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Section S1 – Ancillary methods to support MFC research 

Here, we provide an overview of methods that support MFC estimates but do not provide 

quantitative movement or connectivity estimates. 

Presence/absence: direct observation 

Presence/absence data provides valuable information for parameterizing and validating 

numerical models (An overview of connectivity estimation methods: Numerical modeling 

section in main text), but can also be used in isolation to produce a snapshot of species 

distributions by interpolating presence/absence observations using distance-based kriging 

techniques (Cressie, 1993). These snapshots can be used to infer connectivity patterns when 

repeated seasonally or annually over the same area. Presence/absence data can be 

generated by direct sampling of organisms (e.g., trawling, visual surveys, bioacoustic records, 

cores). Technological advancements in video and time-lapse cameras have further improved 

our ability to track individuals or groups of individuals to understand patterns in connectivity 

and collective movement behaviour (Aguzzi et al., 2019; Rountree et al., 2020). For example, 

networks of cabled camera observatories that synchronise image acquisition (Aguzzi et al., 

2020) can provide counts through time and space, used to evidence onset of active dispersal of 

fish shoals in benthic (Aguzzi et al., 2011) and pelagic (Chatzievangelou et al., 2021) realms.  

Presence/absence: genetic approaches 

Presence/absence is now also increasingly inferred via environmental DNA (eDNA), eRNA 

and DNA metabarcoding (Bucklin et al., 2016; Pawlowski et al., 2018; Weigand et al., 2019). 

eDNA represents short DNA fragments collected from water and sediment samples that include 



the genetic material shed from living and non-living organisms, while DNA metabarcoding 

analyses complex biological samples containing all organisms in the community (e.g. 

plankton). These three methods used include Sanger sequencing, quantitative or Real Time 

PCR (qPCR/RT-PCR), Next-Generation Sequencing (NGS) and Environmental Shotgun 

Sequencing (ESS), with the resulting sequences compared to reference databases such as NCBI 

GenBank, BOLD, Silva, PR2 and Metazoogene.  

eDNA, eRNA and DNA metabarcoding provide a fast and accurate method for assessing the 

presence of taxa in different sampling locations to support MFC estimation, as well as more 

broadly to estimate biodiversity (α and β) and intraspecific diversity, including taxa that are 

difficult to identify using morphological methods (Ruppert et al., 2019; Thomsen & Willerslev, 

2015), such as small, rare or cryptic species (Guy-Haim et al., 2022) and early life stages 

(Carreton et al., 2019; Couton et al., 2019; Ershova et al., 2019; Govender et al., 2022). The 

study of phylogeographic features for hundreds of species simultaneously, termed 

metaphylogeography, can provide valuable information on biogeography, connectivity, and 

dispersal patterns (Adams et al., 2019; Thomasdotter et al., 2023; Turon et al., 2020). While 

eDNA and DNA metabarcoding hold great promise for improving spatial and temporal 

biological monitoring in aquatic ecosystems (Mirimin et al., 2021), the comprehensive 

understanding required for practical application in real-world settings is generally still lacking 

(Harrison et al., 2019; Kirtane et al., 2021; Sassoubre et al., 2016). For example, sequencing 

errors (Edgar & Flyvbjerg, 2015; Turon et al., 2020) can severely bias intraspecies patterns by 

artificially inflating haplotype diversity, while sequence databases and reference libraries often 

lack key marine taxa and rigorous quality control (Paz & Rinkevich, 2021). Also, a better 

understanding of eDNA degradation rates and transport dynamics in aquatic environments is 

essential to better interpret detections (or lack of) and their spatial configuration, with the 



geographic resolution often limited to tens to hundreds of kilometres (Harrison et al., 2019). 

While DNA metabarcoding circumvents some of these limitations by analysing the entire 

community (Beng & Corlett, 2020) the resulting data is semiquantitative, and extrapolation to 

abundances is nontrivial. Finally, these techniques do not per se give information about life 

stage and sex, which might be desirable in MFC modeling. 

Morphometrics and other natural markers

In the absence of connectivity, groups of animals can develop differences in morphology or 

ecological traits. These differences can be driven by genetic differences caused by random drift 

or adaptation to location conditions, plasticity and/or natural tags or “biotags” imparted directly 

from the environment (e.g. chemical markers, see above, or parasite loads). The resulting 

differences in tags or traits can be used to describe population structure (i.e. lack of 

connectivity, as described above in Sections 2.2 and 2.3). Complementary to these approaches 

are the use of organism morphometrics (Silva, 2003), meristics (Watanabe et al., 2009)) and 

otolith shape (Neves et al., 2023). In addition, differences in parasite communities and genetic 

signatures can be used to infer population structure and MFC patterns of the host animal 

(Catalano et al., 2014; MacKenzie & Abaunza, 1998). As with all these methods, if the 

population-level differences are well described, then they can be used to infer connectivity and 

mixed stock composition during brief periods of mixing (Campana et al., 2000). Finally, note 

also that for marine megafauna, individual animals can be tracked using individually-

identifiable external features such as whale flukes, without any need for handling of the animal 

(Marcos et al., 2022). 

At the population level, these natural markers tend to vary over large spatial scales and at coarse 

resolution. Similar to chemical markers, differences in natural markers among groups suggests 



a lack of connectivity, but a lack of difference does not necessarily suggest connectivity nor 

infer the degree of connectivity between them, as these differences can simply reflect similar 

environmental conditions in two different places. In addition, many of these methods are 

labour-intensive and may require lethal sampling (e.g. otolith morphometrics), specific storage 

conditions (e.g. meristics) or specialised taxonomic expertise (e.g. parasite loads). 

Section S2 – Methods used for literature searches

This review was largely derived from ad-hoc literature searches by each coauthor and their 

expert knowledge on the latest methods and research relevant to this review. The list of 

references including their unique identifiers is available on Figshare (doi: 

10.6084/m9.figshare.31325419). To generate Figure 5, four Web of Science Topic searches 

(articles only) were conducted on April 4, 2024 using the following terms: “Allozyme”, 

Microsatellite”, “mtDNA OR cpDNA” and “SNPs”. Total number of articles identified were 

7998, 39289, 75587, and 78924, respectively, separated by publication year (2023 and 2024 

merged). The total number of articles found between 1970 and 1985 was 690 (89.5% 

allozymes, 10% mtDNA or cpDNA, 0.5% microsatellites).  
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