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Abstract

The Mediterranean monk seal (Monachus monachus) is one of the world’s most endangered 

marine mammals, and information on its feeding ecology is needed to support conservation 

planning. Here, high-throughput DNA metabarcoding of scat samples from Madeira was used 

to characterise the diet of this geographically isolated population. Fourteen samples were 

analysed using universal fish primers targeting the mitochondrial 12S rRNA gene, enabling 

detection of both bony and cartilaginous fishes. Across samples, 38 prey taxa were identified, 

including records not previously reported in monk seal diet studies, such as Fistularia 

petimba, as well as cartilaginous fish such as Bathytoshia centroura, Dasyatis pastinaca, and 

Torpedo marmorata. Frequency of occurrence indicated a diet dominated by demersal and 

reef-associated taxa, with frequent detection of Sparidae, alongside evidence of opportunistic 

prey use. Overall, these results provide a high-resolution dietary profile for monk seals in 

Madeira and demonstrate the utility of scat metabarcoding for monitoring trophic ecology in 

small, threatened populations. This approach offers a scalable framework for assessing 

dietary shifts over time and informing adaptive management in human-impacted coastal 

ecosystems.

Keywords: Trophic Ecology, DNA Metabarcoding, Piscivory, Conservation Genomics, 

Pinniped
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1. Introduction

The Mediterranean monk seal (Monachus monachus) is the world’s most threatened 

pinniped and has experienced severe historical declines driven by persecution, habitat loss, 

disturbance, and fisheries interaction (e.g., Karamanlidis et al., 2016a). Until the beginning of 

the 20th century its distribution covered a vast range including the Mediterranean, Marmara 

and Black Seas as well as the Atlantic coast of Africa, from Morocco to Gambia and the 

Macaronesian Islands. At present breeding is restricted to a small number of geographically 

isolated subpopulations in the eastern Mediterranean and the central-eastern Atlantic. Recent 

assessments indicate encouraging signs of recovery in some areas, but the global population 

remains small and spatially fragmented, sustaining continued conservation concern. 

Historically, the Mediterranean monk seal has undergone a drastic loss of genetic 

diversity resulting in four genetically distinct populations: Cabo Blanco, Madeira, the eastern 

Mediterranean, and a largely extinct western Mediterranean group (Rey-Iglesia et al., 2020; 

Salmona et al., 2022). Currently, only two rare mitochondrial haplotypes remain, which 

represent only ca. 25% of the species’ historical mitochondrial variation (Karamanlidis et al., 

2016b; Rey-Iglesia et al., 2020). Genetic evidence also indicates past geneflow between North 

Atlantic and Mediterranean seals, suggesting that these populations once formed a continuous 

group in the western Mediterranean (Rey-Iglesia et al., 2020). Compared to other pinniped 

species, the Mediterranean monk seal ranks among the lowest in genetic diversity, a condition 

likely caused by a severe population bottleneck that reduced its effective population size to 

fewer than 50 individuals. This bottleneck has significantly increased the risks of inbreeding 

and related genetic problems (Parsons, 2024).

The Madeiran population of Mediterranean monk seals exhibits an exceptionally low level of 

genetic diversity, reflecting the population's long history of isolation and decline. Specifically, 

all sampled individuals share the exact same mitochondrial genome, with no variation detected 

over the past 200 years (Rey-Iglesia et al., 2020). This lack of mitochondrial diversity is 

matched by very low nuclear genetic diversity as well, Madeira’s seals show heterozygosity 

levels around Hₑ ≈ 0.04, which is among the lowest ever recorded in seals (Salmona et al., 

2022). These findings suggest a strong genetic bottleneck, likely driven by a combination of 

small population size, prolonged isolation, and inbreeding.

Compared to other monk seal populations in the eastern Mediterranean, such as those in 

the Ionian and Aegean Seas, which still retain some genetic structure and variation, the 

Madeiran population stands out as particularly vulnerable (McIvor et al., 2023; Parsons, 2024). 
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Although there has been a modest increase in numbers in recent years, thanks largely to local 

conservation efforts, the genetic risks remain high (Pires et al., 2023). Initiatives like the LIFE 

Madeira Monk Seal project have been central to this recovery, implementing measures such as 

habitat protection, restricting human access to sensitive areas, and using non-invasive tools like 

genetic monitoring to track individual seals and assess population trends (Pires, Aparicio, & 

Fernandez de Larrinoa, 2020).

Understanding the diet of the Mediterranean monk seal is crucial for conservation efforts aimed 

at protecting this critically endangered species. By studying their diet, we can gain insights into 

the species habitat use, prey preferences, overall ecological role within marine ecosystems and 

also possible human-seal interactions. Most information available so far has been based on the 

study of stomach contents from stranded animals and anecdotal sightings (e.g., Salman, 

Bilecenoglu, & Güçlüsoy, 2001; Pierce et al., 2011; Pires, Aparício, & Fernandez de Larrinoa, 

2019; Moreira Santos et al., 2026). More recently, complementary approaches using Baited 

Remote Underwater Video systems (BRUVs) have begun to provide promising, non-invasive 

insights into monk seal foraging behaviour and prey associations, helping to overcome some 

of the limitations of traditional methods (Ashlie J. McIvor, 2024).

According to previous studies, the Mediterranean monk seal exhibits a diverse and regionally 

variable diet, largely shaped by the availability of local prey. For instance, studies on seals 

along the Greek coast between 1997 and 2008 documented a wide prey spectrum, identifying 

530 prey items across 71 specimens. Cephalopods, particularly the common octopus (Octopus 

vulgaris) and horned octopus (Eledone cirrhosa), constitute nearly half of their diet. Fish 

species, especially coastal and reef-associated sea breams, also form a significant portion, 

while crustaceans and other molluscs contribute smaller amounts (Salman et al., 2001; Pierce 

et al., 2011). However, stomach content analysis has important limitations. It relies on 

opportunistic sampling and only reflects recently ingested, often partially digested prey, which 

can bias species identification. Additionally, results may be influenced by the cause of death 

and provide only a narrow snapshot in space and time, limiting broader ecological inference. 

Complementing these findings, stable isotope analysis has revealed that approximately 60% of 

the monk seal’s diet originates from coastal and seabed habitats, emphasizing their strong 

dependence on near-shore environments  (Karamanlidis et al., 2014). As opportunistic feeders, 

monk seals occasionally prey on larger animals such as green sea turtles (Chelonia mydas), 

demonstrating adaptive feeding strategies (Tonay et al., 2016). This dietary flexibility is crucial 

for their survival, especially given current habitat fragmentation and increasing human 

pressures, such as fishing, especially in the Mediterranean (Pierce et al., 2011; Karamanlidis 
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et al., 2014). While stable isotope analysis provides valuable integrative insights into trophic 

levels and habitat use over longer timescales, confirming reliance on benthic and neritic prey 

(Karamanlidis et al., 2014) it lacks the taxonomic resolution necessary to identify specific prey 

species. This limitation highlights the need for complementary methods to achieve detailed 

dietary profiling.

High-throughput DNA metabarcoding has become a widely used approach for reconstructing 

predator diets from scat material by amplifying short genetic markers from degraded prey DNA 

and assigning sequences to reference databases (Deagle et al., 2019). This technique has been 

successfully applied to other pinnipeds, such as the Australian sea lion (Neophoca cinerea), 

where it revealed diverse prey items, including soft-bodied taxa and unexpected species, while 

also uncovering spatial variation in dietary habits (Berry et al., 2017). Our approach leverages 

universal genetic markers targeting fish and high-throughput sequencing technologies to detect 

degraded or trace amounts of DNA, offering a significant advantage over morphology-based 

techniques (Deagle et al., 2019).

In this study, DNA metabarcoding was applied to Mediterranean monk seal scats collected 

from Madeira and Desertas Islands to characterise the fish component of diet in this isolated 

subpopulation. The resulting dataset provides an updated, high-resolution baseline for trophic 

ecology in the Madeira monk seal subpopulation and demonstrates the utility of metabarcoding 

for non-invasive dietary assessment in a threatened pinniped.
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2. Methods

2.1 Sample collection 

Between December 2014 and July 2021, 16 Mediterranean monk seal (Monachus monachus) 

scat samples were collected during systematic monitoring surveys on Madeira and the Desertas 

Islands as part of the Madeira monk seal conservation program. Samples were collected by 

IFCN-IP Madeira staff and contributing authors, from coastal caves and haul-out beaches used 

for resting and breeding. Scats were collected only when seals were absent to minimise 

potential disturbance. Samples were preserved in ethanol until laboratory processing. 

Collection sites included Cabo de S. Lourenço and Gruta da Atalaia (Madeira), and Tabaqueiro, 

Vermelhas, Gruta dos Lobos, and Lanço do Rico (Desertas) (Figure 1; Table 1). From these 

only 14 were available for genetic analyses.

2.2 DNA extraction and contamination control

DNA extractions were conducted at CIIMAR/UP in a molecular laboratory in which fish 

genomics work had not previously been performed. Scat material was dried at 37ºC, to 

eliminate traces of ethanol, and subsampled for molecular analyses. To reduce host DNA and 

external contamination, only the inner portion of each scat was processed. DNA was extracted 

using the QIAamp Fast DNA stool kit (Qiagen, Germany) with the following modifications: in 

step 2 instead of 1min vortexing we have done two cycles of 1min at 4000rpm in a bead beater 

homogenizer (Precellys, Bertin Instruments, France) to ensure better sample homogenization, 

with samples placed on ice between cycles; samples were eluted in EB buffer and incubated in 

a thermomixer at 37ºC for 10min to increase DNA yields. For most specimens at least two 

different replicates were made to increase sample representation and extraction blanks were 

included in every batch.

2.3 PCR amplification, indexing, and sequencing

Polymerase chain reactions (PCR) amplifications were performed in a dedicated UV-irradiated 

PCR cabinet using the MiFish primer sets (Miya et al., 2015; Taberlet et al., 2018). To 

simultaneously amplify teleost and elasmobranch prey DNA, the MiFish-U and MiFish-E 

primer pairs were combined within each PCR reaction: MiFish-U-F (5’-

GTCGGTAAAACTCGTGCCAGC-3’) and MiFish-U-R (5’-

CATAGTGGGGTATCTAATCCCAGTTTG-3’), and MiFish-E-F      (5’     -

GTTGGTAAATCTCGTGCCAGC-3’) and MiFish-E-R      (5’     -

CATAGTGGGGTATCTAATCCTAGTTTG-3’). These primers target a short fragment of the 
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mitochondrial 12S rRNA gene, amplifying a region of circa 170bp for bony fish and circa 180 

bp for elasmobranchs, respectively. Each primer was tagged with a unique 6-nucleotide 

sample-specific sequence generated in OligoTag (Coissac, 2012) and preceded by two or three 

random nucleotides at the 5’ end to increase sequence complexity during sequencing (De Barba 

et al., 2014; Sigsgaard et al., 2020). Several negative controls were included in each PCR set-

up. PCR amplifications were carried out in 25 μl reactions containing 12,5 μl Supreme 

NZYTaq II 2× Green Master Mix (NZYTech, Lisbon, Portugal), 0,5 μl of each primer (10µM; 

four primers total), 9,5 µL molecular-grade water, and 1 µl DNA extract. Thermal cycling 

conditions were 94 °C for 5 min; 30 cycles of 94 °C for 30 s, 52 °C for 30 s, and 72 °C for 1 

min followed by 72 °C for 7 min. Amplicons were visualized on 1.5% agarose gels under UV 

light after electrophoresis.

Each sample was amplified in quadruplicate to reduce stochastic amplification effects and PCR 

bias. For each sample, 5µL from each replicate PCR was pooled (20µL total) and purified using 

the PureLink PCR purification kit (Invitrogen, Carlsbad, USA). Purified amplicons were 

pooled equimolarly into three tag-unique pools (Supplementary table 1) and submitted to 

Novogene for double strand DNA library preparation and 150bp PE sequencing on a partial 

lane of an Illumina NovaSeq 6000 platform.

2.4 Bioinformatics processing and OTU generation

Raw pair-end reads were demultiplexed by sample-specific 6-nt tags (allowing a 15% error 

rate) and processed using Cutadapt (Martin, 2011). Reads lacking valid tag sequences were 

discarded, and tag sequences were removed prior to downstream processing. Primer sequences 

were trimmed from the 5’ ends of reads, allowing a 10% error rate to accommodate sequencing 

error and primer variation. Paired-end reads were merged using VSEARCH(Rognes et al., 

2016), requiring a lenient minimum overlap of 10 bp to maximize data retention for error 

correction, and allowing up to five mismatches; staggered alignments were permitted. For each 

biological sample, merged reads from PCR replicates were pooled prior to OTU inference. To 

eliminate any short, spurious artifacts generated by the lenient merging overlap, these pooled 

reads were strictly filtered to retain near full-length amplicons (≥150 bp) and to remove reads 

with high expected error (maxee = 2.0). Filtered reads were dereplicated (retaining singletons), 

screened for chimeras using UCHIME de novo (Edgar et al., 2011), and clustered into OTUs 

at 97% sequence similarity. OTU centroid sequences were retained for downstream taxonomic 

assignment. Custom scripts used to automate demultiplexing and OTU generation are available 
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on GitHub (repository: https://github.com/SUBRAMANIAM96/MonkSeal-Diet-

Metabarcoding, version v1.0.0, accessed March 2026). Full command-line calls and pipeline 

documentation are provided in the Supplementary Material.

2.5 Taxonomic assignment and curation

Taxonomic assignment of OTU sequences was performed by BLAST searches against the 

comprehensive NCBI nucleotide database using high-performance computing resources at 

CIIMAR. Matches were retained when sequence identity was ≥98% and e-value ≤1e−5, and 

only alignments meeting a minimum query coverage threshold of 100% were considered for 

taxonomic annotation.

BLAST outputs generated using BLAST were parsed using a custom R script 

(filter_best_hits.R) to remove duplicate accession IDs, retaining only the entry with the highest 

percentage identity for each accession ID along with its corresponding OTU number, and 

taxonomy was retrieved from accession identifiers using a custom Python script 

(fetch_taxonomy.py). Assigned taxa were then classified as either (i) recorded from the 

Madeira Archipelago or (ii) not previously recorded from the Madeira Archipelago based on 

the annotated checklist of Madeira’s marine fauna (Biscoito, Ribeiro, & Freitas, 2018), the 

Madeira Marine Biodiversity Database, maintained by MARE-Madeira research institute, and 

FishBase (Froese & Pauly, 2025). Family-level classifications were cross-checked using 

Eschmeyer’s Catalog of Fishes  (Fricke, Eschmeyer, & van der Laan, 2026) supplemented with 

regional checklists (Wirtz, Fricke, & Biscoito, 2008). Summary tables of taxonomic 

assignments across all retained samples are provided in the Supplementary Material. Custom 

scripts used for BLAST parsing and taxonomy retrieval are publicly available on GitHub 

(repository: https://github.com/SUBRAMANIAM96/MonkSeal-Diet-Metabarcoding, version 

v1.0.0, accessed March 2026). 

2.6 Dietary metrics      

Frequency of occurrence (FO) was calculated for each prey taxon as the proportion of retained 

scat samples (n = 14) in which the taxon was detected. FO provides a presence-based summary 

of dietary composition that is commonly used in pinniped dietary studies and metabarcoding 

applications (Imorou et al., 2019). FO was calculated separately for taxa recorded from the 

Madeira Archipelago and taxa not previously recorded locally (based on regional occurrence 

sources). Species with higher FO values are interpreted as more consistently consumed prey, 

while those with lower values represent occasional or incidental dietary components. 
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 𝐹𝑂 = (
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 𝑡ℎ𝑒 𝑡𝑎𝑥𝑜𝑛     

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 (14)  )*100
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3. Results 

A total of 8,468,273 raw sequencing reads were obtained across the 14 scat samples, which 

generated 7,628 Operational taxonomic units (OTUs) before taxonomic filtering. OTU 

richness per retained sample ranged from 179 to 960 (Table 2), with DES_07 showing the 

highest richness and DES_02 the lowest. 

Taxonomic assignment of fish-associated sequence features initially yielded 7628 OTUs. Of 

these, 193 OTUs were successfully assigned to fish at ≥98% identity, while 7435 OTUs 

remained unassigned or were assigned with low confidence. The high-confidence assignments 

result into 51 unique fish taxa as potential prey items. Of these, 38 taxa correspond to species 

previously documented from the Madeira Archipelago (Table 3). Frequently detected taxa 

include European conger (Conger conger), rough tail stingray (Bathytoshia centroura), 

Mediterranean moray (Muraena helena), axillary seabream (Pagellus acarne), and red porgy 

(Pagrus pagrus). Elasmobranch DNA was detected in multiple samples. Specifically, rough 

tail stingray (Bathytoshia centroura) was detected in 13 out of 14 samples, tortoise stingray 

(Dasyatis tortonesei) in 6 out of 14 samples, marbled electric ray (Torpedo marmorata) in 6 

out of 14 samples, and common stingray (Dasyatis pastinaca) in 2 out of 14 samples (Table 

3).

The 38 regionally documented taxa spanned 24 families (Figure 2). Sparidae was the most 

species-rich family, represented by seven species such as axillary seabream (Pagellus acarne), 

red porgy (Pagrus pagrus), pink dentex (Dentex gibbosus), white seabream (Diplodus sargus), 

and gilt-head seabream (Sparus aurata). Labridae was also represented (e.g., Mediterranean 

rainbow wrasse, Coris julis; and ornate wrasse, Thalassoma pavo), along with Congridae 

(bandtooth conger, Ariosoma balearicum; and European conger, Conger conger) and 

Muraenidae (Mediterranean moray, Muraena helena; black moray, Muraena augusti; and 

fangtooth moray, Enchelycore anatina).

In addition to taxa recorded regionally, 13 taxa matched species for which published records 

are not currently available for the Madeira or Desertas Islands (e.g., yellowtail amberjack, 

Seriola lalandi, detected in 11 out of 14 samples). While some of these species are known from 

other parts of the eastern Atlantic or nearby regions, there are currently no published records 

confirming their presence in Madeira or Desertas waters (Table 3). Their presence in the dataset 

is attributed to bioinformatic misassignments, where the lack of reference DNA for local 

endemic species forces the algorithm to match with closely related foreign taxa. They were 

retained in the dataset pending independent verification.
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DNA from other taxa that did not represent possible dietary items, including the studied species 

(monk seal) and the Madeiran wall lizard (Teira dugesii), was also detected in the scat samples. 

These findings underscore the taxonomic diversity targeted by the MiFish primers, which 

amplify not only fish DNA but also DNA from other vertebrates present in the environment. 

Notably, the Madeiran wall lizard (Teira dugesii) was detected in 3 out of 14 samples, and 

monk seal DNA was detected in all samples. To ensure dietary composition focused solely on 

fish prey, these non-target OTUs were excluded from downstream analyses.

Among the taxa recorded from Madeira, the European conger (Conger conger) and rough tail 

stingray (Bathytoshia centroura) were the most frequently detected, appearing in 13 out of 14 

samples (FO = 92.9%), followed closely by the Mediterranean moray (Muraena helena, 

85.7%). Other highly frequent taxa included the axillary seabream (Pagellus acarne) and red 

porgy (Pagrus pagrus) at 78.6%. Mid-frequency taxa (detected in 35% to 65% of samples) 

included the grey triggerfish (Balistes capriscus, 64.3%), European hake (Merluccius 

merluccius, 64.3%), European seabass (Dicentrarchus labrax, 42.9%), white seabream 

(Diplodus sargus, 42.9%), European pilchard (Sardina pilchardus, 42.9%), and gilt-head 

seabream (Sparus aurata, 35.7%). Lower-frequency taxa ranged from 28.6% down to 7.1%, 

such as the blue jack mackerel (Trachurus picturatus) and chub mackerel (Scomber colias), 

each detected in a single sample (FO = 7.1%).

For taxa lacking published regional records, FO values ranged from 78.6% to 7.1%. Complete 

FO values are provided in Table 3.
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4. Discussion 

This study provides the first fish-focused dietary characterisation of the isolated Madeira 

population of the Mediterranean monk seal using scat DNA metabarcoding. By applying 

MiFish 12S primers to scat samples collected across Madeira and the Desertas Islands and 

summarising detections using frequency of occurrence, a diverse prey assemblage was 

recovered, including 38 taxa recorded from the Madeira Archipelago and additional taxa not 

previously reported locally. Elasmobranch DNA was detected repeatedly across samples, 

indicating that cartilaginous fishes form a consistent component of the detectable prey 

spectrum. Our findings demonstrate the value of non-invasive metabarcoding for generating 

high-resolution baseline dietary data in a small, disturbance-sensitive pinniped population, 

while also establishing a foundation for interpreting prey use in relation to local habitats and 

human activities. 

Although this sample size may appear small, it reflects the considerable difficulty of obtaining 

such material. Moreover, the local population consists of only around 27 (Pires et al., 2023) 

individuals, and the caves used by the seals are often flooded at high tide, which washes away 

scats if not collected during low tide (Pires, Neves, & Karamanlidis, 2007). Access to the caves 

at low tide was not always possible, as the animals were present in the caves. To minimize 

disturbance to this already extremely vulnerable population, all samples were collected only in 

the absence of animals.

Most dietary studies on the Mediterranean monk seal (Monachus monachus) have focused on 

populations in the Aegean Sea and eastern Mediterranean, primarily relying on traditional 

stomach content and stable isotope analyses (Salman et al., 2001; Karamanlidis et al., 2011, 

2014; Pierce et al., 2011; Tonay et al., 2016). Our study is the first to apply a DNA 

metabarcoding approach using MiFish primers to analyse fish species in the diet of the monk 

seal population from Madeira. This non-invasive technique allowed us to achieve 

unprecedented taxonomic resolution, detecting prey species often missed or indistinguishable 

through conventional methods.

The diversity of fish species detected in the Mediterranean monk seal diet around Madeira 

confirms broad prey detection. The seals consume a wide variety of prey spanning multiple 

ecological niches, including benthic, demersal, and pelagic species. Many benthic and reef-

associated fishes, such as Ariosoma balearicum, Conger conger, Muraena helena, and 

Muraena augusti, inhabit rocky substrates and crevices, with detections dominated by coastal 

and benthic-associated taxa, consistent with coastal foraging reported for the species  (Pires, 
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2020). Additionally, commercially important demersal species like Dicentrarchus labrax 

(European seabass), Merluccius merluccius (European hake), Mullus surmuletus (red mullet), 

and several Pagellus species are abundant on continental shelves and soft-bottom habitats, and 

their presence in the diet indicates the seals’ exploitation of these environments. Pelagic and 

schooling fishes such as Sardina pilchardus (European pilchard), Scomber colias (Atlantic 

chub mackerel), and Trachurus trachurus (Atlantic horse mackerel) further demonstrate the 

seals’ capacity to forage across different water columns and habitats. Given that Mediterranean 

monk seals primarily forage in coastal and shelf waters, this mix of prey types underscores 

their ecological flexibility and ability to exploit a broad range of marine habitats. Such dietary 

adaptability is crucial for their survival in a dynamic and changing marine environment, 

especially amid pressures from habitat degradation, fishing, and climate variability 

(Karamanlidis et al., 2016a). Overall, the seal’s diet incorporates both benthic and pelagic prey, 

emphasizing their role as generalist predators within the Madeira marine ecosystem and 

highlighting the importance of conserving diverse marine habitats to support their foraging 

needs.

We observed considerable overlap with prey species previously reported in Mediterranean 

monk seal diets, including Ariosoma balearicum, Conger conger, Dicentrarchus labrax, 

Merluccius merluccius, Diplodus sargus, Pagellus acarne, Bathytoshia centroura, Pagellus 

erythrinus, Scorpaena scrofa, Muraena helena, Pagellus bogaraveo, Pagrus pagrus, Sparus 

aurata, and Coris julis (Salman et al., 2001; Cebrian, Fatsea, & Mytilineou, 2011; 

Karamanlidis et al., 2011). This overlap not only confirms the consistency of monk seal diet 

across regions but also the accuracy and reliability of our metabarcoding approach in detecting 

key dietary components. Our study further improved species-level identification within genera 

previously reported more broadly. For example, while earlier research identified Dentex sp 

((e.g., Dede, A.; Tonay, M. A.; Öztürk, 2015) we specifically detected Dentex gibbosus. 

Similarly, in the case of Mullus spp (Pierce et al., 2011), our metabarcoding approach allowed 

us to pinpoint Mullus surmuletus as a significant prey species, demonstrating the ability of 

metabarcoding to distinguish between closely related species. 

Moreover, by using the MiFish-E primer set targeting elasmobranch fish DNA, we detected 

cartilaginous fish species such as Bathytoshia centroura, Torpedo marmorata, Dasyatis 

tortonesei, and Dasyatis pastinaca. Elasmobranchs have previously been reported as prey, 

but they were not identified to a specific taxonomic level, likely because their cartilage-based 

skeletons are highly susceptible to degradation by stomach acids, which makes them difficult 

to detect using traditional morphological analysis. This discovery expands the known trophic 
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niche of the species and highlights the power of molecular techniques to reveal overlooked 

prey.

Significantly, our study advances the understanding of the Mediterranean monk seal diet by 

revealing a far more diverse array of prey species than previously documented. Unlike earlier 

research that reported a limited prey spectrum, something that might be explained by the less 

sophisticated methodology used, we identified a broad suite of species not previously recorded 

in monk seal diets, including Chelon labrosus, Fistularia petimba, Sardina pilchardus, 

Kyphosus sectatrix, Trisopterus luscus, Pontinus kuhlii, Balistes capriscus, Thalassoma pavo, 

Epinephelus marginatus, Lepidopus caudatus, Tripterygion delaisi, Muraena augusti, 

Scomber colias, Enchelycore anatina, Gephyroberyx darwinii, and Helicolenus dactylopterus.

By overcoming the limitations of digestion bias and morphological identification inherent in 

traditional diet studies, metabarcoding reveals a higher taxonomic resolution and clearer 

picture of monk seal fish diet than morphology-based methods (Valentini, Pompanon, & 

Taberlet, 2009; Deagle et al., 2019). This enhanced understanding is crucial for advancing 

ecological knowledge and informing future research on the species’ feeding strategies and 

habitat use in Madeira.

While not the focus of our current study, Mediterranean monk seals have also been documented 

to prey on cephalopods, as well as sea turtles. Observations of aggressive and predatory 

interactions with loggerhead turtles (Caretta caretta) have been reported by Margaritoulis, 

Karavellas, & Irvine Margaritoulis, Karavellas, & Irvine (1996) and Margaritoulis & Touliatou 

(2011), and predation on the green turtle (Chelonia mydas) has also been reported (Tonay et 

al., 2016).

Non-native species: Findings and limitations

A total of 13 taxa lacking published regional records were detected in the Mediterranean monk 

seal scat samples. This highlights some of the challenges that are faced when identifying prey 

species from these complex samples. The DNA metabarcoding approach is limited by the 

incompleteness and inaccuracies of local reference databases. These gaps lead to bioinformatic 

misassignments, where the algorithm forces a match with a closely related foreign species 

because the local endemic species is missing from the database (Armani et al., 2021). For 

example, Pacific and geographically distant species such as Pontinus macrocephalus and 

Helicolenus avius were identified in the samples; however, this is highly likely due to their 12S 
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rRNA genetic similarity with the documented native species Pontinus kuhlii and Helicolenus 

dactylopterus, respectively.

Teira dugesii (Madeiran wall lizard), was also frequently detected in the scat samples (3/14). 

This is likely due to its high abundance and wide distribution across Madeira and Desertas 

Islands, where it is the most common terrestrial vertebrate (Silva-Rocha et al., 2016). Its range 

significantly overlaps with the haul-out sites of Mediterranean monk seals, increasing the 

likelihood of its presence in scat samples, not as a primary prey item, but rather as a secondary 

or environmental trace.

Fisheries and aquaculture interactions

Of the 38 fish species identified as documented prey of the Mediterranean monk seal, several 

are heavily targeted by both artisanal and recreational fisheries around the Madeira 

Archipelago (Figure 3). Pelagic species such as the European pilchard (Sardina pilchardus) 

and Atlantic chub mackerel (Scomber colias) are widely exploited by the local seine fleet, 

while demersal species like the red porgy (Pagrus pagrus) and blackspot seabream (Pagellus 

bogaraveo) are also commonly fished. Notably, the pink dentex (Dentex gibbosus) and red 

porgy are among the most frequently caught species in artisanal and shore-based recreational 

fisheries, highlighting their significant commercial and subsistence value in the region 

(Martinez-Escauriaza et al., 2021). The white seabream (Diplodus sargus), a common target 

in spearfishing, also appears frequently in the seal’s diet. Other overlapping species include the 

striped red mullet (Mullus surmuletus) and the axillary seabream (Pagellus acarne), often 

caught using artisanal methods such as handlines and nets, as shown by catch-per-unit-effort 

studies (Martinez-Escauriaza et al., 2021). Additionally, species like the Mediterranean 

rainbow wrasse (Coris julis), the ornate wrasse (Thalassoma pavo), red scorpionfish 

(Scorpaena scrofa), and the grey triggerfish (Balistes capriscus) are regularly captured in 

nearshore artisanal and recreational fisheries, frequently through spearfishing and small traps.

Gilthead seabream (Sparus aurata), a species that emerged as a moderate component in the 

Mediterranean monk seal diet (5/14 samples; FO = 35.7%), is also the main species farmed in 

local aquaculture facilities around Madeira. Due to periodic releases and escapes from offshore 

cages, a wild population has become established in the archipelago (Alves & Alves, 2002; 

Parretti et al., 2023). While minimal interaction has been reported between seals and 

aquaculture in Madeira, anecdotal reports of cage damage and predation by seals do exist 

(Pires, Neves, & Karamanlidis, 2008; Amaral & Andrade, 2025). Together, these findings may 
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also provide an additional indication, complementing previous citizen-science that the 

introduced gilthead seabream is occurring in the wild  (Parretti et al., 2023) at sufficient 

abundance to be routinely incorporated into the natural diet of Mediterranean monk seals.

Also, all scat samples in which Sparus aurata was present also contained a range of other prey 

species. This suggests that seals are predominantly foraging on wild, naturally occurring S. 

aurata alongside other species, rather than exclusively targeting farmed fish. If seals were 

frequently raiding cages, we would expect a much lower diversity of prey in their diet, 

reflecting specialized foraging on a single, abundant food source. These complex ecological 

interactions underscore the importance of integrated coastal zone management strategies that 

reconcile aquaculture development with the habitat requirements and conservation priorities of 

the Mediterranean monk seal.

Integrated Approaches to Sustainable Natural Resource Management

Our study underscores the need for an integrated approach for managing natural resources in 

ecologically dynamic systems such as Madeira’s coastal waters. Several detected taxa are 

targeted by fisheries and aquaculture occurs locally, suggesting potential for resource overlap. 

Rather than relying solely on conventional measures like protected areas or uniform 

restrictions, our findings show that management frameworks should be flexible and responsive 

to real-world interactions between people and nature.

Metabarcoding analysis, as implemented in our research, provides insights into the dietary 

habits of the Mediterranean monk seal, allowing resource managers to refine their strategies 

with species-level precision. 

Innovative Conservation Methodologies for Monk Seal Protection

The application of advanced molecular techniques, particularly DNA metabarcoding, marks a 

significant advancement in conservation practice (Thomsen, Jensen, & Sigsgaard, 2024). 

Traditional morphological analyses of diet are limited in their ability to detect soft-bodied or 

rare prey, but our dual-primer approach revealed a much broader spectrum of prey species, 

including previously unreported cartilaginous fishes. This depth of dietary resolution moves 

conservation planning from generalized interventions toward highly specific, evidence-based 

actions that reflect the seals' foraging behaviour and habitat use.
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These molecular insights facilitate the identification of conservation priorities, such as the need 

to protect habitats supporting the seals’ preferred prey and the implementation of restoration 

efforts where necessary. By engaging stakeholders, including fishers, aquaculture industries, 

and coastal communities, in the development and application of these targeted management 

strategies, we ensure that conservation measures are both practical and respected, thereby 

enhancing their effectiveness and long-term sustainability.

Conclusions

In this study, we have for the first time, used DNA metabarcoding analyses to examine the diet 

of the world's most endangered pinniped, the Mediterranean monk seal. 

Frequency of occurrence (FO) analysis revealed well-defined foraging patterns among the 

seals, with a predominance of preferred, energy-rich species in their diet. Specifically, species 

such as the European conger (Conger conger) and rough tail stingray (Bathytoshia centroura) 

were present in nearly all samples (FO = 92.9%). This suggests a foraging strategy centred on 

reliable prey sources. Nevertheless, the detection of secondary and occasional prey species 

indicates flexible and opportunistic feeding behaviour, enabling the seals to adjust to changes 

in prey availability within their environment.

The diet was largely composed of bottom-dwelling and reef-associated fish, with a strong 

preference for species in the Sparidae family, likely reflecting both prey availability and the 

seals’ capacity to exploit diverse coastal habitats. This ecological versatility emphasizes their 

role as adaptable predators and underscores the importance of conserving a variety of habitats 

to support their foraging needs and long-term survival in a changing environment.

Our analysis also detected species not previously reported in these waters, such as Fistularia 

petimba. The presence of Sparus aurata may suggest some interaction with nearby aquaculture, 

though the predominance of wild prey indicates that aquaculture is not a primary food source. 

Notably, we observed dietary overlap with species targeted by local fisheries, suggesting 

potential competition.

These findings provide valuable ecological insights into Mediterranean monk seals around 

Madeira and offer a robust foundation for conservation and management strategies aimed at 

enhancing the species’ recovery and resilience in the face of environmental and anthropogenic 

pressures.
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Table 1. Details of Monachus monachus scat samples included in this study. Information 
provided includes sample ID, collection island and site, and date of collection. Samples 
marked “N” were excluded from downstream metabarcoding analyses following quality-
control filtering. Note: no sample is labelled DES_09.

Sample 

ID

Collection 

Island

Collection site Collection 

date

Included in 

analysis

DES_01 Desertas Tabaqueiro 19/11/2020 Y

DES_02 Desertas Tabaqueiro 19/11/2020 Y

DES_03 Desertas Tabaqueiro 30/04/2021 Y

DES_04 Desertas Tabaqueiro 01/05/2021 N

DES_05 Desertas Tabaqueiro 06/04/2021 Y

DES_06 Desertas Tabaqueiro 06/04/2021 Y

DES_07 Desertas Tabaqueiro 06/04/2021 Y

DES_08 Madeira Gruta da Atalaia 29/12/2014 Y

DES_10 Desertas Gruta dos Lobos 09/04/2015 Y

DES_11 Desertas Gruta dos Lobos 18/02/2015 Y

DES_12 Desertas Vermelhas 13/06/2015 Y

DES_13 Desertas Vermelhas 13/06/2015 Y

DES_14 Desertas Lanço do Rico 17/06/2015 N

DES_15 Madeira Ponta de S. Lourenço, 

Vaticano

22/06/2016 Y

DES_16 Madeira Ponta de S. Lourenço, 

Vaticano

01/08/2017 Y

DES_17 Desertas Tabaqueiro 17/04/2021 Y
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Table 2 - Number of operational taxonomic units (OTU) detected per sample after 

bioinformatic processing (14 samples retained for downstream analysis).

Sample name Number of OTUs

DES_01 441

DES_02 179

DES_03 779

DES_04 NA

DES_05 478

DES_06 348

DES_07 960

DES_08 479

DES_10 731

DES_11 512

DES_12 478

DES_13 624

DES_14 NA

DES_15 793

DES_16 379

DES_17 447
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Table 3. Frequency of occurrence of each species identified using molecular analysis from 

Mediterranean monk seal scat, categorized by documented presence in the Madeira 

Archipelago.

Documented in Madeira FO% Not Documented in Madeira FO%
Conger conger 92.9 Seriola lalandi 78.6

Bathytoshia centroura 92.9 Gnathophis bathytopos 50
Muraena helena 85.7 Helicolenus avius 50
Pagellus acarne 78.6 Polymixia sazonovi 42.9
Pagrus pagrus 78.6 Pontinus macrocephalus 42.9

Balistes capriscus 64.3 Helicolenus hilgendorfi 35.7
Gephyroberyx darwinii 64.3 Sphoeroides spengleri 21.4
Merluccius merluccius 64.3 Kyphosus pacificus 14.3

Trisopterus luscus 64.3 Phycis chesteri 14.3
Dentex gibbosus 50 Diplodus kotschyi 7.1
Pontinus kuhlii 50 Himantura microphthalma 7.1

Dasyatis tortonesei 42.9 Hoplostethus crassispinus 7.1
Diplodus sargus 42.9 Merluccius capensis 7.1

Dicentrarchus labrax 42.9 -- --
Enchelycore anatina 42.9 -- --
Kyphosus sectatrix 42.9 -- --
Sardina pilchardus 42.9 -- --
Torpedo marmorata 42.9 -- --

Ariosoma balearicum 35.7 -- --
Sparus aurata 35.7 -- --

Epinephelus marginatus 35.7 -- --
Lepidopus caudatus 35.7 -- --
Mullus surmuletus 28.6 -- --

Trachurus trachurus 28.6 -- --
Fistularia petimba 21.4 -- --
Chelon labrosus 21.4 -- --
Scorpaena scrofa 21.4 -- --

Tripterygion delaisi 21.4 -- --
Dasyatis pastinaca 14.3 -- --

Phycis phycis 14.3 -- --
Thalassoma pavo 14.3 -- --

Coris julis 7.1 -- --
Helicolenus dactylopterus 7.1 -- --

Muraena augusti 7.1 -- --
Pagellus bogaraveo 7.1 -- --
Pagellus erythrinus 7.1 -- --

Scomber colias 7.1 -- --
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Trachurus picturatus 7.1 -- --
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Figure 1- Geographic location of the      collected Mediterranean monk seal scat samples:      

four in Desertas Islands and two in Madeira Island     .

Figure 2 – Distribution of prey species by family, illustrating the diversity of      taxa 

consumed. Silhouettes derived from Phylopic.org. 

Figure 3 - Circular graph showing the overlap between commercially important fish species, 

aquaculture and the Mediterranean monk seal’s diet.
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