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Abstract

:

There is an increasing interest in touristic observations of top predators in the wild. Sharks are probably the most sought-after animal in marine ecosystems by divers. Regulations have been put in place, and even if they are more or less respected, providing food is still used in some places in order to attract wild animals. Because of the difficulty in sampling shark guts, few studies have analyzed the microbiota of sharks, and none have evaluated the effect of feeding on this microbiota. In this work, we compare microbiota assemblages of black-tip sharks between sites with and without regular feeding. Our results revealed a significant feeding effect on both alpha and beta diversities of microbiota. Notably, the alpha diversity of fed sharks was lower than unfed sharks. We hypothesize that this result is related to a lower diversity of food intake by sharks in places where feeding is regularly provided. More studies need to be conducted in order to estimate the impact of feeding on shark physiology.
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1. Introduction


Sharks are among the most highly threatened species worldwide [1,2]. They are recognized as key species in ecosystems because they are apex predators but also because they provide considerable ecosystem services [3]. Reef sharks are especially threatened by a large set of anthropogenic stressors in connection with the economic activity and the political and/or socio-economic conditions of coastal human populations [4]. Therefore, opportunities for the conservation of reef sharks should be encouraged, notably through the creation of national sanctuaries. In French Polynesia, sharks are emblematic species for Polynesians. Consequently, all French Polynesian waters were decreed as a shark sanctuary in 2006 and are now listed as one of the best-performing places in terms of shark conservation [4]. However, there is still strong pressure from touristic activities, and shark diving has notably developed exponentially during the last decade [5,6]. Even if these activities are regulated, controlled, and even prohibited, most touristic operators provide underwater food in order to attract sharks for observation and to ensure regular sightings of sharks [7].



However, there is little knowledge concerning the effect of provisioning on sharks and, particularly, on their gut microbiota. Indeed, gut microbiota play a central role in digestion and the health status of their host [8]. Studies on fish microbiota have increased these last years, showing that individual factors may affect the bacterial community, such as host sex [9] or development stage [10]. Environmental factors may also influence microbiota [11], and diet seems to be one of the major factors affecting its composition [9,12,13,14,15,16]. Indeed, several studies have shown that in rearing conditions, the intestinal microbiota is food-dependent, and this could be in terms of both alpha (i.e., within each sample) and beta diversity (i.e., between samples) [17,18]. Literature on shark microbial communities is still sparse, probably because of the difficulties linked with the sampling protocol [19,20,21,22,23]. Most of these studies have considered skin microbiota or the microbiota of dead sharks, and none have investigated the factors influencing the variability of bacterial diversity within the gut of living sharks. Recently, a pioneer study on shark fecal microbiomes was conducted on large pelagic shark species [24], revealing a taxon-poor microbiome and a potential role of diet in its composition.



Understanding how anthropogenic stressors alter animal microbiota is a challenging question for researchers. This could be even more challenging when the model system is a protected top predator that has to be kept alive during manipulation. Furthermore, nutritional physiology in terms of digestive biochemistry and gastrointestinal microbiota relationships is still unknown for most sharks [25]. Thereafter, the aim of this study is, first, to develop a non-lethal method for studying shark gut microbiota and, second, to use this method to test the potential effect of reef shark feeding activity on the bacterial community in terms of alpha and beta diversity. In particular, this study was done on the black-tip reef shark (hereafter named BRS), and we hypothesized a potential change in the bacterial community between sites where feeding is regularly provided and sites where sharks eat only non-provided food. Because of a lower diversity in provided food (usually tuna remains) compared to natural food, we expect a reduction in bacterial diversity in sites where food is provided for touristic activities.




2. Materials and Methods


2.1. Shark and Gut-Content Sampling


We sampled gut content from 59 Carcharhinus melanopterus between August 2016 and November 2019 (19 in 2016, 5 in 2017, and 35 in 2019; 17 during the dry season and 42 during the wet season) at four sites around Moorea Island (French Polynesia, n = 30), and five sites in the Tuamotu Archipelago (French Polynesia): three sites in Fakarava Atoll (n = 19), one in Tikehau Atoll (n = 5), and one in Makemo Atoll (n = 5) (Table S2 and Figure 1). Shark feeding is quite common on Moorea Island, while the Tuamotu atolls are preserved from this touristic activity.



We lured BRS with both pieces of fish and surface agitation noise and caught them with barbless hooks. We then placed them in lateral decubitus (either on the beach or in harnesses), which resulted in tonic immobility and facilitated the handling of sharks. We measured the total length of each BRS (from the snout tip to the end of the upper caudal lobe) and reported their sex (presence/absence of pterygopods). We inserted a urinary catheter linked to a syringe in the colon to dilute the gut content with seawater. We collected 20 mL of gut content, which was immediately stored in a 45 mL tube with 20 mL of ethanol (70%). Samples were stored at 10 °C on the boat and then at −20 °C prior to DNA extraction. The hooks were removed with pliers, and the sharks were released at the sampling point in less than 10 min after the catch. Samplings were allowed by a permit from the Environment Department of French Polynesia (ref. 5129/MCE/ENV of 22 June 2016).




2.2. Microbiota Metabarcoding


2.2.1. DNA Extraction and Controls


We extracted DNA from gut contents in a dedicated room using a DNeasy mericon® Food Kit (Qiagen, Hilden, Germany), following the protocol detailed in [26] and the specific safety measures described in [27]. In order to further minimize and control possible cross-sample contamination, extraction series were limited to 20 gut-content samples and additionally included one exogenous control (Mediterranean benthic substrate), one extraction negative control, and one aerosol negative control. We used these controls to evaluate potential cross-sample or exogenous contaminations. Additionally, our analyses also included the two mock samples from the ZymoBiomics™ Microbial Community DNA Standard (Zymo Research, Irvine, CA, USA) as positive controls and standards.




2.2.2. Library Construction and Sequencing


Libraries were generated using a two-step PCR strategy adapted from [28] and [29]. First (PCR1), samples and controls were amplified by PCR in triplicates using the primers 515FY [30] and 806RB [31], which target a 253 bp fragment of the 16S ribosomal (rRNA) gene (V3–V4 regions) (see Table S1 for details). The 515FY and 806RB primers were (i) tagged by short nucleotide sequences (11–13 nt) (described in [30]) differentiated by at least three nucleotides and (ii) modified by adding the partial overhang Illumina sequencing primers in their 5′ ends. Twelve and eight distinct tags were used to label the forward and reverse primers, respectively, and enabled the individualization of each sample in PCR replicates. We then pooled amplicons, respecting replicates, and purified the six amplicon pools using the Wizard®SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA). During the second PCR (PCR2), we used the purified amplicons from PCR1 as the DNA template. PCR2 consisted of a 12-cycle amplification step to add multiplexing indices i5 and i7 and Illumina sequencing adapters P5 and P7 at both ends of each DNA fragment (details Table S1). Amplicons from PCR2 were then purified, as described above, and checked for DNA concentration and fragment size using an Agilent bioanalyzer (Agilent Technologies, Santa Clara County, CA, USA). They were then sequenced on an Illumina MiSeq v3 platform using a 500-cycle Reagent Kit v2 (Illumina, San Diego, CA, USA).




2.2.3. Filtering, Validation, and Taxonomic Assignment of 16S Sequences


High-throughput sequencing (HTS) data were filtered using an ASV-centered (Amplicon Sequence Variant) method adapted from [25] and implemented in VTAM v0.1.18 [32]. The detailed protocol is available at (https://osf.io/3txv7/ (accessed on 13 September 2022)). Briefly, fastq reads from two sequencing runs were merged and demultiplexed using default parameters. The filtering procedure explicitly uses the sequencing outputs of negative and positive controls and exogenous samples in order to minimize false positives in hindgut samples (i.e., experimental/molecular artefacts such as PCR/sequencing errors, tag-switching, and cross-sample contamination). The technical PCR replicates were used to confirm the presence of taxa in a sample and further remove false-positive results [33]. We further discarded chimeras. Optimal filtering parameters were established using the optimize commands of VTAM. Our filtering procedure aimed to limit both type I errors (false negatives), and type II errors (false positives). The taxonomic assignment of ASVs was done online using the rdp classifier [34] and 16S rRNA training set 16, available at http://rdp.cme.msu.edu/classifier/classifier.jsp (last accessed on 28 October 2022). Prior to analyses, sequence counts were Ln(x + 1)-transformed. Lastly, we used variant abundances with default parameters to predict functional profiles using Tax4Fun2 [35]. This analysis provided a table of relative KEGG ortholog (KO) abundances.





2.3. Diversity of BRS Microbiota


All statistical analyses were done with R 3.5.2 [36], using the packages vegan v2.5-6 [37], phyloseq v1.30.0 [38], lme4 v1.1-23 [39], lmerTest v3.1-2 [40], and MuMIn v1.43.17 [41].



We used linear mixed models (LMMs) to assess the microbiota α-diversity major drivers. We included number of reads, season, sex, shark feeding (presence/absence), island, and total length as fixed effects and site and year as random effects. We selected the Shannon index as a measure of α-diversity and used it as the response variable in our models. Prior to constructing our models, we checked the normality of distribution with a Shapiro–Wilk test. We then selected the best-performing model using both the Akaike Information Criterion (AIC) and fixed effects significance, evaluated through a type III variance analysis. We assessed the performance of the selected model, thanks to the coefficients of determination (R2): conditional (variance explained including random effects) and marginal (variance explained excluding random effects) and the sum of squares.



We assessed differences in microbiota β-diversity using constrained ordination (distance-based RDA, [41]) in order to evaluate which variable drives the microbiota composition at the genus level by revealing an eventual significant effect of explanatory variables on the distances between the individual shark microbiotas. We used Bray–Curtis dissimilarities to this end and used the square root of dissimilarities in order to avoid negative eigenvalues that would prevent us from calculating the percentage of explained variance [42]. We selected the most parsimonious model using the vegan ordistep function using 999 permutations. We then checked for multicollinearity using the variance inflation factor (VIF, function vif.cca) and found no collinearity, all VIF values being less than 2. The R scripts are available at https://osf.io/3txv7/ (accessed on 13 September 2022).




2.4. Indicator Species Analysis


In order to know whether some bacterial genera or KO functions were strongly associated with a condition and could thus be considered as an indicator, we performed a Dufrêne–Legendre indicator species analysis [43]. The indicator value (IndVal) is computed for each bacterial genus or KO function based on their relative abundance and frequency of occurrence using the labdsv v2.0-1 package [44]. We calculated the indicator value for male and female and fed and unfed BRS and also for wet and dry seasons and the four islands (Moorea, Fakarava, Tikehau, and Makemo) to check for eventual confounding effects. We only considered genera for which the associated p-value was <0.05 (1000 permutations).





3. Results


3.1. Metabarcoding Data


The raw dataset was gathered from two distinct partial MiSeq runs. After merging read-pairs, assigning reads to sample, and deleting singletons, the dataset consisted of 2.8 million reads that correspond to the 3 PCR replicates of 59 eDNA samples (1 sample was lost during filtration), 7 negative controls, and 2 mock community samples. After filtering, 249 ASVs were validated. These corresponded to 30.1% of the total number of reads (0.8 M validated reads). At the end of the filtering process, one of the initial eDNA samples was lost since it did not contain any validated ASV. None of the negative controls had validated ASVs; all eight ASVs expected in the two mock samples were retrieved, and no other variants were retained in them. Since all control samples (mocks and negatives) complied exactly with our expectations, we assumed that we had minimized random fluctuations and false-positive and false-negative rates.




3.2. Diversity of Gut Microbiota


We used gut contents collected from a total of 59 BRS: 32 females ranging from 60 to 151 cm (mean ± sd = 115 ± 20 cm) and 27 males ranging from 58 to 130 cm (mean ± sd = 109 ± 18 cm).



Following filtration, a total of 799,773 reads and 198 variants were obtained, with a mean ± sd of 13,555 ± 11,715 reads per sample. We detected 70 genera belonging to 8 different phyla. Our samples were dominated (>3% average abundance) by Proteobacteria, Firmicutes, Fusobacteria, and Spirochaetes (Table 1, Figure 2). We identified 13 classes in our samples: the Proteobacteria were mainly Gammaproteobacteria and Alphaproteobacteria, the Firmicutes were mainly Clostridia, and we found only Fusobacteriia among Fusobacteria and Spirochaetia among Spirochaetes.



3.2.1. Gut Microbiota Alpha Diversity


We used LMM to identify factors linked to the alpha diversity of BRS microbiota. The selected LMM included season, feeding, and the square root of the read number as fixed effects and site and year as random effects. Fixed effects explained 41.1% of the variance. Random effects did not explain more of the variance. The number of reads contributed the most to the variance explained by fixed effects (60.0%, 26.1% explained by the season, 13.9% by the feeding) (Table 2). Our results thus suggest that microbial diversity differs according to the number of reads, the season, and shark feeding. Indeed, the Shannon index was higher during the wet season (Table 2, Figure 3) than the dry season (1.9 ± 0.7 and 1.5 ± 0.6, respectively) and higher among unfed than fed BRS (1.8 ± 0.6 and 1.5 ± 0.6, respectively).




3.2.2. Gut Microbiota Beta Diversity


Then, we performed db-RDA to identify factors constraining microbiota assemblages. The selected db-RDA included the number of reads and shark feeding, explaining 4.9% and 3.1% of the variance, respectively (Table 3). BRS gut microbiota thus differed significantly between fed and unfed BRS (Table 3, Figure 4).




3.2.3. Indicator Genus and KO Functions


Because we found that shark feeding was significantly linked to the alpha and beta diversity of BRS microbiota, we used IndVal to identify specific the bacterial genera and KO functions of fed and unfed sharks. Only Novosphingobium appeared to be specific to fed BRS, while we found four genera associated with unfed sharks: Cetobacterium, Clostridium XI, Clostridium sensu stricto, and Thiomicrospira (Figure 5). Moreover, numerous KOs (1324) were significantly different between conditions for feeding (Table S1). Among them, two had high abundances (>1% in at least one sample) and were significantly associated with feeding areas (K00059: 3-oxoacyl-acyl-carrier protein reductase; K02014: iron complex outer membrane receptor protein) (Figure 6).






4. Discussion


4.1. Cetobacterium, Photobacterium, and Vibrio Dominated BRS Gut Microbiota


We conducted, with 59 individuals, the first study on shark gut microbiota on a large scale. Few studies have been undertaken to explore shark gut microbiota. According to a meta-analysis, there is a strong distinction between freshwater teleost, dominated by Aeromonadales and Enterobacterales, and their marine counterparts, in which Vibrionales are dominant [13]. Our results support this finding, Vibrionales being the most abundant order (34.8% of reads on average), with very few Aeromonadales and Enterobacterales (0.1% each). Sullam et al. [13] also highlighted discrepancies between diets, with herbivorous teleost being enriched in Clostridiales, Bacteroidales, and Verrucomicrobiales, whereas omnivorous teleost harbored more Rhizobiales, Fusobacteriales, and Planctomycetales and omnivorous and carnivorous teleost were enriched in Desulfovibrionales and Aeromonadales. Our results only partially agree with this finding because we found abundant Fusobacteriales (10.8%), an order associated with omnivorous teleost. We did not detect any Desulfovibrionales and very few Aeromonadales (0.6%). Considering what is known about teleost gut microbiota, our most surprising finding was the high abundance of Clostridiales (11.9%) because this order is rather associated with herbivorous teleost. This observation could be due to the consumption of herbivorous teleost by the BRS since diet is known as a major source of bacteria colonizing the intestine [19,45]. Several studies have pointed out a dominance of Fusobacteriales, notably Cetobacterium, among piscivorous teleost [19,45], which is consistent with our finding, the BRS being mostly piscivorous.



In addition, the presence of Photobacterium damselae, Vibrio harveyi, and Escherichia coli in the guts of some sharks was shown by a pioneering culture-dependent study [46]. The presence of Cetobacterium, Photobacterium, and Vibrio among members of the Carcharhinus genus was also shown, and Propionigenium, Clostridium, and Clostridiaceae were detected in Carcharhinus brevipinna [19]. The deep-sea shark Centroscyllium fabricii harbors Actinobacteria, Proteobacteria, and Acidobacteria as dominant microbial phyla [20]. Finally, there is a fluctuating dominance between Enterobacteriaceae (genus Citrobacter) and Vibrionaceae (genus Photobacterium) among juvenile Sphyrna lewini [47]. While comparing our results with these studies is difficult (different species, low number of individuals), it appears that we partially agree with the available literature. Indeed, Photobacterium and Vibrio (previously detected [19,47]) and Cetobacterium were the three most abundant genera in our samples. We noted other similarities with previous studies. For example, we found Campylobacter and Clostridiaceae, including Clostridium and Pseudomonas, which have been previously detected in Rhizoprionodon terraenovae, Carcharhinus brevipinna, and Sphyrna lewini, respectively [19,47]. Moreover, a study on Bilaterian gut microbiota showed a constantly high abundance of Proteobacteria in Elasmobranch and at least 50% of microbiota constituted by the most abundant taxa, which is verified here with 70% of Proteobacteria and 50.7% of reads assigned to the six most abundant genera.




4.2. Influence of Seasons on Gut Microbiota


We detected a seasonal variability of BRS gut microbiota α-diversity, as measured with the Shannon index. Gut microbiota appeared more diversified during the wet season (which is also the warmer season) than during the dry season. This seasonal variability seems consistent. Indeed, the organisms living in the superior photic zone are exposed to temperature variations (mainly controlled by the season), which are likely to alter the relationship between a host and its microbiota, particularly among ectotherms [29]. To our knowledge, there is no study about Elasmobranch gut microbiota seasonal variability, but some studies have been conducted on teleost. Except for Hovda et al. [48], who found no evidence of a relationship between water temperature and bacterial diversity in Salmo salar, the studies conducted on the subject indicate a higher bacterial diversity during the warm season. However, most studies revealed modifications of bacterial diversity and community arrangement under different temperatures [8,49,50]. Nevertheless, few studies have considered the real impact of seasonal changes in the fish gut microbiome [8], and special attention should be paid to these works in the future, especially in the context of global warming.




4.3. Influence of Shark Feeding on Gut Microbiota


Shark feeding was the most important factor in our data because it significantly influenced both the alpha and beta diversity of BRS microbiota. However, because this variable explained a limited fraction of the total variation, future studies should measure additional environmental variables to better evaluate their influence on microbiota assemblages. Shark-feeding operators use pelagic species (sardine and tuna), which are unlikely to be part of the classic BRS diet. Two studies were conducted on the effects of such a practice on the diet of target Elasmobranch and showed differences in fatty acid profiles (Hypanus americanus [51]) and δ15N (Carcharhinus perezi [52]). Trophic level and diet influence gut microbiota through prey microbiota [12,19,53]. Thus, dietary alteration is the most obvious hypothesis to explain the differences in gut microbiota composition between fed and unfed sharks. However, we can also suppose that tourism-linked stress could contribute to the observed variation. Indeed, stress can alter gut microbiota composition [54,55], and both tourists and boat noise are known to induce stress in teleost [56,57]. Moreover, Elasmobranch are known to suffer from tourist encounter-induced stress, and some operators trigger tonic immobility, which is a stressful state, to impress tourists [56]. In addition, fed BRS microbiota was enriched in Novosphingobium while impoverished in Cetobacterium, Clostridium XI, Clostridium sensu stricto, and Thiomicrospira, which appear typical of unfed sharks. Tunas provided to feed BRS are migratory species, richer in lipids than non-migratory species [58]. They could thus be an additional source of lipids for fed BRS, this hypothesis being corroborated by the fact that Clostridium seemed more abundant in teleost fed a low-fat diet, whereas Sphingobium dominated with higher lipid intakes [59,60]. Notably, Novosphingobium is a genus of Gram-negative bacteria known to degrade aromatic compounds. It has been previously found in marine aquatic environments exposed to high levels of anthropogenic impacts [61]. As a consequence, the association with fed sharks might be directly linked to provisioning and also environmental conditions. Future studies should evaluate the presence of this genus within food webs facing different anthropogenic pressures.



Lastly, functional analyses of microbial assemblages also revealed that 1324 KOs were significantly different between fed and unfed sharks. This result suggested that feeding activity highly influenced the functional diversity of shark gut microbiota. This observation was not surprising because diet is a variable that highly constrains gut microbiota [62,63,64,65]. Among significant KOs, K00059 (3-oxoacyl-acyl-carrier protein reductase) and K02014 (iron complex outer membrane receptor protein) were associated with fed sharks. Notably, K00059 is involved in fatty acid pathways and might be linked to lipid-rich tunas [58] and thus to a change in fatty acid profile, such as previously observed for other fed Elasmobranchs [51,52]. Moreover, iron is an essential element for fundamental cellular processes, such as respiration and DNA synthesis [66]. Because the gut bacteria of fed sharks might not be limited by nutrients, we hypothesized that bacterial growth was favored and thus required a high amount of iron through transporters [65].





5. Conclusions and Perspectives


We described for the first time the BRS gut microbiota and identified significant links with temporal (season) and anthropogenic (provisioning) factors. An important aspect of this study was the development of a non-lethal sampling method to extract and sequence gut microbial DNA. This new method allowed the identification of factors constraining the diversity of BRS microbiota. Shark feeding was the most important factor in this study, and we particularly highlighted a decrease in alpha diversity. Because gut microbiota plays a role in host health and homeostasis, future studies should test whether this decrease affects BRS physiology. Future studies should also measure additional environmental variables (such as fish abundance and biodiversity, etc.) on a larger number of sharks to accurately estimate the effect of provisioning on microbiota assemblages. Finally, if the effect of shark feeding is recognized, it could be recommended to forbid feeding (as is the case now in French Polynesia) or at least limit feeding or use several types of fish in order to maintain bacterial diversity.
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Figure 1. Map of French Polynesia, with the global situation and close-ups on Moorea, Fakara, Tikehau, and Makemo. Sampling sites are designated as the presence (red) or absence (green) of shark provisioning. 






Figure 1. Map of French Polynesia, with the global situation and close-ups on Moorea, Fakara, Tikehau, and Makemo. Sampling sites are designated as the presence (red) or absence (green) of shark provisioning.



[image: Fishes 07 00312 g001]







[image: Fishes 07 00312 g002 550] 





Figure 2. Relative abundance of the bacterial composition of individual samples. Each column represents a shark number. Colors in a column represent the proportion of each bacterial group. 
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Figure 3. Alpha diversity measured by the Shannon index for (a) unfed and fed sharks and (b) wet and dry seasons. 
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Figure 4. Microbial communities of BRS gut, as illustrated by a db-RDA using Bray–Curtis dissimilarities (best model: number of reads + shark provisioning). Shark provisioning being factorial, it is represented by its centroid (black diamonds). 






Figure 4. Microbial communities of BRS gut, as illustrated by a db-RDA using Bray–Curtis dissimilarities (best model: number of reads + shark provisioning). Shark provisioning being factorial, it is represented by its centroid (black diamonds).



[image: Fishes 07 00312 g004]







[image: Fishes 07 00312 g005 550] 





Figure 5. Indicator values of specific bacterial genera of provisioned and non-provisioned sharks; p-values in brackets. 
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Figure 6. Indicator values of specific KO functions of provisioned sharks. Only KO functions with a frequency above 1% in at least one sample are shown; p-values in brackets. 
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Table 1. Relative abundance of bacterial groups in the gut of Carcharhinus melanopterus.
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Phylum

	
Class

	
Genus

	
Mean% ± sd






	
Proteobacteria

	
Gammaproteobacteria

	
Photobacterium

	
17.6 ± 13.1




	

	

	
Vibrio

	
13.5 ± 13.4




	

	

	
Salinivibrio

	
3.4 ± 6.7




	

	

	
Psychrobacter

	
2.6 ± 6.1




	

	

	
Acinetobacter

	
2.5 ± 5.6




	

	

	
Halomonas

	
2.5 ± 5.1




	

	

	
Shewanella

	
2.2 ± 5.2




	

	

	
Pseudoalteromonas

	
1.8 ± 4.5




	

	

	
Thiomicrospira

	
1.1± 3.9




	

	

	
Pseudomonas

	
1.1 ± 3.6




	

	

	
Stenotrophomonas

	
1.1 ± 4.2




	

	

	
Other Gammaproteobacteria (<1%)

	
0.1 ± 0.1




	

	
Alphaproteobacteria

	
Novosphingobium

	
3.4 ± 10.6




	

	

	
Other Alphaproteobacteria (<1%)

	
0.0 ± 0.1




	

	
Betaproteobacteria

	
Burkholderia

	
1.8 ± 7.1




	

	

	
Other Betaproteobacteria (<1%)

	
0.0 ± 0.0




	

	
Epsilonproteobacteria

	
Campylobacter

	
1.3 ± 5.3




	
Firmicutes

	
Clostridia

	
Clostridium sensu stricto

	
3.7 ± 8.1




	

	

	
Cellulosilyticum

	
2.9 ± 7.5




	

	

	
Clostridium XI

	
2.6 ± 6.5




	

	

	
Clostridium XIVb

	
1.4 ± 5.0




	

	

	
Other Clostridia

	
0.0 ± 0.0




	

	
Bacilli

	
Bacillus

	
1.3 ± 6.3




	

	

	
Other bacilli

	
0.0 ± 0.1




	

	
Other Firmicutes (<1%)

	

	
0.8 ± 2.9




	
Fusobacteria

	
Fusobacteriia

	
Cetobacterium

	
13.2 ± 20.3




	
Spirochaetes

	
Spirochaetia

	
Brevinema

	
3.6 ± 8.0




	
Tenericutes

	
Mollicutes

	
Mycoplasma

	
1.1 ± 4.3




	

	

	
Other Mollicutes

	
0.5 ± 2.3




	
Other Bacteria (including Archaea) (<1%)

	

	
0.0 ± 0.0








Items that were <1% in relative abundance were grouped into the ‘Other’ categories.
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Table 2. Results for the selected LMM based on the Shannon index.
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Estimate

	
Sum of Squares

	
Degree of Freedom

	
F

	
p-Value






	
Shannon




	
Number of reads

	

	
5.67

	
1

	
22.89

	
1.32 × 10−5




	
Season

	

	
2.46

	
1

	
9.95

	
2.61 × 10−3




	
Provisioning

	

	
5.67

	
1

	
5.31

	
0.03




	
Intercept

	
1.48

	

	
55

	

	
1.02 × 10−8




	
Number of reads

	
6.3 × 10−3

	

	
55

	

	
1.33 × 10−5




	
Season Dry

	
−0.47

	

	
55

	

	
2.61 × 10−3




	
Provisioning presence

	
−0.31

	

	
55

	

	
0.03
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Table 3. The db-RDA results based on Bray–Curtis dissimilarities.
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	Sum of Squares
	Degree of Freedom
	F
	p-Value





	Number of reads
	1.02
	1
	2.97
	0.001



	Shark provisioning
	0.66
	1
	1.93
	0.006



	Residual
	19.18
	56
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