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Abstract 

Top predators strongly influence food webs, often because they reach large body sizes. 

Amphibians are typically regarded as prey in such systems, but giant salamanders are a rare 

exception. Because gigantism entails extreme ontogenetic body size variation, it is expected to 

drive strong trophic niche shifts and reshape interactions within and among species as 

individuals grow. However, such trophic shifts in giant amphibians and relationships with other 

consumers remain largely unexplored, limiting our understanding of the contribution of this 

flagship species to river food web structure. Here, we used stable isotope analysis (δ13C–δ15N) 

to investigate the trophic structure of a freshwater community dominated by the Japanese giant 

salamander (Andrias japonicus). We assessed how extreme ontogenetic body size variation 

modifies intra- and interspecific interactions and contributes to overall community structure. 

We also quantified the dominant carbon sources fueling the community, and modeled trophic 

positions (TPs), niche metrics, and relationships of all major consumer species. By sampling 

161 giant salamanders and approximately 700 other consumers for stable isotope analysis, we 

provide the first comprehensive characterization of food web structure in a freshwater 

community dominated by A. japonicus. We found clear trophic shifts: smaller individuals 

overlapped with mesopredators (fish, prawns, turtles), suggesting potential competition, 

whereas TP increased with size, placing larger individuals above other predators, at the top of 

the food web. Large salamanders broadened the community δ15N range, contributing 

significantly to the trophic evenness and total community niche space. Basal source tracing 

revealed that both aquatic and terrestrial energy pathways sustained the food web. Overall, 

these findings show that gigantism in A. japonicus shapes trophic hierarchies, contributing 

significantly to vertical complexity and trophic diversity of the community, and highlighting 
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how ontogenetic shifts in giant predators can structure riverine food webs. By integrating 

isotopic niches, TP, and basal source contributions at the whole-community scale, this study 

provides a generalisable framework for linking predator ontogeny to food web structure, with 

direct relevance for conserving vulnerable freshwater ecosystems; endangered top predators 

such as A. japonicus may contribute disproportionately to food web resilience and community 

structure. 

KEYWORDS 

food web structure, freshwater ecosystems, gigantism, isotopic niche, rivers, stable isotope 

analysis, top predator, trophic interactions 

 

INTRODUCTION 

Body size is a key trait determinant of species interactions within food webs, because it 

constrains prey size, foraging mode, energetic demand, and vulnerability to predation (Werner 

& Gilliam, 1984; Woodward et al., 2005). Across ecosystems, body size is strongly linked to 

trophic position (TP) of consumers and interaction strength, making it a central dimension for 

understanding food web architecture (Brose, 2010; Cohen et al., 2003). Among large-bodied 

predators, many serve as top predators, that is, species occupying the highest TPs in 

ecosystems. In many ecosystems, including freshwater systems, size-dependent predation and 

competitive asymmetries can modify trophic interactions by enabling access to larger or 

otherwise less accessible prey, and by shifting competitive relationships among consumers 

(Claessen et al., 2002). Because large-bodied predators typically grow through ontogeny, body 

size variation within a species can generate pronounced niche shifts and alter its role in the 

community over time (Nakazawa, 2015; Wilbur, 1980). Such ontogenetic shifts can influence 

both intra- and interspecific trophic interactions, thereby affecting community structure and 

food web dynamics (de Roos & Persson, 2013; Kopf et al., 2025). 

Gigantism represents an extreme case of body size variation, typically defined as the 

evolution or occurrence of exceptionally large body sizes relative to other species or 

conspecifics within a given ecological context (Vermeij, 2016). Gigantic consumers frequently 

occupy top trophic levels, facing reduced predation risk but increased vulnerability to 

extinction during environmental crises (Heim et al., 2015; Vermeij, 2012). In freshwater 

ecosystems, gigantism has been particularly studied in several large predators (e.g., large 

teleosts and crocodilians) (Echeverria et al., 2022; Rejas et al., 2023). Although amphibians 

are typically considered prey of top predators in large freshwater ecosystems worldwide, the 

clade of giant salamanders (Cryptobranchidae family) occurring in East Asia and North 

America (Gao & Shubin, 2003), may represent an exception. Beyond their large size, these 

species are ecologically unique predators, retaining paedomorphic traits and using suction 

feeding (Bonett et al., 2022; Matsumoto et al., 2024; Tago, 1931; Tochimoto, 2002). Previous 

work has shown pronounced ontogenetic dietary shifts in Japanese giant salamanders (JGSs) 

(Duret et al., 2026a) as well as in other giant salamander species (Hecht et al., 2017; Unger et 

al., 2020). However, by contrast to giant predators in other taxa, it remains unclear what the 



 

 

 

 

trophic relationships are between giant salamanders and other predators in rivers, and how their 

important ontogenetic size variation may structure trophic interactions in river food webs. The 

JGS (Andrias japonicus), endemic to Japan (Duret et al., 2025), can reach 1.5 m in total length, 

making it a particularly relevant model for assessing how extreme body size in predators may 

shape trophic interactions and food web structure (Duret et al., 2026a; Okada et al., 2008). 

Understanding the ecological implications of such a large-bodied predator in a riverine 

ecosystem requires examining how trophic interactions shift across its extensive growth 

trajectory. Because large predators can function as keystone species, clarifying their trophic 

role is also important from a conservation perspective, especially for threatened taxa used as 

flagship species (Hammerschlag et al., 2019). 

Lotic food webs are typically supported by a mixture of aquatic production (often 

periphyton) and terrestrial subsidies (leaf litter), but their relative importance varies with 

environmental context (Polis et al., 1997; Vannote et al., 1980). Increasing evidence suggests 

that consumer body size is a key determinant of how these basal energy pathways are exploited 

and integrated within food webs. Larger consumers generally have broader home ranges, 

higher energetic demands, and the ability to capture larger prey, allowing them to couple 

resources originating from multiple habitats and trophic pathways (Jardine et al., 2017; 

McCauley et al., 2012; Rooney et al., 2006; Woodward et al., 2005). Consequently, body size 

may strongly influence the degree to which aquatic versus terrestrial carbon sources are 

channeled through food webs. Whether and how such size-dependent integration of basal 

energy pathways occurs in food webs dominated by giant salamanders, and ultimately supports 

their populations, remains unknown. Quantifying these contributions is therefore key to 

understanding energy flow and community structure in such systems (Chételat et al., 1999; 

Finlay & Kendall, 2007). 

Here, we investigated the trophic structure of a riverine community dominated by the 

JGS, with a focus on trophic niche variation of giant salamanders with size and relationships 

with other consumers and predators within the community (Figure 1). Our objectives were (1) 

to evaluate how extreme ontogenetic body size variation modifies trophic interactions of 

salamanders at the intra- and interspecific levels, including how different size classes contribute 

to the whole aquatic community trophic structure, and (2) to quantify basal carbon sources 

sustaining the community by contrasting terrestrial and aquatic production pathways. To this 

end, we used stable isotope analysis of carbon (δ13C) and nitrogen (δ15N) (McCutchan et al., 

2003; Parnell et al., 2010; Post, 2002), which offers a robust, time-integrated approach to 

characterize consumer diet and resource use through stable isotope niche modeling (Belouard 

et al., 2024; Bissattini et al., 2021). 

We formulated hypotheses at three ecological levels. At the intraspecific level, we 

predicted that the ontogenetic niche shift along the food chain in salamanders would lead to 

decreasing niche overlap among size classes as body size increases. In line with previous 

findings from the same population (Duret et al., 2026a), which identified a marked dietary shift 

at a snout–vent length (SVL) of 39 cm, we further expected this transition to be reflected in 

trophic niche structure, with individuals above this threshold showing more distinct trophic 

niches and reduced overlap with other consumers. At the interspecific level, we expected large 



 

 

 

 

salamanders to occupy higher and more distinct trophic niches with limited overlap with other 

consumers, while smaller salamanders would overlap substantially with mesopredators, 

reflecting higher potential for competition. This pattern would indicate reduced competition 

with other taxa for larger salamanders, suggesting an ecological advantage of gigantism. The 

same patterns were expected for TP. At the community level, we hypothesized that larger 

salamanders would make a significant contribution to the overall trophic structure of the 

community, including key aspects of food web organization such as food chain length and 

trophic evenness. Finally, we expected that most species in the community primarily depend 

on aquatic carbon sources, reflecting a food web largely based on aquatic primary production 

(periphyton).

 

FIGURE 1 Schematic representation of the aquatic community studied, dominated by the 

Japanese giant salamander. The illustration depicts a river cross-section and the main species 

present, identified by a number: (1) aquatic insects (larvae); (2) freshwater crab (Geothelphusa 

dehaani); (3) juvenile Japanese giant salamander (Andrias japonicus); (4) turtle (Mauremys 

sp.); (5) frog (Buergeria buergeri); (6) Chinese minnow (Rhynchocypris oxycephala); (7) 

prawns (Palaemon paucidens); (8) catfish (Liobagrus reinii); (9) gudgeons (Pungtungia sp.); 

(10) aquatic gastropods (Semisulcospira spp.); (11) lizard goby (Rhinogobius flumineus); (12) 

Japanese giant salamander (adult); (13) dark chub (Nipponocypris temminckii). Aquatic insects 

on the left are associated with leaf litter, whereas those on the right are associated with mineral 

substrates. Illustrations created by Juliette Vallin.  



 

 

 

 

MATERIALS AND METHODS 

Study area 

This study was conducted in the headwaters of the Ichi River and in its tributary, the Nagano 

River, located in Ikunocho Kurokawa, Hyogo Prefecture, Japan (35.21° N–134.88° E). These 

river sections represent typical upstream environments with clear, oligotrophic waters and little 

aquatic vegetation, and a riverbed dominated by coarse substrates including large boulders, 

cobbles, and gravel (Vannote et al., 1980). 

Sampling 

To conduct stable isotope analysis, we aimed to sample a broad range of animal species 

representing the aquatic community dominated by JGSs. Fieldwork was carried out between 

April and June 2023 across the entire study area. 

Japanese giant salamanders 

JGS isotope data used in this study are the same as in a previous study (Duret et al., 2026a) 

which focused solely on intraspecific sources of isotope variation, notably to characterize the 

ontogenetic shift of TP in this species. By contrast, the present study uses these data within a 

community-wide framework, incorporating all main consumer taxa and basal resources to 

address the implications of extreme body size variation in giant salamanders. Specifically, it 

focuses on characterizing changes in interspecific trophic relationships along ontogeny, the 

contribution of different giant salamanders size classes to food web structure and basal energy 

pathways. The sampling was based on a total of 32 surveys to capture JGSs across a wide range 

of body sizes. For each captured individual (n = 161), we measured the SVL, from the tip of 

the snout to the end of the cloaca and the individuals were identified using 12-mm microchips 

(Biolog-ID, 134.2 kHz) except five individuals due to small size that were identified based on 

unique skin patterns. For stable isotope analysis, a small noninvasive sample of caudal tail 

muscle was collected from each individual. 

Other consumers: sampling and identification 

Daytime sampling sessions were conducted to collect and identify the other consumer species 

present in the study area. These included a wide range of taxa (Appendix S1: Table S1): fish, 

crustaceans (freshwater crabs and prawns), turtles, anurans (including tadpoles), aquatic 

insects, and aquatic gastropods. In different sections of the river, fishing traps (50 × 25 × 25 

cm; mesh size: 5 mm) were used to capture fish and freshwater crabs, and dip nets (50 × 25 × 

25 cm; mesh size: 1 mm) to collect aquatic insects, prawns, tadpoles, and freshwater crabs, 

which were also hand-collected by overturning rocks. Hand collection was also employed for 

aquatic insects and gastropods. All species were identified to the lowest taxonomic level 

possible prior to tissue sampling (Appendix S1: Table S1). The group “aquatic insects” 

encompassed larvae of several orders and families, including: Plecoptera (e.g., Perlidae), 

Megaloptera (Corydalidae), Odonata–Anisoptera (Aeshnidae, Macromiidae, and Gomphidae), 

Odonata–Zygoptera (Calopterygidae), Diptera (Chironomidae and Simulidae), Ephemeroptera 

(e.g., Ephemerellidae and Heptageniidae), and Trichoptera (e.g., Stenopsychidae) (Kawai & 



 

 

 

 

Tanida, 2018). It also included adult Hemiptera (Aphelocheiridae). The studied river sections 

correspond to upstream habitats where fish communities are dominated by small- to medium-

bodied species and where no other large-bodied top predators are known to occur. Our 

sampling methods were designed to effectively capture the dominant consumer taxa, including 

the largest fish species present. For stable isotope analysis, muscle samples from all fish 

species, freshwater crabs, prawns, and gastropods were collected. Whole bodies of aquatic 

insects were collected to have sufficient quantity of tissue. Using sterilized scissors, hind legs 

interdigital membranes were collected on frogs, tail fin tissue on tadpoles, and small pieces of 

claw tips on turtles. 

Baselines 

We sampled baselines of the aquatic community, focusing on two key sources: the terrestrial 

baseline, represented by leaf litter collected from the streambed, and the aquatic baseline, 

represented by periphyton scraped from submerged surfaces. In addition, aquatic gastropods 

(Semisulcospira spp.), which feed primarily on periphyton, were hand-collected and used as an 

additional proxy for the aquatic baseline. Throughout the manuscript, references to “terrestrial 

carbon sources” specifically denote carbon derived from the decomposition of leaf litter 

deposited within the stream channel. 

Stable isotope samples processing 

All tissue samples were dried in an oven at 60_C for 72 h (Mktrshy incubator) and then finely 

ground into a uniform powder. Because JGS material could not be transported outside Japan, 

their carbon (δ13C) and nitrogen (δ15N) isotope ratios were determined locally at Fukushima 

University (Faculty of Food and Agricultural Sciences) using an isotope ratio mass 

spectrometer (Delta-V Advantage coupled to a Flash Elemental Analyzer, Thermo Fisher 

Scientific). Isotope analyses for all other consumer and baseline samples were conducted in 

Belgium at the Laboratory of Trophic and Isotope Ecology (LETIS, University of Liège), with 

a continuous-flow isotope ratio mass spectrometer connected to an elemental analyzer 

(PrecisION, Vario MICRO cube, Elementar, Germany). Isotopic values are reported in 

conventional δ notation in ‰ (Coplen, 2011). The details of reference standards used are 

presented in Appendix S1: Table S2. 

Modelling and statistical analysis 

For further analyses, we used a clustering approach to assign JGSs to different size classes 

(SVL related) to investigate variations in isotopic niche width, trophic overlap with other 

consumer species, and community-wide metrics. We first calculated a distance matrix between 

SVL of salamanders and their δ15N values and then applied a clustering procedure to this matrix 

using the package “NbClust” with a “ward.D2” method, which minimizes the total within-

cluster variance (Charrad et al., 2014) in an R environment (version 4.3.2). Then, each 

individual was assigned to one of the four size classes obtained through clustering: JGS Group 

1: 4–16.7 cm SVL (n = 9); JGS Group 2: 16.8–41.5 cm SVL (n = 74); JGS Group 3: 41.6–52.7 

cm SVL (n = 67); JGS Group 4: 52.8–67.3 cm SVL (n = 11). This clustering approach was 

chosen to identify data-driven groupings that reflect both body size and TP simultaneously, 



 

 

 

 

rather than relying solely on arbitrary or predefined size thresholds. However, previous work 

on the same population (Duret et al., 2026a) identified a dietary shift at 39 cm SVL. We 

therefore evaluated how this biologically meaningful threshold relates to the clusters obtained 

here and considered its implications when interpreting our results. The largest individual 

sampled (67.3 cm SVL) corresponds to a large adult (106 cm total length). The stable isotope 

analyses described below were conducted on the following consumer groups: JGS (four size 

classes), fish (six species), turtles, frogs, tadpoles, freshwater crabs, prawns, aquatic insects, 

and aquatic gastropods (Appendix S1: Table S1). 

Stable isotope Bayesian ellipses approach 

Isotopic niches were quantified using Bayesian standard ellipses (SEAB) implemented in the 

SIBER (2.1.9) package (Jackson et al., 2011) in R (version 4.3.2). SEAB provides a bivariate 

estimate of the core isotopic niche while accounting for unequal sample size. Pairwise 

comparisons of niche widths were based on posterior distributions (105 iterations), and 

differences were considered robust when posterior probabilities ≥95%. Niche overlap among 

groups was assessed using standard ellipse area corrected for small sample sizes (SEAC), and 

total convex hull area (TA) was calculated following Layman et al. (2007). 

To compare isotopic niche characteristics among consumer groups, we used three 

Layman’s metrics: the carbon range (CR), the nitrogen range (NR), and the mean nearest 

neighbor distance (NND), representing basal carbon-source diversity, vertical trophic structure, 

and trophic redundancy, respectively. Metrics were estimated using nonparametric bootstrap 

resampling (10,000 iterations), standardized to the smallest sample size in the dataset (n = 9). 

Groups with insufficient sample size (catfish, tadpoles) were excluded from comparisons. 

Posterior probabilities from bootstrap distributions were used to evaluate differences between 

groups, with ≥95% indicating robust contrasts. 

Because the “aquatic insects” category pooled taxa with heterogeneous trophic ecology, 

we tested whether this grouping obscured potential overlap with salamanders by subdividing 

insect samples according to δ13C values. Both subsets remained isotopically distinct from 

salamanders, confirming the robustness of group-level comparisons (Appendix S1: Figure S2). 

Trophic position and carbon fluxes across the community 

The TP of organisms composing the studied community was calculated using the 

tRophicPosition package (Quezada-Romegialli et al., 2018). TP was estimated using a dual 

baseline Bayesian approach, considering two isotopic baselines (aquatic with periphyton and 

terrestrial with leaf litter) and trophic discrimination factors (TDFs) from muscle tissues of 

δ15N (2.9 ± 0.32) and δ13C (1.3 ± 0.3) (McCutchan et al., 2003). The parameter λ, corresponding 

to the TP of the baselines, was set to 1. In addition, the model estimates the proportional 

contribution of the terrestrial baseline (α) to each consumer by partitioning their δ13C values 

between the two sources, while accounting for trophic discrimination. Thus, α represents the 

estimated fraction of carbon derived from terrestrial organic matter in each consumer’s diet. 

  



 

 

 

 

Contribution of Japanese giant salamanders to food web structure along ontogeny 

To explore the global contribution of JGSs of different sizes to the community structure, we 

quantified their contribution to emergent community-level trophic structure by evaluating how 

key isotopic metrics proposed by Layman et al. (2007) change under different community 

configurations. The metrics were calculated for four community scenarios: all salamander 

groups included (All), exclusion of only the largest salamanders (JGS Group 4; NL), inclusion 

of only smaller salamanders (Groups 1 and 2; OS), and no salamanders (NS). Metrics were 

calculated using a Bayesian approach with the SIBER package (Jackson et al., 2011). Within 

δ13C–δ15N space, NR and CR quantify vertical trophic structure and basal carbon-source 

diversity, respectively; TA is the convex hull area encompassing all points and reflects overall 

trophic niche width; and centroid distance (CD) is the mean Euclidean distance to the 

community centroid, indexing trophic diversity. Two additional metrics characterize niche 

packing and redundancy: mean NND, which measures how closely species are grouped in 

isotopic space, and the SD of NND (SDNND), which describes the evenness of species spacing 

and is less sensitive to sample size than NND alone. 

 

RESULTS 

Isotopic niche width and shape 

Niche comparison among size classes in Japanese giant salamanders 

The isotopic niche width comparison among the four size groups of JGSs revealed that all 

groups had similar isotopic niche width (Figure 2; Appendix S1: Figure S1 and Table S3). 

Niche areas estimated using alternative metrics were similar for the four groups (SEA, SEAC, 

SEAB, and TA; Appendix S1: Tables S3 and S7). Group 1 tended to show a slightly wider 

niche than Groups 2 and 3, but with posterior probabilities below the robustness threshold 

(90.9% and 88.2% of the posterior draws, respectively). CR values declined with increasing 

body size of giant salamanders, with only the contrast between Groups 1 and 4 reaching a 

significant difference (97.5% probability) (Figure 3a; Appendix S1: Table S8). By contrast, 

NR values were similar among groups, and no pairwise comparison indicated significant 

differences (Figure 3b; Appendix S1: Tables S4 and S9). 

Interspecific niche width comparison 

Across all consumer groups, giant salamander size classes consistently had larger isotopic 

niches than dark chubs, catfish and tadpoles (>95.9%). Groups 1 and 3 had larger niches than 

Chinese minnows (98.3% and 95.3%, respectively). Freshwater crabs and turtles displayed 

broader niches than most taxa, while prawns exceeded all groups except aquatic insects and 

turtles (Appendix S1: Table S7). 

  



 

 

 

 

 

FIGURE 2 Standard ellipse area estimated for all consumers with the Bayesian models 

(SEAB). Black dots represent the mode and red dots the standard ellipse area corrected for small 

sample sizes (SEAC). Organism groups are arranged from left to right as follows: four Japanese 

giant salamander size classes (from smallest to largest), six fish groups (Al, alevins; Dc, dark 

chubs; Gb, lizard gobies; Gu, gudgeons; Cm, Chinese minnows; Ca, catfish), turtles, frogs, 

tadpoles, freshwater crabs, prawns, aquatic insects, and gastropods. Vertical dashed lines 

delineate different organism groups: Japanese giant salamanders (light orange background), 

fish (light blue), other vertebrate consumers (light green), and invertebrates (light gray). For 

each group, colored rectangles indicate the 50%, 75%, and 95% Bayesian credible intervals. 

Illustrations created by Juliette Vallin. 

Isotopic niche overlaps 

Among Japanese giant salamander size classes 

Patterns of isotopic niche overlaps among the four groups of giant salamanders, assessed using 

SEAC, indicated low overlaps. Group 1 of JGSs (the smallest) shared only 5.6% of their niche 

with Group 2, and Group 2 shared 13.7% of their niche with Group 3 (Appendix S1: Figure S2 

and Table S5). There was no overlap among the other groups of JGSs. 

  



 

 

 

 

 

FIGURE 3 Results of three Layman’s metrics estimated through bootstrapping for each group 

found in the community. (a) CR = δ13C range (‰); (b) NR = δ15N range (‰); (c) NND = mean 

nearest neighbor distance (Euclidean distance). In each graph, organism groups are arranged 

from left to right as follows: four Japanese giant salamander size classes (from smallest to 

largest), five fish groups (Al, alevins; Dc, dark chubs; Gb, lizard gobies; Gu, gudgeons; Cm, 

Chinese minnows), turtles, frogs, freshwater crabs, prawns, aquatic insects, and gastropods. 

Vertical dashed lines delineate different organism groups: Japanese giant salamanders (light 

orange background), fish (light blue), other vertebrate consumers (light green), and 

invertebrates (light gray). Illustrations created by Juliette Vallin. 



 

 

 

 

 

FIGURE 4 Stable isotope bi-plot illustrating the isotopic niches of consumers within the food 

web dominated by Japanese giant salamanders. (a) Isotopic niches of all consumer groups, 

where the category “fish” includes all fish species found in the system. (b) Zoom on the area 

where isotopic niches overlap (gray dashed rectangle), with the “fish” category subdivided into 

all constituent species for finer resolution. The lines represent the standard ellipse areas 

corrected for small sample size (SEAC), providing a measure of the isotopic niche width for 

each group. 



 

 

 

 

Niche overlap between Japanese giant salamanders and other consumers 

Isotopic niche overlap between salamanders and other consumers decreased markedly with 

increasing salamander body size, with a particularly marked effect in larger salamanders 

(Groups 3 and 4). Giant salamander Group 1 shared 90.7%, 79.4%, 35.2%, and 3.1% of their 

isotopic niche with the prawns, turtles, alevins, and Chinese minnows, respectively. Giant 

salamander Group 2 shared 83.5%, 50.3%, 38.9%, and 35.6% of their niche with prawns, dark 

chubs, Chinese minnows, and turtles, respectively. Giant salamander Group 3 overlapped only 

with prawns (4.4%), and Group 4 showed no overlap with any other consumer (Figure 4; 

Appendix S1: Table S5). 

Trophic similarities among individuals within each group 

Mean NND varied widely among taxa, reflecting differences in trophic redundancy, that is, 

individuals sharing more similar trophic ecology (Figure 3c; Appendix S1: Table S4). Apart 

from aquatic insects, prawns and alevins showed the highest NND values, indicating low 

redundancy and greater trophic distinctiveness among individuals. By contrast, gastropods, 

frogs, and several fish species exhibited the lowest NND values, consistent with more 

homogeneous trophic ecology. Salamander groups showed intermediate values, with NND 

gradually decreasing from the smallest to the largest size classes, but without significant 

differences (Appendix S1: Table S10). 

Contribution of the Japanese giant salamander to community-level food web 

characteristics 

JGSs had a strong and progressive contribution to all community-wide metrics, with each size 

group contributing to changes in trophic structure (Appendix S1: Figure S3). All groups 

consistently increased TA and expanded the δ15N range (NR), whereas their presence reduced 

the community CD, indicating shifts in the relative positioning of taxa within isotopic space. 

 Communities including all salamander size classes exhibited the largest TA (39.70) and 

NR (7.35), and these values declined stepwise when large individuals were removed (Appendix 

S1: Figure S3 and Table S4), highlighting the disproportionate contribution of larger size 

classes to vertical trophic structure. Excluding only the largest group produced a moderate 

reduction, whereas removing both large groups resulted in TA and NR values similar to 

communities without salamanders. Conversely, CD remained consistently lower when 

salamanders were present, even after excluding larger size classes. No significant differences 

were detected among the remaining Layman metrics. 

Trophic position and contribution of carbon sources 

Trophic position 

TP increased consistently with salamander body size (Figure 5a; Appendix S1: Table S6). 

Pairwise comparisons showed that Group 1 had a significantly lower TP than both Groups 3 

and 4 (95% and 99.6% probability, respectively), and that Group 2 also had a significantly 

lower TP than Group 4 (99% probability) (Appendix S1: Table S11). At the top of the food 

web, the largest group of giant salamanders (Group 4) exhibited a significantly higher TP than 



 

 

 

 

all other groups and species, with the exception of JGS Group 3 (94.2% probability). 

Gastropods had significantly lower TP values than most species, differing only 

nonsignificantly from frogs, tadpoles, and aquatic insects. 

Contribution of carbon sources to consumers in the food web 

The α values (representing the contribution of terrestrial versus aquatic carbon sources) 

indicated a slightly higher contribution from aquatic sources to the isotopic carbon composition 

of JGSs. However, α values did not differ significantly among giant salamander groups. Only 

two groups (frogs and freshwater crabs) had α > 0.5 (Figure 5b; Appendix S1: Table S6). 

Gastropods had significantly lower α values than all other species, except gudgeons, while 

frogs had significantly higher α values than all species, except tadpoles, prawns, and aquatic 

insects (Appendix S1: Table S12). 

 

DISCUSSION 

Using carbon and nitrogen stable isotope analysis, we provide for the first time a whole-

community characterization of trophic structure in a freshwater food web dominated by giant 

salamanders, unusual amphibian top predators. Our results support the central hypothesis that 

extreme body size variation in giant salamanders is likely a key structuring factor of food webs’ 

architecture, emphasizing the importance of “giant” predators in terms of conservation. As 

salamanders grow, their niche gradually shifts from substantial overlap with mesopredators to 

a distinct top predator role, reshaping trophic hierarchies and the distribution of interactions 

across the community. This highlights the functional importance of large-bodied amphibian 

predators in river ecosystems and aligns with broader evidence that large individuals of long-

lived species can structure food webs and generate ecosystem-wide effects (Kopf et al., 2024). 

This aligns with results supporting a key functional role of top predators on other major groups 

in marine and freshwater environments (Villamarín et al., 2017; Williams et al., 2004). Beyond 

system-specific insights, our findings underscore the conservation relevance of maintaining 

threatened top predators because their impact through ontogeny can scale up from individual 

niche shifts to community-level organization and trophic integrity (Rodríguez-Lozano et al., 

2015). 

  



 

 

 

 

 

 

FIGURE 5 Bayesian estimates of trophic position (a) and the proportional contribution of 

terrestrial carbon sources (α) (b) for all organism groups in the community. An α value of 0 

indicates complete reliance on aquatic carbon (periphyton), while α = 1 indicates complete 

reliance on carbon from terrestrial origin (i.e., terrestrial subsidies such as leaf litter feeding 

the benthic compartment of the river). In each graph, organism groups are arranged from left 

to right as follows: four Japanese giant salamander size classes (from smallest to largest), six 

fish groups (Al, alevins; Dc, dark chubs; Gb, lizard gobies; Gu, gudgeons; Cm, Chinese 

minnows; Ca, catfish), turtles, frogs, tadpoles, freshwater crabs, prawns, aquatic insects, and 

gastropods. Vertical dashed lines delineate major consumer categories: Japanese giant 

salamanders (light orange background), fishes (light blue), other vertebrate consumers (light 

green), and invertebrates (light gray). For each group, colored rectangles indicate the 50%, 

75%, and 95% Bayesian credible intervals, while black dots represent the posterior mode. 

Illustrations created by Juliette Vallin. 



 

 

 

 

Ontogenetic shifts in trophic interactions in the Japanese giant salamander 

Like many ectothermic top predators (Radloff et al., 2012; Villamarín et al., 2024), the JGS 

exhibits substantial ontogenetic body size variation and our results indicate that this translates 

into clear shifts in isotopic niches, in line with their increase in TP. Smaller individuals 

overlapped isotopically with mesopredators and fed at similar trophic levels, consistent with 

stronger potential for competitive interactions. By contrast, larger salamanders occupied 

distinct niches at the highest trophic levels. This ontogenetic shift, from mesopredator to 

dominant predator, aligns with patterns found in crocodilians (Villamarín et al., 2018), 

freshwater fish (Kopf et al., 2025; Ou et al., 2017), and also in other giant salamander species 

such as the hellbender (Cryptobranchus alleganiensis) in North America (Hecht et al., 2017). 

Such ontogenetic shifts imply both increased variability in resource use (Duret et al., 2026a) 

and reduced predation risk with growth (Werner & Gilliam, 1984; Wilbur, 1980). Like other 

traits that promote intraspecific niche differentiation, such as facultative paedomorphosis in 

amphibians (Denoël & Joly, 2001; Lejeune et al., 2018, 2021), gigantism in JGSs represents a 

factor of ecological opportunity, allowing individuals to reduce niche overlap with other 

consumers and to establish themselves as top predators. 

 Importantly, the pattern we observed reflects niche reconfiguration rather than 

progressive niche expansion (Nakazawa, 2015; van Leeuwen et al., 2014). In JGSs, prey 

turnover across size classes appears to dominate, with aquatic insects central in smaller size 

groups but progressively replaced by larger prey such as fish, freshwater crabs, and frogs 

(Duret et al., 2026a), with a marked transition occurring around 39 cm SVL. Consistent with 

this turnover, salamander size groups showed a marked upward shift in δ15N with body size, 

which is in line with the dietary transition previously identified around 39 cm SVL, while 

isotopic niche breadth at the group level did not increase (i.e., no clear isotopic niche 

expansion). This pattern is consistent with broader observations in riverine food webs, where 

trophic niche breadth often does not increase with body size despite shifts in resource use 

(Keppeler et al., 2026). This suggests that ontogenetic dietary shifts may frequently involve 

niche reorganization rather than expansion across freshwater taxa. Rather than broadening, 

resource use appears to be reconfigured across ontogeny: early size groups integrate a 

taxonomically diverse insect prey base associated with a wide range of δ13C values, whereas 

larger size groups rely more strongly on fish, whose isotopic variability is more constrained. 

This provides a mechanistic explanation for the observed decline in δ13C range (CR) with size 

(Figure 3a), despite the strong trophic shift in δ15N. Comparable ontogenetic changes in 

isotopic position have been reported for other large ectothermic predators, including 

crocodilians (Santos et al., 2018). 

Interspecific competitive trophic interactions 

Before reaching large body sizes, JGSs exhibited substantial isotopic niche overlap with other 

consumers, particularly fishes, turtles, and prawns. Among fishes, overlap with smaller 

salamanders was mainly restricted to the adults of two species, the Chinese minnow and the 

dark chub, as well as all alevins of the community. These species rely mainly on aquatic 

invertebrates (Katano, 1996; Lei et al., 2018), consistent with diets expected for juvenile 



 

 

 

 

salamanders (Duret et al., 2026a), suggesting potential trophic competition through shared prey 

and similar TPs. Such competition in early life stages may constrain resource availability and 

influence their ecological performance. Given the central role of both predation and 

competition in shaping food web structure (Woodward & Hildrew, 2002), our findings support 

the idea that gigantism may provide an adaptive route to reduce competitive overlap as 

salamanders grow (Anaya-Rojas et al., 2023). 

Contribution of large Japanese giant salamanders to food web structure 

Our results suggest that JGSs contribute significantly to the trophic architecture of the aquatic 

community. All size groups except the smallest significantly and progressively influenced each 

Layman metric chosen to depict key attributes of food web structure, with the largest 

individuals driving most of the effects. In particular, salamanders increased total isotopic niche 

area and NR, consistent with access to higher-trophic-level resources (e.g., fish, frogs, 

freshwater crabs), and increased food web complexity along its vertical axis, amplified by 

gigantism (Estes et al., 2011; Rooney et al., 2006). Salamanders also contributed to lowering 

the mean distance to the centroid among consumers within the food web, indicating a shift in 

the relative positioning of taxa within isotopic space. Together, the strong contributions to total 

isotopic niche area, NR, and mean distance to centroid suggest that salamander loss would 

reduce overall trophic diversity and effectively remove a trophic level from the food web, with 

potential negative consequences for food web stability and consequently community structure 

(Pace et al., 1999; Ripple et al., 2014). We therefore suggest that gigantism in this species has 

effects beyond individual foraging: by enabling the largest giant salamanders to occupy and 

add an upper trophic layer, it expands community isotopic space and strengthens vertical 

trophic structure, which can contribute to food web stability and functional integrity 

(Bascompte et al., 2005). In this context, the largest and oldest individuals play 

disproportionately important ecological roles. These individuals not only access higher-

trophic-level resources but also help maintain food web complexity and vertical structure. 

Importantly, they may also be particularly vulnerable to anthropogenic pressures, such as 

habitat degradation or climate change (Duret et al., 2025), which could disproportionately 

affect the functional integrity of the community. This aligns with the concept of Longevity 

Conservation, emphasizing the ecological and conservation value of maintaining populations 

of long-lived and large-bodied organisms within ecosystems (Kopf et al., 2024). 

In many river systems, the role of large-bodied top predators is typically fulfilled by 

fish (Kopf et al., 2025; Ou et al., 2017). By contrast, the studied headwater sections lack such 

predators, suggesting the presence of an unoccupied trophic niche. Our results indicate that 

JGSs likely fill this role, acting as dominant apex consumers and structuring trophic 

interactions across the community. This highlights how taxonomically atypical predators can 

functionally replace more commonly studied groups, reinforcing the importance of considering 

functional roles rather than taxonomic identity when examining food web structure. However, 

this interpretation should be considered in light of the spatial scope of our study. This study 

was conducted at a single study site, and caution is therefore needed when extrapolating these 

results to other systems. While JGSs often function as apex predators in freshwater ecosystems, 

variation in local community composition may influence the strength and structure of trophic 



 

 

 

 

interactions. Future multisite studies would help assess the generality of the patterns observed 

here. 

Carbon sources in the community 

Freshwater food webs often rely on a mix of aquatic and terrestrial carbon sources, with the 

relative importance of each varying across ecosystems (Finlay & Kendall, 2007; Jardine et al., 

2017; Polis et al., 1997). In our study system, stable isotope data indicate that most taxa (except 

frogs and freshwater crabs) relied primarily on aquatic-derived carbon source, highlighting that 

periphyton is the dominant basal source supporting higher-level consumers, including fish and 

giant salamanders, and reinforcing its key role in riverine food webs (Chételat et al., 1999). 

Terrestrial carbon nonetheless contributed through detrital subsidies (leaf litter) feeding benthic 

detritivores, as well as via frogs which exploit terrestrial prey but may act themselves as a 

terrestrial subsidy to larger aquatic predators. Interestingly, the terrestrial contribution slightly 

increased with salamander body size, likely reflecting increased predation on frogs with 

growth. This ontogenetic expansion toward terrestrial prey underscores the ecological 

importance of the aquatic-terrestrial habitat connectivity and highlights the conservation value 

of both riverine and riparian habitats to maintain functional integrity in giant salamander-

dominated food webs (Cole et al., 2011). Headwater streams are often characterized by 

substantial allochthonous inputs, which can contribute to consumer diets through detrital and 

trophic pathways (Brett et al., 2017; Jardine et al., 2017). Although terrestrial sources 

contribute notably to the diet of some consumers, their overall contribution remains lower than 

that of aquatic-derived carbon (generally α < 0.4). However, the maintenance of riparian 

vegetation is still important to sustain these energy subsidies and the functional integrity of 

food webs dominated by JGSs. Previous studies have shown that large-bodied consumers can 

rely substantially on terrestrial carbon sources, sometimes to a greater extent than observed 

here (Jardine et al., 2017). By contrast, although terrestrial contributions increased with 

salamander body size in our study, aquatic sources remained dominant, suggesting that 

autochthonous production may remain sufficient to support even large predators in this system. 
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