015; Table 2).
δ15N range signiﬁcantly increased with the number of native
secondary consumers (p ⫽ 0.012; Table 2) and non-native
primary consumers (p ⫽ 0.022; Table 2). The total isotopic
niche size of native species increased with the number of
native secondary consumers (p ⬍ 0.001; Table 2) and native
predators (p ⫽ 0.001; Table 2). Increased number of nonnative secondary consumers signiﬁcantly reduced the total
isotopic niche size of native species (p ⫽ 0.048; Table 2 and
Supplementary material Appendix 3).

Discussion
Using a unique database on stable isotope values of ﬁsh
in freshwater ecosystems throughout the world, we ﬁrst
demonstrated the existence of diﬀerent isotopic structures in
communities with non-native ﬁsh species compared to communities without non-native ﬁsh species. Second, we found
that the trophic position of non-native species inﬂuenced
their eﬀects on the isotopic structure of recipient communities. Additionally, we demonstrated that most of the eﬀects
caused by non-native species on the isotopic structure of
communities diﬀered between lotic and lentic ecosystems.
In lotic ecosystems such as rivers and streams, and
irrespective of species richness, total isotopic niche was
signiﬁcantly larger in communities containing non-native
species than in communities without non-native species. No
diﬀerences in the size of core isotopic niche were observed,
indicating that non-native species were mainly located at
the edges of the isotopic niche. Concurrently, we found that
the increase of the δ15N range was driven by non-native top
predators. All together, these ﬁndings indicate that, in lotic
ecosystems, changes were driven by the addition of nonnative predators at the top of the food chains, lengthening food chain (Eby et al. 2006, Post and Takimoto 2007,
Cucherousset et al. 2012b, Walsworth et al. 2013). No eﬀect
on the isotopic niche of native species was observed, and this
result conﬁrmed the external position of non-native species
that did not have a signiﬁcant compressing eﬀect on native
species trophic niche. This last ﬁnding is, however, contrasting with the results of Walsworth et al. (2013) that demonstrated a compression of the isotopic niche of native species
in invaded desert streams in the United States and further
investigations are needed to understand the factors driving
the isotopic response of native species.
In lentic ecosystems such as lakes and reservoirs, we found
that the eﬀects of the presence of non-native species on total
and core isotopic niche size diﬀered and were dependent
upon species trophic position. While the total isotopic niche
size increased slower with species richness when non-native
ﬁsh species were present, we found a decrease in the
core isotopic niche size, indicating that non-native species
were located at the centre (rather than at the edges) of the
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isotopic space of invaded communities. Concurrently, this
was associated with a decrease in δ13C range driven by the
number of non-native secondary consumers that had, overall,
a stronger eﬀect than non-native top predators in increasing
δ13C range. This indicates a modiﬁcation in the contribution of the basal resources fuelling recipient communities.
This could be driven, for instance, by multi-chain omnivory,
a process whereby organisms in lentic ecosystems exploit
simultaneously resources originating from both pelagic and
littoral food chains (Vadeboncoeur et al. 2005). We also
found that the number of non-native secondary consumers
decreased the total isotopic niche size of native species. This
demonstrated a native species’ isotopic niche compression
which could be caused by a diet shift induced by competition
with non-native species (Vander-Zanden et al. 1999). While
diﬀerences in δ13C ranges are primarily driven by diﬀerential
contributions of the basal resources fuelling a community,
they can also be aﬀected by the stable isotope values of basal
resources themselves (Hoeinghaus and Zeug 2008). It is therefore of upmost importance to determine whether, by modifying the ecological interactions within communities, non-native
species could play a role in the stable isotope values of basal
resources through a modiﬁcation of biochemical processes.
Finally, the increase of δ15N range of recipient communities
was caused by the presence of non-native primary consumers
at the base of the food chain which might increase resource
availability for species at higher trophic levels, increasing the
maximal trophic position and food chain length in recipient
communities, although this remains to be explicitly tested.
Lotic and lentic ecosystems function distinctively.
Indeed, lakes are considered as relatively stable ecosystems
compared to rivers that are dynamic ecosystems where water
and energy ﬂow from upstream to downstream (Horne and
Goldman 1994). This was conﬁrmed by the fact that δ13C
ranges diﬀered signiﬁcantly between these two types of ecosystems with δ13C ranges being signiﬁcantly larger in lentic
ecosystems than in lotic ecosystems (Supplementary material
Appendix 2). This result is notably consistent with the differences observed in term of trophic subsidies entering and
being consumed in lotic and lentic ecosystems (Gratton and
Vander-Zanden 2009, Bartels et al. 2012). We also showed
that lotic ecosystems have smaller δ15N range than lentic
ecosystems (Supplementary material Appendix 2) and this
is consistent with the ﬁndings of Vander-Zanden and Fetzer
(2007) demonstrating that, at a global scale, the length of
food chain was shorter in lotic (i.e. streams, rivers) than
in lentic (i.e. lakes, reservoirs) ecosystems. Lotic and lentic
ecosystems diﬀered in their responses to the introduction of
non-native ﬁsh species. Although the number of non-native
top predators was the primary agent aﬀecting the isotopic
diversity of lotic ecosystems, lentic ecosystems were primarily
inﬂuenced by non-native secondary consumers and predators
(horizontal dimension) and non-native primary consumers
(vertical dimension). This might reﬂect the fact that, at least
in our database, lentic ecosystems have more complex isotopic
structure (vertical and horizontal variations) than lotic ecosystems (mainly vertical variations), although again this hypothesis
remains to be tested. Of importance would be to identify the
characteristics (e.g. taxonomic, functional and phylogenetic)
of the species that cause diﬀerent impacts on the isotopic
structure of ﬁsh communities in lotic and lentic ecosystems.
984

In conclusion, the present study quantiﬁed for the ﬁrst
time how diﬀerences in diversity patterns caused by the
introduction of non-native species were associated with
diﬀerences in the isotopic structure of ﬁsh communities
at a global scale. We demonstrated that this phenomenon
was highly ecosystem-dependant and, most importantly,
depended on the trophic position of non-native species. The
next steps would be to determine if similar responses are
observed in other ecosystems (e.g. marine, terrestrial) and
to quantify how these changes in trophic diversity of ﬁsh
communities translate into changes in the entire food web
structure and ecosystem functioning and stability (McCann
2000, Folke et al. 2004, Thompson et al. 2012) since
biological invasions are a key component of global changes.
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