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ABSTRACT
Seabirds are recognized as one of the most vulnerable groups of birds, with around a third of species identified as globally threat-
ened. The conservation of seabirds is often linked with their feeding and diet, due to undesirable interactions with human-related 
fishing activities and fisheries depletion/climate change impacting food resources. Therefore, understanding the diet of seabirds is 
often a critical first step towards identifying effective conservation measures. DNA metabarcoding and hard parts analyses provide 
a foundation for assessing the diet of a predatory seabird species, giving insight into predator–prey relationships and ecosystem-wide 
food webs. Congruency between these two methods would increase confidence, providing validation that either method provides 
a reliable representation of the diet. This study on the diet of the endangered New Zealand king shag (Leucocarbo carunculatus) 
compared the frequency of occurrence of fishes detected from the same regurgitated pellets (n = 191) using both hard parts and DNA 
metabarcoding methodologies. The number of pellets with overlapping fish families between methods showed a significant positive 
correlation between methods (r = 0.96; p < 0.001), with 50 out of 191 pellets showing complete alignment and only two pellets with-
out any alignment. Both methods confirmed the predominance of Bothidae (DNA: 71% of pellets, hard parts: 77%, total: 80%) and 
Rhombosoleidae (DNA: 45%, hard parts: 51%, total: 59%) taxa in the diet of king shag, while also revealing the consumption of a di-
versity of other fish species. Overall, this study demonstrates that the two methods provide a complementary approach for revealing 
the dominant fish prey species in the diet, as well as providing an overview of the diversity of prey species (DNA: 14 unique species, 
hard parts: 8, total: 28). However, the inexact alignment between the two methods for detecting every taxon in every pellet suggests 
differences in detection, especially for less common taxa and for DNA metabarcoding, where species-level resolution is dependent on 
adequate DNA database sequence entries of taxa in the local area. In addition, filtering thresholds for DNA metabarcoding further 
influenced alignment. Overall, the results indicate that both methods provide consistent detection of major prey items; however, 
reliably capturing the overall full diversity of prey species with either method is reliant on a sufficient sample size.

1   |   Introduction

Seabirds are recognized as one of the most vulnerable groups 
of birds, with 41% of species listed as Threatened or Near 
Threatened (BirdLife International  2022). The dominant 

threats to seabirds are related to interactions with human 
fishing activities both directly (e.g., incidental capture whilst 
feeding on bait and discards) and indirectly through the reduc-
tion in the abundance of key prey species (Dasnon et al. 2022; 
Dias et al. 2019; Melvin et al. 2023). Thus, knowledge of the 
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diet composition of seabirds has become increasingly import-
ant (Parsons et al. 2008; Piatt et al. 2007; Suryan et al. 2002). 
Dietary changes in seabirds caused by natural fluctuations in 
prey population, or from anthropogenic impacts on the envi-
ronment (e.g., fisheries and climate change), can cause shifts 
in the availability of food sources that lead to a decline in fish 
populations (Cianchetti-Benedetti et  al.  2018; Padró  2024; 
Tasker et al. 2000).

For piscivorous birds that consume prey whole, hard parts 
analysis of undigested material (e.g., jaw bones, vertebrae 
and otoliths) has traditionally been the popular method to 
determine diet and assumes these remains are representative 
of their diet. However, the emergence of DNA analysis to de-
tect multiple taxa simultaneously (DNA metabarcoding), is 
increasingly providing a complementary approach for identi-
fying dietary composition and similarly assumes that DNA re-
mains are representative of the diet (Nimz et al. 2022). While 
both methods have these underlying assumptions, direct com-
parisons of results from both methods using the same sam-
ples for analyses is infrequent but provides the opportunity 
for cross-validation (Correia et al. 2023; da Silva et al. 2019; 
Oehm et al. 2017).

Research suggests that a highly suitable source of samples for 
direct comparison of these methods is regurgitated material, 
which can be collected non-invasively, although fecal matter 
may be a viable alternative if collecting regurgitated material 
is not possible (Correia et al. 2023; Oehm et al. 2017). In some 
seabirds, regurgitated pellets of undigested material contain 
hard parts of prey as well as the remains of prey flesh, allow-
ing for DNA metabarcoding and hard part methodologies to 
be directly compared, and thus for the mutual validation of 
the two methodologies. Regurgitated pellets also provide the 
greatest opportunity to detect the widest spectrum of prey 
with the best possible resolution, irrespective of the chosen 
method, although the results may vary between methods 
(Oehm et al. 2017).

Both DNA metabarcoding and hard part analyses provide 
a foundation for assessing the diet of predatory seabirds and 
deliver a mechanism for understanding predator–prey re-
lationships, and in turn ecosystem-wide food webs (Carroll 
et al. 2019; Kartzinel et al. 2015; van der Reis et al. 2020). DNA 
metabarcoding is one method increasingly being used in avian 
dietary analyses (e.g., Nimz et al. 2022; Snider et al. 2021; Volpe 
et al. 2021). This method relies upon gene regions that are use-
ful for taxonomic assignments as they are typically unique 
to a species (‘DNA barcode’) and as such is not dependent on 
morphological preservation (Clare  2014; Taberlet et  al.  2012). 
Advantages of DNA metabarcoding include prey detection in 
the absence of hard parts, processing time efficiency, and spe-
cialist taxonomic expertise is not needed for the identification of 
prey remains to genus/species level (Berry et al. 2015). However, 
DNA-based methods for prey species identification from regur-
gitated pellets are wholly reliant on sufficient quality of residual 
DNA after digestive processes. The DNA samples are also sub-
ject to further degradation caused by the natural elements prior 
to collection and preservation. Furthermore, those sources of 
DNA that may be persistent in digestive processing have the 

potential to unduly bias the resulting dietary analyses as there 
may be differential digestion rates among the consumed prey 
(Clare 2014; Clarke et al. 2020; Young et al. 2015). Similarly, re-
strictions exist for indigestible material used in hard parts anal-
ysis, such as small material being passed through the gut and 
not being detected in regurgitated pellets (Barrett et al. 2007). 
Hard parts may also be damaged thereby compromising the 
morphological traits vital for accurate species identification. 
Regardless, a major advantage of utilizing indigestible material 
is that minimum prey numbers can be determined for the taxa 
detected and broad categories (e.g., class or family) can typi-
cally be assigned with high confidence relatively quickly. Thus, 
both methods can potentially over- or under-estimate prey di-
versity and abundance.

The New Zealand king shag (Leucocarbo carunculatus; kawau 
pāteketeke) is a nationally endangered endemic seabird 
(Robertson et al.  2021). The population is confined to a small 
number of colonies in the Marlborough Sounds (Schuckard 
et  al.  2018). This coastal region is subject to intensive com-
mercial and recreational fishing which has led to the marked 
depletion of a number of coastal taxa, including fish (e.g., cod 
and flat fish species) and non-fish taxa (Handley 2016; Ministry 
for Primary Industries 2015; Toone et al. 2023), and in the last 
50 years has seen a proliferation of coastal mussel aquaculture 
with more 570 farms covering nearly 3000 ha (Toone et al. 2022). 
These changes in fisheries resources and potential reduction in 
the availability of natural foraging habitat have been creating 
concerns over potential impacts on successful foraging by king 
shag (Taylor 2020).

The small islands and rocky outcrops that host colonies of king 
shags provide relatively easy access for sample collection. These 
seabirds are known to prey largely on fish, regurgitating pellets 
in a mucous sac which typically contain mostly indigestible ma-
terial, such as fish otoliths and skeletal remains, and exoskeletal 
remains of invertebrates (Lalas and Brown 1998). Regurgitated 
pellets, and their contents, provide a record of the composition 
of prey items and therefore insight into the diet of these seabirds. 
Using samples recovered from king shag colonies, this study 
aimed to compare the detection of fish taxa (presence-absence), 
which are predominant prey species, using hard part and DNA 
metabarcoding analyses.

2   |   Material and Methods

2.1   |   Collection of King Shag Pellets

Regurgitated pellets (n = 217) from king shags were collected be-
tween March 2019 and March 2020 from seven colonies in the 
Marlborough Sounds (South Island, New Zealand). Pellets were 
collected from colonies at Blumine (n = 28; 1× sampling event), 
Duffers Reef (43; 2×), North Trio (47; 2×), Tawhitinui (42; 2×), 
The Haystack (10; 1×), The Twins (24; 1×) and White Rocks (23; 
2×) (Figure 1; Table S1). Immediately upon collection, the sam-
ples were preserved in 90% ethanol. Pellets that were considered 
recently yielded based on moisture content and undisturbed since 
regurgitation (i.e., complete/fully intact) were collected, avoiding 
any that may have been partly scavenged by other seabirds.
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2.2   |   Fish Identification Using DNA 
Metabarcoding

2.2.1   |   DNA Extraction and Amplification

Each pellet was dissected, and the hard items and any visible 
tissues were separated (including any tissue that remained at-
tached to bones). The tissues were homogenized allowing for a 
subset of gut digesta tissue to be used for DNA extractions and 
any remaining content was stored for morphological exam-
ination. All dissection instruments were flame-sterilized be-
tween pellet samples. An E.Z.N.A. Mollusk DNA Kit (Omega 
Bio-Tek) was used for the extractions, following the manufac-
turer's instructions. The E.Z.N.A. kit was chosen as a preven-
tative measure to mitigate possible polymerase chain reactions 
(PCR) inhibition caused by mucopolysaccharides associated 
with marine invertebrates which may have been consumed 
(Palmer 2008). Subsequently, PCRs were done using MyTaq Red 
Mix (Bioline; Meridian Bioscience) master mix; 6.25 μL MyTaq 
Red Mix, 0.25 μL of each primer (10 μM), 4.75 μL UltraPure 
DNase/RNase-Free Distilled Water (Invitrogen; Thermo Fisher 
Scientific), 0.5 μL DNA and 1 μL bovine serum albumin (1%) 
when necessary for optimal DNA amplification per reaction. 
Negative controls were included in every set of DNA extractions 
(DNA extraction blank—no tissue added) and every PCR run 
(PCR blank—no DNA added) to check for possible contamina-
tion. The PCRs were performed in triplicates to mitigate possible 
PCR stochasticity.

The mitochondrial cytochrome oxidase subunit 1 (COI) region 
(313 base pairs; mlCOIintF: GGWACWGGWTGAACWGTWT​
AYCCYCC—Leray et  al.  2013 and jgHCO2198: TAIACYTCIG​
GRTGICCRAARAAYCA—Geller et  al.  2013) was targeted. 
This primer pair is a universal primer set, and captures a wide 
range of metazoan taxa and has enough sequence variation for 
confident species-level taxonomic assignment (Leray et al. 2013). 
Moreover, this primer set was also chosen as it had the greatest 
number of sequence entries of fish species in the DNA reference 
database, that are dominant in the king shag diet (Lalas and 
Brown  1998), compared to other commonly used fish primers 
at the time of the study's design (e.g., 12S; Miya et al. 2015). The 
primer pair had Illumina Nextera library adapters added (for-
ward: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG; re-
verse: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG). 
PCR protocol: 94°C for 4 min, 30× [94°C for 30 s, 45°C for 30 s, 
72°C for 1 min], 72°C for 5 min. The PCR products were run on a 
1.6% agarose gel, and visualized using Gel Red (Biotium), in a Gel 
Doc XR+ (Bio-Rad).

2.2.2   |   DNA Clean-Up and Pooling

The PCR triplicates were pooled together before clean-up pro-
ceeded by sample. Agencourt AMPure XP (Beckman Coulter) 
was used following the Illumina protocol for PCR clean-up 
(Illumina 2013). The concentration of the purified PCR products 
was determined using Qubit dsDNA HS Assay Kit (Invitrogen) 
following the manufacturer's instructions. The PCR prod-
ucts were brought to equal molarity, 2 ng μL−1 where possible. 
Sequencing was done through Auckland Genomics (Auckland, 
New Zealand) where indexing, using the Nextera DNA library 
Prep Kit and the second round of PCR clean-up occurred before 
sequencing on an Illumina MiSeq System (2 × 300 pair-end).

2.2.3   |   Bioinformatics and Quality Control

Cutadapt v4.1 (Martin  2011) was used to trim the forward 
and reverse primers from the raw demultiplexed sequenc-
ing data. Primers were removed if an exact sequence match 
could be found anchored at the beginning of the sequence. 
All untrimmed sequences were discarded. Qiime 2 (v2023.5; 
Bolyen et al. 2019) was used to visualize the initial sequence 
quality. DADA2 (within Qiime 2; Callahan et  al.  2016) was 
used for sequence filtering based on quality scores, denoising, 
merging and chimera formation to ensure only high quality 
paired-end sequences were retained (amplicon sequence vari-
ants—ASVs; Callahan et  al.  2017). The ASVs were assigned 
taxonomy using MIDORI 2 (v259; COI unique sequences da-
tabase; hereon referred to as MIDORI) with the RDP classifier 
(97% confidence threshold; within QIIME; Wang et al. 2007). 
GenBank's MegaBLAST option in the BLASTn suite (v2.13.0; 
Morgulis et  al.  2008) was also used for taxonomic assign-
ments of ASVs using the BLAST v2024-01 database (Benson 
et al. 2013) for comparison (filter parameters: e-value < 0.001, 
percentage identity ≥ 90%, percentage query coverage ≥ 95%). 
The MegaBLAST percentage threshold was set at 90% to be 
inclusive of assignment to higher taxonomic levels that could 
be derived from the assigned species if need be, whereas the 

FIGURE 1    |    Regurgitated pellets were collected from seven New 
Zealand king shag colonies in the Marlborough Sounds, South Island, 
New Zealand. Adult king shag photographed flying near Duffers Reef 
colony during research undertaken in July 2019 by Dan Burgin from 
Wildlife Management International Ltd.
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RDP classifier is designed to assign taxonomy at higher levels 
at the confidence set. Lineage was pulled using the resulting 
MegaBLAST assigned staxids from the GenBank database 
using Entrez Direct v13.3 (Kans 2013).

The resulting sequences were further filtered and analyzed 
in R Studio (R Studio v2024.09.0 + 375; R base v4.4.1; R Core 
Team 2024). The results from the databases were consolidated 
to create an ASV taxonomic assignment table. Host assigned 
ASVs (“Leucocarbo”) were removed. Proportional subtraction of 
reads took place for any ASVs that had been identified in the 
negative controls, i.e., subtracting reads in proportion to their 
presence in the negative controls. Thereafter, the minimum read 
number (100) was set based on the highest read count identified 
in the negative control ASVs.

2.3   |   Fish Identification Using Hard Part Analyses

The retained hard part materials from each pellet were teased 
apart in water, and all the retained diagnostic prey remains 
were identified from a comprehensive reference collection (C. 
Lalas, unpublished data). Diagnostic remains differ among 
taxa and were used for identification: mouthparts from hag-
fish and lamprey; teeth, body thorns, dorsal spine sheaths, 
and (cartilaginous) vertebrae from sharks and rays; and oto-
liths (sagittal otoliths), jaws, and other dentition, caudal 
vertebrae, and some other species-specific bones for teleost 
fishes. Specifically, the caudal vertebrae were selected for spe-
cies identification in this study, as they offered more robust 
identification (especially among flatfish genera) in compari-
son to other vertebrae. Otoliths for all the genera and most of 
the teleosts were identified according to comprehensive cat-
alogues (Furlani et al. 2007; Schwarzhans 1984, 1999; Smale 
et al. 1995), and jaws and some other fish bones were identi-
fied in a similar manner (Leach 1997).

2.4   |   Comparison of Methods

Only pellets that passed both (1) filtering for DNA metabar-
coding and completeness assessment for hard parts (DNA me-
tabarcoding—pellet passed DADA2 sequence filtering and 
taxonomic assignment quality measures; morphological iden-
tification—identified as being a complete pellet), and (2) were 
identified to contain fish taxa in both methods were retained for 
direct comparison (n = 191), as fish are known to be the main di-
etary item (Lalas and Brown 1998). Furthermore, both hard part 
and DNA databases have a high number of references available, 
allowing for a robust comparison of taxa detection. Fish iden-
tified from the pellets were assigned to the lowest taxonomic 
level possible (taxonomy updated where necessary; Roberts 
et al. 2023) and the dataset produced was in binary form (i.e., 
presence-absence), however, for comparison purposes the data 
was compared at family level.

A permutational multivariate analysis of variance 
(PERMANOVA; function: adonis2; Jaccard dissimilarity index; 
vegan 2.5–6; Oksanen et  al.  2019) was used to identify if sig-
nificant differences existed within the fish families identified, 

between the two methods of prey detection. The data were trans-
formed into a count summary (i.e., number of pellets identified 
in each fish family) and differences between methods detecting 
fish families was investigated using a zero-inflated regression 
model (function: zeroinfl; pscl v1.5.9; Jackman  2024; Zeileis 
et  al.  2008) and estimated marginal means for post hoc com-
parisons (function: emmeans; emmeans v1.4.3; Lenth 2019). A 
Pearson's correlation test (function: cor.test; stats v4.4.1) was 
then used to identify possible correlation between the number of 
pellets identified by hard part and DNA metabarcoding analyses 
for the overlapping fish families. Frequency of occurrence was 
also calculated from the count data.

To explore the potential maximum number of pellets that over-
lapped for fish taxa between methods, ASVs that were either fil-
tered out due to not passing conservative filtering thresholds or did 
not have taxonomy assigned (confidence < 97%), were included by 
dropping the minimum number of reads to 10 and GenBank con-
fidence to 80%. When there was more than one ASV with the same 
taxonomic assignment per pellet, the reads were summed and con-
fidence percentage averaged. GenBank typically provides assign-
ments at the species level, making it useful for cross-comparison 
with the genera/species detected in the hard part analysis.

3   |   Results

3.1   |   DNA Metabarcoding and Hard Part Dataset 
Filtering

Post DADA2 there were 1948 ASVs identified from the 217 pel-
lets (12,898,923 reads; Table  S2). The reads per sample ranged 
from 268 to 272,206, with a mean of 59,442. There were 32 ASVs 
assigned to the king shag genus (“Leucocarbo”), and these were 
filtered out (11,444,290 reads; 89%). There were five ASVs identi-
fied in the negative controls, and the greatest read count was 84. 
Thus, the minimum read count needed to retain any ASVs iden-
tified in the samples was set to 100, post proportional subtraction 
of the negatives. The resulting mean number of reads per sample 
was 6984 (range: 105–46,546). Of the remaining ASVs (n = 375; 
1,403,940 reads), 95 ASVs could not be taxonomically assigned by 
MIDORI nor GenBank and were identified in 75 pellets. Five un-
identified ASVs were identified in more than 10 pellets. Thirteen 
pellets had ‘unidentified’ ASVs account for > 50% of the relative 
read abundance (RRA), five of which were > 90% RRA. There 
were 10 non-fish classes identified, two of which were identified 
as likely, but infrequently detected, prey items (Cephalopoda—
Robsonella huttoni: n = 4 pellets; Malacostraca—various spe-
cies: n = 8; Figure S1). Comparing MIDORI (RDP classifier) and 
GenBank (MegaBLAST) taxonomic assignment results, the as-
signments were typically congruent with species matches at ~99% 
and above (Figure S1). A fish dataset was created by filtering for 
classes Actinopteri (ray-finned) and Chondrichthyes (cartilagi-
nous), retaining 195 (85%) pellet samples and 199 ASVs (1,168,238 
reads). There were two genera assigned using the RDP classi-
fier that were assigned at species level (within the genera) using 
BLAST. Helicolenus was assigned with RDP (100% confidence), 
but none to species level, whereas BLAST assigned to H. barathri 
(≥ 99%) and the other to H. percoides (100%) – both of which are in 
MIDORI. Congiopodus coriaceus was assigned by both RDP and 
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BLAST, but another ASV was assigned by RDP as Congiopodus 
(100%) to genus level only, but C. coriaceus (100%) with BLAST.

A total of seven pellets were identified from the morpholog-
ical analyses as either being empty or as damaged (i.e., con-
tents missing), and omitted from further analyses. Thus, 
210 pellets were retained for hard part analyses. Other 
than fishes that were detected in the majority of the pellets, 
Cephalopoda (Robsonella cf. huttoni) were detected in 12 pel-
lets and Malacostraca in 10 (cf. Halicarcinus sp. or spp. and 
Nectocarcinus antarcticus).

To directly compare the results, only the pellets that had fish 
identified in them and analyzed in both datasets were retained 
(n = 191) (Tables S3 and S4). This excluded one fish family iden-
tified in the hard parts only from the analysis (Trachichthyidae), 
which was only identified in a single pellet.

3.2   |   Analyses of Fishes Identified by Hard Part 
and DNA Metabarcoding

There were 20 families identified in total, of which 11 were 
identified by both methods (Moridae, Sebastidae, Scorpaenidae, 
Triglidae, Anthiadidae, Labridae, Pinguipedidae, Tripterygiidae, 
Bothidae, Rhombosoleidae, and Monacanthidae; Table 1). There 
were five families only identified in the DNA metabarcoding 
dataset (Scyliorhinidae, Syngnathidae, Zeidae, Uranoscopidae, 
and Congiopodidae) in two or fewer pellets (Figure  2). There 
were four families identified only in the hard parts dataset 
(Congridae, Ophidiidae, Macrouridae, and Hemerocoetidae); all 
were identified in a single pellet only, except Hemerocoetidae, 
which was identified in 72 pellets (Figure 2). Bothidae was the 
most commonly identified family in the pellets (80%), with 130 
identifications by both methods (i.e., identified within the same 
pellet), a further 18 by the hard part method only, and five by DNA 
only (Table 1; Figures 2 and 3). In comparison, Rhombosoleidae 
was the second-most frequently identified (59%) with 69 identifi-
cations made for the same pellets by both methods, and a further 
28 and 16 made using hard part and DNA metabarcoding meth-
ods, respectively (Table 1; Figures 2 and 3). In total, there were 
50 pellets in which the same fish families were identified by both 
methods. There were two pellets where there was no overlap, 
and the remaining pellets overlapped to varying degrees. For ex-
ample, overlaps were found in families when using both detec-
tion methods, but one or both methods identified families that 
the other did not. In general, there was various taxa agreement 
at lower taxonomic levels, with only six matching at the species 
level, despite there being sequence entries in MIDORI for all 
genera identified by the hard part analysis (Table 2). Species in 
families that were identified by one method only were detected 
at most in two pellets.

There was a significant difference found between methods when 
investigating all fish families (PERMANOVA; p < 0.001) and 
three fish families were identified using the post hoc zero infla-
tion model all of which had a greater number of pellets identified 
for hard parts (Hemerocoetidae: p < 0.001, z ratio = 8.49, stan-
dard error = 8.49; Sebastidae: p < 0.05, 2.00, 8.00; Tripterygiidae: 
p < 0.001, 5.43, 7.55). Overall, both methods had similar pellet 

counts for families in common (Table 1; Figure 3), resulting in a 
significant positive correlation (correlation coefficient: r = 0.96, 
p < 0.001, 95% confidence intervals = 0.84–0.99, df = 9; coeffi-
cient of determination: r2 = 0.92, y = 7.31 + 1.033×; Figure 4).

When investigating filtering thresholds for ASVs, minimum read 
parameter largely influenced the retention of ASVs and thus the 
detection of fish families within pellets (Figure  3; Figure  S2). 
Considering the detected overlap within pellets for fish families, 
between hard parts and DNA metabarcoding (i.e., confirmation 
of true positives), lowering the minimum read parameter to 10 
there were a further 24 pellets that overlapped in detection for 
Bothidae, 17 for Rhombosoleidae, and 15 for Sebastidae. The low-
ered parameter also retained pellets previously filtered out. For 
example, Trachichthyidae was the only family identified in a sin-
gle pellet by hard part analysis, and it was detected in the same 
pellet using DNA metabarcoding but had less than 100 reads 
(Figure S2). Therefore, the ASV was filtered out and a true positive 
was removed, subsequently removing the pellet from the compar-
ison. Furthermore, decreasing taxonomic confidence percentage 
substantially increased the number of pellets where Labridae and 

TABLE 1    |    Number of regurgitated New Zealand king shag 
pellets (n = 191) identified per fish family, by both hard part and DNA 
metabarcoding analyses, as well as the number of pellets where the fish 
was only identified by one of the methods. Three families that were 
identified to have significantly different pellet counts between methods 
are indicated (*).

Family Total Both DNA Hard parts

Anthiadidae 8 2 0 6

Bothidae 153 130 5 18

Congiopodidae 2 0 2 0

Congridae 1 0 0 1

Hemerocoetidae* 72 0 0 72

Labridae 24 14 4 6

Macrouridae 1 0 0 1

Monacanthidae 54 38 5 11

Moridae 14 6 1 7

Ophidiidae 1 0 0 1

Pinguipedidae 12 4 7 1

Rhombosoleidae 113 69 16 28

Scorpaenidae 13 4 6 3

Scyliorhinidae 2 0 2 0

Sebastidae* 42 22 2 18

Syngnathidae 2 0 2 0

Triglidae 35 31 2 2

Tripterygiidae* 50 7 1 42

Uranoscopidae 1 0 1 0

Zeidae 2 0 2 0
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Hemerocoetidae were detected. The corresponding genera iden-
tified matched the hard parts results, despite having low taxo-
nomic assignment confidence of ~90%, and largely aligned with 

the pellets identified to contain those genera (Figure S2). If using 
GenBank solely for assignments, the majority of pellets containing 
Labridae taxa would not have been identified.

FIGURE 2    |    Frequency of occurrence (%) to proportion of fish taxa (prey) identified from regurgitated pellets from king shags. Hard part and DNA 
metabarcoding results were combined to generate total frequency of occurrence per fish family.

FIGURE 3    |    Frequency of occurrence (FOO) of fish families among regurgitated pellets by New Zealand king shag by both hard parts (HP) and 
DNA metabarcoding analyses. Included for the DNA metabarcoding analysis is the percentage of pellets added when filtering thresholds were low-
ered (n = 210). When there was more than one ASV with the same taxonomic assignment per pellet, the reads were summed and confidence per-
centage averaged. The parameters set for a taxonomic assignment to then be retained were ≥ 100 reads after proportional subtraction of the negative 
controls had taken place, and a minimum average confidence of 97% needed to be met (DNA_97_100+; standard filtering). This was compared to 
the remaining assignments by lowering the number of reads (≥ 10) needed for an ASV to be retained (DNA_97_10+) and decreasing the confidence 
for assignment (DNA_80_100+; DNA_80_10+). GenBank was used for assignment, as species-level are typically given regardless of the confidence. 
The point on the HP bar indicates the FOO if using MIDORI assignments and standard filtering.
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4   |   Discussion

Effective species conservation management decisions rely in 
part on a good understanding of the diet of the species tar-
geted for conservation. This study used two methods of dietary 

analysis for king shags namely, DNA metabarcoding and visual 
assessment of the hard parts in regurgitated pellets. The ma-
rine habitat and food resources utilized by king shag have been 
impacted over time by anthropogenic pressures including fish-
ing, marine farm development, and climate change. Thus, these 

TABLE 2    |    All fishes identified by DNA metabarcoding and/or hard part analyses in 191 pellets regurgitated by New Zealand king shags compared 
using frequency of occurrence (FOO). The DNA taxonomic assignment mostly assigned ASVs at the species level (when an assignment was possible), 
however, there were some that could only be assigned at the family or genus level. This was similarly the case for the hard parts results, but differed 
as an estimated number of fish could usually be given. Notolabrus and Pseudolabrus could not be separated as two genera and thus were made as a 
single category for the hard parts analysis. All, except three species identified by hard part analysis, had entries in MIDORI. The remaining three 
had species entries for their respective genera (indicated by G).

Family DNA (FOO %) Hard parts (FOO %)

Anthiadidae Caesioperca lepidoptera (1) Caesioperca lepidoptera (4.2)

Bothidae Arnoglossus scapha (60.7) Arnoglossus scapha (77.5)

Lophonectes gallus (38.2)

Congiopodidae Congiopodus sp. (0.5)

Congiopodus coriaceus (0.5)

Congridae Gnathophis habenatus (0.5)G

Hemerocoetidae Hemerocoetes cf. monopterygius (37.7)G

Labridae Labridae sp. (or spp.) (8.4)

Pseudolabrus miles (1) Notolabrus & Pseudolabrus 4 spp. (9.9)

Odax pullus (0.5)G

Macrouridae cf. Coelorinchus biclinozonalis (0.5)

Monacanthidae Meuschenia scaber (22.5) Meuschenia scaber (25.7)

Moridae Pseudophycis bachus (2.1) Pseudophycis 1–3 spp. (5.8)

Pseudophycis breviuscula (1.6)

Lotella rhacina (0.5)

Notophycis marginata (0.5)

Ophidiidae Genypterus blacodes (0.5)

Pinguipedidae Parapercis colias (5.8) Parapercis colias (2.6)

Rhombosoleidae Pelotretis flavilatus (33.5) Pelotretis flavilatus (29.3)

Peltorhamphus latus (15.7) Peltorhamphus 1–3 spp. (19.9)

Peltorhamphus novaezeelandiae (3.1)

Rhombosolea plebeia (4.7) Rhombosolea 1–3 spp. (22)

Scorpaenidae Scorpaena papillosa (5.2) Scorpaena papillosa (3.7)

Scyliorhinidae Cephaloscyllium laticeps (1)

Sebastidae Helicolenus sp. (or spp.) (12.6)

Helicolenus percoides (20.9)

Syngnathidae Hippocampus abdominalis (1)

Triglidae Lepidotrigla brachyoptera (17.3) Triglidae 1–3 spp. (17.3)

Tripterygiidae Matanui profundum (4.2) Tripterygiidae spp. (25.7)

Uranoscopidae Kathetostoma giganteum (0.5)

Zeidae Zeus faber (1)
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types of analyses can help assess possible effects on foraging 
and diet due to the impacts of anthropogenic activities.

Regurgitated pellets from seabirds typically contain the hard 
parts from prey consumed the previous day (~24 h, but may be 
longer) and their analysis provides a valuable snapshot of dietary 
information (Johnstone et al. 1990; Oehm et al. 2017). However, it 
is unclear whether DNA recovered from the regurgitated pellets 
is representative of the same dietary period as the hard parts con-
tained in the same pellets, as DNA could persist in the digestive 
track and remain detectable in pellets given the high sensitivity 
of these methods. Congruence in composition of regurgitated 
pellets analyzed using both hard part and DNA metabarcoding 
methods would increase confidence in both methods by provid-
ing validation that either method results in robust data that can 
be utilized for evidence-based conservation efforts and policy 
changes. Overall, there was congruency between the presence of 
fishes identified by the hard parts and DNA metabarcoding meth-
ods used to analyze regurgitated pellets containing the remains of 
prey from the king shag. The taxa detected by each method had 
similar overall FOO, indicating that both methods are reliable in 
detecting fish taxa taken over a similar dietary period (Table 2).

In general, taxonomic assignment problems can arise for both 
methods due to limitations in reference databases. For hard 
parts analyses, a taxonomist is limited to a reference library 
(physical—often comprised of endemic species or virtual—on-
line databases), and similarly DNA analyses are constrained by 
the available DNA reference database (virtual). In both cases, 
customization is ideal as the references can be based on taxa 
collected in the foraging area, but this is often impractical and 
costly to implement; thus, relying on both reference types to re-
solve diet has been proven to be beneficial.

Bioinformatic processes and quality filtering play a signif-
icant role in DNA metabarcoding, and often more conserva-
tive methods are used to ensure robust data (e.g., retaining 
only species that meet a certain confidence threshold). When 
using conservative filtering parameters for DNA metabarcod-
ing, a greater number of pellets were detected for seven fish 
families, whereas eight families had more pellets detected by 
hard part analysis. The statistical results identified three fam-
ilies (Hemerocoetidae, Sebastidae, and Tripterygiidae) where 
the number of pellets detected by hard part analysis was sig-
nificantly higher. Further investigation found that the num-
ber of pellets detected by DNA metabarcoding was largely 
influenced by the minimum read number parameter and re-
moved true positives (Figure S2). For example, Sebastidae was 
identified in 15 pellets where the respective ASVs had been 
filtered out as their reads were less than 100, but these identi-
fications all overlap with pellets identified by hard parts anal-
ysis (i.e., removal of true positives). Moreover, the reference 
database influenced taxonomic assignment specifically for 
Hemerocoetidae (Figure 3). Hard part analysis consistently de-
tected one species of Hemerocoetidae (Hemerocoetes monopte-
rygius), while the DNA metabarcoding assigned no ASVs to 
Hemerocoetidae at the required minimum confidence levels. 
Examining the unassigned ASVs revealed that the top three 
ASVs that had the highest number of pellets were assigned by 
GenBank (~90% confidence) to Hemerocoetes spp. Aligning the 
pellets identified to have Hemerocoetes, despite the low con-
fidence, with the pellets identified by the hard parts analysis 
provided further evidence that the DNA metabarcoding results 
do include species from this genus (Figure S2). There are two 
entries for Hemerocoetes in MIDORI (originate from GenBank) 
both sampled from New Zealand, which provides evidence that 
the local genetic diversity is sufficiently large enough that it 
resulted in a ‘no-confidence’ match. Therefore, while MIDORI 
is relatively ‘complete’ with regards to having sequence en-
tries for all genera listed in the hard parts results, these results 
suggest that smaller-scale local (i.e., foraging area) entries to 
the DNA database are needed to ensure assignments can be 
made with high confidence levels, resolving taxonomic uncer-
tainties (Bourbour et al. 2024; Keck et al. 2023). In addition, 
Tripterygiidae has 230 MIDORI entries; however, Matanui pro-
fundum was the only species assigned to six ASVs, identified 
in eight pellets. When changing the filtering thresholds (> 10 
reads), seven more pellets were identified that overlapped with 
the hard part results for this taxon. This overlap is still < 50% of 
the total number of pellets identified by the hard parts analysis 
for Tripterygiidae (Figure 3). The lack in ASV Tripterygiidae 
assignments may be due to DNA database limitations, with 
assignments not meeting the required confidence thresholds 
(i.e., the need for local foraging area entries), or perhaps primer 
biases. Regardless, the high number of ASVs detected for M. 
profundum in a small number of pellets complicates attempts 
to identify which unassigned ASVs, that have a low frequency 
of occurrence, may belong to Tripterygiidae. Other possibili-
ties that may account for Tripterygiidae not being detected are 
that the DNA template may be too low to produce adequate 
amplification; however, a small fraction of diagnostically use-
ful hard parts have an extended residency in the gut and thus 
were detected by hard part analysis only. Future studies may 
also consider grinding up the entire pellet for DNA extraction, 
which is a means for recovering DNA from fish hard parts that 

FIGURE 4    |    Overall relationship between the number of pellets for 
the fish families identified by both hard part and DNA metabarcoding 
analyses (correlation coefficient: R = 0.96, p < 0.001, 95% confidence in-
tervals = 0.84–0.99 as shown by shading, df = 9; coefficient of determi-
nation: R2 = 0.92, y = 7.31 + 1.033×).
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may help with the detection of dietary species represented in 
the pellets (e.g., DNA extracted from bones; Grealy et al. 2016; 
Speller et al. 2012).

Low amounts of DNA template may result from secondary pre-
dation. Secondary predation (i.e., fish in the gut of predators, 
then consumed by seabirds) may also result in overestimates 
of the dietary significance of some species. Gurnards are one 
such group where it would be possible that secondary preda-
tion may cause an overestimation of prey, as it is not possible 
to directly determine secondary predation when either of the 
methods are used. For example, John Dory is a fish that con-
sumes a variety of fish species that king shags also prey upon 
(e.g., gurnards—Lepidotrigla spp.; Kim et al. 2020). Thus, there 
may be an overlap in primary and secondary items that neither 
method of analyses can resolve.

Hard part analysis detected eight unique species assignments 
and DNA metabarcoding analysis detected 14 (Table  2). This 
pattern of rarer taxa only being identified by one method, 
and higher in DNA metabarcoding than hard parts, has been 
found to occur in other studies (e.g., Günther et al. 2021; Oehm 
et al. 2017). However, the frequency of occurrence for taxa that 
were only detected by one method was notably lower, typically 
< 1%, than those detected by both methods. A major finding of 
this study was that while Arnoglossus scapha (Bothidae) was 
the dominant species detected in the pellets by both methods, 
only DNA metabarcoding detected the second most consumed 
species, Lophonectes gallus (Bothidae). A subsequent closer ex-
amination determined that these species cannot be easily differ-
entiated by the morphology of otoliths alone. Other taxa where 
DNA metabarcoding proves beneficial for this reason are the 
hard parts grouping of species in ‘Notolabrus & Pseudolabrus’, 
‘Pseudophycis’, ‘Peltorhamphus’, ‘Rhombosolea’, ‘Triglidae’, and 
‘Tripterygiidae’. The DNA metabarcoding was also able to de-
tect species which are known to have small otoliths, such as the 
big-belly seahorse (Hippocampus abdominalis) and John Dory 
(Zeus faber; Lombarte et al. 2006). These otoliths are more likely 
to pass through the gut of the king shag due to their small size 
and/or are unlikely to survive digestion, making them likely 
prey items to be under-reported using visual analyses of hard 
parts. In all the above cases, an inability to differentiate among 
morphologically indistinguishable or closely related taxa that 
frequently reside in the same or similar habitats would make 
little difference to an overall assessment of dietary intake for 
this seabird.

Beyond seabirds, the comparison of prey analyses methods 
has identified where there may potentially be an overestima-
tion or underestimation of prey frequency (Carreon-Martinez 
et  al.  2011; da Silva et  al.  2019; Deagle et  al.  2009). For DNA 
metabarcoding, host DNA sequences typically amplify along-
side the prey when universal primers are used and can subse-
quently result in underestimation of prey when predator DNA 
outcompetes prey DNA (typically problematic when interest is 
in less dominant prey items; Paprocki et al.  2024). To prevent 
or reduce the amplification of host DNA, prey-enrichment tools 
like DNA blocking primers/PNA clamps could be implemented 
(O'Rorke et al. 2012), but effectiveness among samples can vary 
when the concentration of predator to prey DNA is unknown 
(Vestheim and Jarman 2008). Another option to avoid the host 

amplification would be to use prey-specific primers. For ex-
ample, COI fish barcoding primers have been designed (Ward 
et al. 2005), but when running jgHCO2198 (Heller et al. 2018) 
with Fish R1/Fish R2 in silico to assess possible fish specific-
ity, bird sequences still matched and thus amplify in vitro. More 
specific fish primers have been designed (Berry et  al.  2017; 
Miya et al. 2015), but assessment of likely prey species sequence 
entries (if possible) for the particular gene region, and the res-
olution possible, should be primarily investigated as it needs 
to be suitable for the purpose of the study as it will impact the 
ability to assign taxonomy. An alternative would be to increase 
sequencing depth, which may be done in a more cost-effective 
manner when using Oxford Nanopore Technologies sequencing 
platforms (Bogaerts et al. 2024; Chang et al. 2024; van der Reis 
et al. 2023). Furthermore, tagging primers (Binladen et al. 2007) 
and sequencing PCR replicates would increase confidence in the 
presence of taxa that are identified, but increasing the number 
of DNA extractions would be more beneficial in identifying false 
negatives versus possible contamination induced true nega-
tives—although time and resource costs are often limiting fac-
tors for implementation. Targeting shorter regions within genes 
may also be beneficial to mitigate potential taxa underestima-
tion cause by DNA degradation (e.g., 18S V9; Clarke et al. 2020), 
but should be used in combination with primers that can provide 
species level resolution for a more comprehensive picture (Choi 
and Park 2020; van der Reis et al. 2024). If sampling design al-
lows predator capture, swabbing of beaks, talons, and claws 
(e.g., keratin composition avoiding host DNA), would likely help 
minimize host DNA (Paprocki et  al.  2024), but non-invasive 
methods are often needed to minimize disturbance when deal-
ing with protected species. DNA metabarcoding may also distort 
the apparent diet by over-representing less digested (e.g., larger 
or more recently ingested) specimens and masking (i.e., under-
representing) smaller or faster-digesting prey items. Specifically, 
using occurrence-based data can overestimate the importance 
of prey eaten in low proportion and underestimate prey eaten in 
higher proportions (Bourbour et al. 2024; Thomas et al. 2022), 
which is generally less likely to occur with hard part analyses. 
However, the higher sensitivity of DNA-based methodologies 
have shown the ability to provide significantly higher species di-
versity and richness estimates (Evans et al. 2021). There are also 
other possible biological and technical biases that can contribute 
to underestimation in dietary determination in these methods, 
such as PCR inhibition (van der Reis et al. 2018) and as demon-
strated in this study, confidence filtering parameters can result 
in filtering out false negatives.

Likewise, for hard part analyses the fragile nature of otoliths 
and the highly acidic gastric acid (Van Dobben 1952) may have 
led to an underestimation if otoliths are sufficiently broken, de-
graded or eroded during consumption and digestion (Harris and 
Wanless 1993; Johnstone et al. 1990), or being sufficiently small 
or eroded to readily pass through the digestive tract (Barrett 
et  al.  2007; Lumsden and Haddow  1946; Radhakrishnan 
et al. 2010), impacting the prey identification when using hard 
part analyses. This can lead to underestimating diversity within 
samples, that is, lowering prey species richness. Furthermore, 
only prey with identifiable hard parts would be able to be re-
corded as being present, and moreover sufficient morpholog-
ical structure is needed when identifying to species-level (i.e., 
as found in this study for Arnoglossus scapha and Lophonectes 
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gallus), which is not always possible and thus species richness 
is lost. Observer bias and the level of regional taxonomic exper-
tise for the visual appraisal of physical remnants can also impact 
taxonomic assignment.

In this current study, the frequencies of fish families identified 
by both methods in the pellets of the endangered king shag are 
largely congruent, but it is not necessarily common for FOO of 
prey items to align (Oehm et al. 2017; Xirouchakis et al. 2017). 
The congruency is largely attributed to the application of prim-
ers well-suited to capture local prey entered into the DNA data-
base for DNA metabarcoding and having the regional taxonomic 
expertise and reference material to reliably distinguish among 
hard parts. Three key points that need to be considered when 
choosing a method to detect fish, at a fine taxonomic level, from 
piscivorous predators are, (1) time—hard part analyses are 
highly time-consuming and may limit the sample size that can 
be processed (Pompanon et al. 2012), (2) reference databases—
the local species of interest need to be included in the databases 
to be detected (and for hard part analyses, regional taxonomic 
expertise is essential) (Berry et al. 2015), and (3) quantification—
whether the contribution of the total mass or nutrition provided 
by various prey species to the daily diet of the studied species 
is a requirement. In regard to this last key point, morphological 
analysis remains an invaluable tool as a means to provide more 
robust quantitative prey estimates whereas DNA metabarcoding 
is considered only semi-quantitative when certain precautions 
have been taken (Deagle et  al.  2013, 2019; Lamb et  al.  2019; 
Thomas et al. 2016). Hard part analysis has the capacity to pro-
vide further insight into diet by identifying prey size through 
known relationship standards between otolith length and fish 
length, and in turn allowing estimates of the nutritional con-
tribution provided by the various prey items. Thus, the biomass 
of prey items and total biomass of all prey per pellet can then 
be used to establish the daily intake of the study species (Lalas 
and McConnell 2012). Overall, this study demonstrates the two 
methods provide a complementary approach for revealing the 
extent of the diversity of prey consumed by a piscivorous seabird, 
while the congruence in the data between the two methods pro-
vides validation and confidence in their respective results.

Author Contributions

There were two individual studies that took place to form this collab-
orative effort. A.L.R. and A.G.J. contributed to the conception of the 
DNA metabarcoding study, while C.L. and R.S. contributed to the hard 
parts study. For the DNA metabarcoding study, A.L.R. carried out lab-
oratory work and performed data analyses. A.G.J. provided significant 
guidance regarding the development of the DNA metabarcoding project 
and advised on the analyses. A.G.J. oversaw the DNA metabarcoding 
project's logistics and administration. For the hard parts study, C.L. and 
R.S. performed the analysis and equally contributed to the data anal-
yses. K.L.M. helped with the organization and collection of the pellet 
samples and facilitated the collaboration. A.L.R. lead the collaborative 
data analysis, prepared figures and tables, and wrote the manuscript. 
All authors contributed to the development of the manuscript and ap-
proved the final manuscript.

Acknowledgments

King shags are a protected species, and the research was conducted 
with the permission of the Department of Conservation, which has 
the statutory responsibility for their management under the New 

Zealand Wildlife Act (1953). Animal Ethics approval was not re-
quired for this work as the samples were opportunistically collected 
from the environment and all guidelines were followed to minimize 
wildlife disturbance during sample collection. Sample collection was 
done at a time when other work was being carried out at the colonies 
by the Department of Conservation under Animal Ethics Committee 
approval AEC 328. We wish to thank Mike Bell, Toroa Consulting 
(Blenheim), for the assistance in sample collection and Dan Palmer, 
Department of Conservation (Picton), for providing boat transport 
to the colonies. We also thank Ngāti Koata for access to colonies that 
are not on Public Conservation Land—ka pai! We also gratefully ac-
knowledge the permission given by landowners, facilitated by Alice 
Woodward, for access to the colony at North Trio (Kuru Pongi). This 
work was funded through the Marine Species Team, Biodiversity 
Group at the Department of Conservation, New Zealand under proj-
ect codes BCBC2019-05 and BCBC2020-05. The funder had input into 
the content of the manuscript and approved the manuscript before 
submission, and all revisions prior to publication. Lastly, we wish to 
acknowledge the use of New Zealand eScience Infrastructure (NeSI; 
www.​nesi.​org.​nz.) high performance computing facilities and consult-
ing support services as part of this research. New Zealand’s national 
facilities are provided by NeSI and funded jointly by NeSI's collabo-
rator institutions and through the Ministry of Business, Innovation 
& Employment's (MBIE) Research Infrastructure programme. Open 
access publishing facilitated by The University of Auckland, as part of 
the Wiley - The University of Auckland agreement via the Council of 
Australian University Librarians.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Additional Supporting Information can be found in the online version of 
the article at the publisher's website. The raw sequence data and associ-
ated metadata are available from the National Center for Biotechnology 
Information's Sequence Read Archive (http://www.ncbi.nlm.nih.gov/
bioproject/1280759). The code used to process the fastq files is available 
on GitHub, including the R code that was used for the statistical analy-
ses (https://​github.​com/​AvdRe​is/​NZ_​king_​shag).

References

Barrett, R. T., K. Camphuysen, T. Anker-Nilssen, et  al. 2007. “Diet 
Studies of Seabirds: A Review and Recommendations.” ICES Journal 
of Marine Science 64, no. 9: 1675–1691. https://​doi.​org/​10.​1093/​icesj​ms/​
fsm152.

Benson, D. A., M. Cavanaugh, K. Clark, et al. 2013. “GenBank.” Nucleic 
Acids Research 41, no. D1: D36–D42. https://​doi.​org/​10.​1093/​nar/​
gks1195.

Berry, O., C. Bulman, M. Bunce, M. Coghlan, D. C. Murray, and R. D. 
Ward. 2015. “Comparison of Morphological and DNA Metabarcoding 
Analyses of Diets in Exploited Marine Fishes.” Marine Ecology Progress 
Series 540: 167–181. https://​doi.​org/​10.​3354/​meps1​1524.

Berry, T., S. Osterrieder, D. Murray, et al. 2017. “DNA Metabarcoding 
for Diet Analysis and Biodiversity: A Case Study Using the Endangered 
Australian Sea Lion (Neophoca cinerea).” Ecology and Evolution 7, no. 
14: 5435–5453. https://​doi.​org/​10.​1002/​ece3.​3123.

Binladen, J., M. T. P. Gilbert, J. P. Bollback, et  al. 2007. “The Use of 
Coded PCR Primers Enables High-Throughput Sequencing of Multiple 
Homolog Amplification Products by 454 Parallel Sequencing.” PLoS 
One 2, no. 2: e197. https://​doi.​org/​10.​1371/​journ​al.​pone.​0000197.

BirdLife International. 2022. “State of the World's Birds 2022: Insights 
and Solutions for the Biodiversity Crisis.” BirdLife International. 
https://​www.​birdl​ife.​org/​wp-​conte​nt/​uploa​ds/​2022/​09/​SOWB2​022_​
EN_​compr​essed.​pdf.

http://www.nesi.org.nz
http://www.ncbi.nlm.nih.gov/bioproject/1280759
http://www.ncbi.nlm.nih.gov/bioproject/1280759
https://github.com/AvdReis/NZ_king_shag
https://doi.org/10.1093/icesjms/fsm152
https://doi.org/10.1093/icesjms/fsm152
https://doi.org/10.1093/nar/gks1195
https://doi.org/10.1093/nar/gks1195
https://doi.org/10.3354/meps11524
https://doi.org/10.1002/ece3.3123
https://doi.org/10.1371/journal.pone.0000197
https://www.birdlife.org/wp-content/uploads/2022/09/SOWB2022_EN_compressed.pdf
https://www.birdlife.org/wp-content/uploads/2022/09/SOWB2022_EN_compressed.pdf


11 of 13

Bogaerts, B., A. Van den Bossche, B. Verhaegen, et al. 2024. “Closing 
the Gap: Oxford Nanopore Technologies R10 Sequencing Allows 
Comparable Results to Illumina Sequencing for SNP-Based Outbreak 
Investigation of Bacterial Pathogens.” Journal of Clinical Microbiology 
62, no. 5: e0157623. https://​doi.​org/​10.​1128/​jcm.​01576​-​23.

Bolyen, E., J. R. Rideout, M. R. Dillon, et  al. 2019. “Reproducible, 
Interactive, Scalable and Extensible Microbiome Data Science Using 
QIIME 2.” Nature Biotechnology 37: 852–857. https://​doi.​org/​10.​1038/​
s4158​7-​019-​0209-​9.

Bourbour, R. P., C. M. Aylward, T. D. Meehan, et al. 2024. “Feeding en 
Route: Prey Availability and Traits Influence Prey Selection by an Avian 
Predator on Migration.” Journal of Animal Ecology 93, no. 9: 1176–1191. 
https://​doi.​org/​10.​1111/​1365-​2656.​14122​.

Callahan, B. J., P. J. McMurdie, and S. P. Holmes. 2017. “Exact Sequence 
Variants Should Replace Operational Taxonomic Units in Marker-Gene 
Data Analysis.” ISME Journal 11: 2639–2643. https://​doi.​org/​10.​1038/​
ismej.​2017.​119.

Callahan, B. J., P. J. McMurdie, M. J. Rosen, A. W. Han, A. J. A. Johnson, 
and S. P. Holmes. 2016. “DADA2: High-Resolution Sample Inference 
From Illumina Amplicon Data.” Nature Methods 13, no. 7: 581–583. 
https://​doi.​org/​10.​1038/​nmeth.​3869.

Carreon-Martinez, L., T. B. Johnson, S. A. Ludsin, and D. D. Heath. 
2011. “Utilization of Stomach Content DNA to Determine Diet Diversity 
in Piscivorous Fishes.” Journal of Fish Biology 78, no. 4: 1170–1182. 
https://​doi.​org/​10.​1111/j.​1095-​8649.​2011.​02925.​x.

Carroll, E. L., R. Gallego, M. A. Sewell, et al. 2019. “Multi-Locus DNA 
Metabarcoding of Zooplankton Communities and Scat Reveal Trophic 
Interactions of a Generalist Predator.” Scientific Reports 9, no. 1: 281. 
https://​doi.​org/​10.​1038/​s4159​8-​018-​36478​-​x.

Chang, J. J. M., Y. C. A. Ip, W. L. Neo, M. A. D. Mowe, Z. Jaafar, and 
D. Huang. 2024. “Primed and Ready: Nanopore Metabarcoding Can 
Now Recover Highly Accurate Consensus Barcodes That Are Generally 
Indel-Free.” BMC Genomics 25, no. 1: 842. https://​doi.​org/​10.​1186/​s1286​
4-​024-​10767​-​4.

Choi, J., and J. S. Park. 2020. “Comparative Analyses of the V4 and V9 
Regions of 18S rDNA for the Extant Eukaryotic Community Using the 
Illumina Platform.” Scientific Reports 10, no. 1: 6519. https://​doi.​org/​10.​
1038/​s4159​8-​020-​63561​-​z.

Cianchetti-Benedetti, M., G. Dell'Omo, T. Russo, C. Catoni, and P. 
Quillfeldt. 2018. “Interactions Between Commercial Fishing Vessels 
and a Pelagic Seabird in the Southern Mediterranean Sea.” BMC Ecology 
18, no. 1: 54. https://​doi.​org/​10.​1186/​s1289​8-​018-​0212-​x.

Clare, E. L. 2014. “Molecular Detection of Trophic Interactions: 
Emerging Trends, Distinct Advantages, Significant Considerations and 
Conservation Applications.” Evolutionary Applications 7, no. 9: 1144–
1157. https://​doi.​org/​10.​1111/​eva.​12225​.

Clarke, L. J., R. Trebilco, A. Walters, A. M. Polanowski, and B. E. 
Deagle. 2020. “DNA-Based Diet Analysis of Mesopelagic Fish From 
the Southern Kerguelen Axis.” Deep Sea Research Part II: Topical 
Studies in Oceanography 174: 104494. https://​doi.​org/​10.​1016/j.​dsr2.​
2018.​09.​001.

Correia, E., J. P. Granadeiro, B. Santos, A. Regalla, V. A. Mata, and T. 
Catry. 2023. “Trophic Ecology of a Migratory Shorebird Community at a 
Globally Important Non-Breeding Site: Combining DNA Metabarcoding 
and Conventional Techniques.” Marine Ecology Progress Series 705: 
127–144. https://​doi.​org/​10.​3354/​meps1​4241.

da Silva, L. P., V. A. Mata, P. B. Lopes, et  al. 2019. “Advancing the 
Integration of Multi-Marker Metabarcoding Data in Dietary Analysis of 
Trophic Generalists.” Molecular Ecology Resources 19, no. 6: 1420–1432. 
https://​doi.​org/​10.​1111/​1755-​0998.​13060​.

Dasnon, A., K. Delord, A. Chaigne, and C. Barbraud. 2022. “Fisheries 
Bycatch Mitigation Measures as an Efficient Tool for the Conservation 

of Seabird Populations.” Journal of Applied Ecology 59, no. 7: 1674–1685. 
https://​doi.​org/​10.​1111/​1365-​2664.​14189​.

Deagle, B. E., R. Kirkwood, and S. N. Jarman. 2009. “Analysis of 
Australian Fur Seal Diet by Pyrosequencing Prey DNA in Faeces.” 
Molecular Ecology 18, no. 9: 2022–2038. https://​doi.​org/​10.​1111/j.​1365-​
294X.​2009.​04158.​x.

Deagle, B. E., A. C. Thomas, J. C. McInnes, et al. 2019. “Counting With 
DNA in Metabarcoding Studies: How Should We Convert Sequence 
Reads to Dietary Data?” Molecular Ecology 28, no. 2: 391–406. https://​
doi.​org/​10.​1111/​mec.​14734​.

Deagle, B. E., A. C. Thomas, A. K. Shaffer, A. W. Trites, and S. N. 
Jarman. 2013. “Quantifying Sequence Proportions in a DNA-Based Diet 
Study Using Ion Torrent Amplicon Sequencing: Which Counts Count?” 
Molecular Ecology Resources 13, no. 4: 620–633. https://​doi.​org/​10.​1111/​
1755-​0998.​12103​.

Dias, M. P., R. Martin, E. J. Pearmain, et al. 2019. “Threats to Seabirds: 
A Global Assessment.” Biological Conservation 237: 525–537. https://​
doi.​org/​10.​1016/j.​biocon.​2019.​06.​033.

Evans, H. K., A. J. Bunch, J. D. Schmitt, F. J. Hoogakker, and K. B. 
Carlson. 2021. “High-Throughput Sequencing Outperforms Traditional 
Morphological Methods in Blue Catfish Diet Analysis and Reveals 
Novel Insights Into Diet Ecology.” Ecology and Evolution 11, no. 10: 
5584–5597. https://​doi.​org/​10.​1002/​ece3.​7460.

Furlani, D., R. Gales, and D. Pemberton. 2007. Otoliths of Common 
Australian Temperate Fish: A Photographic Guide. CSIRO Publishing.

Geller, J., C. Meyer, M. Parker, and H. Hawk. 2013. “Redesign of PCR 
Primers for Mitochondrial Cytochrome c Oxidase Subunit I for Marine 
Invertebrates and Application in All-Taxa Biotic Surveys.” Molecular 
Ecology Resources 13, no. 5: 851–861. https://​doi.​org/​10.​1111/​1755-​0998.​
12138​.

Grealy, A., K. Douglass, J. Haile, C. Bruwer, C. Gough, and M. Bunce. 
2016. “Tropical Ancient DNA From Bulk Archaeological Fish Bone 
Reveals the Subsistence Practices of a Historic Coastal Community in 
Southwest Madagascar.” Journal of Archaeological Science 75: 82–88. 
https://​doi.​org/​10.​1016/j.​jas.​2016.​10.​001.

Günther, B., J.-M. Fromentin, L. Metral, and S. Arnaud-Haond. 2021. 
“Metabarcoding Confirms the Opportunistic Foraging Behaviour of 
Atlantic Bluefin Tuna and Reveals the Importance of Gelatinous Prey.” 
PeerJ 9: e11757. https://​doi.​org/​10.​7717/​peerj.​11757​.

Handley, S. 2016. “History of Benthic Change in Queen Charlotte Sound/
Totaranui, Marlborough.” (Report no. NEL2015-018) https://​envir​olink.​
govt.​nz/​assets/​Envir​olink/​​1607-​MLDC1​07-​Histo​ry-​of-​Benth​ic-​Chang​
e-​in-​Queen​-​Charl​otte-​Sound​-​Totar​anui-​Marlb​orough.​pdf.

Harris, M. P., and S. Wanless. 1993. “The Diet of Shags Phalacrocorax aris-
totelis During the Chick-Rearing Period Assessed by Three Methods.” Bird 
Study 40, no. 2: 135–139. https://​doi.​org/​10.​1080/​00063​65930​9477138.

Heller, P., J. Casaletto, G. Ruiz, and J. Geller. 2018. “A Database of 
Metazoan Cytochrome c Oxidase Subunit I Gene Sequences Derived 
From GenBank With CO-ARBitrator.” Scientific Data 5: 180156. https://​
doi.​org/​10.​1038/​sdata.​2018.​156.

Illumina. 2013. “16S Metagenomic Sequencing Library Preparation: 
Preparing 16S Ribosomal RNA Gene Amplicons for the Illumina MiSeq 
System.” (Report no. 15044223 Rev. B) https://​suppo​rt.​illum​ina.​com/​
docum​ents/​docum​entat​ion/​chemi​stry_​docum​entat​ion/​16s/​16s-​metag​
enomi​c-​libra​ry-​prep-​guide​-​15044​223-​b.​pdf.

Jackman, S. 2024. “Pscl: Classes and Methods for R Developed in 
the Political Science Computational Laboratory.” (Version 1.5.9). 
Comprehensive R Archive Network (CRAN). Retrieved from https://​
github.​com/​atahk/​​pscl/​.

Johnstone, I. G., M. P. Harris, S. Wanless, and J. A. Graves. 1990. 
“The Usefulness of Pellets for Assessing the Diet of Adult Shags 

https://doi.org/10.1128/jcm.01576-23
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1111/1365-2656.14122
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1038/ismej.2017.119
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1111/j.1095-8649.2011.02925.x
https://doi.org/10.1038/s41598-018-36478-x
https://doi.org/10.1186/s12864-024-10767-4
https://doi.org/10.1186/s12864-024-10767-4
https://doi.org/10.1038/s41598-020-63561-z
https://doi.org/10.1038/s41598-020-63561-z
https://doi.org/10.1186/s12898-018-0212-x
https://doi.org/10.1111/eva.12225
https://doi.org/10.1016/j.dsr2.2018.09.001
https://doi.org/10.1016/j.dsr2.2018.09.001
https://doi.org/10.3354/meps14241
https://doi.org/10.1111/1755-0998.13060
https://doi.org/10.1111/1365-2664.14189
https://doi.org/10.1111/j.1365-294X.2009.04158.x
https://doi.org/10.1111/j.1365-294X.2009.04158.x
https://doi.org/10.1111/mec.14734
https://doi.org/10.1111/mec.14734
https://doi.org/10.1111/1755-0998.12103
https://doi.org/10.1111/1755-0998.12103
https://doi.org/10.1016/j.biocon.2019.06.033
https://doi.org/10.1016/j.biocon.2019.06.033
https://doi.org/10.1002/ece3.7460
https://doi.org/10.1111/1755-0998.12138
https://doi.org/10.1111/1755-0998.12138
https://doi.org/10.1016/j.jas.2016.10.001
https://doi.org/10.7717/peerj.11757
https://envirolink.govt.nz/assets/Envirolink/1607-MLDC107-History-of-Benthic-Change-in-Queen-Charlotte-Sound-Totaranui-Marlborough.pdf
https://envirolink.govt.nz/assets/Envirolink/1607-MLDC107-History-of-Benthic-Change-in-Queen-Charlotte-Sound-Totaranui-Marlborough.pdf
https://envirolink.govt.nz/assets/Envirolink/1607-MLDC107-History-of-Benthic-Change-in-Queen-Charlotte-Sound-Totaranui-Marlborough.pdf
https://doi.org/10.1080/00063659309477138
https://doi.org/10.1038/sdata.2018.156
https://doi.org/10.1038/sdata.2018.156
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://support.illumina.com/documents/documentation/chemistry_documentation/16s/16s-metagenomic-library-prep-guide-15044223-b.pdf
https://github.com/atahk/pscl/
https://github.com/atahk/pscl/


12 of 13 Environmental DNA, 2025

Phalacrocorax aristotelis.” Bird Study 37, no. 1: 5–11. https://​doi.​org/​10.​
1080/​00063​65900​9477030.

Kans, J. 2013. “Entrez Direct: E-Utilities on the Unix Command Line. 
Entrez Programming Utilities Help [Internet].” (Updated 2024 Oct 10). 
National Center for Biotechnology Information. https://​www.​ncbi.​nlm.​
nih.​gov/​books/​​NBK17​9288/​.

Kartzinel, T. R., P. A. Chen, T. C. Coverdale, et  al. 2015. “DNA 
Metabarcoding Illuminates Dietary Niche Partitioning by African 
Large Herbivores.” Proceedings of the National Academy of Sciences 112, 
no. 26: 8019–8024. https://​doi.​org/​10.​1073/​pnas.​15032​83112​.

Keck, F., M. Couton, and F. Altermatt. 2023. “Navigating the Seven 
Challenges of Taxonomic Reference Databases in Metabarcoding 
Analyses.” Molecular Ecology Resources 23, no. 4: 742–755. https://​doi.​
org/​10.​1111/​1755-​0998.​13746​.

Kim, H. J., H.-G. Kim, and C.-W. Oh. 2020. “Diet Composition and 
Feeding Strategy of John Dory, Zeus faber, in the Coastal Waters of 
Korea.” Journal of Ecology and Environment 44, no. 1: 8. https://​doi.​org/​
10.​1186/​s4161​0-​020-​00153​-​y.

Lalas, C., and D. Brown. 1998. “The Diet of New Zealand King Shags 
(Leucocarbo carunculatus) in Pelorus Sound.” Notornis 45, no. 2: 
129–139.

Lalas, C., and H. McConnell. 2012. “Prey of Auckland Island Shags 
(Leucocarbo colensoi) in Winter.” Notornis 59, no. 3–4: 130–137.

Lamb, P. D., E. Hunter, J. K. Pinnegar, S. Creer, R. G. Davies, and M. I. 
Taylor. 2019. “How Quantitative Is Metabarcoding: A Meta-Analytical 
Approach.” Molecular Ecology 28, no. 2: 420–430. https://​doi.​org/​10.​
1111/​mec.​14920​.

Leach, F. 1997. A Guide to the Identification of Fish Remains From New 
Zealand Archaeological Sites. New Zealand Journal of Archaeology 
Special Publication.

Lenth, R. 2019. “Emmeans: Estimated Marginal Means, Aka Least-
Squares Means (Version 1.3.4).” Comprehensive R Archive Network 
(CRAN). https://​CRAN.​R-​proje​ct.​org/​packa​ge=​emmeans.

Leray, M., J. Y. Yang, C. P. Meyer, et al. 2013. “A New Versatile Primer 
Set Targeting a Short Fragment of the Mitochondrial COI Region for 
Metabarcoding Metazoan Diversity: Application for Characterizing 
Coral Reef Fish Gut Contents.” Frontiers in Zoology 10: 34. https://​doi.​
org/​10.​1186/​1742-​9994-​10-​34.

Lombarte, A., O. Chic, V. Parisi-Baradad, R. Olivella, J. Piera, and E. 
Garca-Ladona. 2006. “A Web-Based Environment From Shape Analysis 
of Fish Otoliths: The AFORO Database.” Scientia Marina 70: 147–152. 
https://​scien​tiama​rina.​revis​tas.​csic.​es/​index.​php/​scien​tiama​rina/​artic​
le/​view/​192.

Lumsden, W. H. R., and A. J. Haddow. 1946. “The Food of the Shag 
(Phalacrocorax aristotelis) in the Clyde Sea Area.” Journal of Animal 
Ecology 15, no. 1: 35–42. https://​doi.​org/​10.​2307/​1623.

Martin, M. 2011. “Cutadapt Removes Adapter Sequences From High-
Throughput Sequencing Reads.” EMBnet.Journal 17, no. 1: 3. https://​
doi.​org/​10.​14806/​​ej.​17.1.​200.

Melvin, E. F., A. Wolfaardt, R. Crawford, E. Gilman, and C. G. Suazo. 
2023. “Chapter  17–Bycatch Reduction.” In Conservation of Marine 
Birds, edited by L. Young and E. VanderWerf, 457–496. Academic 
Press.

Ministry for Primary Industries. 2015. “Blue Cod Regulatory Review 
for the Marlborough Sounds and Challenger East Areas.” (Report no. 
2015/13). https://​www.​mpi.​govt.​nz/​dmsdo​cument/​9959-​Blue-​cod-​regul​
atory​-​revie​w-​for-​the-​Marlb​oroug​h-​Sound​s-​and-​Chall​enger​-​East-​areas​
-​decis​ion-​document.

Miya, M., Y. Sato, T. Fukunaga, et al. 2015. “MiFish, a Set of Universal 
PCR Primers for Metabarcoding Environmental DNA From Fishes: 
Detection of More Than 230 Subtropical Marine Species.” Royal Society 
Open Science 2, no. 7: 150088. https://​doi.​org/​10.​1098/​rsos.​150088.

Morgulis, A., G. Coulouris, Y. Raytselis, T. L. Madden, R. Agarwala, and 
A. A. Schaffer. 2008. “Database Indexing for Production MegaBLAST 
Searches.” Bioinformatics 24, no. 16: 1757–1764. https://​doi.​org/​10.​1093/​
bioin​forma​tics/​btn322.

Nimz, I., M. A. Renshaw, J. Baczenas, C. Vanderlip, K. D. Hyrenbach, and 
M. Iacchei. 2022. “MetaBARFcoding: DNA-Barcoding of Regurgitated 
Prey Yields Insights Into Christmas Shearwater (Puffinus nativitatis) 
Foraging Ecology at Hōlanikū (Kure Atoll), Hawaiʻi.” Environmental 
DNA 4, no. 1: 254–268. https://​doi.​org/​10.​1002/​edn3.​263.

Oehm, J., B. Thalinger, S. Eisenkölbl, and M. Traugott. 2017. “Diet 
Analysis in Piscivorous Birds: What Can the Addition of Molecular 
Tools Offer?” Ecology and Evolution 7, no. 6: 1984–1995. https://​doi.​org/​
10.​1002/​ece3.​2790.

Oksanen, J., G. L. Simpson, F. Guillaume Blanchet, et al. 2019. “Vegan: 
Community Ecology Package.” (Version 2.5-6). Comprehensive R 
Archive Network (CRAN). https://​CRAN.​R-​proje​ct.​org/​packa​ge=​vegan​.

O'Rorke, R., S. Lavery, and A. Jeffs. 2012. “PCR Enrichment Techniques 
to Identify the Diet of Predators.” Molecular Ecology Resources 12, no. 1: 
5–17. https://​doi.​org/​10.​1111/j.​1755-​0998.​2011.​03091.​x.

Padró, J. 2024. “Integrating eDNA Metabarcoding and Citizen Science 
Enhances Avian Ecological Research.” Journal of Animal Ecology 93, 
no. 9: 1192–1196. https://​doi.​org/​10.​1111/​1365-​2656.​14156​.

Palmer, A. D. N. 2008. “DNA Isolation and Amplification From 
Formaldehyde-Fixed Animal Tissues Rich in Mucopolysaccharides, 
Pigments, and Chitin.” Preparative Biochemistry & Biotechnology 39, no. 
1: 72–80. https://​doi.​org/​10.​1080/​10826​06080​2589635.

Paprocki, N., S. Blair, C. J. Conway, et al. 2024. “Comparison of Seven 
DNA Metabarcoding Sampling Methods to Assess Diet in a Large Avian 
Predator.” Environmental DNA 6, no. 4: e70000. https://​doi.​org/​10.​1002/​
edn3.​70000​.

Parsons, M., I. Mitchell, A. Butler, et al. 2008. “Seabirds as Indicators 
of the Marine Environment.” ICES Journal of Marine Science 65, no. 8: 
1520–1526. https://​doi.​org/​10.​1093/​icesj​ms/​fsn155.

Piatt, J. F., A. M. A. Harding, M. Shultz, et  al. 2007. “Seabirds as 
Indicators of Marine Food Supplies: Cairns Revisited.” Marine Ecology 
Progress Series 352: 221–234.

Pompanon, F., B. E. Deagle, W. O. C. Symondson, D. S. Brown, S. N. 
Jarman, and P. Taberlet. 2012. “Who Is Eating What: Diet Assessment 
Using Next Generation Sequencing.” Molecular Ecology 21, no. 8: 1931–
1950. https://​doi.​org/​10.​1111/j.​1365-​294X.​2011.​05403.​x.

R Core Team. 2024. “R: A Language and Environment for Statistical 
Computing.” (Version 4.4.1; R Studio Version 2024.09.0+375). R 
Foundation for Statistical Computing. https://​www.​R-​proje​ct.​org/​.

Radhakrishnan, K. V., M. Liu, W. He, B. R. Murphy, and S. Xie. 2010. 
“Otolith Retrieval From Faeces and Reconstruction of Prey-Fish Size for 
Great Cormorant (Phalacrocorax carbo) Wintering at the East Dongting 
Lake National Nature Reserve, China.” Environmental Biology of Fishes 
89, no. 3: 505–512. https://​doi.​org/​10.​1007/​s1064​1-​010-​9685-​y.

Roberts, C. D., A. L. Stewart, C. D. Struthers, J. J. Barker, and S. Kortet. 
2023. “Checklist of the Fishes of New Zealand. Museum of New Zealand 
Te Papa Tongarewa.” https://​colle​ctions.​tepapa.​govt.​nz/​docum​ent/​
10564​.

Robertson, H. A., K. A. Baird, G. P. Elliott, et al. 2021. “Conservation 
Status of Birds in Aotearoa New Zealand.” New Zealand Threat 
Classification Series 36. Department of Conservation, New Zealand. 
https://​www.​doc.​govt.​nz/​globa​lasse​ts/​docum​ents/​scien​ce-​and-​techn​
ical/​nztcs​36ent​ire.​pdf.

Schuckard, R., M. Bell, P. Frost, G. Taylor, and T. Greene. 2018. “A 
Census of Nesting Pairs of the Endemic New Zealand King Shag 
(Leucocarbo carunculatus) in 2016 and 2017.” Notornis 65: 59–66.

Schwarzhans, W. 1984. “Fish Otoliths From the New Zealand Tertiary.” 
New Zealand Geological Survey Report 113: 1–269.

https://doi.org/10.1080/00063659009477030
https://doi.org/10.1080/00063659009477030
https://www.ncbi.nlm.nih.gov/books/NBK179288/
https://www.ncbi.nlm.nih.gov/books/NBK179288/
https://doi.org/10.1073/pnas.1503283112
https://doi.org/10.1111/1755-0998.13746
https://doi.org/10.1111/1755-0998.13746
https://doi.org/10.1186/s41610-020-00153-y
https://doi.org/10.1186/s41610-020-00153-y
https://doi.org/10.1111/mec.14920
https://doi.org/10.1111/mec.14920
https://cran.r-project.org/package=emmeans
https://doi.org/10.1186/1742-9994-10-34
https://doi.org/10.1186/1742-9994-10-34
https://scientiamarina.revistas.csic.es/index.php/scientiamarina/article/view/192
https://scientiamarina.revistas.csic.es/index.php/scientiamarina/article/view/192
https://doi.org/10.2307/1623
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://www.mpi.govt.nz/dmsdocument/9959-Blue-cod-regulatory-review-for-the-Marlborough-Sounds-and-Challenger-East-areas-decision-document
https://www.mpi.govt.nz/dmsdocument/9959-Blue-cod-regulatory-review-for-the-Marlborough-Sounds-and-Challenger-East-areas-decision-document
https://www.mpi.govt.nz/dmsdocument/9959-Blue-cod-regulatory-review-for-the-Marlborough-Sounds-and-Challenger-East-areas-decision-document
https://doi.org/10.1098/rsos.150088
https://doi.org/10.1093/bioinformatics/btn322
https://doi.org/10.1093/bioinformatics/btn322
https://doi.org/10.1002/edn3.263
https://doi.org/10.1002/ece3.2790
https://doi.org/10.1002/ece3.2790
https://cran.r-project.org/package=vegan
https://doi.org/10.1111/j.1755-0998.2011.03091.x
https://doi.org/10.1111/1365-2656.14156
https://doi.org/10.1080/10826060802589635
https://doi.org/10.1002/edn3.70000
https://doi.org/10.1002/edn3.70000
https://doi.org/10.1093/icesjms/fsn155
https://doi.org/10.1111/j.1365-294X.2011.05403.x
https://www.r-project.org/
https://doi.org/10.1007/s10641-010-9685-y
https://collections.tepapa.govt.nz/document/10564
https://collections.tepapa.govt.nz/document/10564
https://www.doc.govt.nz/globalassets/documents/science-and-technical/nztcs36entire.pdf
https://www.doc.govt.nz/globalassets/documents/science-and-technical/nztcs36entire.pdf


13 of 13

Schwarzhans, W. 1999. A Comparative Morphological Treatise of Recent 
and Fossil Otoliths of the Order Pleuronectiformes. Verlag Dr. Friedrich 
Pfeil.

Smale, M. J., G. W. Watson, and T. Hecht. 1995. “Otolith Atlas of 
Southern African Marine Fishes.” Ichthyological Monographs, no. 1. 
1–253. https://​doi.​org/​10.​5962/​bhl.​title.​141860.

Snider, A. M., A. Bonisoli-Alquati, A. A. Pérez-Umphrey, P. C. Stouffer, 
and S. S. Taylor. 2021. “Metabarcoding of Stomach Contents and 
Fecal Samples Provide Similar Insights About Seaside Sparrow Diet.” 
Ornithological Applications 124, no. 1: duab060. https://​doi.​org/​10.​
1093/​ornit​happ/​duab060.

Speller, C. F., L. Hauser, D. Lepofsky, et al. 2012. “High Potential for 
Using DNA From Ancient Herring Bones to Inform Modern Fisheries 
Management and Conservation.” PLoS One 7, no. 11: e51122. https://​doi.​
org/​10.​1371/​journ​al.​pone.​0051122.

Suryan, R. M., D. B. Irons, M. Kaufman, et  al. 2002. “Short-Term 
Fluctuations in Forage Fish Availability and the Effect on Prey Selection 
and Brood-Rearing in the Black-Legged Kittiwake Rissa tridactyla.” 
Marine Ecology Progress Series 236: 273–287. http://​www.​jstor.​org/​sta-
ble/​24866294.

Taberlet, P., E. Coissac, F. Pompanon, C. Brochmann, and E. Willerslev. 
2012. “Towards Next-Generation Biodiversity Assessment Using DNA 
Metabarcoding.” Molecular Ecology 21, no. 8: 2045–2050. https://​doi.​
org/​10.​1111/j.​1365-​294X.​2012.​05470.​x.

Tasker, M. L., C. J. Camphuysen, J. Cooper, S. Garthe, W. A. Montevecchi, 
and S. J. M. Blaber. 2000. “The Impacts of Fishing on Marine Birds.” 
ICES Journal of Marine Science 57, no. 3: 531–547. https://​doi.​org/​10.​
1006/​jmsc.​2000.​0714.

Taylor, P. 2020. “Indirect Effects of Commercial Fishing in the 
Marlborough Sounds on the Foraging of King Shag Leucocarbo 
carunculatus.” (Report no. BCBC2019-05). Final report prepared by 
Statfishtics Ltd for the Conservation Services Programme (Department 
of Conservation–New Zealand). https://​www.​doc.​govt.​nz/​globa​lasse​
ts/​docum​ents/​conse​rvati​on/​marin​e-​and-​coast​al/​marin​e-​conse​rvati​on-​
servi​ces/​repor​ts/​20192​0-​annua​l-​plan/​bcbc2​019-​05-​king-​shag-​indir​ect-​
effec​ts-​part-​a-​final​-​report.​pdf.

Thomas, A. C., B. Deagle, C. Nordstrom, et al. 2022. “Data on the Diets 
of Salish Sea Harbour Seals From DNA Metabarcoding.” Scientific Data 
9, no. 1: 68. https://​doi.​org/​10.​1038/​s4159​7-​022-​01152​-​5.

Thomas, A. C., B. E. Deagle, J. P. Eveson, C. H. Harsch, and A. W. 
Trites. 2016. “Quantitative DNA Metabarcoding: Improved Estimates 
of Species Proportional Biomass Using Correction Factors Derived 
From Control Material.” Molecular Ecology Resources 16, no. 3: 714–726. 
https://​doi.​org/​10.​1111/​1755-​0998.​12490​.

Toone, T. A., E. D. Benjamin, S. Handley, A. Jeffs, and J. R. Hillman. 
2022. “Expansion of Shellfish Aquaculture has no Impact on Settlement 
Rates.” Aquaculture Environment Interactions 14: 135–145. https://​doi.​
org/​10.​3354/​aei00435.

Toone, T. A., E. D. Benjamin, J. R. Hillman, S. Handley, and A. Jeffs. 
2023. “Multidisciplinary Baselines Quantify a Drastic Decline of Mussel 
Reefs and Reveal an Absence of Natural Recovery.” Ecosphere 14, no. 3: 
e4390. https://​doi.​org/​10.​1002/​ecs2.​4390.

van der Reis, A., L. Beckley, M. Olivar, and A. Jeffs. 2023. “Nanopore 
Short-Read Sequencing: A Quick, Cost-Effective and Accurate Method 
for DNA Metabarcoding.” Environmental DNA 5: 282–296. https://​doi.​
org/​10.​1002/​edn3.​374.

van der Reis, A. L., A. G. Jeffs, and S. D. Lavery. 2020. “From Feeding 
Habits to Food Webs: Exploring the Diet of an Opportunistic Benthic 
Generalist.” Marine Ecology Progress Series 655: 107–121. https://​doi.​
org/​10.​3354/​meps1​3511.

van der Reis, A. L., O. Laroche, A. G. Jeffs, and S. D. Lavery. 2018. 
“Preliminary Analysis of New Zealand Scampi (Metanephrops 

challengeri) Diet Using Metabarcoding.” PeerJ 6: e5641. https://​doi.​org/​
10.​7717/​peerj.​5641.

van der Reis, A. L., R. O'Rorke, M. P. Olivar, L. E. Beckley, and A. G. 
Jeffs. 2024. “Insight Into the Diet of Early Stages of Mesopelagic Fishes 
in the Indian Ocean Using DNA Metabarcoding.” Deep Sea Research 
Part II: Topical Studies in Oceanography 218: 105426. https://​doi.​org/​10.​
1016/j.​dsr2.​2024.​105426.

Van Dobben, W. H. 1952. “The Food of the Cormorant in The 
Netherlands.” Ardea 55, no. 1–2: 1–63. https://​doi.​org/​10.​5253/​arde.​
v40.​p1.

Vestheim, H., and S. N. Jarman. 2008. “Blocking Primers to Enhance 
PCR Amplification of Rare Sequences in Mixed Samples–A Case Study 
on Prey DNA in Antarctic Krill Stomachs.” Frontiers in Zoology 5, no. 1: 
12. https://​doi.​org/​10.​1186/​1742-​9994-​5-​12.

Volpe, N. L., B. Thalinger, E. Vilacoba, et al. 2021. “Diet Composition 
of Reintroduced Red-And-Green Macaws Reflects Gradual Adaptation 
to Life in the Wild.” Ornithological Applications 124, no. 1: duab059. 
https://​doi.​org/​10.​1093/​ornit​happ/​duab059.

Wang, Q., G. M. Garrity, J. M. Tiedje, and J. R. Cole. 2007. “Naive 
Bayesian Classifier for Rapid Assignment of rRNA Sequences Into the 
New Bacterial Taxonomy.” Applied and Environmental Microbiology 73, 
no. 16: 5261–5267. https://​doi.​org/​10.​1128/​aem.​00062​-​07.

Ward, R. D., T. S. Zemlak, B. H. Innes, P. R. Last, and P. D. N. Hebert. 
2005. “DNA Barcoding Australia's Fish Species.” Philosophical 
Transactions of the Royal Society, B: Biological Sciences 360, no. 1462: 
1847–1857. https://​doi.​org/​10.​1098/​rstb.​2005.​1716.

Xirouchakis, S. M., P. Kasapidis, A. Christidis, G. Andreou, I. 
Kontogeorgos, and P. Lymberakis. 2017. “Status and Diet of the 
European Shag (Mediterranean Subspecies) Phalacrocorax aristote-
lis desmarestii in the Libyan Sea (South Crete) During the Breeding 
Season.” Marine Ornithology 45: 1–9.

Young, J. W., B. P. V. Hunt, T. R. Cook, et al. 2015. “The Trophodynamics 
of Marine Top Predators: Current Knowledge, Recent Advances and 
Challenges.” Deep Sea Research Part II: Topical Studies in Oceanography 
113: 170–187. https://​doi.​org/​10.​1016/j.​dsr2.​2014.​05.​015.

Zeileis, A., C. Kleiber, and S. Jackman. 2008. “Regression Models for 
Count Data in R.” Journal of Statistical Software 27, no. 8: 1–25. https://​
doi.​org/​10.​18637/​​jss.​v027.​i08.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.  

https://doi.org/10.5962/bhl.title.141860
https://doi.org/10.1093/ornithapp/duab060
https://doi.org/10.1093/ornithapp/duab060
https://doi.org/10.1371/journal.pone.0051122
https://doi.org/10.1371/journal.pone.0051122
http://www.jstor.org/stable/24866294
http://www.jstor.org/stable/24866294
https://doi.org/10.1111/j.1365-294X.2012.05470.x
https://doi.org/10.1111/j.1365-294X.2012.05470.x
https://doi.org/10.1006/jmsc.2000.0714
https://doi.org/10.1006/jmsc.2000.0714
https://www.doc.govt.nz/globalassets/documents/conservation/marine-and-coastal/marine-conservation-services/reports/201920-annual-plan/bcbc2019-05-king-shag-indirect-effects-part-a-final-report.pdf
https://www.doc.govt.nz/globalassets/documents/conservation/marine-and-coastal/marine-conservation-services/reports/201920-annual-plan/bcbc2019-05-king-shag-indirect-effects-part-a-final-report.pdf
https://www.doc.govt.nz/globalassets/documents/conservation/marine-and-coastal/marine-conservation-services/reports/201920-annual-plan/bcbc2019-05-king-shag-indirect-effects-part-a-final-report.pdf
https://www.doc.govt.nz/globalassets/documents/conservation/marine-and-coastal/marine-conservation-services/reports/201920-annual-plan/bcbc2019-05-king-shag-indirect-effects-part-a-final-report.pdf
https://doi.org/10.1038/s41597-022-01152-5
https://doi.org/10.1111/1755-0998.12490
https://doi.org/10.3354/aei00435
https://doi.org/10.3354/aei00435
https://doi.org/10.1002/ecs2.4390
https://doi.org/10.1002/edn3.374
https://doi.org/10.1002/edn3.374
https://doi.org/10.3354/meps13511
https://doi.org/10.3354/meps13511
https://doi.org/10.7717/peerj.5641
https://doi.org/10.7717/peerj.5641
https://doi.org/10.1016/j.dsr2.2024.105426
https://doi.org/10.1016/j.dsr2.2024.105426
https://doi.org/10.5253/arde.v40.p1
https://doi.org/10.5253/arde.v40.p1
https://doi.org/10.1186/1742-9994-5-12
https://doi.org/10.1093/ornithapp/duab059
https://doi.org/10.1128/aem.00062-07
https://doi.org/10.1098/rstb.2005.1716
https://doi.org/10.1016/j.dsr2.2014.05.015
https://doi.org/10.18637/jss.v027.i08
https://doi.org/10.18637/jss.v027.i08

	Cross-Validation of Diet Determination Methods for Seabird Conservation
	ABSTRACT
	1   |   Introduction
	2   |   Material and Methods
	2.1   |   Collection of King Shag Pellets
	2.2   |   Fish Identification Using DNA Metabarcoding
	2.2.1   |   DNA Extraction and Amplification
	2.2.2   |   DNA Clean-Up and Pooling
	2.2.3   |   Bioinformatics and Quality Control

	2.3   |   Fish Identification Using Hard Part Analyses
	2.4   |   Comparison of Methods

	3   |   Results
	3.1   |   DNA Metabarcoding and Hard Part Dataset Filtering
	3.2   |   Analyses of Fishes Identified by Hard Part and DNA Metabarcoding

	4   |   Discussion
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


