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Abstract
Background: Differences in the trophic niche often underlie ecological specialization of individuals and
can promote ecological speciation of populations, but studies showing a link between differences in the
trophic niche and genetic differentiation of populations are rare. On the island of San Cristóbal
(Galapágos archipelago), a strong genetic differentiation between two relatively proximate populations
(subspecies; Amblyrhynchus cristatus mertensi and A. c. godzilla) of marine iguanas along the coastline
has been observed. Here, we explore whether this genetic differentiation is mirrored in the iguanas’ trophic
niche.

Results: Although, no signi�cant difference in the number of consumed algal taxa between subspecies
were detected, the Schoener index exhibited low diet overlap between A. c. mertensi and A. c. godzilla.
The latter was also demonstrated by the PERMANOVA analysis with signi�cantly different diet OTU
composition from the fecal samples between subspecies. Stable isotope analysis revealed that
subspecies identity was overall more important than site for the iguanas’ resource use.

Conclusions: By applying a metabarcoding approach on feces samples in combination with stable
isotope analysis of skin sheds, we found that A. c. mertensi and A. c. godzilla differ in their ecological
niches. Moreover, stable isotope analysis indicated that marine iguana populations have low spatial
foraging distances, which, together with the diet partitioning patterns, might explain, at least partially, the
lack of gene �ow between these geographically proximate marine iguana populations. Key words: diet
analysis, trophic niche, metabarcoding, stable isotopes, marine iguanas, Amblyrhynchus cristatus

Background
Under natural conditions, individuals typically have to cope with limited food resources. Thus, the optimal
use of existing and the acquisition of new resources are major drivers for local adaptation and
evolutionary change of foraging modes, which are shaping biological diversity at the micro and macro
scale [1–3]. Often, the adaptation process also involves the divergence (genetic differentiation) of
foraging preferences, which potentially leads to ecological segregation and ultimately speciation [4].
Surprisingly, studies showing a clear link between �ne scale trophic niche differentiation and genetic
population structure are rare [5].

Unlike any other lizard species worldwide, marine iguanas have adapted to the marine environment,
including a special diet on marine macroalgae, for which they dive and graze in the subtidal and intertidal
zones [6]. On the island of San Cristóbal, a unique case of incipient within-island speciation can be
followed as evidenced by the presence of two highly genetically differentiated populations
(Amblyrhynchus cristatus mertensi and A. c. godzilla [7]; Fig. 1A) with almost no signs of current genetic
exchange [8]. Although this divergence might have been initially caused by volcanic activity, leading to a
short-term micro-allopatric spatial separation of diverging lineages, no physical barrier to gene �ow exists
at present, and no factors explaining the maintenance of strong genetic divergences at this �ne spatial
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scale have been so far identi�ed [8]. Here, we analyze whether ecological adaptation may underlie the
maintenance of these distinct genetic units, by testing for possible differences in their trophic niche with
respect to consumed macroalgal taxa, based on a newly established metabarcoding approach, and by
comparing long-term diet contribution of algal groups via stable isotope analysis [9].

Results

Metabarcoding
Out of 25 feces samples, 21 contained macroalgal operational taxonomic units (OTUs; 9 and 12 feces
samples for A. c. mertensi and A. c. godzilla, respectively). These samples resulted in the detection of a
total of 30 macroalgal OTUs with an average OTU count of 5.2 (range 1–17 OTUs) per sample. Algal
OTUs that were detected from the feces samples only once per iguana subspecies were excluded from
the analysis, i.e. 18 OTUs were included (Table S4).

The majority of the macroalgal OTUs in the metabarcoding data set (Table S4) were assigned to
Rhodophyta (17 OTUs) and only one OTU to Chlorophyta. These OTUs represented taxa over six orders
and six families (Fig. 2). There was no signi�cant difference in the number of consumed algal taxa
between subspecies (OTU richness; P = 0.383), with the mean richness of 5.6 and 3.7 OTUs, respectively.
However, the Schoener index exhibited low diet overlap between A. c. mertensi and A. c. godzilla (index =
0.345), which was also demonstrated by the signi�cantly different macroalgal communities in the
PERMANOVA analysis (pseudo-F1,20 = 4.439, R2

adj = 0.142, P < 0.001; Fig. 1B). Indicator species analysis
revealed three OTUs, all belonging to genus Gelidium, that were signi�cantly associated with A. c.
mertensi samples (Table S4). For A. c. godzilla samples, also three OTUs indicated higher frequency in
the corresponding data set (Gelidium sp., unknown Ceramiaceae, and unknown Halymeniaceae),
however, with marginally non-signi�cant P values (Table S4). From algal tissue samples, we were able to
obtain 36 high quality sequences out of total 55 samples (Table S1). Compared with the metabarcoding
data set (Table S4), the collection of algal tissue samples demonstrated higher richness of various algae
in the habitats of the studied marine iguana populations (Table S1).

Stable isotope analysis (SIA)
Mixing model analysis showed that dietary contributions varied between subspecies and sampling sites
on San Cristóbal. Red algae contributed ~50% to the diets of A. c. godzilla at both sites, whereas for A. c.
mertensi, green algae were the most important resources at Isla Lobos and brown algae were
predominant at La Loberìa (Fig. 3). There was considerable variation around the mean dietary
contributions and we used overlap analysis to test which are more important drivers of the resource use,
site or subspecies identity. The overlap analysis revealed that subspecies identity was overall more
important than site for the iguanas’ resource use, however, the differences were rather small (Table 1).
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Discussion
We here applied DNA metabarcoding approach and stable isotope analyses to explore the trophic niche
differentiation of genetically different but geographically proximate populations of marine iguanas. We
demonstrate for the �rst time that the macroalgal diet differs between populations of A. c. mertensi and
A. c. godzilla on the island of San Cristóbal, which could be one factor contributing to the maintenance of
genetic divergence between these geographically proximate marine iguana subspecies.

We found a diverse assemblage of green, red and brown macroalgae in the iguanas’ foraging grounds on
San Cristóbal. As con�rmed by the isotope analyses, red and green algae were found to be important
food resources for marine iguana populations (except for A. c. mertensi at La Loberìa, Fig. 3). On the
other hand, our DNA metabarcoding analysis indicated much higher preference towards red algae in
terms of detected macroalgal taxa from the feces samples. In addition, although the primer design
included sequences from brown algae, the metabarcoding data did not include any OTUs from this group.
In contrast, the stable isotope data suggested that brown algae are a part of the marine iguanas’ diet (Fig.
3). These inconsistencies may be caused by seasonal variance in foraging preferences, which has
previously been described to be an important factor affecting the diet patterns of marine herbivores [e.g.
10]. For example, Shepherd and Hawkes [11] reported that during the hot season (December-May), the
proportional cover of the green alga Ulva sp. was much lower compared to red algae (e.g. Gelidium sp.).
As the availability of the food items (e.g. seasonality) may determine the foraging patterns of marine
iguanas [11], the low detection rate of green algae in our metabarcoding data might re�ect its low
abundance during our sampling period on the hot season (December). Moreover, December is generally
considered to be the breeding season for marine iguanas (also in San Cristóbal, personal observations)
and it has been suggested that the quality of the food has a positive relationship with the timing of
reproduction [12]. Thus, during the hot season, there is a strong preference for red algae, which is
associated with their better digestibility, protein and energy content (higher quality) compared to green
and brown algae [11–13]. Nevertheless, green algae (especially Ulva spp.) have also been reported to
represent an important part of marine iguanas’ diet [14, 15]. However, the latter studies were conducted
during cool season (June-November), where the abundance of Ulva is high, therefore potentially
contributing much stronger to the overall diet. When there is a lack of both, red and green algae, brown
algae may be used as a substitute ’emergency’ food [16]. Therefore, these incongruences between
metabarcoding data and SIA re�ect the different timescale assessed by these two methods, where
metabarcoding captures a short-term snapshot of ingested food items, while stable isotopes indicate the
assimilated diets over a longer time period and could include seasonal resource use shifts.

The OTU-level community analyses in our metabarcoding data set revealed a clear diet partitioning
between A. c. mertensi and A. c. godzilla (Fig. 1B); i.e. the similarity of the macroalgal OTU composition is
higher in geographically proximate locations. Interestingly, a similar pattern was found for gut microbial
communities in marine iguanas [17]. This may indicate the potential of selective foraging for the algae
from which the extraction of nutrients via specialized microbiota could be more e�cient. However,
besides the above mentioned seasonal effects on the availability and quality of food items, �ne scale
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differences between habitats may be an additional factor determining the composition of local
macroalgal communities [10]. As there was little overlap between stable isotope values between
sampling sites on the main island, our data indicate that individuals use mostly local foraging grounds
during at least the previous season and may not move far along the coastline. Thus, whether preference
for different red algae of A. c. mertensi and A. c. godzilla during parts of the year re�ects selective
foraging behavior or is driven by patterns of local algal diversity (i.e. available food), remains to be
clari�ed.

In previously studied populations of marine iguanas, the majority of individuals forage in the intertidal,
i.e., on exposed rocks, during low tides. Only 5%, mostly large-bodied individuals, dive beneath the sea
surface to graze on offshore algal beds [18]. From our �eld observations, we do not expect substantial
differences in intertidal vs. subtidal feeding at our study site as an adaptive response to different spatial
distribution of algae. Instead, we interpret the dietary differences among sites as a result of either
different resource availability, or different food preferences. These differences in the trophic niche of
marine iguanas on San Cristóbal island have important implications. Strong genetic differentiation
between populations of A. c. mertensi and A. c. godzilla are paralleled by signi�cant differences in their
diet, thus proving a �rst hint to a concurring ecological divergence in these two subspecies. Additionally,
limited movement behavior may additionally enhance the separation and add to the observed �ne scale
genetic differentiation.

Methods

Sampling design
We sampled marine iguanas (feces and skin sheds samples) during December 2017 at four different
locations along the coast of San Cristóbal, covering two sites in the range of both, A. c. mertensi and A. c.
godzilla (Fig. 1A; Table S1). Sampling covered a maximum geographical distance of ca. 50 km. We
collected samples of macroalgae from the intertidal and subtidal zones around these sites (stored in 96%
ethanol) as references for the development of metabarcoding primers and for stable isotope analysis
(Table S1). A total of 25 fresh feces samples were collected by storing half of the replicate in 96% ethanol
and freezing the other half at –20 ºC. Ten and �fteen feces samples were collected per A. c. mertensi and
A. c. godzilla, respectively (Table S1). DNA extractions and PCR analysis were performed separately for
frozen feces and ethanol stored samples, but pooled prior statistical analyses. Dry samples of shed skin
shed for stable isotope analysis included 45 samples from A. c. mertensi and 33 samples from A. c.
godzilla (Table S1).

DNA extraction
Prior to DNA extraction of algal samples, small pieces of tissue (ca. 1 cm2) were air dried for ca. 48 h.
Dried pieces of algal tissues were transferred to PowerBead Tubes provided by DNeasy PowerPlant Pro
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Kit (Qiagen, Germany). The tubes were vortexed on 24-place adapter for 2 min for brief tissue breaking.
The feces samples were air dried for 24 h, each wrapped in clean �lter paper to prevent cross-
contamination between samples. The dried feces were transferred to sterile whirl-pak plastic bags
following grinding and homogenization of the material by hand. Twenty (20) mg of dried feces sample
was transferred to PowerBead Tube provided by DNeasy PowerPlant Pro Kit. Both, tissue and feces
samples were soaked for 24 h at 65°C in 310 μL of Power Bead solution, 50 μL of solution SL and 40 µl
of the Phenolic Separation Solution (PPS). After soaking, 100 μL of isopropanol and 3 μL RNase A were
added and samples subjected to subsequent incubation for 30 min at 65°C (vortexing samples brie�y in
every 10 min) [19]. After the incubation steps, only feces samples were vortexed for additional 20 min in
the PowerBead Tubes. Rest of DNA extraction steps were completed by following DNeasy PowerPlant Pro
Kit instructions, except the DNA elution process was performed twice by reloading the �rst eluate again to
the same spin column for higher the DNA yield [19]. As macroalgal tissues may be rich of several PCR
inhibitors, the DNA was further puri�ed with DNeasy PowerClean Pro Cleanup Kit following
manufacturer’s instructions.

Primer design
The primers for ampli�cation of macroalgae DNA from the marine iguana feces samples we designed
based on the available macroalgal ribulose–1,5-bisphosphate carboxylase/oxygenase (rbcL) sequences
on NCBI database and locally generated rbcL reads from the collected algal tissue samples. We
considered especially the algal genera that have been reported to be a part of marine iguana’s diet [11].
Although, cytochrome c oxidase subunit I (COI) region, for red and brown algae, and chloroplast tufA gene
for green algae, might provide higher taxonomic resolution, the rbcL region represents consensus barcode
for all algal groups [20]. For the selection of primers, algal rbcL sequences were aligned using online
service of MAFFT [21] and viewed in MEGA [22]. Suitable primer regions were manually selected and the
ampli�cation coverage was checked using ecoPCR [23]. As the DNA degradation during digestion limits
the ampli�able fragment length during PCR, we selected primer pairs that amplify ca. 250 bp [generally
100–250 bp fragment used for diatary analysis; 24] of the second half of the rbcL gene. To cover various
groups of green, red and brown algae, we designed 4 reverse primers, but one degenerate forward primer
(Table S2, S3).

PCR
The 25 µl PCR mix consisted of 5 µl of Hot Start FirePol Master Mix (Solis BioDyne, Estonia), 0.4 µl
forward and reverse primer, 1 µl of template DNA for tissue and feces samples, respectively. The rest of
the volume was �lled with dH2O. PCRs for the feces samples were performed in 4 replications, each
consisting of the same forward primer (rbcLFmb), which included sequence identi�ers (tags), but
different reverse primers (rbcLRshort1- rbcLRshort4) to cover wide range of green, red and brown algae
(Table S3). Gradient PCR was performed to identify most suitable annealing temperature for the designed
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metabarcoding primers. PCR conditions and primers are speci�ed in Table S2. The yield of PCR products
per sample was estimated during gel electrophoresis by pipetting 5 µl PCR product on 1% agarose gel
(running time 15 min) and then pooled as based on their relative quantity. Pooled amplicons for
metabarcoding were puri�ed using Favor-Prep™ Gel/PCR Puri�cation Kit (Favorgen-Biotech Corp.,
Austria), following the manufacturer’s instructions. Steps of DNA extraction, PCR and sequencing
included both negative and positive controls.

Sequencing
Sanger sequencing was performed in LGC Genomics GmbH (Berlin), using ABI 3730 XL. Generated
sequences have been deposited in UNITE database [25], under accession numbers UDB0777934-
UDB0777968. PCR amplicons from feces samples were subjected to Illumina adapter ligation and
sequencing by Illumina MiSeq (2x250) using MiSeq Reagent Kit v2. Illumina sequencing data sets have
been deposited in the Sequence Read Archive (SRA), BioProject ID: PRJNA552781.

Bioinformatics
Raw Illumina data was processed in PipeCraft [26]. Paired-end sequences were merged and quality
�ltered using vsearch [27; maxee = 1.5, minoverlen = 15, maxns = 0, allowmergestagger = T, minlen =
100]. Filtered reads were demultiplexed using mothur [28; bdiffs = 2]. Sequence identi�ers for
demultiplexing are listed in supplementary Table S3. Clustering of the quality �ltered and demultiplexed
reads was performed using usearch UPARSE algorithm [29] with 98% sequence similarity threshold.
Additionally, post-clustering curation method, LULU algorithm [30] was applied (minimum_ratio_type =
“min”, minimum_match = 98) to merge consistently co-occurring ‘daughter’ OTUs. For the obtained OTUs,
BLASTn search [31] was made against NCBI [32], BOLD [33] and local (barcoded macroalgae) databases.
The negative and positive controls were used to further remove potential contaminants and tag-switching
errors. For metabarcoding analysis, the optimal annealing temperature (as based on gradient PCRs) for
the designed primers was relatively low (40 and 41.3 ºC), thus many unspeci�c ampli�cations occurred.
The data set were carefully curated to include only OTUs that had respectively >85% and >80% query
coverage and sequence similarity against annotated macroalgal species in the used BLASTn databases.
Further �ltering included removal of < 5 sequences per OTU in a sample.

Stable isotope analysis
Samples for stable isotope analysis, iguana skin sheds (n = 78) and macroalgae (n = 55) were frozen at
–20°C and subsequently ground with glass mortar and pestle. Macroalgae samples were sorted into red,
brown and green macroalgae based on Sanger sequencing results (Table S1). Subsequently all samples
were freeze-dried and ground with a mortar and pestle. Samples of each consumer (0.5 mg) and food
resource (1 mg) were loaded into tin capsules (HekaTech GmbH, Wegberg, Germany). Carbon and
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nitrogen elemental concentration, and δ13C and δ15N ratios were determined on a Thermo-Finnigan Flash
2000 elemental analyzer connected to a Delta V Advantage mass spectrometer (Thermo Fisher Scienti�c,
Waltham, Massachusetts) at the Stable Isotope Laboratory of the Helmholtz Centre for Environmental
Research in Magdeburg (Germany). Stable isotope data were expressed as the relative difference
between ratios of samples and international standards (PeeDee Belemnite for δ13C, atmospheric N for
δ15N): δ (‰) = (Rsample/ Rstandard)*1000, and R = 13C/12C or 15N/14N, respectively.

Statistics
Prior to statistical analysis, replicate feces data sets were merged (ethanol preserved and frozen). Algal
OTUs that were detected in the diet of only once per subspecies (A. c. mertensi, A. c. godzilla) were
excluded from the analysis (i.e. 18 OTUs were included). For metabarcoding data, differences in the OTU
richness and community composition between A. c. mertensi and A. c. godzilla fecal samples were tested
using Analysis of Covariance (ANCOVA Type III SS; read count as a covariate) and Permutational
Analysis of Variance (PERMANOVA; 9999 permutations; Type I SS), respectively. The diet overlap between
A. c. mertensi and A. c. godzilla was measured using Schoener overlap index [34], with the numerical
frequency of macroalgal OTUs in their diet. Overlap values vary from 0 to 1, where 0 indicates no shared
food items. Schoener overlap index values higher than 0.6 represent biologically signi�cant diet overlap
[35]. Diet overlap analysis was performed using FSAmisc package in R [36]. To examine the presence of
OTUs that are consistently present either in A. c. mertensi and A. c. godzilla samples, indicator species
analysis was performed using indicspecies package [37] in R. The analysis was performed with 9999
permutations to assess the statistical signi�cance of diet item and iguana group associations.

For stable isotope data, we estimated contributions of red, brown and green macroalgae to the diets of A.
c. mertensi and A. c. godzilla using a Bayesian mixing models as implemented in the MixSIAR package
[38]. We assumed a Δ15N trophic discrimination factor (TDF) of 2.92 ± 0.8‰ and a Δ13C TDF 1.28 ‰ ±
0.75‰, taken from published values from TDFs of green sea turtles (Chelonia mydas) as a best
approximation for a marine, algivorous reptile [39]. There were at least two sources of variation driving
iguana’s diet, i.e. sites or subspecies. We tested which of these factors was more important using the
‘overlapping’ package [40] in R as outlined by Brauns et al. [41]. We used the 95% credibility intervals of
dietary proportions across the studied locations and two subspecies, and calculated the percentage
overlap of these intervals between all combinations of sites as well as subspecies. Site deemed to be
more important for resource use if its percentage overlap was smaller than that of subspecies.

Table 1
Table 1. Significance of site and subspecies identity for the contribution of algal resources to the diets of marine
iguanas on San Cristóbal as based on stable isotope overlap analysis. The mean percentage overlap of the 95%
credibility intervals of dietary proportions across the studied sites on the island and two subspecies is shown
respectively. Importance of resource use denote which factor was more important for the respective food type.
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 Algal type Overlap between
sites

Overlap between
subspecies

Importance of resource use, site vs.
subspecies

Green
algae

0.4 0.5 site > subspecies

Red algae 0.5 0.1 site < subspecies
Brown
algae

0.3 0.3 site = subspecies

Total 0.4 0.3 site < subspecies

 

Declarations
Abbreviations

OTU: operational taxonomic unit; rbcL: ribulose-1,5-bisphosphate carboxylase/oxygenase; SIA: stable
isotope analysis; ANCOVA: Analysis of Covariance; PERMANOVA: Permutational Analysis of Variance; SS:
sum of squares; PCO: principal coordinates analysis.

 

Availability of data and materials

Sanger sequences have been deposited in UNITE database (unite.ut.ee) under accession numbers
UDB0777934-UDB0777968, and the Illumina data set in the Sequence Read Archive, BioProject ID:
PRJNA552781.

Authors' contributions

SS, MV and JMG designed the study. SS, NP and JMG performed sampling. TR, PF, MB and DPR
analyzed stable isotope samples and data. SA performed the metabarcoding and data analyses. SS, SA
and TR drafted the manuscript. All authors contributed to the development of manuscript and approved
the �nal version.

Competing interests

The authors declare no competing interests.

Funding

The Galapagos Science Center USFQ/UNC at Chapel Hill provided funds through the project
“Diversi�cación, hibridación, ecología y conservación de las iguanas marinas (Amblyrhynchus cristatus)
de las islas Galápagos; HUBI 7683”. This project was further supported through a grant of the German
Research Foundation (DFG) to Sebastian Steinfartz (STE 1130/11-1).



Page 10/14

Acknowledgements

We thank Ashwini V. Mohan and Paul Winter for the aid in processing samples for metabarcoding
analysis, and Dr. Sven Künzel for running Illumina sequencing analysis. We thank Ines Locker for
technical assistance with the stable isotope analyses. We also thank Jaime Chaves, Sofía Tacle, and
Silvia Sotamba for logistic support.

Ethics approval and consent to participate

Research permits were provided by the Parque Nacional Galápagos (PC-81-17, 009-2018 DPNG) and the
Ministerio de Ambiente de Ecuador (MAE-DNB-CM-2016-0041).

 

References
1. Schluter D: Ecology and the origin of species. Trends Ecol Evol 2001, 16(7):372-380.

2. Grant PR, Grant BR: How and why species multiply: the radiation of Darwin's �nches: Princeton
University Press; 2011.

3. Kocher TD: Adaptive evolution and explosive speciation: the cichlid �sh model. Nat Rev Genet 2004,
5(4):288.

4. Nosil P: Ecological speciation: Oxford University Press; 2012.

5. Grant PR, Grant BR: 40 years of evolution: Darwin's �nches on Daphne Major Island: Princeton
University Press; 2014.

�. Trillmich KG, Trillmich F: Foraging strategies of the marine iguana, Amblyrhynchus cristatus. Behav
Ecol Sociobiol 1986, 18(4):259-266.

7. Miralles A, Macleod A, Rodríguez A, Ibáñez A, Jiménez-Uzcategui G, Quezada G, Vences M, Steinfartz
S: Shedding light on the Imps of Darkness: an integrative taxonomic revision of the Galápagos
marine iguanas (genus Amblyrhynchus). Zool J Linn Soc 2017, 181(3):678-710.

�. MacLeod A, Rodríguez A, Vences M, Orozco-terWengel P, García C, Trillmich F, Gentile G, Caccone A,
Quezada G, Steinfartz S: Hybridization masks speciation in the evolutionary history of the Galápagos
marine iguana. Proc R Soc B 2015, 282(1809):20150425.

9. Fink P, Reichwaldt ES, Harrod C, Rossberg AG: Determining trophic niche width: an experimental test
of the stable isotope approach. Oikos 2012, 121(12):1985-1994.

10. Carrion-Cortez JA, Zarate P, Seminoff JA: Feeding ecology of the green sea turtle (Chelonia mydas) in
the Galapagos Islands. J Mar Biol Assoc UK 2010, 90(5):1005-1013.

11. Shepherd SA, Hawkes MW: Algal food preferences and seasonal foraging strategy of the marine
iguana, Amblyrhynchus cristatus, on Santa Cruz, Galapagos. Bull Mar Sci 2005, 77(1):51-72.

12. Rubenstein DR, Wikelski M: Seasonal changes in food quality: a proximate cue for reproductive
timing in marine iguanas. Ecology 2003, 84(11):3013-3023.



Page 11/14

13. Wikelski M, Gall B, Trillmich F: Ontogenetic changes in food intake and digestion rate of the
herbivorous marine iguana (Amblyrhynchus cristatus, Bell). Oecologia 1993, 94(3):373-379.

14. Nagy KA, Shoemaker VH: Field energetics and food consumption of the Galapagos marine iguana,
Amblyrhynchus cristatus. Physiol Zool 1984, 57(3):281-290.

15. Frost I, Beck Frost M: Limitations to algal growth in the Galapagos islands: its consequences on the
breeding strategy of the marine iguana Amblyrhynchus cristatus. Noticias de Galapagos 1983,
37:23-24.

1�. Wikelski M, Wrege PH: Niche expansion, body size, and survival in Galápagos marine iguanas.
Oecologia 2000, 124(1):107-115.

17. Lankau EW, Hong P-Y, Mackie RI: Ecological drift and local exposures drive enteric bacterial
community differences within species of Galápagos iguanas. Mol Ecol 2012, 21(7):1779-1788.

1�. Wikelski M, Trillmich F: Foraging strategies of the Galapagos marine iguana (Amblyrhynchus
cristatus): adapting behavioral rules to ontogenetic size change. Behaviour 1994:255-279.

19. Hu Z-M, Fraser C: Seaweed Phylogeography: Springer; 2016.

20. Leliaert F, Verbruggen H, Vanormelingen P, Steen F, López-Bautista JM, Zuccarello GC, De Clerck O:
DNA-based species delimitation in algae. Eur J Phycol 2014, 49(2):179-196.

21. Katoh K, Rozewicki J, Yamada KD: MAFFT online service: multiple sequence alignment, interactive
sequence choice and visualization. Brie�ngs in Bioinformatics 2017, 20(4):1160-1166.

22. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S: MEGA6: Molecular Evolutionary Genetics
Analysis Version 6.0. Mol Biol Evol 2013, 30(12):2725-2729.

23. Ficetola GF, Coissac E, Zundel S, Riaz T, Shehzad W, Bessiere J, Taberlet P, Pompanon F: An In silico
approach for the evaluation of DNA barcodes. BMC Genomics 2010, 11(1):434.

24. Pompanon F, Deagle BE, Symondson WO, Brown DS, Jarman SN, Taberlet P: Who is eating what: diet
assessment using next generation sequencing. Mol Ecol 2012, 21(8):1931-1950.

25. Nilsson RH, Larsson K-H, Taylor AFS, Bengtsson-Palme J, Jeppesen TS, Schigel D, Kennedy P, Picard
K, Glöckner FO, Tedersoo L: The UNITE database for molecular identi�cation of fungi: handling dark
taxa and parallel taxonomic classi�cations. Nucleic Acids Res 2018, 47(D1):D259-D264.

2�. Anslan S, Bahram M, Hiiesalu I, Tedersoo L: PipeCraft: �exible open-source toolkit for bioinformatics
analysis of custom high-throughput amplicon sequencing data. Mol Ecol Resour 2017, 17:e234-
e240.

27. Rognes T, Flouri T, Nichols B, Quince C, Mahé F: VSEARCH: a versatile open source tool for
metagenomics. PeerJ 2016, 4:e2584.

2�. Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, Lesniewski RA, Oakley BB,
Parks DH, Robinson CJ et al: Introducing mothur: Open-Source, Platform-Independent, Community-
Supported Software for Describing and Comparing Microbial Communities. Appl Environ Microbiol
2009, 75(23):7537-7541.



Page 12/14

29. Edgar RC: UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat Methods
2013, 10.

30. Frøslev TG, Kjøller R, Bruun HH, Ejrnæs R, Brunbjerg AK, Pietroni C, Hansen AJ: Algorithm for post-
clustering curation of DNA amplicon data yields reliable biodiversity estimates. Nat Commun 2017,
8(1):1188.

31. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, Madden TL: BLAST+:
architecture and applications. BMC Bioinformatics 2009, 10(1):421.

32. Geer LY, Marchler-Bauer A, Geer RC, Han L, He J, He S, Liu C, Shi W, Bryant SH: The NCBI biosystems
database. Nucleic Acids Res 2009, 38(suppl_1):D492-D496.

33. Ratnasingham S, Hebert PDN: BOLD: The Barcode of Life Data System (www.barcodinglife.org). Mol
Ecol Notes 2007, 7(3):355-364.

34. Schoener TW: Nonsynchronous spatial overlap of lizards in patchy habitats. Ecology 1970,
51(3):408-418.

35. Wallace RK, Ramsey JS: Reliability in measuring diet overlap. Can J Fish Aquat Sci 1983, 40(3):347-
351.

3�. R-Core-Team: R Foundation for Statistical Computing; 2015. R: A language and environment for
statistical computing 2015.

37. De Caceres M, Jansen F, De Caceres MM: Package ‘indicspecies’. Relationship between species and
groups of sites R package version 176 2016.

3�. Stock BC, Semmens BX: MixSIAR GUI user manual, version 1.0. Accessible online at:
http://conserveriugo-cafeorg/user/bricesemmens/MixSIAR 2013.

39. Seminoff JA, Jones TT, Eguchi T, Jones DR, Dutton PH: Stable isotope discrimination (δ13C and
δ15N) between soft tissues of the green sea turtle Chelonia mydas and its diet. Mar Ecol Prog Ser
2006, 308:271-278.

40. Pastore M: Overlapping: a R package for estimating overlapping in empirical distributions. JOSS
2018, 3(32):1023.

41. Brauns M, Brabender M, Gehre M, Rinke K, Weitere M: Organic matter resources fuelling food webs in
a human-modi�ed lowland river: importance of habitat and season. Hydrobiologia 2019, 841(1):121-
131.

 

 

Figures



Page 13/14

Figure 1

A. Map of sampling locations (SRL: Lobería; SRIL: Isla Lobos; SRS: Las Salinas; SRPC: Frente a Playa
Café); B. PCO plot based on Bray-Curtis similarity matrix of Hellinger transformed data of macroalgal
OTUs identi�ed by DNA metabarcoding.

Figure 2

Relative abundance bar plots for order (A) and family level (B) macroalgal OTUs from marine iguanas’
feces samples.
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Figure 3

Mean proportional contribution of algal resources based on stable isotope analysis (± 95% credibility
intervals, derived from the MixSIAR Bayesian mixing model) to the diet of A. c. godzilla and A. c. mertensi
from the studied sites on San Cristóbal island.
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