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Abstract

:

Rockfish (genus Sebastes) assemblages can inform mechanisms of coexistence and maintenance of diversity in ecological communities. Coexistence theory characterizes ecological assemblages as following either a deterministic niche differentiation model, or a stochastic lottery model. We used natural abundances of carbon and nitrogen stable isotopes from the tissues of ten co-occurring species of rockfish to assess position, size, and overlap of trophic niches in this diverse assemblage. We created a stochastic null model and compared observed values against the null model to determine if patterns were consistent with a deterministic or a stochastic model. We classified rockfish species as either demersal or pelagic. Mean δ13C and δ15N values differed among pelagic and demersal rockfish species and mean position was more variable than what was predicted by our null model. All species had relatively small trophic niches compared to occupied trophic niche space for the entire assemblage and trophic niche size was smaller than what was predicted by our null model. Trophic niche overlaps varied from 32% to 189% but were substantially lower than predicted by our null mode. All observed trophic niche metrics were different than the stochastic null model. This rockfish assemblage follows a deterministic model of community composition.
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1. Introduction


How species coexist in the same geographic area has been a central question in ecology since the beginning of the science [1,2,3]. The question of coexistence is centred on the concept of the ecological niche (one of the cornerstone concepts in ecology [4]), i.e., the habitat occupied and resources used by the organism. Organisms that occur in the same place that use similar resources must overlap in their niche in some way. Under a classic deterministic view, competition for resources will drive these organisms to become less similar in their resource use, thus reducing the size of their niche and therefore promoting their coexistence by limiting their similarities [2,5] (i.e., niche packing). On the other hand, in species-rich systems, coexistence can also occur via ecological equivalence resulting in stochastic determination of species composition and abundance [5,6,7]. Despite evidence that supports both of these hypotheses, coexistence theory remains divisive and inconclusive [7].



Stable isotopes of carbon and nitrogen found in consumers are commonly used to characterize trophic niches [8,9,10]. Surprisingly, this tool has seldom been applied to test coexistence theory. When applying the concepts of coexistence to trophic niches observed in species assemblages, we would predict that species should coexist via highly differentiated niches and niche packing, or be trophically equivalent and coexist via a lottery-type mechanism [11,12,13]. However, there is no current quantifiable framework for how to assess whether trophic niches are equivalent or differentiated among species for trophic niches derived from stable isotope analysis. We developed methods for resampling stable isotope data to test whether co-occurring species exhibit trophic niches consistent with a deterministic niche packing model, or a stochastic lottery model.



Rockfish (genus Sebastes) are a group of marine fishes that are primarily distributed in the northeast Pacific [14]. They are often found in syntopic assemblages that exhibit high species richness with other congeners. Within these assemblages, rockfish are divided into sub-assemblages based on habitat use and are characterized as pelagic or demersally oriented species [14]. Rockfish are also some of the longest lived vertebrates with one species having an individual with an estimated age of 205 years [15]. Additionally, rockfish are fished commercially and recreationally and are a species of conservation concern [16]. Despite their conservation concerns, rockfish are relatively poorly studied in general, especially in regard to their trophic relationships. The studies that have focused on the trophic relationships of rockfish have used stable isotopes or diet studies to characterize the trophic relationships of a few species [17,18,19,20,21,22,23,24], but none of these studies have included the trophic relationships among an entire assemblage. Studying rockfish in their assemblages also removes confounding effects from widely disparate phylogenetic groupings due to their congeneric relationships. Therefore, rockfish are an ideal group to understand mechanisms and niche patterns associated with coexistence.



Null models can provide an expected distribution when patterns result from stochastic processes. Null models generate patterns by randomizing or resampling ecological data and should be designed to represent what would be expected without the presence of specific ecological pressures [25,26]. Ecological null models hold certain variables constant while allowing others to behave stochastically [25]. For our purposes, we resampled stable isotope data from a syntopic assemblage of rockfish to serve as a null model to test against models of community composition. Our null model assumes that all rockfish are equivalent in their trophic niches within their sub-assemblages (i.e., pelagic, or demersal) and are organized by stochastic processes. As trophic equivalents, there should be no differentiation in the forage among species so we expect that trophic niches would be general and should appear similar in their trophic niche parameters. As such, we expect that an assemblage organized through stochastic processes will have trophic niches with similar positions in isotopic space, large trophic niche size, and high levels of trophic niche overlap among species. We expect that if this rockfish assemblage follows a lottery model, the niche size and position of the actual community will be predicted by and thus be indistinguishable from the trophic niche metrics of the null model. If, on the other hand, an assemblage is organized through deterministic species interactions of competition and predation, then we would expect niche position to be differentiated among species, niche sizes to be relatively small compared to all of occupied isotope space of the assemblage, and overlap to be relatively low between species. As such the observed trophic niche metrics would be significantly different from those predicted by the null model.



Both external and internal sources of variation can influence position, size, and overlap of trophic niches. Variation among years may show that trophic niche metrics are temporally specific whereas ontogenetic changes in trophic niches may change the trophic niche metrics based on the size of the organisms that were sampled. Ontogenetic changes in the trophic niche have been addressed in other studies that use stable isotopes to study species assemblages [27,28,29]. To test observed niche metrics against those predicted by our null models, we need to account for these other sources of variation in the trophic niche and understand their influence on niche metrics.



To determine if coexisting species of rockfish exhibit patterns in trophic niche characteristic most like a deterministic niche packing model, or a stochastic lottery model, we describe trophic niches and quantitatively test for differences in patterns of position, size, and overlap of trophic niches among ten rockfish species. We characterized trophic niches of rockfish using δ13C and δ15N stable isotope analysis. We applied resampling techniques to the stable isotope data of the rockfish assemblage and used this as a null model that assumed trophic equivalence to test if deterministic or stochastic processes are the mechanisms that are organizing this assemblage. In addition, we evaluated variation among years and across sizes to determine how these sources of variation affected our trophic niche metrics. We also illustrate our null model of trophic niche characteristics as a new method for evaluating community assembly rules in species-rich systems.




2. Materials and Methods


Our study area consisted of the marine environment within 15 km of 56°59′9.82″ N 134°9′3.35″ W. We collected fish samples (n = 712) during June-August from 2013–2018 (Table 1). We used hook and line sampling techniques to collect fish. All fish were caught at a depth no greater than 100 m. We collected ten species of rockfish: Sebastes brevispinis, S. caurinus, S. ciliatus, S. flavidus, S, maliger, S. melanops, S. nebulosus, S. nigrocinctus, S. ruberrimus, and S. variabilis. We only used samples for S. ciliatus and S. variabilis from 2016–2018 because we did not differentiate between species before 2016.



We identified all fish to species and measured for total length to the nearest mm. Approximately 1 cm3 of tissue was sampled from the dorsal epaxial muscle (samples were comprised of muscle only). We froze all samples at −20 °C in the field and we transported them frozen to Brigham Young University where we stored them at −80 °C before we used them for stable isotope analysis. We prepared samples for analysis by oven-drying them at 60 °C for at least 48 h. Once desiccated, we ground samples to a homogeneous powder using a mortar and pestle then encapsulated them in a 4 × 6 mm tin capsule. Samples weighed between 0.6–1.2 mg. We shipped the samples to the Colorado Plateau Stable Isotope Laboratory at Northern Arizona University (Flagstaff, AZ, USA) for stable isotope analysis. Samples were analysed using a Delta V Advantage Mass Spectrometer (Thermo Electron Corporation, Bremen, Germany) and configured using a CONFLO III (Thermo Fisher Scientific, Waltham, MA, USA) and a Carlo Erba NC2100 Elemental Analyzer (Thermo Fisher Scientific, Waltham, MA, USA).



Carbon (δ13C) and nitrogen (δ15N) were expressed in permil (‰) using delta notation [30]. δ13C and δ15N were calculated using the equation:


    δ =  [   (      R  s a m p l e      R  s t a n d a r d       )  − 1  ]  ⋅ 1000    








where R represents the ratio of 13C/12C or 15N/14N and their associated international standard (carbon = Vienna Pee Dee Belemnite, nitrogen = atmospheric nitrogen; [31]).



We tested for differences in mean δ13C and δ15N ratios among pelagic and demersal rockfish to determine differences in trophic niche position among rockfish. We used two analysis of variance (ANOVA) tests for each sub assemblage to test for differences in δ13C and δ15N trophic niche axes. We structured these two ANOVA tests with species as the explanatory variable and δ13C or δ15N as dependent variables. We verified the assumptions of the parametric test by inspection of a residual plot to check for normality and constant variance. We compared means with 95% confidence intervals in a pairwise manner as a post hoc test to determine which species’ mean trophic niche positions differed within pelagic and demersal rockfish species. We determined that mean position differed if the mean δ13C or δ15N value did not overlap with the 95% confidence intervals of another species.



We used the package Stable Isotope Bayesian Ellipse in R (SIBER) to model niche size and overlap for each rockfish species [32,33]. We generated standard ellipses which are the bivariate equivalent of univariate standard deviations [9]. We used these standard ellipses as a representation of each species’ trophic niche size. For comparison in niche size, we calculated standard ellipse area (SEA) which was expressed in permil squared (‰2) for each rockfish species. We used the standard ellipse area to perform a pairwise comparison among rockfish species to quantify trophic niche overlap. We did this by calculating what percentage of the standard ellipse area of any given species was overlapping with any other rockfish species. All pairwise percent overlap estimates were rounded to the nearest whole percent. We took the sum of all these pairwise percent overlap estimates to be used as a metric that represents the total trophic niche overlap for each rockfish species. For example, a species with no trophic niche overlap would have a cumulative percent overlap of 0% while a complete niche overlap of four species on a fifth species would result in a cumulative percent overlap of 400%.



There is no way to quantitatively compare standard ellipse area because there is no error associated with the ellipse. To overcome this, we calculated Bayesian standard ellipses (SEAB) using a Markov-chain Monte Carlo simulation at 10,000 iterations using normal priors [9]. Bayesian standard ellipses also contains the same properties of small sample size corrected standard ellipses for species with small samples sizes [9]. We compared these statistically by calculating the probability that the SEAB for a given rockfish was greater than the SEAB of another given rockfish. We used the equation:


  p =    Σ ( S E  A  B i   > S E  A  B j   )     10,000     








where the numerator is the sum of all instances where the SEAB of species i is greater than the SEAB of species j and the denominator is the total number of iterations ran in the Bayesian analysis. This returns a value we called p which is the probability that the Bayesian standard ellipse area of species i is greater than species j. We used these pairwise probabilities to determine if the trophic niche of a given rockfish was larger than that of any other given rockfish at a level of α = 0.05. We then provided a ranked list, with ties, of all species that characterized the position of each species’ trophic niche size from largest to smallest.



We applied resampling techniques to the stable isotope data of pelagic and demersal rockfish as a null model that predicts what we would expect if the rockfish assemblage was organized based on a stochastic lottery model. We used the convex hull of the stable isotope distribution, which is a polygon defined by the most extreme isotopic observations of each of the pelagic and demersal rockfish sub-assemblages. The convex hull of each sub-assemblage then represented the resource spectrum available to each rockfish species within each sub-assemblage. We took 10,000 random bivariate samples with replacement of n = 50 from within the convex hull for pelagic rockfish or demersal rockfish. We calculated the standard trophic niche metrics (i.e., mean trophic niche position, trophic niche size, and trophic niche overlap) from these randomized data, which we used as our null model. We compared the observed niche metrics from the rockfish assemblage to the null model to test if the rockfish assemblage is organized stochastically or deterministically.



We also tested for interannual differences in stable isotope ratios across the six years of our study. We used analysis of variance (ANOVA) to determine if the mean δ13C or δ15N ratios differed in at least one of the years of our study. We used isotopic values from S. ciliatus, S. maliger, S. ruberrimus, and S. variabilis because we had large sample sizes across multiple years in the study (Table 1). We performed two ANOVA tests for each of these four species of rockfish. The dependent variable was either δ13C or δ15N measured in permil and the explanatory variable was year. We verified the assumptions of the parametric test by inspection of a residual plot to check for normality and constant variance.



We quantified ontogenetic shifts in isotope ratios by testing for changes in δ13C and δ15N by total length among seven species of rockfish. We used simple linear regression models for each rockfish species to determine if there was an ontogenetic shift in δ13C or δ15N. Species were determined to exhibit ontogenetic shifts if their regression had a non-zero slope. We compared slopes and 95% confidence intervals in a pairwise manner to determine which species’ ontogenetic changes in δ13C or δ15N differed from each other. We had sufficient samples sizes to test for ontogenetic relationships in seven rockfish species: S. brevispinis, S. ciliatus, S. flavidus, S. maliger, S. nigrocinctus, S. ruberrimus, and S. variabilis (Table 1). We verified the assumptions of the parametric test by inspection of a residual plot to check for normality and constant variance.




3. Results


3.1. Trophic Niche Position


In the pelagic rockfish group, mean trophic niche position for δ13C ranged from −17.96 to −16.70 and for δ15N from 12.95 to 14.21 (Figure 1). There was a significant difference in mean trophic niche position in both the carbon (F4, 357 = 29.07, p < 0.001) and nitrogen (F4, 357 = 56.97, p < 0.001) niche axes among pelagic rockfish species. Sebastes ciliatus and S. variabilis were more depleted in both mean carbon and mean nitrogen than all other rockfish (Figure 1). Sebastes melanops was not significantly different from S. flavidus or S. brevispinis in mean carbon or nitrogen position, but S. flavidus was significantly more depleted than S. brevispinis in mean nitrogen position (Figure 1).



In the demersal rockfish group, mean trophic niche position for δ13C varied from −16.03 to −15.78 and for δ15N from 14.26 to 15.58 (Figure 1). There was no significant difference in the mean carbon trophic niche position (F4, 345 = 1.9853, p = 0.096) but there was a significant difference in mean nitrogen position among demersal rockfish species (F4, 345 = 53.64, p < 0.001). Sebastes ruberrimus and S. nigrocinctus were significantly more enriched than all other demersal rockfish in mean nitrogen position (Figure 1). Sebastes maliger was more enriched in mean nitrogen position than S. caurinus, but there was no difference between S. maliger and S. nebulosus (Figure 1).



Observed trophic niche position of rockfish species was different than the null model in almost all species. The null model accurately predicted the mean carbon trophic niche position for one pelagic rockfish only, while all the demersal rockfish were more enriched in carbon than the predictions made by the null model (Figure 2). For the mean trophic niche position for nitrogen, the null model accurately predicted trophic niche position for one pelagic rockfish and one demersal rockfish respectively, but the observed mean positions were more variable than predicted by the null model (Figure 2).




3.2. Trophic Niche Size


Standard ellipse areas varied from 0.3643‰2 (S. caurinus) to 1.313‰2 (S. brevispinis; Table 2, Figure 3). Bayesian standard ellipses showed that S. brevispinis had the highest estimated SEA and SEAB but was tied with S. melanops and S. variabilis (Table 2, Figure 3). Sebastes nigrocinctus had the smallest niche size among all rockfish (Table 2, Figure 3). In general, pelagic rockfish had larger SEA and SEAB than demersal rockfish (Table 2, Figure 3).



The observed trophic niche size was significantly smaller than what was predicted by the null model for both pelagic and demersal rockfish. The maximum observed size of trophic niche was 1.313‰2 for pelagic rockfish and 0.958‰2 for demersal rockfish. Mean trophic niche size predicted by the null model was 3.5‰2 for pelagic rockfish and 2.5‰2 for demersal rockfish (Figure 4).




3.3. Trophic Niche Overlap


In the pelagic rockfish group, observed individual pairwise percent trophic niche overlaps ranged from 0% to 79% (Table 3, Figure 3). For the demersal rockfish group, individual percent trophic niche overlaps ranged from 0% to 80% between species (Table 3, Figure 3). The cumulative percent niche overlap among all rockfish species ranged from 32% in S. ruberrimus to 196% in S. melanops (Table 3, Figure 3). Cumulative trophic niche overlap was over 100% for all species except S. ruberrimus and S. variabilis (Table 3, Figure 2).



The levels of trophic niche overlap for this rockfish assemblage were substantially smaller than what was predicted by our null model. Our null model for both pelagic and demersal rockfish predicted that trophic niche overlap should vary between 250–400% (Figure 5). Observed trophic niche overlaps did not exceed 200% for any of the rockfish species (Table 3, Figure 5).




3.4. Interannual Differences


Sebastes ruberrimus and S. maliger were significantly different in δ13C values across years (Table 4). There was not a significant difference among years for S. ciliatus or S. variabilis in δ13C (Table 4, Figure 6). Sebastes ruberrimus, S. ciliatus, and S. variabilis were significantly different in the δ15N values across years (Table 5). Sebastes maliger was not significantly different in δ15N across years (Table 5, Figure 7).




3.5. Ontogenetic Differences


Sebastes ciliatus (R2 = 0.1488, F1, 148 = 27.05, p = 6.5 × 10−7) and S. variabilis (R2 = 0.04698, F1,130 = 7.458, p = 0.00126) exhibited increased enrichment of δ13C with increasing total length. None of the other species exhibited a significant relationship between δ13C and total length (Figure 8).



Sebastes flavidus was the only species of rockfish that did not have a significant δ15N relationship with total length. Sebastes brevispinis (R2 = 0.5252, F1,27 = 31.97, p = 0.00138), S. ciliatus (R2 = 0.2127, F1, 148 = 41.27, p = 0.00068), S. maliger (R2 = 0.1384, F1, 155 = 26.05, p = 9.6 × 10−7), S. nigrocinctus (R2 = 0.2002, F1, 44 = 12.26, p = 0.00132), and S. variabilis (R2 = 0.3502, F1, 130 = 71.61, p = 0.00107) did not differ significantly by slope (Figure 9). Sebastes brevispinis, S. ciliatus, and S. variabilis had a slope of δ15N with length that was more than twice as large as the slope for S. ruberrimus (R2 = 0.2982, F1, 124 = 54.12, p = 2.26 × 10−11), but S. ruberrimus did not differ significantly from S. maliger and S. nigrocinctus in slope (Figure 9).





4. Discussion


Questions about the distribution and co-occurrence of species and resulting community composition have been at the centre of ecological study for decades [1,2,5,34]. Development of the ideas of competition, limiting similarity, and niche differentiation have led to the concept of niche packing based on resource partitioning resulting in a deterministic model of community composition [2,3]. We use the term deterministic to mean that if the community were experimentally allowed to assemble many times with the same beginning species, the resulting community would converge on about the same result because persistence in the community is determined by species traits and niche parameters. The basic argument being that co-occurring species will be adapted to perform best in a certain part of the available niche space. The concepts of diffuse competition, apparent competition, mixed competition/predation interactions, and size-structured interactions, all provide elaborations on the potential for different interactions to shape community composition, but the basic deterministic model is the same—an assemblage should consist of a certain number of co-occurring species that each occupy a somewhat differentiated niche allowing them to persist in the community in the face of competition from other species in the community [5].



Beginning in the 1970′s, an alternative model of community composition was developed, the lottery or neutral models of species coexistence. These models were usually invoked to explain species-rich systems where resource partitioning seemed to be insufficient to account for the large number of co-occurring species [6,11,12,13]. Lottery models assume that interacting species are ecologically equivalent in their ability to use resources, and that coexistence is facilitated by demographic processes of recruitment to newly available niche space such that stochastic processes determine patterns of co-occurrence rather than resource partitioning and deterministic competition [5,35]. Although these two models are often considered discrete and exclusive possibilities to explain community composition, it is acknowledged that they may represent end-points on a continuum [36,37,38]. In addition, the scale of studies that address coexistence and community composition seldom incorporate many potentially interacting species with corresponding measures of niche space. Thus, classifying entire communities, or even subsets of the community such as assemblages or guilds, as conforming to deterministic resource partitioning models, or stochastic lottery dynamics models, is difficult and oversimplifies the system.



An alternative to classifying communities as following either deterministic or stochastic models is to focus on characteristics of the niche for a group of co-occurring species where ecological interactions should be strong, i.e., assemblages or guilds [39]. Although niche characteristics arising from either deterministic or stochastic models of coexistence have received little attention, mechanisms, and assumptions of these two models should produce niches with substantially different characteristics. Niches can be characterized by their position in niche space (isotopic space in our example), their size (i.e., how much area of suitable, available niche space they occupy), and overlap of niche space with co-occurring species. We predicted that niches arising from a deterministic resource partitioning model (1) would occupy unique positions in niche space, (2) would be relatively small because of niche packing, and (3) would exhibit relatively little overlap among species. In contrast, niches arising from a stochastic lottery dynamics model (1) would occupy similar positions in niche space, (2) would be relatively large compared to available niche space, and (3) would exhibit a large percentage overlap with other co-occurring species. Based on these niche characteristics we found some support for both models in our characterization of trophic niches of ten co-occurring and similar (morphologically and ecologically) species of Pacific rockfishes from a syntopic site in southeast Alaska, USA.



In every trophic niche metric we measured, this rockfish assemblage appears to follow a deterministic resource partitioning model of species coexistence. There were significant differences in the mean trophic niche position among demersal rockfish in the δ15N axis and in both the δ15N and δ13C axes for pelagic rockfish (Figure 1). The mean position was different than the null model for both δ13C and δ15N (Figure 2) in both sub-assemblages we sampled. There were differences in niche size among rockfish species (Table 2), but overall niche sizes were substantially smaller than those predicted by the null model for both pelagic and demersal rockfish groups (Figure 4). Finally, there was relatively little niche overlap among rockfish species and no niche overlaps exceeded a two-fold overlap with all other rockfish species (Table 3). The null model predicted that trophic niche overlap should on average be about 350%, and always exceed about 250%. Thus, at this scale of investigation (i.e., among ten species), all niche characteristics we measured suggest that this assemblage is organized by resource partitioning processes resulting in niche packing characteristic of the deterministic model of community composition. Given the relatively large number of similar coexisting species in this assemblage, and the small total amount of niche space occupied by this assemblage (i.e., about one trophic level on the δ15N axis, 3‰, and about 3‰ on the δ13C axis), we found it surprising that each species occupied a relatively distinct part of trophic niche space.



Extrinsic sources of variation in trophic niche, such as year-to-year variation and intrinsic sources of variation such as size-varying or ontogenetic changes in diet could increase the size and overlap of observed niches. If extrinsic and intrinsic sources of variation are large, we might erroneously conclude that niches are relatively large and exhibit high overlap and thus conform more closely to a stochastic model of species coexistence. However, even though we identified both year-to-year variation (Figure 6 and Figure 7), and size-based variation in our data (Figure 8 and Figure 9), neither of those effects were sufficient to create large niches that would conform to those we observed in the null model (i.e., stochastic model). We found that δ13C varied by less than 0.5‰ and δ15N varied by less than 1‰ among years, and similarly, the largest ontogenetic change in δ15N was by S. brevispinis which changed by approximately 1.5‰. This ontogenetic change in S. brevispinis probably contributed to the relatively large niche size observed for this species, but we note that resulting cumulative overlap for this species was still relatively low at 121% compared to that expected from a lottery-type model. Additionally, the size range of the fish that are sampled directly affects the ontogenetic shift that is observed. We sampled 80% of the size range of S. brevispinis, 55% of the size range of S. maliger, and 87% of the size range of S. ruberrimus [14,40]. We sampled 50% of the entire size range for S. ciliatus, S. flavidus, and S. variabilis. Size at maturity has not been published for S. nigrocinctus. We suggest that when using niche characteristics to differentiate between different models of community composition and species coexistence, it is important to quantify potential sources of variation in the measured niche metrics that might inflate estimates.



The scale of observation and sampling relative to all species in the assemblage could lead to a different interpretation of our results. If we focus on smaller groups of species, we find examples of species that appear to function as ecological equivalents (or, at least, trophic equivalents). For example, S. maliger and S. nebulosus from the demersal group were quite similar in their trophic niches as measured by position, size, and overlap; and S brevispinis, S. melanops, and S. flavidus from the pelagic group were very similar in their niche characteristics and overlap. If we had considered either of these smaller sets of species, we might conclude that they exhibit characteristics consistent with a stochastic lottery dynamics model of coexistence, and there is no reason that those types of dynamics might not occur among a limited number of species within the larger assemblages. In the classic paper by Peter Sale [11] that has been extensively cited as an example of lottery dynamics in species-rich assemblages, detailed measurements of space occupancy were made for three species of pomacentrid fishes. Such studies suggest that niche characteristics among a few species may support a different model of species coexistence compared to niche characteristics observed among a larger number of species.



Before the development of stable isotope ecology, previous studies would have had to quantify stomach contents to compare trophic metrics. However, stable isotopes have been shown to be a reliable form of trophic niche metric which requires far less time and resources to characterize trophic relationships [41,42] than observing stomach contents. Additionally, stable isotopes can be more accurate than traditional diet studies because they only take into account assimilated and not just ingested forage [8]. Our results are also strengthened by the properties of stable isotope analysis. The δ13C stable isotope ratios of the consumer reflect that of their forage and are not enriched trophically [41,43,44]; whereas δ15N stable isotope ratios enrich at predictable increments in the food chain [31,41,43,45]. Because of these properties, similarities in stable isotope ratios of consumers can appear to come from the same source if multiple sources exhibit similar isotopic values. Thus, similarities in stable isotope ratios may not actually represent real similarities in diet if two species are using different prey resources that result in similar isotopic compositions. If this occurs, we could assume equivalence in trophic niches when in fact diets are taxonomically different. However, our results are somewhat conservative relative to this point because we found isotopic differences in trophic niche position among most species. In the few cases noted above where two or three species have similar niches, it is possible that these similarities may result from taxonomically different, but isotopically similar prey. If this is the case, our support for the deterministic species coexistence model is strengthened. In future studies, it would be important to quantify and determine isotopic signatures of prey species along with the target assemblage.



The resource diversity hypothesis suggests that niche breadth is a function of the variety of local forage items [46,47]. The observed trophic niche size was variable among species and pelagic rockfish had the highest trophic niche sizes while the demersal rockfish had generally smaller trophic niches (Table 2). It is possible that the differences in the trophic niche size can also be related to the trophic niche position. As the pelagic rockfish can differentiate their trophic niche on the δ13C axis in addition to the δ15N axis, there may be additional forage items that allow them to have a larger niche breadth. While there has been evidence of this in South American amphibians, it appears that rockfish exhibit a pattern that would warrant additional studies to see if rockfish niche breadth is affected by prey diversity.



Coexistence and community organization are still fundamental questions in community ecology. While our paper provides insight into community organization for a rockfish assemblage, there are still other systems where community composition models go untested. By testing models of community composition in other systems and on other species, we increase our understanding of how coexistence and community organization occur on a broader scale. The methods used in this paper are applicable anywhere community composition models can be tested using trophic metrics from stable isotopes. We encourage future research to use these methods on other species and in other systems.







Author Contributions


Conceptualization, A.D.S. and M.C.B.; methodology, A.D.S. and M.C.B.; formal analysis, A.D.S.; resources, M.C.B.; data curation, A.D.S.; writing—original draft preparation, A.D.S.; writing—review and editing, A.D.S. and M.C.B.; visualization, A.D.S.; supervision, M.C.B.; project administration, M.C.B.; funding acquisition, M.C.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Collection of fish and the work performed on them was reviewed and supervised by the Brigham Young University Institutional Animal Care and Use Committee. We only used specimens that were already sacrificed from recreational fishermen.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data is available from the authors upon reasonable request.




Acknowledgments


We thank the Roger and Victoria Sant Foundation, Scott and Jody Jorgenson at Pybus Point Lodge, Alaska, USA, the College of Life Sciences, and the Department of Biology at Brigham Young University for providing funding and support for this study. We thank Brianna Greenwood for assistance with some of the formal analysis. We also thank Mikaela Nielson, Yuka Yanagita, Michelle Nishiguchi, Aaron Esplin, Michael Sorenson, Peter Searle, Samantha Tilden, and Aaron Brooksby for their help with gathering data.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hutchinson, G.E. Homage to Santa Rosalia or Why are There so Many Kinds of Animals? Am. Nat. 1959, 93, 145–159. [Google Scholar] [CrossRef]

	



Macarthur, R.; Levins, R. The Limiting Similarity, Convergence, and Divergence of Coexisting Species. Am. Nat. 1967, 101, 377–385. [Google Scholar] [CrossRef]

	



MacArthur, R. Species Packing and Competitive Equilibrium for Many Species. Theor. Popul. Biol. 1970, 1, 1–11. [Google Scholar] [CrossRef]

	



Hutchinson, G.E. Concluding Remarks. Cold Spring Harb. Symp. Quant. Biol. 1957, 22, 415–427. [Google Scholar] [CrossRef]

	



Chesson, P. Mechanisms of Maintenance of Species Diversity. Annu. Rev. Ecol. Syst. 2000, 31, 343–366. [Google Scholar] [CrossRef]

	



Hubbell, S.P. Neutral Theory in Community Ecology and the Hypothesis of Functional Equivalence. Funct. Ecol. 2005, 19, 166–172. [Google Scholar] [CrossRef]

	



Rosindell, J.; Hubbell, S.P.; Etienne, R.S. The Unified Neutral Theory of Biodiversity and Biogeography at Age Ten. Trends Ecol. Evol. 2011, 26, 340–348. [Google Scholar] [CrossRef]

	



Perkins, M.J.; McDonald, R.A.; van Veen, F.J.F.; Kelly, S.D.; Rees, G.; Bearhop, S. Application of Nitrogen and Carbon Stable Isotopes (Δ15N and Δ13C) to Quantify Food Chain Length and Trophic Structure. PLoS ONE 2014, 9, e93281. [Google Scholar] [CrossRef]

	



Jackson, A.L.; Inger, R.; Parnell, A.C.; Bearhop, S. Comparing Isotopic Niche Widths among and within Communities: SIBER—Stable Isotope Bayesian Ellipses in R: Bayesian Isotopic Niche Metrics. J. Anim. Ecol. 2011, 80, 595–602. [Google Scholar] [CrossRef]

	



Layman, C.A.; Quattrochi, J.P.; Peyer, C.M.; Allgeier, J.E. Niche Width Collapse in a Resilient Top Predator Following Ecosystem Fragmentation. Ecol. Lett. 2007, 10, 937–944. [Google Scholar] [CrossRef]

	



Sale, P.F. Maintenance of High Diversity in Coral Reef Fish Communities. Am. Nat. 1977, 111, 337–359. [Google Scholar] [CrossRef]

	



Sale, P.F. Coexistence of Coral Reef Fishes—A Lottery for Living Space. Env. Biol. Fishes 1978, 3, 85–102. [Google Scholar] [CrossRef]

	



Munday, P.L. Competitive Coexistence of Coral-Dwelling Fishes: The Lottery Hypothesis Revisited. Ecology 2004, 85, 623–628. [Google Scholar] [CrossRef]

	



Love, M.S.; Yoklavich, M.; Thorsteinson, L.K. The Rockfishes of the Northeast Pacific; University of California Press: Berkeley, CA, USA, 2002; ISBN 978-0-520-23438-3. [Google Scholar]

	



Kolora, S.R.R.; Owens, G.L.; Vazquez, J.M.; Stubbs, A.; Chatla, K.; Jainese, C.; Seeto, K.; McCrea, M.; Sandel, M.W.; Vianna, J.A.; et al. Origins and Evolution of Extreme Life Span in Pacific Ocean Rockfishes. Science 2021, 374, 842–847. [Google Scholar] [CrossRef] [PubMed]

	



Parker, S.J.; Berkeley, S.A.; Golden, J.T.; Gunderson, D.R.; Heifetz, J.; Hixon, M.A.; Larson, R.; Leaman, B.M.; Love, M.S.; Musick, J.A.; et al. Management of Pacific Rockfish. Fisheries 2000, 25, 22–30. [Google Scholar] [CrossRef]

	



Chess, J.R.; Smith, S.E.; Fischer’, P.C. Trophic Relationships of the Shortbelly Rockfish, Sebastes Jordan, off Central California. CalCOFI Rep. 1988, 29, 129–136. [Google Scholar]

	



Chiu, J.A.; Bizzarro, J.J.; Starr, R.M. Trophic Ecology of Yellowtail Rockfish (Sebastes Flavidus) during a Marine Heat Wave off Central California, USA. PLoS ONE 2021, 16, e0251499. [Google Scholar] [CrossRef]

	



Frid, A.; Marliave, J. Predatory Fishes Affect Trophic Cascades and Apparent Competition in Temperate Reefs. Biol. Lett. 2010, 6, 533–536. [Google Scholar] [CrossRef]

	



Kline, T.C., Jr. Rockfish Trophic Relationships in Prince William Sound, Alaska, Based on Natural Abundances of Stable Isotopes. In Proceedings of the Biology, Assessment, and Management of North Pacific Rockfishes, Alaska Sea Grant, University of Alaska Fairbanks, Anchorage, AK, USA, 13–15 September 2005; pp. 21–37. [Google Scholar]

	



Markel, R.W.; Shurin, J.B. Indirect Effects of Sea Otters on Rockfish (Sebastes Spp.) in Giant Kelp Forests. Ecology 2015, 96, 2877–2890. [Google Scholar] [CrossRef]

	



Murie, D.J. Comparative Feeding Ecology of Two Sympatric Rockfish Congeners, Sebastes Caurinus (Copper Rockfish) and S. Maliger (Quillback Rockfish). Mar. Biol. 1995, 124, 341–353. [Google Scholar] [CrossRef]

	



Ojeda, F.P.; Farina, J.M. Temporal Variations in the Abundance, Activity, and Trophic Patterns of the Rockfish, Sebastes Capensis, off the Central Chilean Coast. Rev. Chil. Hist. Nat. 1996, 69, 205–211. [Google Scholar]

	



Olson, A.M.; Frid, A.; dos Santos, J.B.Q.; Juanes, F. Trophic Position Scales Positively with Body Size within but Not among Four Species of Rocky Reef Predators. Mar. Ecol.-Prog. Ser. 2020, 640, 189–200. [Google Scholar] [CrossRef]

	



Gotelli, N.J.; Graves, G.R. Null Models in Ecology; Smithsonian Institution Press: Washington, DC, USA, 1996; ISBN 978-1-56098-657-7. [Google Scholar]

	



Gotelli, N.J.; McGill, B.J. Null Versus Neutral Models: What’s The Difference? Ecography 2006, 29, 793–800. [Google Scholar] [CrossRef]

	



Cutting, K.A.; Cross, W.F.; Anderson, M.L.; Reese, E.G. Seasonal Change in Trophic Niche of Adfluvial Arctic Grayling (Thymallus Arcticus) and Coexisting Fishes in a High-Elevation Lake System. PLoS ONE 2016, 11, e0156187. [Google Scholar] [CrossRef] [PubMed]

	



Elston, C.; Cowley, P.D.; von Brandis, R.G.; Fisk, A. Dietary Niche Differentiation in a Mesopredatory Dasyatid Assemblage. Mar. Biol. 2020, 167, 89. [Google Scholar] [CrossRef]

	



Frédérich, B.; Michel, L.N.; Zaeytydt, E.; Lingofo Bolaya, R.; Lavitra, T.; Parmentier, E.; Lepoint, G. Comparative Feeding Ecology of Cardinalfishes (Apogonidae) at Toliara Reef, Madagascar. Zool. Stud. 2017, 56, e10. [Google Scholar] [CrossRef] [PubMed]

	



Fry, B. Stable Isotope Ecology; Springer: New York, NY, USA, 2006; ISBN 978-0-387-30513-4. [Google Scholar]

	



Deniro, M.J.; Epstein, S. Influence of Diet on the Distribution of Nitrogen Isotopes in Animals. Geochim. Cosmochim. Acta 1981, 45, 341–351. [Google Scholar] [CrossRef]

	



Parnell, A.J. SIBER—A Stable Isotope Bayesian Ellipses in R, version 2.1.6; The R Foundation: Vienna, Austria, 2021. [Google Scholar]

	



R Core Team, R. A Language and Environment for Statistical Computing; The R Foundation: Vienna, Austria, 2022. [Google Scholar]

	



Gause, G.F. Experimental Analysis of Vito Volterra’s Mathematical Theory of the Struggle for Existence. Science 1934, 79, 16–17. [Google Scholar] [CrossRef]

	



Hubbell, S.P. The Unified Neutral Theory of Biodiversity and Biogeography (MPB-32); Princeton University Press: Princeton, NJ, USA, 2011; ISBN 978-1-4008-3752-6. [Google Scholar]

	



Gravel, D.; Canham, C.D.; Beaudet, M.; Messier, C. Reconciling Niche and Neutrality: The Continuum Hypothesis. Ecol. Lett. 2006, 9, 399–409. [Google Scholar] [CrossRef]

	



Adler, P.B.; HilleRisLambers, J.; Levine, J.M. A Niche for Neutrality. Ecol. Lett. 2007, 10, 95–104. [Google Scholar] [CrossRef]

	



Leibold, M.A.; McPeek, M.A. Coexistence of the Niche and Neutral Perspectives in Community Ecology. Ecology 2006, 87, 1399–1410. [Google Scholar] [CrossRef]

	



Simberloff, D.; Dayan, T. The Guild Concept and the Structure of Ecological Communities. Annu. Rev. Ecol. Syst. 1991, 22, 115–143. [Google Scholar] [CrossRef]

	



Froese, R.; Pauly, D. FishBase. Available online: www.fishbase.org (accessed on 12 August 2022).

	



Post, D.M. Using Stable Isotopes to Estimate Trophic Position: Models, Methods, and Assumptions. Ecology 2002, 83, 703–718. [Google Scholar] [CrossRef]

	



Boecklen, W.J.; Yarnes, C.T.; Cook, B.A.; James, A.C. On the Use of Stable Isotopes in Trophic Ecology. Annu. Rev. Ecol. Evol. Syst. 2011, 42, 411–440. [Google Scholar] [CrossRef]

	



Zanden, M.J.V.; Rasmussen, J.B. Primary Consumer Δ 13c and Δ 15n and the Trophic Position of Aquatic Consumers. Ecology 1999, 80, 1395–1404. [Google Scholar] [CrossRef]

	



DeNiro, M.J.; Epstein, S. Mechanism of Carbon Isotope Fractionation Associated with Lipid Synthesis. Science 1977, 197, 261–263. [Google Scholar] [CrossRef]

	



Peterson, B.J.; Fry, B. Stable Isotopes in Ecosystem Studies. Annu. Rev. Ecol. Syst. 1987, 18, 293–320. [Google Scholar] [CrossRef]

	



Lawton, J.H. Plant Architecture and the Diversity of Phytophagous Insects. Annu. Rev. Entomol. 1983, 28, 23–39. [Google Scholar] [CrossRef]

	



Costa-Pereira, R.; Araújo, M.S.; Souza, F.L.; Ingram, T. Competition and Resource Breadth Shape Niche Variation and Overlap in Multiple Trophic Dimensions. Proc. R. Soc. B Biol. Sci. 2019, 286, 20190369. [Google Scholar] [CrossRef]








[image: Diversity 14 00689 g001 550] 





Figure 1. Mean isotopic δ values and 95% confidence intervals for ten rockfish species from southeast Alaska. Species names in bold font are demersal and non-bold names are pelagic. The five species of pelagic rockfish are less than −16.5‰ δ13C and the five species of demersal rockfish are greater than −16.5‰ δ13C. 
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Figure 2. Comparison of observed trophic niche position and the null model distribution for pelagic and demersal rockfish. Each panel shows either the δ13C or δ15N null distributions based on the resampling of the isotopic values for pelagic (A,B) or demersal rockfish (C,D). Observed means for each rockfish species are represented by the bolded vertical lines. 
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Figure 3. Standard ellipses for the rockfish assemblage. Species names in bold font are demersal and pelagic species are in non-bold font. 






Figure 3. Standard ellipses for the rockfish assemblage. Species names in bold font are demersal and pelagic species are in non-bold font.



[image: Diversity 14 00689 g003]







[image: Diversity 14 00689 g004 550] 





Figure 4. Comparison of trophic niche size for pelagic and demersal rockfish. Each panel shows the SEA distributions based on the resampling of the isotopic values for pelagic (A) or demersal rockfish (B). Actual SEA of each rockfish species is represented by the bolded vertical lines. 
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Figure 5. Comparison of cumulative trophic niche overlap for pelagic and demersal rockfish. Distributions of the cumulative percent trophic niche overlap based on the resampling of the isotopic values (i.e., null model) for pelagic (A) or demersal rockfish (B). Observed cumulative percent trophic niche overlap of each rockfish species is represented by the bolded vertical lines. 
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Figure 6. Mean shifts in δ13C and 95% confidence intervals across time for four rockfish species in this assemblage. 
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Figure 7. Mean shifts in δ15N and 95% confidence intervals across time for four rockfish species in this assemblage. 
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Figure 8. Ontogenetic shifts in δ13C by total length for seven rockfish species in this assemblage. 
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Figure 9. Ontogenetic shifts in δ15N by total length for seven rockfish species in this assemblage. 
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Table 1. Sample sizes by year and size range for each species of the rockfish assemblage.
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	Species
	2013
	2014
	2015
	2016
	2017
	2018
	Total
	Size (TL)





	S. brevispinis
	0
	2
	15
	5
	4
	3
	29
	324–568 mm



	S. ciliatus
	0
	0
	0
	52
	62
	36
	150
	288–554 mm



	S. flavidus
	1
	15
	20
	0
	2
	0
	38
	330–640 mm



	S. melanops
	0
	0
	1
	8
	1
	3
	13
	260–597 mm



	S. variabilis
	0
	0
	0
	40
	61
	31
	132
	287–513 mm



	S. caurinus
	4
	2
	0
	0
	1
	0
	7
	350–390 mm



	S. maliger
	22
	36
	15
	31
	28
	25
	157
	295–660 mm



	S. nebulosus
	3
	0
	2
	8
	0
	1
	14
	340–420 mm



	S. nigrocinctus
	6
	4
	20
	5
	6
	5
	46
	350–616 mm



	S. ruberrimus
	18
	12
	15
	24
	31
	26
	126
	252–857 mm
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Table 2. Standard ellipse area (SEA) and Bayesian standard ellipse area (SEAB) expressed in ‰2 and ranked by size, including ties, for ten rockfish species from southeast Alaska, USA.
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	Species
	SEA
	SEAB
	Rank





	S. brevispinis
	1.3130
	1.3711
	a



	S. variabilis
	1.0290
	1.0180
	abc



	S. melanops
	0.8205
	1.1041
	abc



	S. ciliatus
	0.9716
	0.9717
	bc



	S. ruberrimus
	0.9580
	0.9675
	bc



	S. flavidus
	0.7295
	0.7578
	bcd



	S. maliger
	0.7347
	0.7465
	bcd



	S. nebulosus
	0.4059
	0.5727
	d



	S. caurinus
	0.3643
	0.4905
	d



	S. nigrocinctus
	0.3882
	0.4414
	e
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Table 3. Pairwise and cumulative niche overlaps among all rockfish in the assemblage. Bolded terms are the cumulative percent overlap from all rockfish species and is the sum of all pairwise overlaps from each column.
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	S. brevispinis
	S. ciliatus
	S. flavidus
	S. melanops
	S. variabilis
	S. caurinus
	S. maliger
	S. nebulosus
	S. nigrocinctus
	S. ruberrimus





	S. brevispinis
	121
	10
	79
	77
	0
	9
	15
	27
	0
	0



	S. ciliatus
	7
	105
	33
	19
	51
	0
	0
	0
	0
	0



	S. flavidus
	43
	25
	185
	58
	1
	0
	0
	3
	0
	0



	S. melanops
	51
	17
	69
	196
	1
	15
	24
	22
	3
	1



	S. variabilis
	0
	53
	2
	1
	54
	0
	0
	0
	0
	0



	S. caurinus
	3
	0
	0
	7
	0
	109
	33
	29
	0
	0



	S. maliger
	8
	0
	0
	20
	0
	56
	156
	80
	51
	6



	S. nebulosus
	9
	0
	2
	11
	0
	29
	47
	189
	28
	0



	S. nigrocinctus
	0
	0
	0
	2
	0
	0
	30
	28
	136
	25



	S. ruberrimus
	0
	0
	0
	1
	0
	0
	7
	0
	54
	32
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Table 4. Results from ANOVA test for δ13C across time for four rockfish species.
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	Coefficients
	Sum of Squares
	Degrees of Freedom
	F-Value
	p-Value





	S. ruberrimus
	4.757
	1
	14.68
	2.01 × 10−4



	S. maliger
	0.9861
	1
	4.891
	0.02846



	S. ciliatus
	0.1563
	1
	0.2984
	0.5857



	S. variabilis
	1.556
	1
	3.038
	0.08371
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Table 5. Results from ANOVA test for δ15N across time for four rockfish species.
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	Coefficients
	Sum of Squares
	Degrees of Freedom
	f-Value
	p-Value





	S. ruberrimus
	1.999
	1
	7.765
	0.006164



	S. maliger
	0.6451
	1
	2.172
	0.1426



	S. ciliatus
	0.8088
	1
	3.683
	0.05689



	S. variabilis
	7.028
	1
	39.73
	4.183
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
8N (%0)

Speces
| < S ctons
2§ e
PR
b i

013

2014

2015 016
Year

017 018





media/file4.png
c

Frequency

Frequency

1000
800
600 -
400 -
200+

0_

B1500 -
1200 -
900
600

300 -

—19.0 —18.5 —18.0 —175 —17.0 —165

1500
1200
900 -
600 -
300 1

0

-17.5 -17.0

H("a
3

d

® 1500 -
1200 -
900 -
600 -
300+

s

a 8. brevispinis
b S. ciliatus
c S. flavidus
d S. melanops
e S. variabilis

13.0 13.4 13.8 14.2 14.6

a

—16.5
51°C (%o)

—16.0

—15.5

140 145 15.0 15.5 16.0
SN (%)

—

a S. caurinus

b S. maliger

¢ S. nebulosus

d S. nigrocinctus
e S. ruberrimus





nav.xhtml


  diversity-14-00689


  
    		
      diversity-14-00689
    


  




  





media/file18.png
31N (%o0)

16 A

154

141

12 A

Species

S. brevispinis
S. ciliatus

S. flavidus

S. maliger

S. nigrocinctus
S. ruberrimus
S. variabilis

R I I R O

400 600 800
Total Length (mm)





media/file16.png
. o-’. . - . .
1-3" "-"“'" . ’ ‘o . .
.. ".ﬁt".l .00 ;‘ .. ) . .l . )
—167 - : . ., * : WO :
. o’-} -
. . Species
o — S brevispinis
a2 - S ciliatus
~— - S flavidus
o —18- . - S. maliger
< - S nigrocinctus
R ~ 8. ruberrimus
. ~ S, variabilis
—920 -
I I !
400 600 300

Total Length (mm)





media/file2.png
8"°N (%o)

155- pa

15.01 :
Species

| | S. brevispinis

S. ciliatus

14.5 1 S. flavidus

S. melanops

—— S. variabilis

S. caurinus

14.0 - S. maliger
1 S. nebulosus
| S. nigrocinctus

S. ruberrimus
13.5-

-
13.01 |4

180 —175  —17.0 -165  -16.0

51°C (%)






media/file5.jpg
8N (%)

17

13

12

-20

-19

-18 17

813C (%o)

-16

-1s

Species

S brevispinis
S. ciliats
S flavidus
g §metaops
S variabilis
. caurinus
S. maliger

E S. nebulosus

S, nigrocinctus
S, ruberrimus





media/file3.jpg
Frequency

>
g
s
g
£

1000
00
600
400
200
0
1500

1200
0

g2

0

caq
1200
900
600
300
0

£ 1500

a8, brevispinis
b S cilianus

© S flavidus
3. melanops
© 5. variabills

-190

185 ~180 ~17.5 ~17.0

i3

-165
°1500

1200

900

600

300

130 13.4 138 142 146

a S canrinus
oS maliger

© S nebulosus
S nigrocincius
© S ruberrimus

-17.5

170 -165 160
813C (%0)

-155

0
140 145150 155 160

5N (%)





media/file1.jpg
155

150

145

5N (%)

140

135

130

X3

=3

=3

p
1

~18.0

-175

-170  -165

5"7C (%o)

-160

Species
. brevispinis
S. ciliatus
5. flavidus
5 melanops
. variabilis
. caurinus
S. maliger
S, nebulosus
S, migrocinctus
8. ruberrimus





media/file7.jpg
A 600,

500

4z
5

Frequen
g
g

8
8

100

5 900

750

2 3

1
Standard Ellipse Area (SEA)

a S. brevispins
b S. ciliatus
© S, flavidus

d . melanops
e S. variabilis

a . caurinus
b S. maliger

© 8. nebulosus

4 8. nigrocinctus
© . ruberrimus





media/file10.png
A

1600 1
1400 A
1200
1000

Frequency
™ oss]
= =
= =

e

=

=
]

200 1

b a cd

50

150 250 450

350

50

I I
150 250 450

350
Percent Niche Overlap

a S. brevispinis
b S. ciliatus

c S. flavidus

d S. melanops
e §. variabilis

a S. caurinus
b S. maliger

¢ S. nebulosus
d S. nigrocintus

e S, ruberrinus





media/file12.png
_16 ]

)
’E‘ Specics
é o S ciliatus
O —17 - o 5. maliger
e * S ruberrimus
e + o S variabilis
e -
—18 - "ﬁf_ff;f A+‘\‘\‘ ™~
e
2014 2015 2016 2017 2018

2013

Year





media/file9.jpg
A

Frequency

1600
1400
1200

s 88
R

400

ba cd

150 250 350

450

50

150 250 350
Percent Niche Overlap

450

a 8. brevispini

b S. ciliatus
< 5. flavidus

d 8. melanops
© 8. variabilis

a S, caurinus
b S, maliger

© S nebulosus
o . nigrocintus
© S. ruberrimus





media/file0.png





media/file14.png
51N (%o)

16 A

p—

I
4>/+/[ Species

o S ciliatus

o S maliger
o 5. ruberrimus
o S variabilis

- + !
20|13 20|14 20|15 20|16 20| 17 20|1 8

Year





media/file8.png
A 6001

500+

Frequenc

1

b €

%
li
I 2 3

Standard Ellipse Area (SEA)

a S. brevispinis
b S. ciliatus

c S. flavidus

d S. melanops
e S. variabilis

a S. caurinus
b S. maliger

c S. nebulosus
d S. nigrocinctus

e S. ruberrimus





media/file11.jpg
i

- S cilans
< S maliger

TS berrinas
S Sariabils

013

014

015

016 207 018
Year





media/file6.png
8N (%o)

174

16 -

15 1

13 1

12

—21

—20

—19

-18  —-17

5'°C (%o)

—16

—15

Species

[:] S. brevispinis
S. ciliatus

S. flavidus

S. melanops

S. vamab: is

S. caurinus

S. maliger

S. nebuloms
S. m rocmcms
S. ruberrimus

oaoBaoooon





media/file15.jpg
18

83C (%)

20

00

a0
Total Length (mm)

Species
S brispnis
Z S cltanss
ey
= Smaliger
Z S wigrocnenus

S ruberrima
= S vanabis





media/file17.jpg
81N (%0)

2

Species
S brevispinis
§ cianie

[EEEREE

0 500
Total Length (mm)





