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Abstract 29 

Biological invasions are among the leading drivers of freshwater biodiversity loss, causing wide-30 
ranging detrimental impacts on recipient ecosystems. Understanding invasion success and the 31 
ecological impacts of non-native species requires evaluating populations across different invasion 32 
stages, as impacts may remain localized or propagate throughout the recipient ecosystem. The aim 33 
of this study was to assess trophic interactions and their ecological implications between invasive 34 
pumpkinseed Lepomis gibbosus and three native fish species, Squalius fellowesii, Petroleuciscus 35 
ninae, and Oxynoemacheilus germenicus, across a continuous invasion gradient in a temperate 36 
stream basin. This was achieved by examining spatial and seasonal variation in trophic position, 37 
isotopic niche width, and trophic niche overlap among populations spanning the invasion core, 38 
intermediate, and invasion-front regions. Lepomis gibbosus trophic position did not vary 39 
significantly along the invasion gradient, whereas isotopic niche width increased significantly with 40 
distance from the invasion core and also varied seasonally, being significantly larger in summer, 41 
autumn, and winter than in spring. Trophic niche overlap between L. gibbosus and all three native 42 
fish species increased significantly with distance from the invasion core. Community isotopic 43 
structure, represented by nitrogen range and mean nearest neighbour distance, also changed 44 
significantly, with both metrics declining with increasing distance from the invasion core. The 45 
results suggest that trophic interactions of an invading species vary strongly along an invasion 46 
gradient, demonstrating that ecological impacts are spatially dynamic rather than fixed attributes 47 
of invasive species. Consequently, invasion impacts should be viewed as dynamic processes that 48 
evolve continuously as invasions progress through space and time. 49 
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Introduction 63 

Biological invasions are among the primary drivers of global biodiversity loss, causing wide -64 
ranging detrimental impacts in receiving ecosystems, from altered individual behaviours in native 65 
species through to alterations in ecosystem functioning via novel species interactions, altered 66 
energy pathways, and changes in ecosystem processes (Cucherousset and Olden 2011; Roy et al. 67 
2024; Haubrock et al. 2026a). Climate change (e.g. warming) and human-mediated globalization 68 
facilitate the establishment of non-native species beyond native ranges and exacerbate these 69 
impacts (Emiroglu et al. 2023; Haubrock et al. 2026b).  70 

Considerable effort has been devoted to understanding the probability of invasion success and the 71 
ecological impacts of non-native species (Haubrock et al. 2026a) but requires data at each invasion 72 
stage (Ribeiro et al. 2008; Tarkan et al. 2021), especially as the spatial spread of an invader 73 
represents the critical transition between establishment and ecological impact, which determines 74 
whether impacts remain localized or propagate throughout recipient ecosystems (Blackburn et al. 75 
2011; Alves et al. 2025). The spread of non-native populations is not spatially uniform, creating a 76 
dynamic invasion gradient extending from long-established core populations to recently colonized 77 
invasion fronts (Haubrock et al. 2026b). As an invading species spreads, it experiences different 78 
ecological conditions and environmental variability, including differences in population density 79 
(i.e. typically lower than in the invasion core), resource availability, predator and competitor 80 
assemblages (Masson et al. 2016; Paton et al. 2019).  81 

These differences in trait expression between the invasion core and front are driven by phenotypic 82 
plasticity, natural selection and spatial sorting favouring traits that enhance dispersal, exploration 83 
and colonization at invasion fronts while competitive abilities are often favoured within long-84 
established core populations (Ochocki and Miller, 2017; Messager and Olden, 2019). Differences 85 
between these areas are then often also apparent in traits, with invasion-front populations 86 
commonly showing enhanced boldness, higher dispersal capacity and broader ecological niches, 87 
altered reproductive allocation, all of which facilitate continued range expansion (Hudina et al., 88 
2012; Gutowsky and Fox, 2012; Masson et al. 2016). These dynamics are also influenced by 89 
seasonal variation whereby resource availability, prey communities, environmental conditions and 90 
species interactions vary substantially throughout the year, in particular temperate freshwater 91 
ecosystems, which means that trophic interactions between native and non-native species are 92 
unlikely to remain constant across seasons (Eerola et al. 2026). Stable isotope analysis provides a 93 
powerful framework for investigating these questions because it integrates assimilated dietary 94 
information over time and enables simultaneous assessment of trophic position, resource use, niche 95 
width, and trophic overlap among interacting species (Jackson et al. 2012). 96 

The pumpkinseed Lepomis gibbosus (Linnaeus, 1758) is an excellent model species for addressing 97 
these questions because of its widespread establishment outside its native range and its ability to 98 
persist across diverse environmental conditions (Copp and Fox 2007). Its invasion history provides 99 



opportunities to examine how ecological interactions vary across populations experiencing 100 
different stages of range expansion. 101 

Previous research has demonstrated substantial variation in life-history and other phenotypic traits 102 
among invasive L. gibbosus populations and across stages of invasion (Cucherousset et al. 2009; 103 
Fox and Copp 2014; Konečná et al. 2015). In Türkiye, L. gibbosus has been established since the 104 
1980s and has subsequently spread into several freshwater systems (Tarkan et al. 2015). In the 105 
Sarıçay Stream, individuals towards the expanding range front exhibited greater reproductive 106 
investment and faster growth than those in the established core, despite originating from the same 107 
founding population (Tarkan et al. 2021). These findings indicate that the expression of invader 108 
traits can change considerably during range expansion. However, whether such spatial 109 
differentiation is accompanied by corresponding changes in trophic interactions with native fishes 110 
remains unresolved. This represents an important knowledge gap because the ecological 111 
consequences of invasion depend not only on traits of the invader itself, but also on how its 112 
interactions with recipient communities change as the invasion progresses. 113 

The aim of this study was to assess trophic interactions and their ecological consequences of 114 
invasive L. gibbosus populations with native fish species using isotopic niche metrics as proxies 115 
along a continuous invasion gradient in a temperate stream basin. Specifically, spatial and seasonal 116 
variation in trophic position, isotopic niche width and trophic niche overlap among populations 117 
spanning the invasion core, intermediate and front regions were examined. The hypotheses were 118 
that (i) trophic characteristics of L. gibbosus change progressively along the invasion gradient; (ii) 119 
trophic overlap between L. gibbosus and native fishes differs systematically among invasion 120 
stages, reflecting spatial changes in ecological interactions; and (iii) seasonal variation modifies 121 
these spatial patterns through changes in resource availability and food-web structure. By 122 
examining populations spanning the invasion core to the invasion front, this study evaluates 123 
whether ecological interactions change continuously during the invasion process rather than 124 
assuming impacts remain constant across invaded habitats. This study is expected to provide new 125 
insights into how ecological interactions evolve during biological invasions and demonstrate that 126 
invasion impacts should be viewed as spatially dynamic processes rather than fixed species 127 
attributes. 128 

 129 

Materials and methods 130 

Study site and sampling design 131 

The study was conducted in the Sarıçay Stream in the Muğla–Milas region of southwestern 132 
Anatolia, Türkiye (Fig. 1). The approximately 70-km stream drains into Güllük Bay and 133 
encompasses a heterogeneous mosaic of sandy, gravelly, muddy and rocky habitats. Several native 134 
and non-native fishes occur throughout the basin (Top et al. 2016; Karakuş et al. 2023). A number 135 
of non-native fish species (L. gibbosus, gibel carp Carassius gibelio, common carp Cyprinus 136 



carpio, eastern mosquitofish Gambusia holbrooki, topmouth gudgeon Pseudorasbora parva) and 137 
some endemic species (Smyrna chub Petroleuciscus ninae, Aegean chub Squalius fellowesii, loach 138 
Oxynoemacheilus germenicus) are present (Karakuş et al. 2023). Two large reservoirs have been 139 
constructed along the stream's course and there are also small ponds formed by disused sandpits. 140 
The invasion originated in the Geyik Reservoir catchment, where L. gibbosus was unintentionally 141 
introduced with common carp stockings in the early 2000s (Özdemir et al. 2015). The species 142 
subsequently established a numerically and biomass-dominant population in the reservoir (Tarkan 143 
et al. 2021). 144 

 145 

 146 

Figure 1. Study area showing the seven sampling sites along Lepomis gibbosus invasion gradient 147 
in the Sarıçay Stream, Türkiye. Sites were classified as invasion core (Sites 1–2), intermediate 148 
(Sites 3–5) and invasion front (Sites 6–7). Numbers indicate the approximate distance (km) from 149 
the invasion core in the Geyik Reservoir. 150 

 151 

Sampling design and laboratory processing 152 

Seven sites were selected to represent the invasion core, intermediate reaches and invasion front 153 
(Fig. 1; Table S1). Site 1 was located approximately 5 km upstream of the presumed introduction 154 
point in Geyik Reservoir, while Sites 3–5 were positioned 15, 20 and 24 km downstream, 155 



respectively. The two invasion-front sites occurred at approximately 28 and 35 km downstream. 156 
The numbers of individuals sampled for each species at each site and in each season are provided 157 
in Table S2. 158 

Sampling was undertaken seasonally during 2018 following procedures adapted from Karakuş et 159 
al. (2023). Fish were collected by portable electrofishing without stop nets and euthanized with an 160 
overdose of 2-phenoxyethanol before being transported on ice to the laboratory. Specimens were 161 
frozen at −20 °C until processing. After thawing, total length was recorded and dorsal white muscle 162 
was excised for bulk stable isotope analysis. Muscle tissue was analysed without prior acidification 163 
because of its low inorganic carbonate content and comparatively low variability in δ¹⁵N (Pinnegar 164 
and Polunin 1999). Samples were oven-dried at 60 °C for 24 h, homogenized, and approximately 165 
1 mg of material was transferred into tin capsules for isotope analysis. An elemental analyser 166 
coupled with a continuous flow isotope ratio mass spectrometer at the Biological and Chemical 167 
Research Centre in Warsaw (Poland) was used for analyses. The isotope compositions were 168 
expressed as ‰ using the δ notation, calculated based on δ13C or δ15N = ((Rsample/Rstandard)−1) 169 
× 1000, where R represents the 13C:12C or 15N:14N ratios, and the standards were Vienna Pee Dee 170 
Belemnite for carbon and atmospheric N2 for nitrogen. The standard errors of the replicates of all 171 
the analyses were 0.03‰ for δ13C and 0.11‰ for δ15N. 172 

 173 

Data analyses 174 

Because baseline δ¹³C values differed significantly among sampling sites (F = 26.7, df = 27, P < 175 
0.001), consumer carbon isotope values were normalized within sites to account for spatial 176 
variation in isotopic baselines. Following Olsson et al. (2009), corrected δ¹³C values (δ¹³Ccorr) were 177 
calculated as: 178 

δ13Ccorr = (δ13Ci  - δ
13Cmeaninv) / CRinv, 179 

where, δ13Ci represents the measured value for an individual fish, δ13Cmeaninv site-specific mean for 180 
baseline invertebrates, and CRinv represents their δ13 range. Consumer δ15N values were 181 
subsequently converted to trophic position (TP) using the approach of Post (2002): 182 

TPi = ((δ15Ni – δ15Nbase)/3.4] + 2, 183 

where δ15Ni is the consumer isotope value and δ15Nbase represents the baseline primary-consumer 184 
value, with 3.4‰ used as the trophic enrichment factor..  185 

Isotopic niche structure was characterized using Bayesian standard ellipse areas (SEAb) together 186 
with Layman's nitrogen range (NR) and mean nearest-neighbour distance (MNND), implemented 187 
in SIBER (Jackson et al. 2011). Pairwise overlap between L. gibbosus and each native species was 188 
also estimated from the corresponding isotopic ellipses. Using the same package, we computed the 189 
degree of isotopic niche overlap (ranging from 0: no overlap, to 1: complete overlap) as a proxy 190 
for trophic competition among populations (Jackson et al. 2011). 191 



 192 

Statistical analysis 193 

We evaluated spatial and seasonal variation in trophic metrics using generalized linear models 194 
implemented in glmmTMB (Brooks et al. 2017). Invasion progression was represented by 195 
continuous distance from the introduction site, while season was included as a four-level 196 
categorical predictor. Total length was additionally incorporated into the trophic-position model to 197 
account for potential ontogenetic effects. Separate models were fitted for trophic position, isotopic 198 
niche width, pairwise niche overlap and community-level isotopic metrics. Model families and 199 
link functions were selected according to the distributional properties of each response variable 200 
and evaluated using residual diagnostics.  201 

Separate models were fitted for (i) L. gibbosus trophic position (TP), (ii) L. gibbosus isotopic niche 202 
width (SEAb), (iii) isotopic niche overlap between L. gibbosus and each native species, and (iv) 203 
community trophic structure (NR and MNND). Appropriate error distributions and link functions 204 
were selected according to the distributional characteristics of each response variable following 205 
graphical inspection of residuals and model diagnostics. Gamma error distributions with a log link 206 
were used for strictly positive continuous response variables (e.g. trophic position, isotopic niche 207 
width and Layman metrics), whereas isotopic niche overlap was analysed using beta regression 208 
with a logit link because overlap values were bounded between 0 and 1. 209 

Model assumptions were assessed using simulation-based residual diagnostics implemented in the 210 
DHARMa package (Hartig 2022). Residual uniformity, dispersion and potential outliers were 211 
assessed using both graphical diagnostics and formal statistical tests. Model fit was additionally 212 
evaluated by visual inspection of fitted values against observed data. Statistical significance was 213 
evaluated at α = 0.05, and model coefficients are presented as parameter estimates with 95% 214 
confidence intervals. 215 

 216 

Results 217 

Across the sampling sites along the invasion gradient, L. gibbosus exhibited substantial spatial 218 
variation in body size, isotopic values, and niche metrics (Table S3). Mean total length (TL) ranged 219 
from 54.1 ± 9.4 mm to 91.5 ± 23.1 mm, with mean body mass (TW) ranging between 2.68 ± 1.62 220 
g and 19.14 ± 12.07 g. Carbon stable isotope signatures (δ13C) ranged from -29.62 ± 0.77 ‰ to -221 
21.41 ± 1.34 ‰, whereas nitrogen signatures δ15N varied from 8.86 ± 1.21 ‰ to 17.89 ± 2.27 ‰. 222 
Mean trophic position (TP) remained relatively stable across sites, spanning between 2.00 ± 0.12 223 
and 3.32 ± 0.54. In contrast, Bayesian standard ellipse area (SEAb) showed a continuous expansion 224 
along the invasion gradient, increasing more than fourfold from 1.24 ± 0.50 at the core to 5.64 ± 225 
0.37 at the invasion front. Concurrently, Layman community metrics displayed an inverse spatial 226 
trend: nitrogen range (NR) and mean nearest neighbor distance (MNND) both decreased from core 227 
populations (NR = 2.08 ± 0.63; MNND = 3.11 ± 0.79) toward invasion front sites (NR = 1.02 ± 228 



0.10; MNND = 0.95 ± 0.23), reflecting tighter isotopic clustering among individuals near the 229 
invasion front (Table S3). 230 

Lepomis gibbosus trophic position did not vary significantly along the invasion gradient (P = 231 
0.139; Table 1). Seasonal effects were generally weak, although trophic position was significantly 232 
lower in winter than in spring (P < 0.001). Trophic position also decreased slightly with increasing 233 
total length (P = 0.001) (Fig. 2). 234 

 235 

Table 1. Effects of invasion distance, season and body size on Lepomis gibbosus trophic position. 236 

Predictor Estimates 95% CI P 

(Intercept) 1.25 1.09 – 1.42 <0.001 

Distance (km) 0.00 -0.00 – 0.01 0.139 

Summer -0.09 -0.18 – 0.00 0.057 

Autumn -0.11 -0.39 – 0.17 0.461 

Winter -0.19 -0.27 – -0.10 <0.001 

TL -0.00 -0.01 – -0.00 0.001 

 237 



 238 

Figure 2. Variation in Lepomis gibbosus trophic position (TP) along the invasion gradient and 239 
among seasons. Solid lines represent fitted values from the generalized linear model and shaded 240 
areas indicate 95% confidence intervals. 241 

Trophic position of L. gibbosus was only slightly lower during winter, whereas isotopic niche 242 
width showed significant seasonal variation, being larger in summer, autumn and winter than in 243 
spring (Table 2) (Fig. 3). 244 

 245 
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Table 2. Effects of invasion distance and season on isotopic niche width (SEAb). 253 

Predictor Estimates 95% CI P 

(Intercept) 0.25 0.02 – 0.50 0.037 

Distance (km) 0.03 0.03 – 0.04 <0.001 

Summer 0.30 0.03 – 0.57 0.029 

Autumn 0.29 0.02 – 0.56 0.032 

Winter 0.29 0.02 – 0.56 0.036 

 254 

 255 

Figure 3. Changes in Lepomis gibbosus isotopic niche width (SEAb) along the invasion gradient. 256 
Lines represent fitted relationships from the generalized linear model, with shaded areas indicating 257 
95% confidence intervals. Different colours denote sampling seasons. 258 



 259 

Trophic niche overlap between L. gibbosus and all three native species increased significantly with 260 
distance from the invasion core (Table 3). The positive effect of distance was highly significant in 261 
all models (P < 0.001), demonstrating progressively greater isotopic niche overlap toward the 262 
invasion front (Fig. 4). Seasonal patterns differed among native species. Overlap with S. fellowesii 263 
was lower in autumn and winter than in spring, overlap with P. ninae was lower in summer and 264 
winter, whereas overlap with O. germenicus showed no significant seasonal variation. 265 

 266 

Table 3. Effects of distance from invasion core and season on trophic overlap between Lepomis 267 
gibbosus and native fishes. 268 

Overlap with Squalius fellowesii Estimates 95% CI P 

(Intercept) -1.46 -1.52 – -1.39 <0.001 

Distance (km) 0.02 0.02 – 0.02 <0.001 

Summer -0.04 -0.11 – 0.03 0.274 

Autumn -0.20 -0.27 – -0.12 <0.001 

Winter -0.20 -0.28 – -0.13 <0.001 

Overlap with Petroleuciscus ninae Estimates 95% CI P 

(Intercept) -1.45 -1.56 – -1.34 <0.001 

Distance (km) 0.02 0.02 – 0.02 <0.001 

Summer -0.16 -0.28 – -0.04 0.009 

Autumn 0.08 -0.04 – 0.19 0.198 

Winter -0.32 -0.44 – -0.20 <0.001 

Overlap with Oxynoemacheilus germenicus Estimates 95% CI P 

(Intercept) -1.50 -1.64 – -1.36 <0.001 

Distance (km) 0.02 0.01 – 0.02 <0.001 

Summer -0.02 -0.17 – 0.14 0.831 

Autumn -0.15 -0.31 – 0.01 0.060 

Winter 0.02 -0.14 – 0.17 0.843 



 269 

 270 

Figure 4. Changes in isotopic niche overlap between L. gibbosus and native fishes (Squalius 271 
fellowesii, Petroleuciscus ninae, and Oxynoemacheilus germenicus) along the invasion gradient. 272 
Lines represent fitted model predictions with 95% confidence intervals. 273 

 274 

Community isotopic structure also changed significantly along the invasion gradient. Both 275 
nitrogen range (NR) and mean nearest neighbour distance (MNND) declined significantly with 276 
increasing distance from the invasion core (Table 4), indicating a progressively more compact 277 
isotopic community structure toward invasion-front populations. In addition, MNND was 278 
significantly higher in summer, autumn and winter than in spring (Fig. 5). 279 

 280 

Table 4. Effects of invasion distance and season on Layman community metrics. 281 

NR Estimates 95% CI P 

(Intercept) 0.56 0.29 – 0.82 <0.001 

Distance (km) -0.02 -0.03 – -0.01 <0.001 

Summer -0.00 -0.29 – 0.29 0.989 

Autumn 0.11 -0.17 – 0.40 0.437 

Winter 0.22 -0.07 – 0.51 0.137  

MNND Estimates 95% CI P 

(Intercept) 0.94 0.78 – 1.09 <0.001 

Distance (km) -0.03 -0.04 – -0.03 <0.001 



Summer 0.33 0.16 – 0.50 <0.001 

Autumn 0.27 0.10 – 0.44 0.002 

Winter 0.19 0.02 – 0.36 0.026 

 282 

 283 

  284 

Figure 5. Variation in community trophic structure (Nitrogen range (NR) and mean nearest 285 
neighbour distance (MNND)) along the invasion gradient. Lines represent fitted values from 286 
generalized linear models and shaded areas indicate 95% confidence intervals.  287 

 288 

Discussion 289 

Our results suggest that trophic interactions between invasive L. gibbosus and native species 290 
change progressively along the invasion gradient, which indicates that the ecological impact of an 291 
invasive species is a spatially dynamic process. This is evidenced by a significant increase in 292 
isotopic niche width of L. gibbosus and its niche overlap with all three native species toward 293 
invasion-front populations. Similarly, as seen by declining nitrogen range (NR) and mean nearest 294 
neighbour distance (MNND), community trophic structure became increasingly compact. 295 
Collectively, these results indicated that L. gibbosus widened its resource use and increasingly 296 



shared trophic resources with co-habituating native fishes while maintaining a similar trophic 297 
position during the range expansion.    298 

The increase in isotopic niche width, together with the lack of a spatial trend in trophic position 299 
during the expansion of L. gibbosus suggests a greater dietary flexibility but no consistent shift 300 
toward feeding at higher or lower trophic levels. Importantly, a broader isotopic niche reflects 301 
broader assimilated resource use rather than necessarily a broader realised diet, but nevertheless 302 
provides a robust indication of increased trophic flexibility over longer temporal scales. These 303 
findings are consistent with empirical evidence that the ecological traits of successful invaders 304 
such as phenotypic plasticity and opportunistic resource use often facilitate colonisation of novel 305 
environments (Messager and Olden 2019; Tarkan et al. 2021; Alves et al. 2025) and consequent 306 
ecological impacts for native fishes and communities as a result of trophic interactions 307 
(Cucherousset and Olden, 2011; Britton, 2023). Earlier studies on ecological impact of L. gibbosus 308 
in some similar stream ecosystems provided contrasting results showing for instance little evidence 309 
of any ecological impacts on brown trout Salmo trutta in England (Stakėnas et al. 2013; Jackson 310 
et al. 2016). However, in experimental conditions high niche overlap and reduced niche size in 311 
native gudgeon Gobio gobio and roach Rutilus rutilus (Copp et al. 2017) and diet shift in perch 312 
Perca fluviatilis in the presence of L. gibbosus were documented (Fobert et al. 2013). Indeed, in 313 
the previous study from the same stream (i.e. Sarıçay), there were minimal consequences for 314 
somatic growth and condition of S. fellowesii despite a trophic overlap with L. gibbosus (Karakuş 315 
et al. 2023) and little evidence of impact on habitat interactions of L. gibbosus with native fishes 316 
(Top et al. 2016). However, unlike most of the previous studies, which were conducted 317 
experimentally or at limited spatial scale, the present study provides evidence of trophic 318 
interactions along the invasion gradient. It is worth noting that populations at invasion fronts 319 
typically experience lower population densities and high resource availability compared with long-320 
established core populations (Paton et al. 2019; Grabowska et al. 2021). Consequently, individuals 321 
may exploit a broader spectrum of available prey while maintaining similar trophic position. 322 
Lower densities of L. gibbosus at invasion fronts have been demonstrated earlier in Sarıçay Stream 323 
(Tarkan et al. 2021, Karakuş et al. 2023). Increasing L. gibbosus densities was associated with 324 
narrower isotopic niches but larger community MNND values (Table S2). This pattern suggests 325 
that lower-density invasion-front populations maintain broader niches while high-density 326 
populations become increasingly specialised, possibly because intensified intraspecific 327 
competition restricts resource use (Rebrina et al. 2015). Similar density-dependent shifts in niche 328 
breadth have been reported for other invasive species (Brownscombe and Fox 2012; Alves et al. 329 
2025) and provide a plausible mechanism connecting ecological impacts of biological invasions 330 
with demographic processes (Bolnick et al. 2010). This may support the hypothesis that trophic 331 
flexibility is greatest during the expansion phase of invasions, although this relationship cannot 332 
establish causality. 333 

Within the same system, Tarkan et al. (2021) demonstrated that L. gibbosus had pronounced life-334 
history divergence along this invasion gradient, with invasion-front L. gibbosus exhibiting high 335 



reproductive investment, faster growth, and traits associated with an opportunistic life-history 336 
strategy. These patterns suggest substantial phenotypic plasticity in life history traits of L. gibbosus 337 
across this fine-scale invasion gradient and were considered to be most likely due to responses to 338 
low intra-specific competition at the invasion front that had shifted selective pressures towards 339 
higher investment in somatic growth and reproduction, and similar patterns have subsequently 340 
been reported for L. gibbosus (Konecna et al. 2015) and other invasive freshwater fishes (Masson 341 
et al. 2016; Grabowska et al. 2021). The present study extends those findings by indicating that 342 
trophic interactions also vary systematically during range expansion. Overall, these results support 343 
the common notion that invasion fronts represent hotspots of phenotypic divergence, where 344 
physiological, ecological and behavioural traits contribute together to invasion success rather than 345 
acting independently (Brown et al. 2007; Shine et al. 2010; Messager and Olden 2019). Life-346 
history shifts and trophic flexibility appear to represent complementary responses to the distinct 347 
ecological conditions encountered during invasion. 348 

The widening trophic niche of L. gibbosus towards the invasion front increased trophic niche 349 
overlap with all three native fishes (Fig. 4). Although this reflects similarity in assimilated 350 
resources rather than direct competition, the results suggest a higher potential for exploitative 351 
competition during the early stages of invasion. However, populations at the invasion core show 352 
increased resource partition through long-term adjustment of both invader and native communities. 353 
This is corroborated by the expectation that populations at the invasion front experience new 354 
ecological conditions where behavioural flexibility and exploratory feeding strategies are favoured 355 
(Groen et al. 2012; Myles-Gonzalez et al. 2015). Some commonly reported traits such as higher 356 
dispersal propensity, increased boldness and reduced site fidelity in invasion-front populations 357 
(Hudina et al. 2015; Thorlacius et al. 2015) may therefore not only facilitate colonisation but also 358 
increase the probability of encountering and exploiting resources already used by native species. 359 
Consequently, although invasion-front populations typically occur at relatively low abundances, 360 
their potential per-capita ecological impact may be disproportionately high because each 361 
individual is likely to interact with a broader spectrum of available resources and native species. 362 

Community-level analyses further confirmed that the trophic responses of native fish communities 363 
changed along the invasion gradient. A significant decrease in both NR and MNND toward the 364 
invasion front suggests that isotopic space became progressively more compact as L. gibbosus 365 
expanded upstream. Reduced trophic separation among species shown by lower MNND implies 366 
enhanced redundancy in resource use, whereas declining NR suggests a contraction of trophic 367 
diversity within fish assemblages (Tarkan et al. 2023; Aksu et al. 2025). Supported by the observed 368 
increase in isotopic overlap, these findings indicate that food-web organisation becomes 369 
increasingly compressed toward recently invaded reaches (Alves et al. 2025; Lopes et al. 2025). 370 
Such restructuring may represent one of the earliest ecological consequences of invasion before 371 
measurable changes in species abundances or community composition become apparent. 372 

Seasonality also had an impact on trophic interactions, but to a lesser extent than invasion distance. 373 
Trophic position of L. gibbosus was only slightly lower during winter, but isotopic niche width 374 



remained relatively stable among seasons. However, niche overlap with native species showed 375 
significant seasonal variations during autumn and winter. Community structure, particularly 376 
MNND also exhibited seasonal variation, reflecting seasonal changes in resource availability and 377 
food-web structure typical of temperate freshwater ecosystems (Haubrock et al. 2021).  378 

From a management perspective, these findings highlight the importance of monitoring invasion-379 
front populations in addition to long-established core populations. Although invasion-front 380 
populations may occur at lower abundance, their increasing trophic overlap with native species 381 
indicates that even relatively sparse populations may warrant early attention (Haubrock et al. 382 
2026a). Invasion front populations are also behaviorally characterised by rapid spread (Brown et 383 
al. 2014; Alves et al. 2025), which makes early intervention particularly valuable. Process-based 384 
simulations similarly show that management efforts focused on invasion fronts are substantially 385 
more effective than attempting to suppress dense core populations, particularly within dendritic 386 
river networks (Dominguez et al. 2022). Consequently, abundance estimates and indicators of 387 
trophic interactions should be integrated in monitoring programmes when prioritising control 388 
efforts. 389 

Several caveats should nevertheless be mentioned. Although stable isotope analysis provides an 390 
integrated and reliable measure of assimilated food resources over relatively long temporal scales, 391 
it cannot identify specific prey taxa nor resolve short-term dietary shifts. Therefore, isotopic 392 
overlap data reflect potential rather than realised competition and should ideally be supported by 393 
stomach-content analyses, prey availability assessments or experimental studies. Additionally, our 394 
study provides a valuable natural experiment but it was conducted in only a single river basin so 395 
broader comparisons among river systems would help determine the generality of these patterns. 396 
A further limitation is the temporal context of the study, as sampling was conducted in 2018. 397 
Although L. gibbosus has subsequently been recorded in the Sarıçay stream (Kvach et al. 2024), 398 
recent systematic information on changes in its longitudinal distribution and relative abundance is 399 
lacking. Consequently, we cannot determine whether the position of the invasion front or 400 
population abundance has changed since our sampling. The present results should therefore be 401 
interpreted as a baseline describing trophic interactions during the 2018 invasion stage, against 402 
which future surveys can evaluate temporal changes in invasion extent, abundance and trophic 403 
interactions. Likewise, even if ecological impacts of L. gibbosus are widely known (Almeida et al. 404 
2014, Fox and Copp 2014; Copp et al. 2017) the possibility of different species-specific responses 405 
should not be ruled out. Further studies combining stable isotopes, behavioural ecology and 406 
experimental assessments of competitive interactions of different species would considerably 407 
improve our understanding of how ecological impacts evolve throughout the invasion process. 408 

In summary, the results of this study revealed that invasion gradients represent not only spatial 409 
patterns of life history traits but also of trophic interactions. With clear patterns of progressive 410 
changes in trophic niche width, trophic overlap and community trophic organisation across the 411 
invasion gradient, this study suggests that potential ecological impacts can change continuously 412 
during range expansion. Consequently, ecological impacts should not be viewed as static species 413 



attributes but as dynamic processes that evolve continuously as invasions progress through space 414 
and time. 415 
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