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A B S T R A C T   

Individual diet specialization is a key behavioral trait, with multifaceted impacts on population 
dynamics. Long-term studies are fundamental to properly understand such dynamics and their 
main causes. Indeed, individuals may vary from specialism to generalism in response to multiple 
biological and environmental factors, thus snapshot studies can have limited relevance for the 
overall biology of species. Yet, so far longitudinal studies testing the potential variation of diet 
specialization through time are lacking. Here we present the results of a study on individual diet 
specialization performed over a four-year period. Using three populations of the Ambrosis’ cave 
salamander Speleomantes ambrosii we tested: i) whether seasonal variation in the occurrence of 
specialized individuals is maintained through different years, and ii) if the degree of specialization 
observed in a single season is constant through different years. Our results showed that the species 
maintains a high proportion of specialized individuals in spring and more generalist in autumn 
during different years, confirming a consistent seasonal variation of trophic specialization 
through time. On the other hand, the proportion of specialized individuals of the same period can 
vary up to ten-fold across years, suggesting that a single study may be not enough to properly 
understand the dynamics of a species’ trophic niche. This study highlights the need of repeated 
surveys to accurately understand this behavioral trait, especially for species that are strongly 
dependent on local environmental conditions.   

1. Introduction 

The study of individual diet specialization has drawn a renewed interest in researches focused on species trophic niche (Ingram 
et al., 2018; Costa-Pereira et al., 2019) and has improved our understanding of the importance of personality in non-human animals 
(Gosling, 2008; Toscano et al., 2016). Specialized individuals are those that forage on a particular subset of the population’s trophic 
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resources independently from age, sex or size (Bolnick et al., 2003; Svanbäck and Persson, 2004; Araújo et al., 2011). Therefore, the 
total niche width of a population (TNW) can be considered as the sum of the contributions of both specialized (between individual 
component; BIC) and generalist individuals (within individual component; WIC) (Bolnick et al., 2003). The occurrence of specialized 
individuals can be determined by different, non-exclusive conditions. On the one hand, specialization may be the consequence of 
intraspecific competition, where more competitive individuals are able to target the most profitable prey, while the others are 
compelled to select alternative prey (Araújo et al., 2008; Costa-Pereira et al., 2019). On the other hand, the increase of ecological 
opportunity, in terms of prey richness and abundance, can trigger individuals’ preference allowing a higher selectivity according to 
their own taste, needs or experience (Cloyed and Eason, 2016, 2017). Nonetheless, environmental conditions are key drivers of the 
occurrence of specialized individuals, as shown by studies performed at both broad and fine spatial scales (Araújo and Costa-Pereira, 
2013; Lunghi et al., 2020e). 

The study of individual diet specialization is generally based on the analysis of gut contents, sometimes complemented by addi
tional analyses (e.g., stable isotopes) (Araújo et al., 2008; Cloyed and Eason, 2017; Rosumek et al., 2018) and, in the best case, involves 
multiple conspecific populations (Lunghi et al., 2020e). Data collection has been often replicated on different seasons to clarify the 
seasonality of foraging habits and potential variation in the overall diet of the populations (Costa et al., 2015; Lunghi et al., 2018a, 
2022b); however, to the best of our knowledge, no study has assessed if trophic specialization remains consistent over longer time 
periods (e.g. across different years). Short-time surveys certainly are important to assess the occurrence of diet specialization (e.g., 
Salvidio et al., 2015; Carvalho-Rocha et al., 2018) and would offer a clear overview of the population if such attribute was genetically 
determined and can be therefore considered stable (Stanczyk et al., 2010). However, given the large variability of factors potentially 
affecting individual specialization (Araújo et al., 2011; Lunghi et al., 2020e), it is unlikely that within populations the proportions of 
specialized and generalist individuals can remain consistent through time. Therefore, short-period surveys likely provide only a 
snapshot of the dynamics of a population trophic ecology (Johnson, 2000; Brose, 2010; Pille et al., 2023). For example, fluctuation in 
populations densities may trigger a variation in intraspecific competition (e.g., Lejeune et al., 2023), promoting niche portioning and 
significantly affecting diet specialization of individuals (Araújo et al., 2008). Another influencing factor may be the availability and/or 
the possibility to access the best foraging areas, where ecological opportunity is the highest and individuals can specialize on their 
preferred prey, or target the most profitable ones (Denoël et al., 2007; Cloyed and Eason, 2016). Assessing factors determining the 
temporal variation of individual diet specialization can be particular important for amphibians such as salamanders, which are key 
components of both aquatic and terrestrial habitats. By preying on a diverse array of invertebrates, salamanders play central roles in 
resources flow across and within ecosystems (Semlitsch et al., 2014; Barzaghi et al., 2017). Knowledge on feeding ecology and diet 
variation of salamanders is therefore pivotal to understanding the ecological functions they provide. 

With the present paper, we performed a repeated assessment of diet specialization of three populations of the Ambrosi’s cave 
salamander (Speleomantes ambrosii) in different years to test two hypotheses related to the potential drivers affecting the incidence of 
specialized individuals within populations through time. Considering the trophic niche of individuals as a dynamic trait, we expected 
to observe within the same population seasonal variations (Lunghi et al., 2018b, 2020a), but also differences in the proportion of 
specialized individuals during the same season but in different years. For example, multiple environmental conditions showing a 
seasonal cycle (e.g. climate, resource availability) can directly or indirectly affect the occurrence of specialized individuals within a 
population (Lunghi et al., 2020e); therefore, a consistent divergence between seasons in individuals diet specialization is expected. 

Table 1 
The data analyzed in this paper. Data for years 2016 and 2017 is retrieved from Lunghi et al. (2018a), while that for year 2020 from Lunghi et al. 
(2021b). Within season, sampling performed in late June/early July were coded as spring (S), while those performed in September as autumn (A). 
Populations are coded following Lunghi et al. (2020); below each population code, information of the explored area is provided. The explored area 
was estimated through the measurement of the explored inner cave space (length × width of the ground floor + length × height of explored cave walls 
on both sides). Coordinates of sampled sites are omitted due to conservation concerns Lunghi et al. (2019). For each sex we provide the number of 
individuals used into diet specialization analysis (i.e., individuals from which stomach contents were recognized; in bold), along with the total 
number of captured individuals (in brackets). We also report the percentage of individuals in each combination population/year/season characterized 
by only a single prey item in their stomachs (% single prey).  

Population Year Season Females Males Juveniles Total % single prey 

S_ambrosii2 2016 A 3(5) 0 6(15) 9(20) 77.8 
(342.3 m2)  S 6(9) 7(10) 16(21) 30(40) 90.0  

2017 S 9(12) 3(9) 0 12(21) 75.0  
2020 A 6(38) 3(19) 3(41) 12(98) 75.0   

S 18(39) 19(30) 5(39) 42(108) 81.0 
S_ambrosii3 2016 A 4(5) 4(4) 2(4) 10(13) 54.5 
(635.31 m2)  S 1(3) 3(3) 1(3) 5(9) 33.3  

2017 S 7(9) 2(3) 0 9(12) 71.4  
2020 A 4(12) 2(6) 3(33) 9(51) 66.7   

S 7(8) 1(1) 4(12) 12(21) 91.7 
S_ambrosii4 2016 A 6(11) 4(9) 6(10) 16(30) 68.8 
(951.84 m2)  S 5(7) 6(6) 6(12) 17(25) 88.2  

2017 S 6(9) 8(9) 2(3) 16(21) 75.0  
2020 A 18(45) 3(10) 8(59) 29(114) 86.2   

S 20(23) 6(7) 3(29) 29(59) 89.7 
TOTAL   119 71 65    
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Nevertheless, climate does not only shows an annual cycle, but also presents fluctuations that can affect the abundance and diversity of 
species (Kazadi and Kaoru, 1996; Kröncke et al., 1998) and, potentially, also diet specialization. The degree of individual diet 
specialization can be affected by the intensity of competition (only intraspecific in the present study due to the lack of heterospecific 
competitors; Lanza et al., 2006), thus we expect that changes in populations abundance through time can impact specialization. 
Ambrosi’s cave salamander are facultative cave species that use subterranean environments to avoid unsuitable outdoor microclimate, 
i.e., they require high humidity and relatively cold temperatures (Lunghi et al., 2014; Ficetola et al., 2018). After some days from their 
occurrence, external environmental influences can reflect into subterranean environments (Badino, 2010), mostly affecting the 
shallowest areas, where the abundance of trophic resources is the highest (Lunghi et al., 2015; Manenti et al., 2015). Unsuitable 
microclimate can limit the access of Speleomantes to near-surface areas, confining them into relatively deep but food-poor subterranean 
spaces (Lunghi et al., 2018d; Culver and Pipan, 2019). Consequently, when Speleomantes can forage in the shallowest cave areas they 
have more opportunities to meet their trophic requirements and preferences, increasing the proportion of specialized individuals 
within the population. 

2. Material and methods 

We analyzed the data from three subterranean populations of Speleomantes ambrosii. The diet of these populations has been first 
investigated in 2016 and 2017, before (late June/beginning of July; hereafter spring) and after (late September; hereafter autumn) the 
warm season, period in which salamanders reduce their activity and estivate in the deepest cave areas (Lunghi et al., 2015, 2020a). 
These populations were surveyed again in 2020 (i.e., more than three years later) during the same periods, in order to collect com
parable data and to avoid seasonal pseudoreplication (Lunghi et al., 2021b). These populations were monitored during day time 
(10 am – 5 pm) within the same subterranean space (i.e., first 45 m of the caves) (Lunghi et al., 2020a), therefore we can use population 
density as a proxy for the intensity of intraspecific competition. Salamanders where collected throughout the explored environment 
(Table 1), and each individual was weighted and photographed prior to undergo stomach flushing. Stomach flushing is a harmless 
technique that involves the injection of water through salamander’s mouth to induce regurgitation of the remains of their last foraging 
activity (Crovetto et al., 2012; Lunghi et al., 2021a). When possible, the distance of each salamander from the cave entrance was also 
recorded. Images were used to estimate salamanders snout-vent length (SVL) and total length (TL) (Lunghi et al., 2020c). Pre
sence/absence of secondary sexual characters (mental glands) was used to identify adult males (Lanza et al., 2006). SVL was then used 
to distinguish between juveniles and adult females; individuals with SVL ≥ 50 mm were considered adult females (Lunghi et al., 2018c; 
Lunghi, 2022). Consumed prey were recognized and counted following Lunghi et al. (2018a). Briefly, prey categories where mainly 
defined based on their taxonomic order; when specific morphology and/or different ecology (including larval stages) could be 
recognized with high confidence, they were considered as separate prey category. 

For each population, we calculated the index of individual specialization as: 

IS =

∑

i
PSi

N 

(Bolnick et al., 2002) where N = number of i individuals in a population, while PSi values were estimated using the revised version 
of Schoener’s (1968) proportional similarity index PS proposed by Bolnick et al. (2002): 

PSi = 1 − 0.5
∑

j

⃒
⃒pij − qj

⃒
⃒

where pij is the frequency of a prey category j in the individual i’s diet, and qj is the frequency of prey category j in the entire population. 
IS approximates 0 when individual specialization is high and 1 when there is no individual specialization and provides a measure of 
individual specialization averaged over the whole population. For the sake of clarity, we used the measure V = 1- IS (Bolnick et al., 
2007), so that larger V values corresponded with a higher degree of individual specialization. 

For each combination of population/year/season, the estimation of V values was performed using the whole pool of individuals 
showing recognizable prey in their stomachs, without excluding those having items belonging to a single prey taxon (see Table 1 in 
Results). The inclusion of monophagous individuals may determine an overestimation of the degree of individual specialization, yet IS 
(and thus V) is among the indices that are less sensitive to monophagy (Bolnick et al., 2002). To confirm that this effect does not bias 
our conclusions, we assessed the relationship between estimated V values vs. the % contribution of monophagous individuals in each 
combination population/season/year. 

A preliminary PERMANOVA performed on individual specialization V index with “population” (3 levels), “season” (2 levels), “sex/ 
ontogenetic stage” (3 levels) as fixed factors and “year” (3 levels) as a random factor, showed negligible effects for “sex/ontogenetic 
stage”, alone or interacting with other factors. Sex or ontogenetic stage of salamanders were thus excluded from further analyses. 

The different surveys (combination population/season/year) were characterized by a number of analyzed individuals ranging 
between 6 and 42 (Table 1). To confirm that estimates of individual specialization are not biased by small sample size, we simulated V 
values by randomly subsampling n individuals from the total pool of each combination population/season/year (4999 replicates), with 
n varying between 2 and the total pool of analyzed individuals in the combination minus one. Local regression models (LOESS) fitted to 
the simulated data were used to qualitatively inspect the dependency of estimated V values on sample numerosity. The procedure was 
repeated on the four sampling occasions characterized by the largest pools of individuals. We calculated population densities using the 
number of captured individuals as a proxy of abundance. Previous assessments using removal sampling showed that the number of 
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individuals captured during the first capture session is an excellent proxy of the actual population abundance (R2 > 0.9; (Ficetola et al., 
2018). We used Generalized Linear Mixed Models to assess whether salamanders’ density and/or distance from the cave entrance 
affect the diet specialization of individuals (Douglas et al., 2015). The V index of each salamander was used as the dependent variable, 
while the distance from the cave entrance, population density, year and season of survey were the independent variables; population 
identity was used as random factor. We did not include into the model sex and size of salamanders as previous analyses showed that 
these factors do not affect individual diet specialization (Salvidio et al., 2015; Lunghi et al., 2020a, 2020e). Likelihood ratio test was 
used to assess the significance of variables (Kuznetsova et al., 2016). 

3. Results 

The full dataset includes 642 records of salamanders (126 males, 235 females, 281 juveniles), 451 of which were collected in 2020 
(Table 1). Overall, 365 individuals were discarded because they had empty stomach, or the food residuals were not recognizable 
because of their advanced stage of digestion. Among the others, we did recognize 708 prey items belonging to the following categories: 
Pulmonata, Sarcoptiformes, Trombidiformes, Araneae, Pseudoscorpiones, Opiliones, Lithobiomorpha, Geophilomorpha, 

Fig. 1. Variation in the individual specialization index V (mean ± SE) across populations/years/seasons.  
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Scolopendromorpha, Julida, Glomerida, Isopoda, Symphypleona, Entomobryomorpha, Orthoptera, Blattodea, Psocodea, Hemiptera, 
Hymenoptera, Hymenoptera_Formicidae, Coleoptera, Coleoptera_Staphylinidae, Lepidoptera, Lepidoptera_larva, Diptera, Dipter
a_larva, Archaeognatha, Speleomantes, Speleomantes_skin, Tricladida, Gordea, Haplotaxida. 

The highest V value was observed in population#4 in autumn 2016 (0.76 ± 0.04, mean ± SE) while individuals from population#3 
in spring 2020 were characterized by the lowest dietary specialization (0.01 ± 0.005). Similarly, also the remaining populations 
showed a significant seasonal and inter-year variability in V values (Fig. 1; Table 2). Variations in the degree of individual speciali
zation were not related to the number of analyzed individuals (Pearson’s correlation: r = - 0.38, P = 0.16, d.f. = 13) nor to the % 
contribution of monophagous individuals in each combination population/season/year (r = − 0.33, P = 0.15, d.f. = 13), suggesting no 
biases due to samples size or monophagy. The subsampling procedure implemented on the combinations with the most numerous 
pools of individuals (population#2: Spring 2016 and 2020; population#4: Autumn and Spring 2020; Table 1) showed that reliable 
estimation of V values are already achieved with a sample size of 8–10 individuals (Appendix A, Fig. A). This suggests that V values can 
be reliable also for the sampling occasions with less individuals (Table 1). In both 2016 and 2020 the individual specialization of the 
three populations was generally higher in autumn than spring (Fig. 1; PERMANOVA, post-hoc comparisons: max PMC = 0.003 for 
population#3 in 2020). In autumn, all populations showed the same inter-year trends of individual dietary specialization, with values 
significantly higher in 2016 compared with 2020 (max PMC = 0.001 for population#4). In contrast, in spring the three populations 
were characterized by different yearly patterns, with populations #2 and #4 showing a significantly higher specialization in 2017 
(max PMC = 0.002 for the comparison 2016 vs. 2017 in population#4), while population#3 maintained similar V values between 2016 
and 2017 (PMC = 0.49) and decreased significantly in 2020 (max PMC = 0.0001, population#3 for the comparison 2017 vs. 2020). 

The individual diet specialization of salamanders was significantly related to their density (F1,95.66 = 11.50, P = 0.001), year (F1128 
= 27.9, P < 0.001) and season (F1173.98 = 105.52, P < 0.001), while distance from the cave entrance was not significant (F1173.81 =

3.14, P = 0.078) (Fig. 2). The proportion of specialized individuals increased with density and was higher in autumn compared to 
spring. Furthermore, the frequency of specialized individuals decreased significantly from 2016 to 2020. 

4. Discussion 

Using the salamander Speleomantes ambrosii as model species, we demonstrated that the frequency of generalist vs. specialized 
individuals within a population strongly changes through time, and is likely affected by both endogenous (e.g. density) and exogenous 
(e.g. seasonality, differences between years) factors. Although it is known that, within the same population, a different proportion of 
specialized individuals may arise according to the season in which the sampling is performed (Araújo et al., 2009; Lunghi et al., 2020e), 
there is little quantification of how such variability may occur within the same season across different years. Indeed, our results showed 
that, for a given period (e.g., a single season) the proportion of specialized individuals can show a ten-fold variation across years 
(Fig. 1). This suggests that short-time studies may not provide exhaustive information on the degree of individual specialization that 
characterizes the population, but just a snapshot of a more dynamic trajectory of variation of dietary habits. Climatic variability, and 
its effects on individual specialization, is therefore not limited to the four seasons (Kazadi and Kaoru, 1996), but should be also 
considered in long-term studies. 

The data analyzed here were collected before and after the warm season during three different years (Table 1), although for the 
second one (2017) data collection was performed in spring only. The prevalence of specialized individuals was generally higher in 
autumn compared to spring (Fig. 1), in agreement with what was already observed in this and other Speleomantes species (Salvidio 
et al., 2015; Lunghi et al., 2018b, 2020a). Such variation in diet composition is correlated to the seasonal climatic conditions affecting 
the phenology of both Speleomantes and their prey. At the end of spring, the high temperatures and low precipitations confine Spe
leomantes within their subterranean refuges, where suitable microclimatic conditions occur all year round (Lunghi et al., 2015; Ficetola 
et al., 2018). In these periods, prey such as crane flies (Diptera, Tipuloidea) also seek refuge in subterranean environments during hot 
season, where they can aggregate and reach very high densities (Lunghi et al., 2020b). Such aggregations of prey within a restricted 
environment offers Speleomantes the opportunity to easily capture multiple prey with a minimum effort (i.e., optimal foraging theory; 
(Stephens and Krebs, 1986), making these flies preponderant in their diet (usually between 58% and 94%; (Cianferoni and Lunghi, 
2023). These conditions allow to a large proportion of individuals to forage primarily on this prey (Salvidio, 1992; Lunghi et al., 2018a, 
2022a; see also Fig. 1). On the other hand, both Speleomantes and crane flies can leave subterranean environments when, in autumn, 
conditions become milder and wetter, and individuals can reach surface environments for foraging. Compared to caves, in surface 
environments prey availability for Speleomantes is higher; the access to broader foraging areas and the availability of a more diverse set 

Table 2 
Results of PERMANOVA analysis on V values, using season and population as fixed factors and year as random factor.  

Source d.f. SS MS Pseudo-F P(MC) 

year (1) 2 5.94 2.97 329.23 0.0001 
season (2) 1 4.79 4.79 32.50 0.13 
population (3) 2 0.35 0.17 1.24 0.37 
1 ×2** 1 0.15 0.15 16.35 0.0001 
1 ×3 4 0.70 0.17 19.31 0.0001 
2 ×3 2 0.33 0.16 0.60 0.62 
1 ×2×3** 2 0.54 0.27 29.99 0.0001 

** Term has one or more empty cells. 
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Fig. 2. Plots showing results of GLMM analyses. The individual diet specialization index V for each salamander is plotted against A) the density of active salamanders (individuals/m2) observed during 
samplings and B) the linear distance (m) from the cave entrance of salamanders. Shaded areas indicate confidence intervals. 
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of prey allow individuals to target the most preferred ones (Salvidio et al., 2015; Lunghi et al., 2018a, 2018d), ultimately increasing 
their specialization. 

One of our hypotheses explaining the divergence in diet specialization between different years was related to the accessibility of the 
most profitable foraging sites (Pille et al., 2023). Specifically, we expected to observe a more specialized diet in individuals closer to the 
cave entrance, and more generalist in those captured in the deepest cave area. Although results were marginally not significant (P =
0.08), the observed trend provides a partial support to our hypothesis (Fig. 2B), allowing to speculate that additional factors may have 
affected our analysis. For example, the lack of data during autumn 2017, and the relative low number of salamanders with recog
nizable stomach contents probably reduced the statistical power of this test. On the other hand, we do not have information on where 
salamanders foraged. It is possible that most salamanders exited the cave to forage, and individuals from deeper cave areas just foraged 
earlier than those closer to the entrance, meaning that they had the time to partially digest the prey and consequently reduce the 
diversity observed within their stomach contents. Testing these hypotheses would require tracking individuals both inside and outside 
the cave, a challenging activity to be performed on cave salamanders, even though controlled conditions trials (performed e.g., in 
mesocosms) might help to answer these questions (Mammola et al., 2021). 

Our second hypothesis, predicting a decrease of specialized individuals when density is low because of the relaxation from 
intraspecific competition, was supported by the data. Intraspecific competition is often density-dependent (Araújo et al., 2008), 
therefore populations with lower density likely have less specialized individuals. Indeed, during our surveys, when the number of 
individuals was higher (i.e., more salamanders foraging at the same time) we observed a higher diet specialization. During the study 
period (2016 – 2020), we did not detect a decrease in population abundances (Table 1), meaning that a variation in the trophic 
availability might have had a major role in determining the reduction of specialized individuals (Fig. 1). Speleomantes are ectothermic 
vertebrates that fully depend from the environment to regulate body temperature and water homeostasis (Spotila, 1972; Lunghi et al., 
2016). Variation in local temperatures and precipitations determines the possibility of Speleomantes to exit and forage in surface 
environments, where the trophic supply is higher and therefore individuals can specialize on their preferred prey (Araújo et al., 2011; 
Lunghi et al., 2018a, 2021b). Considering the high temperatures recorded through the study period (Table S1), the variation of 
precipitations may represent the key factor that triggered Speleomantes foraging activity. For example, the intense precipitations 
characterizing spring 2017 (Table S1) may have allowed a higher number of individuals to forage outside the cave (Lunghi et al., 
2018d), while in spring 2016 and 2020 individuals were probably confined to subterranean environments where diversity of prey is 
lower (Culver and Pipan, 2019). Having dietary data also from autumn 2017 would have provided an additional seasonal comparison, 
allowing to produce more robust data in support to this hypothesis. 

Our study showed clear evidence that multiple factors can determine the variation of specialization, still it shows some limitation 
that may require attention in future researches. Here we did not consider potential recaptures of the same individuals through different 
years, an event that may help explaining the divergence of specialized individuals observed during different years. First, these pop
ulations are quite abundant and the recapture rates of individuals are very low (Ficetola et al., 2018; Lunghi et al., 2020a). Conse
quently, during different years we mostly sampled different populations’ subsets, which might represent different proportion of 
specialized individuals. On the other hand, longitudinal studies on diet specialization of these salamanders are lacking, and it would be 
extremely interesting testing whether single individuals change their diet preference and specialization through the time. 

In conclusion, this study provided novel information on the dynamism of the individual diet specialization and how it should be 
carefully interpreted from studies performed on a short time, and also provided insights for future researches. Indeed, our data 
highlighted the potential role that local environmental conditions may have in determining the occurrence of specialized individuals, 
meaning that long-term studies are needed to properly understand foraging tactics of species which physiology is highly dependent on 
local environmental conditions. 
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