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Chapter 5 

Conclusions 

The multitude of anthropogenic actions that today impact the marine environment range from 

overexploitation, pollution, and eutrophication to the introduction of invasive species (Jansson & 

Dahlberg 1999; Islam & Tanaka 2004; Pauly et al. 2005; Molnar et al. 2008). Together with 

rapid alterations in environmental conditions brought about by the increasing speed of climate 

change, these factors confer increasing pressure on marine organisms. In this thesis, I took a 

population genetic approach to shed light on the population genetic divergence, effective 

population size, and local adaptive potential of three keystone organisms in the North Atlantic 

and Baltic Sea ecosystems: grey seals (Halichoerus grypus), humpback whales (Megaptera 

novaeangliae), and two sand lance species (family Ammodytidae). Such knowledge forms a 

baseline on which to design sustainable resource management measures and effective 

conservation actions.  

 

In my first research chapter - the study of the Northern European grey seal subspecies H. grypus 

grypus and H. grypus atlantica – my colleagues and I combined nuclear and mitochondrial 

genetic markers with zooarchaeological, demographic, and life history data to gain knowledge of 

the processes driving subspecies divergence, local extinction and recolonization. These data 

revealed that the grey seal subspecies of the North Sea and Baltic Sea diverged ca. 4,200 yrs BP 

due to an isolation process that was presumably initiated by cooling and increasing ice cover of 

the Baltic Sea 3,500-4,500 yrs BP, and upheld by continued anthropogenic disturbance. We 

further discovered that the historic grey seal population in Danish waters was genetically 

connected to the Central Baltic Sea, while recolonizers of the same region today stem from either 

North Sea or Baltic Sea. Lastly, we identified one location in the southwest Baltic Sea that 

harbors admixed individuals, suggesting that this might be a place of subspecies-reconnection in 

the near future. Of particular value to our study was the integration of modern and historic 

genetic data which allowed us to specifically compare the genetic affiliation and condition of the 

pristine (pre-extinction) with the post-exploitation (recolonizing) individuals. 

 

As with the grey seal study, my colleagues and I used nuclear and mitochondrial genetic markers 

to shed light on the extent of gene flow between the two only known humpback whale 

(Megaptera novaeangliae) breeding grounds in the North Atlantic, and to evaluate the status of 

the small breeding population in Cape Verde. Humpback whales in the North Atlantic have 

undergone a drastic depletion during the 19th and 20th century due to heavy whaling activity, and 

it is only within the last 60 years that they have had a chance to recover (Best 1993). Our study 
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was able to show that humpback whales in Cape Verde have likely undergone several historic 

and more recent population declines, and today may be at or below a minimum viable population 

size. In addition, we showed that the amount of long-term average gene flow between Cape 

Verde and the only other known breeding ground in the West Indies is very limited, and indeed 

is of the same level of magnitude as genetic differentiation in humpback whales between ocean 

basins (Jackson et al. 2014).  

 

Finally, my colleagues and I extended the technical approach from genetic to genomic level in 

the third research chapter, in order to investigate population genetic divergence patterns in two 

sand lance species (Ammodytes tobianus and Hyperoplus lanceolatus) in the Baltic Sea and 

North Sea. This study further took one step beyond focusing on the genome alone, and 

additionally drew on information about the associated fish gut and environmental water bacterial 

communities. Three findings emerged: Firstly, the Baltic Sea harbors unique genetic populations 

of sand lances that are differentiated from the North Sea. Genomic regions showed elevated 

divergence not only as a potential response to salinity- and SST-related natural selection, but 

these regions also correlated with the relative bacterial composition of the water. This could hint 

at a potential influence of environmental microbes on the adaptive genetic divergence of these 

marine fishes. Secondly, we confirmed that Baltic Sea A. tobianus exist as two genetic stocks co-

occurring in the same habitat. Thirdly, the gut microbial communities of sand lances are not a 

mere reflection of environmental microbes, but rather the fishes themselves seem to excerpt 

some degree of internal control and selection.  

 

I hope that the application of a range of molecular tools and their integration with environmental, 

count, life history, and microbial data in the thesis presented here demonstrate the usefulness of 

applying genetic methodology to the investigation of marine populations. No other methodology 

is suitable to precisely answer the research questions that were of particular interest to us in this 

context. Population divergence is a process that cannot be viewed or understood from a one-

dimensional perspective. Rather, information through time is necessary to understand patterns of 

divergence, and gain insight into their potential development and maintenance. Population sizes, 

geographic ranges, and connectivity patterns change over time, leaving molecular signatures as 

they do (Csillery et al. 2010). Genetics allows us to uncover such information across multiple 

generations spanning ecological to evolutionary time scales even when only using data collected 

at a single point in time (Pastene et al. 2007; Palsboll et al. 2010).  

Two of my thesis chapters employed an ABC framework to investigate the demographic history 

of two marine mammal species. In the case of the grey seal, this enabled us to estimate the 

divergence time between Baltic Sea and North Sea grey seals, and to identify the current grey 

seal breeding population at Rødsand as admixed between the Baltic Sea and North Sea 

subspecies (Fietz et al. 2016). In the case of the North Atlantic humpback whales, my colleagues 

and I were able to identify genetic signatures of multiple population declines throughout history 
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in the Cape Verde whales. Two challenges inherent to ABC are of particular relevance here. On 

the one hand, ABC will always identify a most likely demographic scenario among the models 

under consideration, even if the true scenario is not among them. On the other hand, prior choice 

may influence the posterior results (Beaumont 2010; Csillery et al. 2010). We accounted for 

these limitations by interpreting ABC results (in the case of the grey seal) in the light of other 

environmental and zooarchaeological data. Additionally, (in both humpback whale and grey seal 

studies) we tested different prior settings, compared posteriors, and integrated biological and 

geographical knowledge of the species and location; both measures allowed us to reach the most 

plausible conclusion. A possibility for future improvement is the ratification of our interpretation 

by computer simulations. Even when we assume that the most likely demographic scenario 

resembles the truth, this scenario may be caused by a number of different events. In the case of 

the humpback whale, we know that gene flow is present between the two breeding grounds. 

Therefore, we can currently not rule out the possibility that the genetic bottleneck signal in the 

Cape Verde population may stem from the West Indies whales and has been ‘transported’ into 

Cape Verde via migrants. A simulation study may shed light on the likelihood of such scenario 

versus alternatives. In this way, we will be able to make more detailed statements about the 

current state of the Cape Verde population compared to a historic state.  

 

Besides providing information on demographic history, DNA holds a vast source of other 

information with which we may be able to understand the molecular basis for adaptive 

differences between populations. In the sand lance chapter, my colleagues and I demonstrated 

that genetic outlier detection methods were particularly useful to detect correlations of genomic 

regions of elevated divergence with environmental conditions, hinting at potential adaptive 

divergence. The use of multiple analytical approaches and the use of only those loci identified as 

outliers by all of these approaches safeguarded against over-interpretation and the integration of 

false positives. However, the restriction to correlative interpretation remains a limiting factor to 

this genetic outlier approach. While we may find correlative patterns of genetic divergence and 

environmental factors and hypothesize environmental heterogeneity to be a driving force behind 

this divergence, we cannot draw any conclusions about the causal roles that certain parameters 

play in the development of adaptive divergence. A controlled experimental setup is necessary to 

do so.  

 

Due to an interest in gaining more insight into which factors and processes may drive such 

adaptive divergence, I expanded the ‘classical’ approach of viewing divergence and adaptive 

potential at the host genomic level, to include a microbial study component into the sand lance 

project, The underlying rationale was linked to a recently proposed hypothesis embedded within 

the ‘holobiome’ concept – that an organisms’ adaptive potential to the environment may be 

linked to its microbial commensals (Alberdi et al. 2016). Indeed, this approach enabled us to find 

evidence in support of the hypothesis that host genetics may play a role in regulating the gut 
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microbiome at not only the inter-specific, but also intraspecific level. Further, we identified 

genetic divergence along an environmental gradient that at least correlates with water bacteria. 

This may indicate that bacteria adopted from the environment play important roles in a 

population’s adaptability to its local habitat. A limitation of this study is, of course, its inability 

to identify functional effects. Besides, it is known that environmental parameters such as salinity 

and SST correlate with environmental bacteria in the Baltic Sea (Herlemann et al. 2016). A 

future study will need to conduct controlled laboratory experiments and ideally combine 

common garden experiments with in situ work to resolve cross-correlations between an 

organisms’ genome, its microbiome, and environmental effects, ultimately fully linking the 

system together. In doing so, we may also be able to move beyond the detection of correlations 

and assess the causal roles of microbiome and environmental factors in shaping the adaptive 

potential of wild populations. Given the importance of microbiota for the health of an organism 

(Tremaroli & Backhed 2012; Amato et al. 2013; Vatanen et al. 2016), I would recommend more 

population genomic studies to integrate microbiomic with population genomic datasets to gain a 

yet more realistic understanding of the adaptive potential of their study organisms.  

 

Implications for marine conservation management and the future 

 

I believe my thesis illustrates the wide utility of genetic and genomic methodology in a 

conservation-management framework. As time and monetary resources are limited in almost any 

such framework, it is important to carefully select the species, methods, and research questions 

that will allow us to acquire maximal knowledge while investing minimal money and effort. My 

thesis focused exclusively on non-model keystone species. Keystone species have a 

disproportionately large effect on their environment and are often central for maintaining an 

ecosystem in a healthy, stable state (Mills et al. 1993). Knowledge of such species and proper 

management of their populations is therefore particularly important. In my three research 

chapters I have covered a variety of different scenarios in which population genetic knowledge 

may be key for good conservation management of these keystone species: i) Previously 

decimated, currently recovering (Northern European grey seals), ii) potentially endangered with 

small effective population size (Cape Verde humpback whales), and iii) abundant, but exploited 

for economic reasons (North Sea and Baltic Sea sand lances). For each scenario, a different set 

of management measures benefitting from the knowledge I have generated here will be 

appropriate. 

 

Northern European grey seals have, in recent decades, been recovering from anthropogenic 

exploitation and environmental pollution and today are increasing in population size. As their 

numbers steadily increase, so does conflict with fishermen (Konigson et al. 2009; Gardmark et 
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al. 2012), and since new regulations were put into action in Denmark in 2014, a limited number 

of seals may be shot each year in Danish waters (Naturstyrelsen 2014). Similar regulations are in 

place in Sweden, where 480 individuals were allowed to be shot in 2016 (Ekström 2016; 

Naturstyrelsen 2016). The two subspecies have different life histories and accordingly, they are 

likely to also have different population dynamics. If managed as one population, it is likely that 

decimation measures will be inappropriate for at least one subspecies, leaving it vulnerable local 

extinction once again (Taylor et al. 2000; Palsboll et al. 2007). In this management context, the 

findings of our study highlight the importance of distinguishing grey seals as different genetic 

and demographic units in Skagerrak, Kattegat, and the southwest Baltic.  

 

The number of North Atlantic humpback whales alive today is only a fraction of their historic 

population size (Stevick et al. 2003). This is the result of extensive hunting throughout the last 

centuries, and leaves them in need of effective protection. Our study highlights a couple of issues 

worth considering in future management efforts. Given the characteristics of the Cape Verde 

breeding population – effective population size potentially at or below a minimum viable size, 

and little genetic connectivity with the only other known breeding ground in the North Atlantic – 

the Cape Verde humpback whale population requires particular management attention, as it may 

be vulnerable to stochastic effects of inbreeding and to anthropogenic disturbances. Besides, 

integration of our genetic data with known observation data revealed a potential heterogeneous 

use of the Caribbean waters. If indeed this is the case, management measures need to take this 

into consideration as the treatment of the Caribbean as one population may put them at increased 

risk of decimation (Taylor et al. 2000; Palsboll et al. 2007). A next step in humpback whale 

research should therefore focus on testing the degree of molecular distinction between 

Guadeloupe in the East and the main breeding ground around the Dominican Republic in the 

West Indies. 

 

Sand lances are highly abundant in the North Sea and Baltic Sea and represent a major food 

source for many marine organisms (Rindorf et al. 2000; Furness 2002; Frederiksen et al. 2006). 

Furthermore, they are a major component of North-East Atlantic commercial fisheries (Anderson 

et al. 2012). In the North Sea, Skagerrak and Kattegat, sand lances are divided into seven 

assessment areas based on the assumption that adults do not interbreed significantly at a scale 

larger than 200 km (Pedersen et al. 1999; Lewy et al. 2004), while no separate units are defined 

in the Baltic Sea. Under this management scheme, the five species of sand lances present in the 

North-East Atlantic are treated as one. A steep decline in North Sea sand lances throughout the 

last decade and decreasing annual quota suggest that the current management scheme is not 

ideal, possibly due to a lack in understanding of their population connectivity and consequent 

suboptimal management area design. Our results suggest that at least two of the five different 

sand lance species differ in their population divergence patterns, and that as a result connectivity 

of different areas might not be comparable across species. As such, it is worrisome to treat them 
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as a single management unit (‘species’) as is currently the case. However, in order to draw solid 

conclusions that are informative for stock management and for a potentially more beneficial 

stock division, i) management objectives and stocks should be quantitatively defined (Taylor et 

al. 2000), and ii) molecular studies will need to make an effort to quantify gene flow between 

areas to determine when a separation into different management stocks is appropriate. 

Furthermore, in order to ensure adequate depiction of population connectivity and despite the 

small home ranges of these fish, sand lance samples for future studies should be collected during 

spawning season(s) at spawning grounds. Most obviously, however, population genomic data for 

the remaining three species, especially A. marinus, need to be included in future studies.  

 

In any management case – whether sand lance, marine mammal, or another marine organism – it 

is advisable to incorporate any remaining uncertainty into management models so that 

conservation and management may proceed even in the face of missing data. The greater the 

uncertainty, the more conservative the management should be (Taylor et al. 2000). Regarding 

the aid of management through genomic techniques, efforts should continue to identify patterns 

of adaptive diversity. On the one hand, genomic adaptive patterns will provide important 

information on locally adapted populations that require individual management. On the other 

hand, information on adaptive diversity is a promising tool for accurate stock or population 

identification and traceability (Nielsen et al. 2012; Valenzuela-Quinonez 2016). As we are likely 

to see a continued growth of anthropogenic impacts and increasing exploitation on the marine 

environment in the future, it will be important to also understand the molecular basis of fisheries- 

and exploitation-induced evolution (Valenzuela-Quinonez 2016). This will enable a more 

complete integration of evolutionary principles with fisheries management and conservation 

measures.  

 

There is a lot of potential for the continued and growing application of molecular techniques 

towards the sustainable management and effective conservation of populations of marine 

organisms. Having focused exclusively on non-model organisms, the work presented here 

highlights the importance of acquiring sufficient population genomic resources to be able to 

reliably answer questions pertaining to local adaptive potential or to genetic population structure 

of wild organisms that we are unable to study under laboratory conditions. As the costs of 

sequencing continue to drop, a future focus should be on the generation of more whole genomic 

resources. The availability of such reference genomes will aid in moving us one step closer to 

towards understanding which processes and factors are at the basis of population genomic 

divergence and local adaptive patterns by enabling us to identify the genomic regions in which 

certain divergence patterns are located. We will further benefit from broadening our view to 

considering the possibility that an organisms’ microbiome may have considerable influence on 

its adaptive potential and from including such data in future population genomic studies.  


