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Abstract 25 

 26 

The concept of a stock of fish as a management unit has been around for well over a hundred years, 27 

and this has formed the basis for the fisheries science. Methods for delimiting stocks have advanced 28 

considerably over recent years, using including genetic, tagging and phenotypic information. In 29 

parallel with these developments, concepts in population ecology such as meta-population dynamics 30 

and connectivity have advanced. The pragmatic view of stocks has always accepted some mixing 31 

during spawning, feeding and or larval drift. Here we consider the mismatch between ecological 32 

connectivity of a matrix of populations typically focussed on demographic measurements, and genetic 33 

connectivity of populations that focus on genetic exchange detected using modern molecular 34 

approaches. We suggest that from an ecological-connectivity perspective populations can delimited as 35 

management units if there limited exchange during recruitment or via migration in most years. 36 

However from a genetic-connectivity perspective such limited exchange can maintain panmixia. We 37 

use case-studies of species endangered by overexploitation and/or habitat degradation to show how 38 

current methods of stock delimitation can help in managing populations and in conservation.  39 

 40 

Keywords: Marine stock assessment, metapopulation, telemetry, molecular markers, ecological 41 

connectivity  42 
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Introduction 43 

 44 

The concept of a ‘stock’ as a population unit that forms the basis of assessment and management is 45 

deeply rooted in fisheries science and practice. Russell (1931) was a pioneer in formalizing how a 46 

stock of fish would change over time due to recruitment, growth, fishing and natural mortality:  47 

S2 = S1 + (R + G) – (F + M) 48 

where S2 is stock in year 2, S1 is stock in Year 1, R = recruitment to the fished stock, G is growth of 49 

individuals in the fished stock, F is fishing mortality and M is natural mortality.  50 

 51 

This straightforward expression helped to form the basis of contemporary quantitative fisheries 52 

science. This includes informing the Beverton-Holt yield per recruit equation, formulated manage 53 

growth overfishing typical of long-lived demersal fish species, such as flatfish and gadoids (Beverton 54 

and Holt, 1957). Russell’s equation first defined the terms used to understand the relationship between 55 

recruitment and stock (Shepherd, 1982), but it had no terms for emigration or immigration and 56 

assumed these to be negligible or balanced in exchange with other populations. Advances in theory 57 

and empirical observations have shown that this assumption is rarely true, so an understanding of the 58 

degree of interchange between populations is crucial to managing exploited species.  59 

 60 

A key assumption of fisheries management is that a stock or management unit can be rigorously 61 

defined. However, the formal definition of “stock” has remained a challenge for over 100 years of 62 

fisheries science (Begg et al., 1999, Booke, 1999, Cadrin et al., 2013). In this review we discuss how 63 

this traditional concept in fisheries biology has been informed by recent advances in molecular 64 

genetics and population ecology, especially the emerging theory of metapopulation dynamics. We 65 

first return to basics and consider fish life histories, and consider where mixing occurs between 66 

stocks. We then introduce tools that can used to quantify the segregation of stocks at different stages 67 

of their life history. We then provide a brief introduction to metapopulation dynamics and consider 68 

examples of where it has been applied to exploited finfish and shellfish species. Next, we use a series 69 

of case studies to illustrate how telemetric, ecological and molecular genetic approaches provide 70 
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insights into stock definition. A recurring theme in this review are the differences between genetic 71 

interchange of populations, and the extent of interchange of individuals among ecologically-72 

connected populations.  73 

 74 

Basic life history concepts and traditional tools 75 

 76 

A useful starting point for consideration of the stock concept in fully marine systems is to consider 77 

life history patterns. In finfish that can undergo extensive circuits of migration, the classic Harden-78 

Jones triangular model (Harden-Jones, 1968) is a helpful simplification of a typical life history (Fig 79 

1a). Under this model regional scale (100-1000 km) current patterns provide the environmental 80 

context for life histories of teleost fish with pelagic larval stages. These fish aggregate to spawn, and 81 

engage in broadcast spawning and external fertilisation.  Aggregation usually occurs by swimming 82 

against currents. However Metcalfe et al. (2002) provide an example of tidal stream transport to 83 

spawning grounds. Post-spawning eggs and larvae drift with the currents until they end up on juvenile 84 

nursery grounds, while spent adults drift back to adult feeding grounds. After a period of time in 85 

nursery grounds which are often shallow, highly productive and provide some refuge from predators, 86 

juveniles migrate against currents to adult feeding grounds. From there, the cycle resumes by counter-87 

current migration to spawning grounds. For a particular species of fish there may be several distinct 88 

stocks, sometimes overlapping temporally and geographically during cycles of migration. Some of the 89 

earliest work in contemporary fisheries sciences focussed on defining such stocks, for example 90 

Atlantic herring (Clupea harengus) on the European shelf in the late 19th and early 20th century 91 

(Cushing, 1967).  92 

 93 

The Harden-Jones Model can be easily extended to migratory fish that spawn in freshwater 94 

(salmonids, alosines, lampreys) or the sea (anguillid eels). It is not applicable to sessile or highly 95 

sedentary shellfish, and here source-sink metapopulation models are more applicable. Many shellfish 96 

do, however, have distinct settlement sites or nursery areas (e.g. scallops, mussels, limpets) but the 97 

distance moved from the adult site is often very small (1–10m). In these cases nurseries for sedentary 98 
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species are mosaics of suitable habitat scattered among adults, for example rock pools in the case of 99 

intertidal limpets (Lewis and Bowman, 1975) or algal turfs in the case of primary settlement of 100 

intertidal mussels. Sometimes adult shells provide the nursery for juveniles, as is the case for some 101 

limpets (Branch, 1975). 102 

 103 

There is extensive “traditional” evidence discrete subpopulations (or stocks) of many marine fishes, 104 

based on morphological characters, spawning phenology and tagging data. Examples include Atlantic 105 

herring (Smith and Jamieson, 1986), European plaice (Pleuronectes platessa) (Hunter et al., 2004) 106 

and Atlantic cod (Gadus morhua) (Smedbol and Wroblewski, 2002). There is however little evidence 107 

of strong population genetic structure over regional spatial scales in any of these species. This could, 108 

in some cases, result from drift in the plankton and on shared inshore nursery grounds, before 109 

populations segregate on the basis of non-genetic cues. Alternatively, adult movement could lead to 110 

extensive mixing of stocks occurs during the adult phase on spawning grounds (Hunter et al. 2004), 111 

where exchange of genetic material presumably occurs and prevents evolution of genetic 112 

differentiation. Such adult migrations could be over long distances (> 1000 km), such as the migration 113 

that leads to broad-scale genetic similarity among stocks of European hake (Merluccius merluccius) 114 

(Pita et al., 2011).  115 

 116 

The approaches used to define stocks are varied (Fig 1b). These range from conventional tags with 117 

individual identifiers (e.g. Kleiber et al., 1987, Begg and Waldman, 1999; Kohler and Turner, 2001), 118 

to meristic counts of fin rays or vertebrae (e.g. Meng and Stocker, 1984). Parasites have long been 119 

recognized as potential biological tags (Lester, 1990), while more recently telemetry based on 120 

electronic tags has been used to define movements of larger fish such as basking sharks (Sims, 2010). 121 

Advances in technology are driving the miniaturisation of devices, enhancing memory capacity and 122 

enhancing the spatial scale of studies through satellite linkages (Priede, 1984, Sims et al., 2009, Sims, 123 

2010). Now, a wide range of fish species have now been tagged, for including Atlantic cod, European 124 

hake and anglerfish (Lophius piscatorius) (de Pontual et al., 2013, Righton et al., 2006, Turner et al., 125 

2002, Wearmouth et al., 2014). However, these fish are mainly large-bodied and/or in the adult phase, 126 
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although tagging of wild juvenile fish for telemetry is technically feasible (McMichael et al., 2010). 127 

Additionally methods such as passive integrated transponder (PIT) tagging with unique individual 128 

‘bar codes’ allows juveniles to be tagged because the tags are small and no bulky batteries are 129 

required (Gibbons and Andrews, 2004, Skalski et al., 1998). However, long-term, long-range 130 

telemetric tracking for most species is limited by the challenge of fish size on the nursery grounds. 131 

Thus using traditional or telemetric methods, typically only the adult, subadult and late juvenile 132 

phases of migration are tractable to study (Sims, 2010). As an alternative to traditional methods of 133 

stock delimitation, in the 1970s, genetic-based methods we tested and have since increased in 134 

prevalence. Early work used allozymes (Grant et al., 1980, Mork et al., 1985), whereas subsequently, 135 

assays of mitochondrial and nuclear DNA sequence variation have been more commonly used. In 136 

parallel there have been significant developments in the application of geochemical analytical 137 

methods to quantify sclerochronological records in otoliths, scales and shells (Fig 1c).  138 

 139 

The Metapopulation Concept and Connectivity 140 

 141 

The metapopulation concept provides a valuable theoretical framework for discussing the spatial and 142 

temporal dynamics of fish stocks. Going back to the early ideas of island biogeography proposed by 143 

MacArthur and Wilson (1967) and first formulated by Levins (1969), a metapopulation is today 144 

defined as any ‘assemblage of discrete local populations with migration between them’ (Hanski and 145 

Gilpin, 1997). Extinctions of local populations may occur. However, their subsequent recolonization 146 

through the dispersal by a few individuals will result in the long-term persistence of this ‘population 147 

of (sub-) populations’. The level of connectivity between the local populations as well as differences 148 

in features of the local habitats lead to a range of possible metapopulation systems (Harrison and 149 

Taylor, 1997, Fullerton et al., 2011, Fig. 2). The classical metapopulation consists of similar, discrete 150 

populations (Fronhofer et al., 2012). These are connected by relatively rare dispersal events that only 151 

just prevent complete isolation of the individual populations (Fig. 2b). If, however, connectivity is 152 

very low, this may lead to a non-equilibrium metapopulation consisting of completely isolated local 153 

populations (Fig 2c). Here, persistence of the individual populations is unlikely as recolonization from 154 
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neighbouring populations following local extinction events is unlikely. On the other end of the 155 

‘dispersal scale’, complete mixing of these populations would likely result in a single large panmictic 156 

population (Fig 2a). In the case of non-equilibrium, classical and panmictic metapopulations habitat 157 

quality and local population sizes are relatively equal. However mainland-island metapopulations are 158 

characterised by sharply contrasting population sizes (Fig 2e). Particularly large populations 159 

contribute most to connectivity of the metapopulation system and, by re-colonising smaller 160 

populations that would not be able to persist without such input, this results in the persistence of the 161 

metapopulation. Source-sink metapopulations are similarly characterised by ‘donor’ and ‘receptor’ 162 

populations. Here the ‘sink’ feature stems from poor habitat quality rather than from small population 163 

size (Harrison and Taylor, 1997, Fronhofer et al., 2012).  164 

 165 

Many anadromous fish species such as the sockeye salmon (Oncorhynchus nerka) display 166 

characteristics of metapopulation systems (Quinn et al., 2012, Peterson et al., 2014). Schtickzelle and 167 

Quinn (2007) list three conditions that are essential for the metapopulation concept to apply, and, after 168 

reviewing the life history traits of the sockeye salmon, found these to be fulfilled. First, the habitat 169 

patches inhabited by the local populations have to be discretely disconnected by a ‘matrix’ of 170 

unsuitable habitats. This is the case for sockeye salmon, as limited movement of the males during the 171 

spawning season takes place within but not between sites, resulting in distinct populations. Second, 172 

the dynamics of the local populations must be somewhat asynchronous, decreasing the likelihood of 173 

extinctions of the whole metapopulation complex through simultaneous local extinctions. This, too, is 174 

likely the case for O. nerka as several studies have found that correlation in survival rates between 175 

populations is low (Peterman et al., 1998, Stewart et al., 2003), allowing for recolonization events 176 

from neighbouring populations to take place in case of local extinctions. Third, some dispersal 177 

between the local populations must occur, as in sockeye salmon when single individuals stray to other 178 

populations during spawning (Schtickzelle and Quinn, 2007).  179 

 180 

The metapopulation concept provides a framework in which to define suitable management units. For 181 

species with source – sink characteristics, such as many shellfish species, it places the emphasis on 182 
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management of the source population. At the other extreme, metapopulations approaching panmixia 183 

need to be considered as an integrated single unit. In the case of occasional exchange between 184 

populations then the management unit or stock would be at the subpopulation level. In the next 185 

sections we provide examples of where each of the approaches outlined above has been used to 186 

investigate spatial dynamics, population ranges and the stock concept in fisheries.  187 

 188 

The concept of metapopulations in open ecosystems requires estimates of connectivity, which can 189 

occur in different ways, and over different spatial and temporal scales. Ecological connectivity can be 190 

broadly thought of as the movement of individuals and associated resources among habitat patches. 191 

For example, in aquatic systems energy and carbon is exchanged between habitats through detritus 192 

and movement of individuals. A notable case is migration of salmonids from offshore marine feeding 193 

grounds to inland rivers, where the carcasses of spent fish contribute essential nutrients to both the 194 

riverine and terrestrial riparian habitat (Cederholm et al., 1999).  Such ecological connectivity can 195 

occur at a variety of spatial scales, and usually is less than 10s of kilometres, but can occasionally be 196 

substantial such as in the case of long-distance rafting of seaweeds (Ingólfsson, 1995).  197 

 198 

Nested within the broader concept of ecological connectivity is that of demographic connectivity, 199 

which occurs between population units either by interchange of migrating adults, subadults or 200 

juveniles, or exchange of planktonic larvae. In many marine species connectivity occurs primarily at 201 

the larval stage, and often with net exchange in one direction from a source to sink populations. Thus, 202 

in marine systems demographic connectivity is commonly determined by propagule pressure and the 203 

permeability of environment between favourable habitat patches, which is often determined by 204 

direction of currents. For a set of populations to be demographically connected, significant exchange 205 

should occur in the majority of years if the net direction and volume of exchange differs.  206 

 207 

Population genetic methods typically estimate a measure of genetic connectivity by the extent of 208 

allele sharing at the population level. It is much less common for genetic approaches to be used to 209 

identify individual migrants, although it is possible (e.g. Simpson et al. 2014). Depending on adult 210 
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population size, exchange of individuals between populations only needs to occur infrequently to 211 

maintain panmixia. Genetic connectivity can be considered from the perspective of its effects on 212 

adaptation and inbreeding (Lowe and Allendorf, 2010). Low levels of genetic connectivity can be 213 

considered as “adaptive connectivity”. Here low gene flow is sufficient to spread advantageous 214 

alleles, and the resultant high levels of genetic differentiation can promote fixation of these alleles by 215 

selection. Moderate levels of genetic connectivity can be considered as “inbreeding connectivity”. 216 

Here moderate gene flow will be sufficient to avoid problems with inbreeding, but differences in 217 

allele frequencies and the effects of selection will be harder to detect. High levels of genetic 218 

connectivity can be considered as “drift connectivity”. Here the substantial gene flow maintains 219 

similar allele frequencies, and we may expect evolutionary divergence will occur primarily through 220 

drift rather than selection (Lowe and Allendorf, 2010). Fundamentally, therefore, the concepts of 221 

ecological-demographic connectivity and genetic connectivity are very different. Demographic 222 

connectivity focusses on quantifying the flow of individuals irrespective of reproductive contributions 223 

to the population, while genetic connectivity focusses on the number of migrants that ultimately 224 

reproduce and share alleles between populations. 225 

 226 

Case study 1: Management insights from telemetric studies 227 

 228 

Recently, telemetry (or biologging) tagging studies have demonstrated that relatively inexpensive tags 229 

can be used to determine of spatial movements and behaviour patterns of hundreds of individuals 230 

from a single species over multiple annual cycles (Block et al., 2005, Block et al., 2011, Humphries et 231 

al., 2010, Righton et al., 2010). Telemetry is fast transforming into a means to understand spatial 232 

dynamics and migrations at the population level. In the future this technology is likely to take an 233 

increasing role in the management of population units as it becomes cheaper and miniaturises further. 234 

However, despite the recent progress, there are relatively few clear examples of cases in which 235 

electronic tracking of a relatively few individuals has resulted in species management action. Basking 236 

sharks (Cetorhinus maximus) provide at least one example of the power of telemetric tracking of 237 

migratory movements of adults for conservation action. 238 
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 239 

The iconic basking shark is the world’s second largest fish species, reaching up to 12 m in length and 240 

approximately four tons in weight (Sims, 2008). Organised fisheries for basking shark have existed in 241 

the north-east Atlantic region since at least 200 years ago (Fairfax, 1998), and the earliest directed 242 

fisheries for pelagic sharks were probably for this species (Pawsons and Vince, 1999). The basking 243 

shark is at particularly high risk from overexploitation, even among elasmobranchs. This because in 244 

addition to slow growth and late sexual maturity, their fecundity is among the lowest for any marine 245 

vertebrate species with approximately six offspring per mature female produced every second or third 246 

year (Sims, 2008). By the 1990s there was concern within the UK government, the national statutory 247 

agencies and among conservation groups that populations of basking sharks were in low numbers. 248 

Although reliable population size estimates were lacking, declines in directed fishery catches had 249 

been documented since the 1950s. As an indicator of the extent of historic fishing, records suggest 250 

that between 1946 and 1997 in the north-east Atlantic an estimated 105,730 mature basking sharks 251 

were killed, landed and processed for meat and oil (Sims and Reid, 2002). 252 

 253 

Basking sharks were protected in UK territorial waters in April 1998, largely as a result of applying 254 

the precautionary principle. There was a need to understand spatial movements to make progress in 255 

broadening conservation, and this was mainly because previous proposals to list basking sharks under 256 

the Convention for International Trade in Endangered Species (CITES) Appendix II had failed. This 257 

failure was in part because it was unclear whether basking shark regional declines were genuine, and 258 

not a result of large-scale shifts in distribution. In 2001-2002, however, basking sharks tagged off the 259 

UK were tracked for up to nine months using newly available satellite-linked archival transmitters 260 

(Sims et al., 2003, Sims et al., 2005). Tracking showed that although C. maximus moved long 261 

distances over several months (up to 3,400 km in 5 months) and across European national boundaries, 262 

they largely remained faithful to productive front habitats of the north European continental shelf and 263 

shelf-edge habitats (Sims et al., 2003). This suggested that a basking shark ‘stock’ was centred on the 264 

North-East Atlantic year-round. Therefore, catch declines observed over the previous decades were 265 

less likely due to emigration, and instead were more likely to be reflective of real declines in 266 
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population abundance across the region (Sims et al., 2005). The tracking data were incorporated into 267 

the UK-led proposal that gained successful listing for basking sharks on CITES Appendix II in 2002 268 

that was enforced from February 2003. This was a watershed for CITES because not only was it the 269 

first shark to be listed, but it was also the first commercially exploited marine fish. 270 

 271 

Since 2003 the basking shark has been the subject of growing protection as a potentially endangered 272 

species (Sims, 2008). A study by Southall et al. (2006) demonstrated the extent of seasonal migrations 273 

of basking shark in the various waters around the U.K., Ireland and France, and into international 274 

waters. In particular, sharks from the English Channel were shown to migrate from the Channel 275 

through the Irish Sea or around Ireland up into Scottish waters. These extensive migrations also 276 

placed basking sharks at risk in international waters and demonstrated the need to view the 277 

management unit as one of the whole North East Atlantic out to the shelf edge. In November 2005 278 

this information led to basking sharks being afforded protection under Appendix II of the Convention 279 

for the Conservation of Migratory Species of Wild Animals (CMS) (Sims, 2008). Furthermore, the 280 

listing of basking shark by CITES and CMS led to an outright ban on European Community vessels 281 

catching, keeping on board, or landing basking sharks inside and outside European waters from 2007 282 

onwards (Article 5.6, EC regulation no. 41/2007), thus making the basking shark one of the most 283 

protected species of shark (Sims, 2008).  284 

 285 

Case study 2: Ecological connectivity in rocky shore assemblages 286 

 287 

Extensive long-term datasets exist for many rocky shore assemblages (Mieszkowska et al., 2014). 288 

Where such datasets are spatially explicit they provide the opportunity to examine temporal 289 

concordance of recruitment within species. In principle, a high degree of synchrony among 290 

populations may be a considered indicative of extensive spatial mixing of larvae among populations. 291 

Alternatively, synchronised fluctuations in larval supply driving later synchrony of breeding in sessile 292 

or sedentary adult populations (e.g. in barnacles, Kendall et al., 1982). Finally, such synchronisation 293 

among otherwise isolated populations could be driven by an extrinsic environmental factor operating 294 



12 
 

at a large spatial scale,  as has been shown among Soay sheep populations on islands in the St. Kilda 295 

archipelago (Grenfell et al., 1998). 296 

 297 

This general approach of studying intraspecific recruitment synchrony has been used to form the basis 298 

of comparisons among species with different life history traits. Using long-term monitoring data from 299 

around the Sullom Voe oil terminal in Shetland, Burrows et al. (2002) quantified the degree of 300 

recruitment synchrony of several rocky shore species. The barnacle Semibalanaus balanoides with at 301 

least four weeks in the plankton showed the most spatial synchrony in recruitment. This was much 302 

less in species with shorter-lived planktonic larvae such as the limpet Patella vulgata and the non-303 

planktonic direct developers such as Littorina saxatilis, Littorina obtusata and Nucella lapillus. This 304 

research showed that there was concordance and hence high ecological connectivity over scales of 10s 305 

of kilometres on a complex coastline for species with long-lived planktonic larvae. In contrast, the 306 

population dynamics of other species is very typical of the small-scale patchiness typical of many 307 

rocky shore assemblages driven by a combination of external stochastic factors and complex internal 308 

interactions (Hartnoll and Hawkins, 1985, Burrows and Hawkins, 1998, Johnson et al., 1997, Johnson 309 

et al., 1998).  310 

 311 

Case study 3: Molecular genetic data and fish conservation 312 

 313 

In recent years molecular genetic data have been used to inform the management of endangered fish 314 

species. Here we give examples from species of skate, sea lamprey and shad to illustrate how these 315 

data can address broad aspects of species life histories relevant to spatial management. 316 

 317 

Dipturus batis was sufficiently abundant enough in coastal waters of the U.K. in the late 19th century 318 

to be called the “Common Skate” (Heape, 1888, Clark, 1922). But following decades of exploitation 319 

by trawling and bottom-set long-lining it had become biologically extinct across much of inshore 320 

waters around the British isles by the 1970s (Brander, 1981). Recent work using mitochondrial and 321 

nuclear microsatellite markers examined the spatial genetic structure of common skate in shelf seas 322 
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around the U.K. and Ireland using samples from survey cruises, anglers and bycatch. This work threw 323 

up a major surprise. Two genetically distinct and geographically disjunct clades of “common skate” 324 

were identified, and when placed into the context of other European skates they were shown not to be 325 

sister clades (Griffiths et al., 2010). These two clades have clearly defined temperature optima with a  326 

“northern” clade being bounded by warmer summer water conditions greater than 17 ºC, whilst a 327 

“southern” clade is bounded by cold winter temperatures of <8 ºC. In this case, genetic studies 328 

alongside morphological evidence from a parallel study (Iglésias et al. 2010), have helped define the 329 

target taxa for conservation action. They have clearly demonstrated a species that has been listed by 330 

the International Union for Conservation of Nature as Critically Endangered is actually two taxa, each 331 

with a much smaller geographic range. These data provide clear grounds for each taxon to be further 332 

listed as Critically Endangered species. Clearly management and conservation initiatives need to be 333 

revisited in light of these results (Neat et al., 2014). 334 

 335 

Sea lamprey (Petromyzon marinus) is a migratory species that are typically marine and parasitic as 336 

adults, migrate to spawn in freshwater, and are freshwater sediment feeders as juveniles. Genetic work 337 

revealed a pan-Atlantic species with two clearly defined stocks on each side of the Atlantic (Genner et 338 

al., 2012). The weak genetic structure on each continental seaboard is consistent with a lack of natal 339 

homing and a lifestyle involving extensive journeys as an ectoparasite on large hosts that undergo 340 

extensive migrations including minke whales (Nichols and Tscherter, 2011) and basking sharks 341 

(Wilkie et al., 2004). From a conservation perspective, an integrated North American or European 342 

view has to be taken as each is a panmictic stock needing protection in all the rivers in which 343 

successful spawning and nursery areas occur.   344 

 345 

A more complex picture has emerged with two closely related and endangered species of alosines in 346 

European waters, the allis shad (Alosa alosa) and twaite shad (Alosa fallax). These large migratory 347 

clupeids typically occupy marine environments as adults, but enter rivers to spawn. These species 348 

overlap in their breeding grounds, and reproductive barriers between these two species are breaking 349 

down. Hybridization, which was evident from morphology, has been confirmed using genetic 350 
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methods (Jolly et al., 2011). Up to 70% of individuals within a breeding population can have some 351 

hybrid origin (Jolly et al., 2012). Insight of the genetic structure of the pure species has been gained 352 

using microsatellite markers. The land-locked subspecies of the twaite shad found in Lough Leane, 353 

Ireland, (A. fallax killarnensis) was shown to be highly genetically distinct from fully migratory 354 

populations in British and Irish waters. In the twaite shad there was isolation by distance suggesting 355 

limited gene flow between breeding populations and consistent with natal homing (Jolly et al., 2012). 356 

In the allis shad, two genetic clusters of breeding individuals were revealed, one in the Solway Firth in 357 

the northern Irish Sea, and second associated with the Tamar river South-West of England. These 358 

distinct populations clearly require targeted local action plans to help conserve and preserve their 359 

limited breeding populations.  360 

 361 

Case study 4: Shellfish stocks – Exploitation and connectivity of limpet populations 362 

 363 

We draw on genetic work on limpet populations in archipelagos and on linear coastlines. Limpets are 364 

heavily exploited in several regions of the world, for example South Africa, Chile and Hawaii 365 

(Castilla and Duran, 1985, Siegfried et al., 1994, Branch and Odendaal, 2003). In the Macaronesian 366 

Islands (Azores, Canaries, Madeira) and Mediterranean several species of Patella are at risk from 367 

overexploitation (Templado, 1997, Hawkins et al., 2000). In the Azores, stocks have been under 368 

pressure since the 1980s with the endemic species, Patella aspera and Patella candei, being at risk 369 

(Hawkins et al., 2000, Martins et al., 2008). Genetic work using allozymes (Côrte-Real et al., 1996a, 370 

Côrte-Real et al., 1996b, Weber and Hawkins, 2002, Weber and Hawkins, 2005) and mitochondrial 371 

DNA markers (Koufopanou et al., 1999, Sa‐Pinto et al., 2008) has confirmed the endemic nature of 372 

the species on the islands compared to the mainland. The mainland Patella ulyssiponensis is a direct 373 

sister taxon to P. aspera endemic to the Macaronesian Islands. P. candei is a complex of species with 374 

clades associated with each island group.  375 

 376 

More recent work has used microsatellite markers to understand connectivity across and within 377 

archipelagos in Macaronesia to define stocks of exploited species (Faria et al., 2015). Using a suite of 378 



15 
 

polymorphic markers derived from next generation sequencing, P. aspera was shown to have one 379 

unstructured population in the Azores, which was significantly different to the population on the 380 

Canaries. This was despite the highly scattered nature of the Azorean archipelago with widely 381 

separated Western, Central and Eastern group of islands. Thus, P. aspera on the Azores is a classic 382 

metapopulation, with spatially separated populations connected by larval exchange. Furthermore, the 383 

detection of significant inbreeding (FIS) estimates using the Chybicki and Burczyk (2009) approach 384 

suggests a relatively small effective population size, perhaps due to the lack of large females as a 385 

result of exploitation of this protandric species. These results indicate that if statutory conservation 386 

measures such as closed seasons, minimum catch sizes, licensing of commercial limpet collectors and 387 

Marine Protected Areas are enforced (Martins et al., 2011), then recovery of the very sparse 388 

populations in the Eastern Group (Sao Miguel and Santa Maria islands) should be possible from the 389 

healthier, less-exploited populations in the Central and Eastern Groups (Martins et al., 2008). These 390 

results suggest that limpet conservation and fisheries management in the Azores needs to be viewed 391 

from a whole archipelago perspective. Very limited genetic and individual exchange with the Madeira 392 

and Canaries archipelagos would inhibit the re-population of depleted Azorean stocks. Notably, 393 

limpets in these other archipelagos are also under pressure (Côrte-Real et al., 1996a, Ferraz et al., 394 

2001, Navarro et al., 2005, Nunez et al., 2008).  395 

 396 

Population genetics has been used to assess connectivity in the largely unexploited Patella rustica 397 

which has shown recent shifts in range extent on the Iberian coastline in response to climate change 398 

(Lima et al., 2006, Lima et al., 2007). This is a typically warm-temperate species which occurs on the 399 

Atlantic coast of North Africa and throughout the Mediterranean. However it has historically had a 400 

large distribution gap, being absent from Central Portugal to Galicia, before re-appearing on the 401 

Asturian and Basque coasts, and continuing to a northern limit on the last rocky substrate of the 402 

Basque coastline around Biarritz (Nobre, 1940, Fischer-Piette, 1963). Regional warming appears to 403 

have led to the recent colonization of this historical gap from the late 1990s and early 2000s, and it 404 

does not appear to be an ephemeral event. Densities at newly-colonised sites have been steadily 405 

increasing since the biogeographic gap since 1990s, although remaining considerably below the 406 
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values recorded within historical range in southern Portugal (Sousa et al., 2012). The colonisation 407 

event demonstrates that larval dispersal from neighbouring populations does occur to some extent, but 408 

not necessarily in large numbers. Despite the long-standing nature of the distributional gap, Ribeiro et 409 

al. (2010) found no evidence of genetic differentiation between historical populations on either side of 410 

the former gap using microsatellite and mtDNA markers. This suggests that the Iberian-Atlantic coast 411 

is inhabited by a single metapopulation, and that the gap was not an effective barrier to gene flow or it 412 

did not last long enough (at least 70 years) for genetic differentiation to occur. In species typically 413 

possessing high effective population sizes, as is the case of patellid limpets, genetic drift can be very 414 

slow, and even very low levels of gene flow can be sufficient to homogenize gene frequencies 415 

(Slatkin, 1993). In this case, occasional larval exchange across the stretch of inhospitable habitat in 416 

north-western Iberia may have been sufficient for genetic panmixia; but clearly there had been little 417 

significant ecological connectivity for many decades. 418 

 419 

Moving forward 420 

 421 

Genetic approaches can give insights into gross definition and extent of genomic admixture among 422 

management units which may be important in conserving biodiversity especially of slowly 423 

overexploited species at risk of extinction. Recent molecular techniques are increasing our ability to 424 

look at genome-wide polymorphism, not only improving our understanding of population 425 

demography and structure, but also uncovering adaptive genetic differentiation in species which are 426 

genetically homogeneous at neutral loci over broad spatial scales (e.g. Bourret et al., 2013, Hess et al., 427 

2013, Wit and Palumbi, 2013). Population genomics can thus provide vital information for fisheries 428 

management and species conservation, as it can potentially revolutionize the delineation of 429 

conservation units, as well as our understanding of the adaptive response of populations to rapid 430 

environmental change and the evolutionary consequences of selective harvesting (Nielsen et al., 2009, 431 

Funk et al., 2012). Nevertheless, genetic approaches will not be able to quantify the true levels of 432 

demographic connectivity and the ecological effects of movement. Population genetic estimates of 433 
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genetic connectivity are rarely coupled with methods for measuring demographic connectivity, and 434 

thus there is currently little understanding the relationship between the two variables. 435 

 436 

The way forward is to apply a battery of techniques being fully aware of the advantages and 437 

limitations of each. Geochemistry may provide some insights into the parts of the life history that are 438 

less tractable to follow with tracking methods, such as movement in plankton and on nursery grounds 439 

(Carvalho and Hauser, 1995, Thorrold et al., 2002, Tanner et al., 2014).  Computer simulations of 440 

particle dispersion patterns using real-temporal hydrographic data from eddies and local currents can 441 

also provide additional insights into larval dispersal and routes to nursery grounds (e.g. Schunter et 442 

al., 2011). Continuous tagging of hundreds of individual fish within a population using archival 443 

datalogging tags and/or satellite relay transmitters, may help us to better understand where adults and 444 

subadults movement behaviour, and consequently, how they can be better managed using spatial 445 

measures including adaptive closed areas, static marine conservation zones and specific fishing 446 

restrictions. Similarly, implantable PIT tags have the potential for monitoring post-larval and juvenile 447 

stages, but only if networks of PIT detectors are deployed and maintained widely in nursery areas to 448 

identify and log the presence (absence) of individuals. Population-level tracking of fish for sustainable 449 

fisheries management is becoming tractable and is one of the new frontiers in animal biologging 450 

science. Applying a range of techniques can give insights into the level of exchange of individuals 451 

between populations, hence its importance of migration. Only if there is considerable exchange would 452 

this prompt aggregating fish from different locations into management units.  453 

 454 

Conclusions 455 

 456 

Genetic methods provide a valuable toolbox for assessing dispersal paths and source-sink dynamics. 457 

Genetic estimates of connectivity, however, do not equate to ecological connectivity in the sense that 458 

genetic panmixia can result from occasional exchange per generation while for true ecological 459 

connectivity there needs to be significant exchange in most years. This mirrors the fisheries ecology 460 

perspective, where exchange between connected meta-populations should occur in most years for a 461 
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set of populations to be a realistic management unit. Population connectivity can indicated by spatial 462 

concordance of recruitment, but this may be an intractable approach in spatially extensive network of 463 

populations needs to be monitored with high temporal resolution for a long-time (>10 years as in the 464 

rocky shore examples above, Burrows et al., 2002). Alternatively, there has to be suitable skeletal 465 

markers of age and hence age structure in long-lived populations. In heavily exploited populations, 466 

such longevity is rare. Finally, it is worth considering that even if greater genetic resolution was 467 

possible, there will be a temporal disconnect between the evolutionary processes the drive genetic 468 

differentiation over generational timescales (Waples, 1998), and the ecological-demographic 469 

connectivity that takes place over interannual timescales. Nevertheless, the methods that can be 470 

measure these differences in connectivity are all potentially informative as long as the difference 471 

between genetic and ecological-demographic connectivity is understood. This needs to be alongside a 472 

good comprehension of other fundamental aspects of species biology, including life-history traits, 473 

habitat utilisation and extrinsic influences on demography.  474 
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Figure Legends: 486 

 487 

Fig. 1a) The Harden-Jones (1968) model illustrates patterns of fish migration between spawning 488 

grounds, nursery grounds and feeding grounds. b) Various traditional and more contemporary 489 
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techniques (upper case italics) have been used for direct tracking of individuals and for definition of 490 

stocks. c) More modern indirect methods (upper case italics) such as genetics, geochemistry and 491 

larval dispersal modelling. Solid arrows indicate main pathways of migrations and dashed arrows 492 

secondary pathways of migrations. Curved arrows indicate dominant direction of currents. 493 

 494 

Fig. 2) Variation in the structure of metapopulations depending on the degree of connectivity (y-axis) 495 

and the number of individuals involved (x axis). Illustrated are: a) a panmictic metapopulation, b) a 496 

classic metapopulation, c) a non-equilibrium metapopulation, d) patchy populations, e) a mainland-497 

island or source-sink metapopulation, and f) very low dispersal populations. Filled and empty patches 498 

represent existing and extinct populations, respectively. The direction of the arrows marks the 499 

direction of dispersal between populations. Dashed and solid arrows indicate past (extinct) and 500 

existing dispersal connections, respectively. Note panels d and f are not discussed in the text, as these 501 

scenarios are not considered metapopulations. The figure is adapted from Fullerton et al. (2011) and 502 

Harrison and Taylor (1997).  503 
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