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Abstract

:

Evidence so far shows that most alien species (AS) have negative impacts on native biodiversity and are changing biodiversity in almost all environments. Here, we study eight rocky shores at four sites containing reefs with invaded communities and other not-invaded (control) communities, to evaluate the effects of four marine invasive species on biological and functional diversity. We used the adjustment and selection approach of species abundance distribution models (SAD), taxonomic diversity indices and functional diversity indices based on hierarchical grouping matrices (FD—Functional Diversity). In addition to comparing invaded and not-invaded communities, we also performed the same analysis, but removed the invaders (AS removed) from the matrices. The geometric-series model was best adjusted to the majority of communities. The diversity indices suggest that the taxonomic diversity is lower in invaded communities, while the functional diversity indices suggest a change in the functional space of invaded and not-invaded communities, with a greater amount of functional space filled by species in the not-invaded communities. Taxonomic and functional diversity indices were successful in identifying processes that determine the biological diversity of invaded communities, as they seem to obey a pattern that reflects the reduced diversity of invaded communities.






Keywords:


diversity indices; functional diversity; invasive; alien species; rank abundance plots; species abundance distribution models












1. Introduction


The introduction of new species into a new habitat represents a change and adjustment in the pre-existing state of the receiving community. These changes can occur at different intensities and affect one or more species that already make up part of the receptor community [1]. Alien species (AS) can transform marine environments, displacing native species, changing community structure and food webs, as well as impacting the dynamics of nutrients and sedimentation rates [2]. In the marine environment the number of documented biological invasions is increasing in the tropical southwest Atlantic Ocean [3], which reflects a worldwide trend in marine ecosystems [4], and the evidence shows that most AS have negative impacts on native biodiversity and human well-being, and are changing the biodiversity of almost all environments [5,6,7].



Native and AS often have different biological characteristics and interactions with the community, for example chemical defenses or the high reproductive output of the AS or escape from predators within the new community. Such factors can favor their dominance in the community invaded by AS, as they become more abundant than the other species [8]. The abundance of a species, at least to some extent, reflects its success in competing for limited resources [9], so the effects of an AS will increase with its abundance and vary with its functional attributes. The arrival of a new species may bring with it traits which are novel to the ecosystem as well as increase species richness (always by one, at least initially), so the establishment of AS in the community can change species and functional diversity [7,10,11,12].



A new AS can establish itself in the receptor community by occupying a different empty niche, using different resources (the Empty Niche Hypotheses [13]), with minimal competition [14,15,16,17,18]. In contrast, if an AS is functionally similar to the species already existing in the invaded community, they may compete with the resident species of the community (Biotic Resistance/Diversity–Invasibility Hypotheses [19,20]). Both processes result in changes in the functional diversity of a community after the invasion [21,22,23,24].



Here, we used wave-protected shallow subtidal tropical rocky shore benthic communities as models. Typically, such communities are highly diverse, highly productive (including symbiotic autotrophic organisms such as corals) and space may be limiting, resulting in competition between sessile autotrophic and heterotrophic species. Under this scenario we would predict that for a species to have successfully established and invaded it will dominate and displace native species. Assuming that the abundance of a species is most often a reflection of its success in competing for limited resources [9,25], we tested the hypothesis that invaded communities reflect a pattern of species abundance described by models that fit communities with less equitability (e.g., Geometric Series Model). Considering that functional diversity indices have the potential to reveal the processes of assembling the community [26], we also tested the hypothesis that invaded communities present a smaller proportion of functional space traits (functional richness, FRic), overuse of resources, and thus a less even distribution of abundance in functional space traits (functional evenness, FEve) and species loss associated with a decrease in the range of characteristic values [27,28].



In order to test these hypotheses, we investigated (1) the biological and functional diversity of invaded rocky shore communities using the adjustment and selection approach of species abundance distribution (SAD) models and (2) the structure and function of communities using functional diversity indexes based on hierarchical grouping matrices (FD—Functional Diversity). We also (3) assess the effectiveness of using these parameters in evaluating the impact of AS on rocky shore communities.




2. Materials and Methods


We conducted the present study at four different shallow subtidal tropical rocky shore locations along about 280 km of the coast of the state of Rio de Janeiro, Brazil (Southwest Atlantic; Figure 1), a region which has received multiple invasions [3]. We compared community composition and structure of invaded and not-invaded communities at each site (hereby termed invasion state).



2.1. Study Sites and Species


2.1.1. Caulerpa scalpelliformis at Praia da Baleia (PB)


Located in the Baía da Ilha Grande (BIG), Angra dos Reis (23°01′63″ S, 44°14′18″ W), this wave-protected site has shallow (<5 m) waters where rocky reefs intermingle with sandy patches. Introduced in 2001, the green alga Caulerpa scalpelliformis is considered an AS at this site [29,30,31]. The species is widely distributed in tropical and sub-tropical waters in the Red Sea, Indian and Pacific Oceans, Caribbean Sea and Atlantic Ocean (Atlantic Islands, Western Atlantic and South America from Venezuela south to Espírito Santo State, Brazil) [30]. It is considered non-native in the Mediterranean Sea and in Brazil at the studied location due to its disjoint distribution in a very well-studied region (Rio de Janeiro) [31] (Figure 2A). At this site it is able to grow both in the sand and on isolated boulders. Although access to PB is restricted by a private condominium and a steep path, the beach often receives pleasure craft and commercial fishing boats due to its protected location. Among the possible vectors of introduction and dispersal of this species are shipping (fouling anchors and fishing gear on boats which use the site for fishing and recreational boating) and the aquarium trade (irregular disposal of aquarium species by commercial traders or aquarists) [31].




2.1.2. Sansibia sp. at Praia Vermelha (PV)


Located in Angra dos Reis, in the inner part of the BIG (23°01′34″ S, 44°30′05″ W), this site has calm and shallow waters, with maximum depths of rocky reefs from 4–7 m where a sand plain starts. The main local activities are nautical tourism and fishing. In 2017, two species of soft coral were detected on the rocky coast, Clavularia cf. viridis and Sansibia sp. Both species are of Indo-Pacific origin and have never been recorded in the Atlantic although Sansibia sp. is still little-known and has been described recently [32]. After being removed, C. viridis was eradicated at PV, however the control of Sansibia sp., which has since expanded its range [33,34], is ongoing. As all the detected species are used by aquarium hobbyists, it is highly probably that the introduction was by disposal of a domestic aquarium [33] or an in situ coral farming strategy [34] (Figure 2B).




2.1.3. Tubastraea tagusensis at Ilha Comprida (IC)


Located about 5 km off Rio de Janeiro (23°02′15″ S, 43°12′17″ W), it is one of the five islands and two islets that make up the Cagarras Archipelago, a Marine Protect Area. The IC study site is positioned in the interior of the archipelago sheltered from wave action. The maximum reef depth is 40 m and it is impacted by eutrophication from Rio de Janeiro city as well as receiving high levels of tourism (diving and boat trips) [35]. The azooxantellated coral Tubastraea tagusensis is endemic and native to the Galapagos Archipelago where it is reported as abundant and forms an important component of the coral fauna. It was introduced into Brazil on oil platforms in the 1980s along with its congener T. coccinea [36]. Tubastraea tagusensis has also been reported in India, Palau and the Persian Gulf, though the validity of those reports has been questioned [36]. In the Cagarras Archipelago T. tagusensis was detected and manually removed in 2004 but in 2011 the species was again reported at the site [36] (Figure 2C,D).




2.1.4. Tubastraea coccinea and T. tagusensis at Ilha de Âncora (IA)


IA is an island located 8km offshore farther northwest at Armação dos Búzios (22°46′16″ S, 41°47′08″ W). It is also a popular dive site in the region, with transparent, calm and shallow waters (depth < 22 m). IA is subject to a seasonal upwelling of Central South Atlantic Water, characterized by higher nutrient supply (nitrate up to 18 µM) and low temperatures (down to 14 °C) [37]. In addition to T. tagusensis, IA has also been invaded by an AS of the same genus T. coccinea, which was first recorded there in 2011 [38]. Tubastraea coccinea has a native range throughout the tropical and sub-tropical Indo-Pacific and has invaded some Atlantic Islands, the Caribbean Sea, the Gulf of Mexico and the southwest Atlantic (Brazil) [36].





2.2. Sampling


We carried out quantitative surveys of the benthic communities in continuous extensions of the benthos along 50 m of each rocky shore in 2017 (at PB and IA in July; at IC in September) and 2018 (at PV after the invasion was detected, in December). At each site, sampling was carried out in communities under the two different invasion states. Using SCUBA and the photo-quadrat method (digital photography at 300 dpi resolution using a NIKON COOLPIX AW130 and a fixed frame), twelve 0.25 m2 sample quadrats were obtained randomly in invaded and non-invaded areas. Since at PB the hard substrate consisted of boulders within a sand matrix (discontinuous), we randomly chose four boulders with the macroalgae C. scalpelliformis and four without sampling. Fieldwork was conducted under research licenses INEA 005/2009 and 044/2018 and IBAMA No 02/2016 (Proc. 02001.003231/2014-02).




2.3. Data Analysis


2.3.1. Species Abundance Analysis


Using photo-quadrats and additional digital photography, macroscopic species were subsequently identified to the lowest possible taxonomic level. Species nomenclature was standardized to the World Register of Marine Species (WoRMS) database (http://www.marinespecies.org/, accessed on 2 April 2020) [39]. The photo-quadrats were used to estimate the percentage of cover of each taxon of the sessile macrobenthos. We used 100 random points generated by the CPCe software (Coral Point Count with Excel extension) [40] for each photo quadrat, thus generating a matrix of average relative abundances of each taxon by location and invasion state. In order to investigate the differences in species diversity caused by invasion state we plotted ranking-species abundances (= dominance and diversity curves), where the x-axis corresponds to the species ranked in decreasing abundance and the y-axis corresponds to the relative abundances of species on a logarithmic scale.



In order to better characterize and compare communities under different invasion states, five SAD models were applied: Broken Stick, Geometric Series, Lognormal, Zipf and Mandelbrot. For the adjustment and selection of the SAD models, we used the method of maximum likelihood estimation selected through the Akaike Information Criterion (AIC) and ΔAIC ≤ 2. AIC is a relative measure derived from the likelihood function that compares models and can be used in addition to visual inspection of the plotted data. The AIC selects the model that best fits the data by measuring the distance from the real model to the model analyzed, and the one with the lowest AIC value is considered the most appropriate, and ΔAIC ≤ 2 values establish that the model is plausible to be used [41].



We tested the differences in communities between invasion states using the Permutational MANOVA (PERMANOVA) based on Bray–Curtis similarity measures of the square root of the percentage of cover of each taxon of the sessile macrobenthos + 1. Simpson’s diversity index (1-Lambda), Margalef’s diversity index (d), Shannon’s (H ’), Fisher and Equality of Pielou (J ’) of each community were calculated. We also carried out this analysis on the data set from which the AS had been removed and other species standardized in the abundance matrix (the cover of AS was reassigned to the native species proportionally to their abundance) termed “AS removed”. The SAD analyzes were performed in the program R v3.6.0 (R Core Team 2020), and we use the ‘vegan’ R-package [42]. For PERMANOVA we used the statistical program PERMANOVA+ add-on for Primer v6 [43,44].




2.3.2. Functional Diversity Analysis


A set of 14 relevant species traits [45] (Table S1) were identified and modalities for each trait category were defined through bibliographic survey and expert consultation (Table S1). The information for each trait was ordered as binary or continuous characteristics and compiled for all species in the analyzed data sets. For mixed trait data, we used the “Cailliez” correction, which consists of adding the smallest possible constant to the distances to eliminate all negative eigenvalues [46,47,48]. To evaluate the impact of AS on functional characteristics of the rocky shore communities, we estimated five multidimensional indices of functional diversity (FRic: Functional richness, FEve: Functional evenness, FDiv: Functional divergence, FDis: Functional dispersion and RaoQ: Rao’s quadratic entropy).



To assess patterns in the communities under different invasion states, we estimated the effect sizes in each diversity index as the response ratios (RR) to control rocky shore community differences:


RR = (Iwith/Iwithout)








where “I” represents the taxonomic or functional diversity indices of rocky reef-invaded (numerator) or not-invaded (denominator) by the AS. The RR has a >1 or <1 value according to the relative increase or decrease, respectively, in the diversity index of the rocky shore-invaded compared to the rocky shore-not-invaded. The RR is 1 when there is no difference.



In addition to comparing communities under different invasion states, we also performed the same analysis, but removed the invaders (“AS removed”), thus clarifying whether there are possible sources of variation caused only by the contribution of the AS. All functional diversity metrics were computed in the FD package [47,48] of the R v 3.6.0 program [49].






3. Results


Over the four sites we found a total of 66 taxa of sessile macrobenthic species, 23 of which were algae, 13 sponges, four bryozoans, 18 cnidarians, three ascidians, two echinoderms, two molluscs and one crustacean (Table S2). The taxon richness was lower in invaded communities, except for PB site (Figure 3). In three of the invaded communities, the AS was/were the most abundant taxon(s), with the exception of PV where the invading soft coral Sansibia sp. was the second most abundant species in the community after the (native) alga Sargassum vulgare (Figure 3). Sessile macrobenthos assemblage cover was significantly different between invasion states in each rocky shore sites (PERMANOVA: PV, df = 23; Pseudo-F = 13.016; p = 0.001; IA, df = 23; Pseudo-F = 12.626; p = 0.001; CI, df = 23; Pseudo-F = 11.271; p = 0.001; PB, df = 7; Pseudo-F = 2.932; p = 0.026).



According to the diversity indices, not-invaded communities had greater diversity than invaded ones, except for the PB site that had similar values in both communities. Under the AS removed scenario, there was no change in the general pattern of the results of the taxonomic diversity over sites. PB once again stood out in this respect as the Simpson, Fisher and Shannon indices, which were not different between invasion states but were reduced under the AS removed scenario. According to these indices, the diversity was greater in the not-invaded communities and under the AS removed scenario it increased for the three other sites (Figure 4) (Table S3).



Considering the smallest AIC and depending on the invasive state or NS removed scenario all five models were retained, although the Zipf model least so (Table 1). The geometric-series model was the most ubiquitously retained, best adjusting to all communities, regardless of the invasion state or NS removal scenario, with the exception of the invaded community at PB and under the NS removal scenario from the PV community. The broken-stick model showed the best fit to invaded communities, even under the removal scenario, the exception being PV where the broken stick model was not retained for the invaded and NS removed communities (Table 1).



Regarding the traits, the scores used for each trait modality in this study are presented in Table S4. The values of the functional dispersion (FDis), functional divergence (FDiv) and Rao quadratic entropy (RaoQ) index were lower in the invaded communities. The range of FDis and RaoQ was between > 0.7 and <1.0, which represented a reduction of 3% to 29% in these indices in the invaded communities compared to the not-invaded communities. However, when considering AS removed, the results of these indices were not as consistent and indicated an increase of up to 20% in FDis and RaoQ in the invaded community compared to the not-invaded community of the PB site. Functional richness (FRic) was ≤ 0.4 in invaded communities and AS removed, which means a ≥ 60% reduction in FRic in the invaded community compared to not-invaded communities. In AS removed at PB, the indices that quantify the functional dispersion (FDis and RaoQ) increased and showed higher values than in not-invaded communities. The FRic index was lower in invaded communities and it was also the functional diversity index that best reflected the difference in the functional attributes in the invasion state. FDiv results also varied between sites, showing an increase or decrease of approximately 10%. The not-invaded community at PB had higher FDiv, FDis and FEve indexes than the invaded community, and the NS removed scenario resulted in an increase in the RaoQ index. The same variation in FEve index was observed in PV, higher even than in the invaded community, showing an increase of approximately 30% when AS were removed. In IA and IC sites, FEve index showed a reduction of up to 20% in the invaded community compared to the non-invaded one (Figure 5).




4. Discussion


Our study provides evidence of the impact of different alien species (AS), not only in structure but also in function, in different invaded tropical rocky shore communities in the southwest Atlantic. Although more is known about effects on community species abundance and diversity, functional diversity analysis is not commonly applied.



We tested different parameters to measure the effect of an AS on invaded communities, and although the rank-abundance plots make it possible to observe the greater abundance of AS in relation to the other species in the invaded communities and the greater equitability in not-invaded communities, we consider that point-paired species abundance distribution (SAD) models are not the most sensitive tool for detecting the effects of AS. The geometric series model had the best fit for most communities regardless of the presence or absence of a AS or in AS removed treatments. Geometric series reflect a relationship between the abundance of a species and its constant predecessor, therefore, its plot representation in the rank-abundance is a steep line, which implies an assembly with high dominance [50,51]. The broken-stick model was better adjusted to invaded communities. The exception was PV, recently invaded (2017) by the soft coral Sansibia sp. The uniform abundance predicted by the broken-stick model does not seem to match the values of the diversity indexes with invaded communities. Still, the curves fitted to the broken-stick and log-normal models are less steep and represent relatively high uniformity in the community [52,53].



In three of the invaded communities studied here, AS were the most abundant species. Different studies have demonstrated that an increase in the abundance of NS after invasion events in aquatic environments is usual and that there is consequent dominance in the invaded areas [54,55,56,57]. Invasive corals T. coccinea and T. tagusensis have been known to increase their distribution in Brazilian waters since their introduction in the late 1980s [35]. The abundance of Tubastraea spp. increased by up to 76% in just one year in the Baía da Ilha Grande (BIG) [58]. Similarly, there was a change in the rocky and sandy substrates at Praia da Baleia (PB) after the introduction of C. scalpelliformis, which became dominant over the alga S. vulgare [29]. Our results show that after 17 years the invasive algae C. scalpelliformis remains the most abundant species in the invaded area.



At Praia Vermelha (PV), the invasive soft coral Sansibia sp. was the second-most abundant species, second only to the alga S. vulgare. Among all the invaded communities analyzed in the present study, PV represents the most recent invasion (2017) and the invasive soft coral still seems to be increasing in abundance over the years. Sansibia sp. was the third-most abundant species in PV in 2017 [33], but was second in our study; this change in local diversity suggests that the invading soft coral Sansibia sp. may also become the most abundant species at PV in the future.



As expected, the diversity indexes used in the present study showed that diversity was higher in not-invaded communities than in invaded communities, and the same pattern was repeated in AS removed treatments. Our results suggest that the impact of AS varies in proportion to the species that already exist in the community and that AS effects the invaded community not only by representing one more species in the community, but by considerably impacting evenness (the relative abundance of the other species). However, at PB, Shannon’s diversity index (H’) and Pielou’s Equability indice (J’) were higher in the invaded community while the other indices showed similar values in invaded and not-invaded communities. Under AS removed, Fisher, H ’and J’ indices had the highest values compared to other situations. As well as the fact that invasive algae C. scalpelliformis is by far the most abundant species in the community, this is thought to be because there were fewest native species at this site, so the richness aspect of diversity was more important (increased due to the presence of the invader). This was the exception to the rule as at PV, Ilha de Âncora (IA) and Ilha Comprida (IC), H’ was between 20% and 30% lower in invaded communities. Fisher’s diversity was between 20% and 50% lower in invaded communities.



1-Lambda and H’ provide complementary information on community diversity, while the first emphasizes the uniformity component, the second is influenced by functional richness (FRic) [9,59]. According to the hypothesis of biotic resistance, the higher biodiversity of an ecosystem can make it more resistant to invasion [19,60,61,62,63]. The reduced diversity found at three of the four (native species richer) sites is not inconsistent with the hypothesis of biotic resistance, in that successful invasions would explicitly imply stronger competitive interactions between AS and natives. The Empty Niche Hypotheses would be consistent with the invasion of the algae C. scalpelliformis at PB, especially seeing as this alga was sufficiently plastic with regard to substratum use such that it was observed to grow in nearby (unvegetated) sediment as well as on the rocky substrate we studied, so clearly it could occupy an empty niche space. The rocky shore nearby the rock–sand interface typically has higher sediment cover, which may be a niche little exploited by the native benthos.



Functional diversity analysis is a tool that considers that all species are not equivalent, and perform different functions in the ecosystem [27,64]. This type of analysis has not commonly been applied to invaded marine environments and the amount of effort dedicated to studies to understand and predict marine invasions is not consistent when compared to studies carried out on terrestrial systems [65,66]. Functional wealth (FRic) was lower in invaded communities and in NS removed communities. It is possible that the NS in the present study have redundant functional attributes, since FRic measures the portion of the functional space filled by the species with the most extreme characteristic values [22]. The functional evenness index (FEve) was higher in the invaded communities at PV and PB, and this shows how regularly the abundances of species are distributed in the functional space, suggesting a more regular distribution of the attributes in the invaded communities [67]. This is consistent with the observations above regarding degrees of competition in more recently invaded (PV) and lower richness/empty niche (PB) communities. The introduction of the green algae C. salpeliformis incorporates attributes similar to those of the most abundant species in the community, since in the NS removed treatment, the values of the functional dispersion index increased, suggesting that before removal, the species were closer to the centroid defined by all traces of species in the community, with lower values of FDis and RaoQ compared to not-invaded communities.



Our results provide evidence that species identity is more important than species richness in determining the number and biomass of NS, similar to the results found in other studies for terrestrial plants [68]. Invasions by non-native macroalgae are likely to cause biotic homogenization and have an overall negative effect on their competitors, spatially monopolizing the habitat and resulting in the reduction of abundance and biomass of native macroalgae [12,69,70]. The few studies that explore the relationship between functional diversity and invasion in seaweed communities have focused on the availability of resources and the success of invasion [68,71,72]. Functional traits in macroalgae communities can also influence the availability of resources (i.e., light and substrate) and have inhibitory effects on new colonizers [68]. The availability of resources can vary according to functional diversity, as when functional diversity is high the availability of resources (i.e., photosynthetically active radiation) is low [72]. However, functional diversity indices between communities invaded and not-invaded by Carpobrotus spp. showed similar results to the present study [73], suggesting that the low functional diversity in the invaded communities reveals a functional homogenization within the community.



We consider the taxonomic diversity and functional diversity indices to be useful tools for identifying processes that determine the biological diversity of invaded communities, as they seem to obey a pattern that reflects the greatest diversity in communities not-invaded by IS. Additional information on the impacts of IS on ecosystems is crucial for formulating conservation goals for specific species or habitats, and a thorough understanding of their role in the functioning of the ecosystem and the consequent provision of ecosystem services is needed in order to better define strategies for control and eradication of an invaded area [6,74]. We studied consolidated or consolidating invasions, but another aspect of using these methods that would be enlightening and informative would be to investigate the temporal element of changes that occur in communities during a boom–bust invasion cycle typical of some species [16]. Thus, we recommend further studies that consider not only taxonomic diversity, but also the differences in the roles played by species and their contributions to the relationships of diversity and functioning of invaded marine ecosystems.
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Figure 1. Map of the four study sites along the coast of the state of Rio de Janeiro, Brazil and their respective alien species. cs = green alga Caulerpa scalpelliformis ▲, s = soft coral Sansibia sp. ■, tt = azooxantellated coral Tubastraea tagusensis ●, tc = azooxantellated coral Tubastraea coccinea ○, PV = Praia Vermelha, PB = Praia da Baleia, IC = Ilha Comprida and IA = Ilha de Âncora. 
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Figure 2. Alien species studied in the present work: (A) Caulerpa scalpelliformis; (B) Sansibia sp.; (C) Tubastraea tagusensis; (D) Tubastraea coccinea. 
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Figure 3. Species rank abundance plots for benthic taxons in four invaded communities represented by the symbol ○ and four not-invaded communities represented by the symbol × on marine tropical rocky shores along the coast of the State of Rio de Janeiro, Brazil at (a) Praia Vermelha (PV), (b) Praia da Baleia (PB), (c) Ilha de Âncora (IA) and (d) Ilha Comprida (IC). AS are represented by the symbol ●. sv = Sargassum vulgare, s = Sansibia sp., pc = Palythoa caribaeorum, j = Jania adhaerens, o = Echinometra lucunter, cs = Caulerpa scalpelliformis, cen = Centroceras sp., c = Caulerpa racemosa, tt = Tubastraea tagusensis, tc = Tubastraea coccinea, zs = Zoanthus sociatus, od = Obelia dichotoma, sr = Scopalina ruetzleri. 
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Figure 4. Response ratio between the taxonomy diversity indices (S, H ’, J’, d, 1-Lambda’ and Fisher) of the invaded communities (numerator) and not-invaded communities (denominator) under two scenarios: (a)Alien species (AS) not removed and (b) AS removed on marine tropical rocky shores along the coast of the State of Rio de Janeiro, Brazil at Praia Vermelha (red), Praia da Baleia (orange); Ilha de Âncora (light blue) and Ilha Comprida (dark blue). 
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Figure 5. Response ratio between the functional diversity indices (FRic, FEve, FDiv, FDis and RaoQ) of the invaded communities (numerator) and not-invaded communities (denominator) in two scenarios: (a) Alien species (AS) not removed and (b) AS removed on marine tropical rocky shores along the coast of the State of Rio de Janeiro, Brazil at Praia Vermelha (red), Praia da Baleia (orange); Ilha de Âncora (light blue) and Ilha Comprida (dark blue). 
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Table 1. Models of rank abundance by site and situation with and without nonnative species (NIS) retained with better adjustments based on the lowest AIC criteria and ΔAIC ≤ 2. Bs = Broken-stick; gs = Geometric Series; ln = Log-normal; z = Zipf e m = —Madelbrot.
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	Site
	Not-Invaded
	Invaded
	AS Removed





	PV
	bs, gs
	gs, m
	z, m



	PB
	gs, ln, m
	bs, ln, z
	gs, ln



	IA
	gs, ln, m
	bs, gs
	bs, gs



	IC
	gs, ln
	bs, gs
	bs, gs
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