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ABSTRACT 

A key function of estuarine ecosystems is the replenishment of marine fish 

populations of commercially and ecologically important species. The nursery function 

of estuaries is of major ecological, cultural and economic importance, yet they are 

also among the most exposed ecosystems to anthropogenic pressures, with 

measurable impact in natural processes. The purpose of this study was to contribute 

to a more comprehensive understanding of the estuarine nursery value and impacts 

to its habitats, in order to guide effective management towards conservation and 

recovery. Using the Lima estuary (NW of Portugal) as a model, the study firstly 

investigated some of the processes that support the nursery ground occupation. 

Hence, the connectivity ocean-estuary was investigated, in order to better understand 

patterns of estuarine recruitment of the European flounder, Platichthys flesus, and 

the processes associated with the supply of pelagic larvae to the nursery. Late-stage 

larvae arrived at the estuary between February and July, while peak abundances were 

observed in April. Post-settlement individuals (<50 mm in length) occurred later 

between April and October, while newly-settled ones (<20 mm) were found only in 

May and June. The study emphasized the relative importance of environmental 

variables associated with the biological processes (responsible for the spawning, and 

growth and survival of larvae), over the variables responsible for larval dispersal, 

transport and retention (currents and upwelling).  The findings also provide a good 

background for further research to understand how oceanographic conditions control 

the estuarine recruitment of the European flounder. Additionally, the changes in 

habitat requirements of nursery species within the estuarine seascape were 

investigated.  Habitat suitability models were built using boosted regression trees for 

three size classes of European flounder (Platichthys flesus) juveniles. The models 

incorporated a variety of dynamic and static predictors, from physical and chemical 

water parameters to biological and physical habitat parameters. Relationships 

between the presence of juveniles and predictor variables changed with size. Younger 

post-settled juveniles tended to be spatially constrained to a shallow low-salinity 

upstream area and, as they grew, ontogenic migrations to the middle estuary 

occurred, demonstrating the importance of considering different life stages when 

developing essential fish habitat maps, that reflect both seasonal and spatial 

distributions. 
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One of the major impacts to estuarine nursery habitats is habitat loss caused by 

hydrogeomorphological changes. Historical modifications in the habitat structure of 

the lower Lima estuary were quantified by applying an ecohydrological classification 

system to identify physiotopes, i.e. units with homogenous abiotic characteristics. 

Between 1933 and 2013, the lower estuary was highly modified due to urbanisation 

and development, leading to the loss of most of its sandy and saltmarsh intertidal 

physiotopes, which were replaced by deeper subtidal physiotopes. Additionally, the 

implications of changes for the benthic and demersal fish communities using the 

lower estuary were estimated using the attractiveness of each physiotope to those 

communities, while considering the main estuarine habitat functions for fish 

(spawning, nursery, feeding and refuge areas and migratory routes). The most 

attractive physiotopes decreased in area while less attractive ones increased, 

producing an overall lower attractiveness of the studied area in 2013 compared to 

1933. The implications of habitat changes for the fish using the estuary include 

potential changes in the nursery carrying capacity and the functioning of the fish 

community itself. 

Under the present the decline in fishery stocks, the protection and recovery of nursery 

habitats may contribute to the recovery of fish populations. Hence, a literature review 

was conducted on the current state of research concerning the recovery of fish nursery 

habitats. While efforts to recover coastal and estuarine areas are increasing globally, 

the effects on fish early life stages and fish populations are still scarcely addressed in 

literature. Successful recovery measures included restoration of tidal and freshwater 

flows, increase in habitat complexity (artificial habitats, alternative materials used in 

breakwaters, “living shorelines”), habitat compensation (i.e. creation of new habitats) 

and restoration of biogenic habitats (mangroves, oyster reefs, seagrass beds). The 

increase of species abundance and richness in the nursery habitats were the main 

indicators to successful recovery and a single study evaluated the effects of recovery 

to fisheries. 

Overall, the present study emphasized that habitat conservation and improvement 

measures should incorporate habitat quality (assessing the value of nursery seascape) 

habitat changes (historical habitat loss and impacts to nursery capacity) and the 

benefits of the measures to the nursery function and to adult populations. 
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RESUMO 

Uma das funções chave dos ecossistemas estuarinos é o reaprovisionamento das 

populações de peixes marinhos de relevância comercial e ecológica. A função de 

viveiro (nursery em inglês) dos estuários tem importância ecológica, cultural e 

económica fundamentais, contudo estas zonas costeiras são das mais expostas a 

pressões antropogénicas que comprometem os processos aquáticos naturais. O 

principal objetivo desta tese foi contribuir para uma maior e mais aprofundada 

compreensão da importância das zonas de viveiro estuarinas e principais impactos 

nos seus habitats, de modo a orientar decisões e ações de gestão ambiental que 

promovam a conservação e restauro dos ecossistemas. Utilizando o estuário do Rio 

Lima (Noroeste de Portugal) como modelo, este estudo começou por investigar os 

processos que sustentam a ocupação das áreas de viveiro. Numa primeira fase, 

investigou-se a conectividade entre o oceano e o estuário, com o objetivo de 

compreender os padrões de recrutamento da solha-das-pedras, Platichthys flesus ao 

estuário, assim como os processos associados à entrada das suas fases larvares na 

área de viveiro do estuário. Verificou-se que as fases larvares mais tardias tendem a 

chegar ao estuário entre Fevereiro e Julho, sendo o pico das abundâncias observado 

em Abril. Entre os juvenis, os indivíduos mais pequenos (<20 mm de comprimento 

total), que tinham recentemente feito assentamento (settlement em inglês) foram 

observados apenas em Maio e Junho, enquanto que os juvenis mais velhos, com 

tamanhos <50mm de comprimento total, foram observados entre Abril e Outubro. Os 

resultados permitiram evidenciar a importância relativa das variáveis ambientais 

associadas aos processos biológicos (responsáveis pela desova, crescimento e 

sobrevivência dos estados larvares) em relação às variáveis responsáveis pela 

dispersão, transporte e retenção de larvas de peixe. Estes resultados constituem uma 

base importante, para futura investigação sobre a influência das condições 

oceanográficas no recrutamento estuarino da solha-das-pedras. Paralelamente, foram 

também estudadas as alterações nas condições ideais do habitat das espécies de 

peixes que utilizam os estuários como locais de viveiro, através de modelos de 

adequabilidade de habitats (habitat suitability models em inglês). Foram criados 

modelos para três classes de tamanho da solha-das-pedras (P. flesus). Os modelos 

incorporaram uma variedade de parâmetros dinâmicos e estáticos, incluindo variáveis 

físico-químicas da água, parâmetros biológicos e físicos dos habitats. Os resultados 

mostraram que as relações entre a presença de juvenis e as variáveis se alteraram 

com as classes de tamanho, ou seja, ao longo do desenvolvimento juvenil. Os juvenis 
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mais pequenos mantiveram-se espacialmente restritos à zona mais a montante do 

estuário, de menor salinidade, e, à medida que cresceram, começaram a ocupar a 

zona do estuário médio. Este estudo permitiu salientar a importância de se 

considerarem os diferentes estados de vida de uma espécie na elaboração de mapas 

de habitats essenciais para peixes, capazes de traduzirem as distribuições sazonais 

e espaciais. 

Um dos maiores impactos sobre os habitats de viveiro estuarinos reside na perda de 

habitat causada por alterações hidrogeomorfológicas. As alterações históricas (80 

anos) na estrutura do habitat do estuário inferior do Lima foram quantificadas através 

de um sistema de classificação eco-hidrológico para a identificação de fisiótopos, i.e. 

unidades de habitat com características abióticas homogéneas. Entre 1933 e 2013 o 

estuário inferior foi condicionado pelo aumento das zonas urbanizadas e as 

modificações ocorridas levaram à perda da maior parte dos fisiótopos de areia e de 

sapal intertidais. Estes viriam a ser substituídos por fisiótopos subtidais de maior 

profundidade. Adicionalmente, as implicações das alterações de habitat para as 

comunidades de peixes bentónicos e demersais que utilizam o estuário inferior foram 

avaliadas. Assim, estimou-se a atratividade de cada fisiótopo para essas 

comunidades, tendo em conta as principais funções do estuário para os peixes 

(desova, viveiro, alimentação, refúgio e rotas de migração). Os resultados mostraram 

que os fisiótopos mais atrativos diminuíram em termos de área, enquanto os menos 

atrativos aumentaram. No geral, a atratividade do estuário inferior diminuiu entre 

1933 e 2013. As implicações das alterações de habitat que o estuário do Lima sofreu 

nos últimos 80 anos incluem a potencial alteração da capacidade de viveiro e da 

funcionalidade da comunidade de peixes. 

Tendo em conta o atual declínio dos mananciais pesqueiros, a proteção e recuperação 

dos habitats de viveiro, podem potenciar a recuperação das populações de espécies 

sobreexploradas. Neste contexto, foi realizada uma revisão da literatura científica 

sobre a recuperação ecológica de habitats de viveiro para peixes. Apesar das ações 

de recuperação/restauro serem atualmente prática comum, as consequências das 

medidas estão ainda insuficientemente estudadas. Do lote de medidas, encontraram-

se o restabelecimento dos caudais fluviais do regime de marés, o aumento da 

complexidade dos habitats (habitats artificiais, materiais alternativos nas estruturas 

de proteção costeiras, “living shorelines”), a compensação de habitats (i.e. criação de 

novos habitats) e restauro de habitats biogénicos (mangais, recifes de ostras, 

pradarias marinhas). Nos estudos disponíveis, os principais indicadores biológicos 
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utilizados para avaliar a recuperação dos ecossistemas foram o aumento da 

abundância e da riqueza de espécies nos habitats de viveiro, sendo que apenas um 

avaliou as consequências da recuperação para os mananciais de pescas. 

O presente estudo evidenciou a necessidade das medidas de conservação e melhoria 

de habitats terem em conta a qualidade do habitat (avaliando extensivamente o valor 

da área como viveiro), alterações de habitat (perda histórica de habitats e os seus 

impactos nas áreas de viveiro), assim como os benefícios que as medidas poderão 

trazer para a função de viveiro e para as populações de peixe adultas. 
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1.1 Estuaries – Definition of estuary 

An estuary is an area where freshwater meets saltwater, which generally corresponds 

to the lower tidal reaches of a river or stream. The word estuary derives from 

‘aestuarium’, a Latin word that means marsh or channel, itself derived from ‘aestus’, 

which means tide. (McLusky and Elliott, 2004). The definition of ‘estuary’, however, 

has been recurrently debated over the years and there have been many definitions 

proposed to describe it, mainly according to geomorphological, hydrographic and 

biological features of the systems. One of the first definitions proposed, defined an 

estuary as the “river mouth where tidal action brings about a mixing of salt and fresh 

water” (Odum, 1959). Later, Pritchard (1967) described an estuary as “a semi-enclosed 

body of water which has a free connection with the open sea and within which sea 

water is measurably diluted with fresh water derived from land drainage”. While he 

further divided estuaries into four classes based on geomorphological characteristics, 

the definition did not consider the influence of tide and excluded several coastal water 

bodies such as coastal lagoons and brackish seas. Dyer (1997) extended this 

definition to include tidal influence: “an estuary is a semi-enclosed coastal body of 

water which has a free connection to the open sea, extending into the river as far as 

the limit of the tidal influence, and within which sea water is measurably diluted with 

fresh water derived from land drainage”. More recently, Potter et al. (2010) proposed 

a definition taking into account additional features such as periodic closure of mouths 

of estuaries and hypersaline conditions during dry periods: “an estuary is a partially 

enclosed coastal body of water that is either permanently or periodically open to the 

sea and which receives at least periodic discharge from a river(s), and thus, while its 

salinity is typically less than that of natural sea water and varies temporally and along 

its length, it can become hypersaline in regions when evaporative water loss is high 

and freshwater and tidal inputs are negligible”. Definitions have also been developed 

to produce environmental legislation and management strategies (Elliott and 

McLusky, 2002). The Water Framework Directive (EU, 2000), the main legal criteria in 

the European Union concerning water resources management, refers to estuaries as 

“transitional waters” and defines them as ‘bodies of surface water in the vicinity of 

river mouths which are partly saline in character as a result of their proximity to 

coastal waters but which are substantially influenced by freshwater flows’. Therefore, 

transitional waters include estuaries, rias, fjords, lagoons, and other types of 

intermediate water body (Elliott and McLusky, 2002). 
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The upper limits of an estuary have also been subject of debate, as the transition 

between river, estuary and coast is not always easily recognisable in many estuaries 

due the gradual change in their geomorphological shapes (Wolanski and Elliott, 2015). 

Consideration has been given to the limit of saltwater intrusion (Pritchard, 1967), to 

the limit of tide influence (Day Jr., 1989; Perillo, 1995) or either (McLusky and Elliott, 

2004). 

1.2 The estuarine ecosystem 

As a consequence of their connectivity with the freshwater catchment and the marine 

environment, estuaries have unique characteristics (Wolanski and Elliott, 2015). One 

of the major drivers of estuarine ecosystem functioning is hydromorphology (Elliott 

and Whitfield, 2011), which deals with the structure, evolution, and dynamic 

morphology of hydrologic systems over time (Vogel, 2011). Hydromorphology 

determines the temporal and spatial variability in estuaries, by being a result of 

several components, like the interaction between freshwater inputs and seawater, the 

cycles of tides, wind, rainfall and evaporation, oceanic events in coastal waters (such 

as upwelling and eddies) and the spatially and temporally varying bathymetry and 

geomorphology (Dyer, 1997; Elliott and Whitfield, 2011; Wolanski and Elliott, 2015). 

The hydrodynamic dimension of the estuarine ecosystem shapes its physiography and 

strongly affects its properties due to the several hydraulic forces at play, which in turn 

determine the sediment balance and the erosion-deposition cycles and conditions the 

chemistry of the system (i.e. salinity), as well as the rate of system turnover (Basset et 

al., 2013). When the links with rivers and/or sea are continuous (open estuaries), one 

of the main features of the system is a steep gradient in salinity conditions (Elliott and 

McLusky, 2002), which has a strong selective influence on potential colonisers (Basset 

et al., 2013). The tidal and freshwater inputs influence the flushing rates and the 

estuary residence time (Monsen et al., 2002), both of which influence salinity 

(Azevedo et al., 2008), the ability to retain nutrients and the dispersal of plankton 

(Elliott and Whitfield, 2011).  Sediment dynamics are also related to inputs from 

riverine systems and from tidal pulsing, although erosion-deposition events occur at 

multiple scales, from daily (ebb – flood) to millennia time scales (Wolanski and Elliott, 

2015). Sediment dynamics determine the estuarine bed habitats and influence 

organisms in the water column, hence determining the estuarine biological structure 

and functioning (Wolanski and Elliott, 2015). The hydromorphology also affects the 

total matter in suspension in the water column and the creation of high turbidity areas 
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in many estuaries (e.g. Grabemann et al., 1997; Uncles and Stephens, 1993). 

Suspended particulate matter (inorganic sediments and biological matter - mainly 

detritus and plankton) influences water column light conditions and consequently 

primary production (Elliott and Whitfield, 2011). The level of turbidity also influences 

the retention of nutrients, their uptake and use and their export to coastal waters (de 

Jonge and Elliott, 2001).   

Estuaries have a diversity of autochthonous organic matter sources (e.g. reedbeds, 

seagrass meadows, mangroves and saltmarshes), and they also receive large amounts 

of organic material from riverine primary producers, the sea and even from upland 

runoff (Day Jr. et al., 2012). The ability of the estuary to remain a sink for 

allochthonous and autochthonous material or a source for material exported to the 

coast dictates their trophic status (Wolanski and Elliott, 2015), as organic detritus are 

a very important food source for a wide variety of estuarine consumers (Day Jr. et al., 

2012). Residence time allows the organic detritus to stay sufficiently long in the 

estuary to assimilate the nutrients (C N and P) into the food chain. Increased residence 

times, for example, favour autochthonous production that can result in phytoplankton 

or flagellate blooms (Hilmer and Bate, 1990).  

Hence, the hydromorphological conditions (and the resultant salinity gradient) in 

estuaries are the key filters for potential colonisers (Basset et al., 2013; Elliott and 

Whitfield, 2011). Organisms occupy niches according to their environmental 

tolerances and preferences (i.e. salinity regime, temperature and oxygen thresholds, 

sediment types, etc.). Niches can be in the water column, the substratum or/and the 

interface between them.  Once the niches are occupied, organisms start to interact, 

both within and between species, in rate processes such as competition, predator-

prey relationships, reproductive interactions, mutualism/ parasitism and other 

interactions (Wolanski and Elliott, 2015). In an estuary, the ecological niche can be 

very small, sometimes a few metres wide, and indicates the range of environmental 

conditions tolerated by a species and, hence, the range suitable for occupation 

(Wolanski and Elliott, 2015). Due to widely varying environmental characteristics of 

estuaries on a daily, tidal, lunar or other basis, organisms surviving in estuaries have 

to be tolerant (Wolanski and Elliott, 2015), and species richness is limited to a degree 

that any competition for resources is higher within a species (intraspecific) than 

between species (interspecific) (Whitfield et al., 2012). One of the main environmental 

stressors in the estuary is salinity that drives species diversity patterns along its length 

(Figure 1.1). 
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Figure 1.1. Modified Remane diagram for estuarine biodiversity (species) changes covering 

the estuarine salinity continuum (adapted from Whitfield et al., 2012). 

Due to the spatial and temporal variability of many of the abiotic conditions, estuaries 

are composed of a multiple, complex, web of interlinked habitats (Pihl et al., 2002), 

from intertidal or shallow flats to deeper areas, soft sediments to rocky areas, 

beaches, etc. These different habitats can then be exploited by adapted assemblages 

of organisms that in many cases, can largely alter those habitats, further expanding 

the total habitat diversity of estuaries (Day Jr. et al., 2012). Tidal wetlands, for 

example, are characteristically estuarine and are dominated by a major type of 

vegetation, typically with underlying mud owing to their sheltered nature and tolerant 

of brackish conditions (e.g. Simpson et al., 1983; Weilhoefer, 2011; Yang et al., 2008). 

Other examples are oyster reefs, mussel beds, seagrass beds and algal flats. All these 

organisms create new types of habitat by changing the physical environment (Day Jr. 

et al., 2012) and acting as major ecosystem engineers (Jones et al., 1996). The 

estuarine ecosystem is therefore driven by links and feedbacks between the 

physicochemical attributes, the fundamental niche (e.g. the habitats), the community 

structural attributes and the community functional attributes (Wolanski and Elliott, 

2015). The physicochemical attributes create a fundamental niche (the so-called 

environment-to-biology links) which a biological community colonises. This 

community then interacts with other communities (predator-prey interactions, 

competition) creating the ecological functioning (biology-to-biology links).  The 

communities established have, in turn, the ability to influence the structure of the 
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physicochemical system (biology-to-environment links) through sediment 

modification, oxygen use, etc. 

Tidal wetlands, such as saltmarshes and mangroves, are important primary 

producers, as they sequester carbon as plant biomass and create the detritus that 

supply the estuarine ecosystem (Boyes and Elliott, 2006). These tidal wetlands also 

trap sediments and have a main role in protecting the areas behind them from 

erosion, storm surges and wave action by absorbing energy and countering sea-level 

rise (Millennium Ecosystem Assessment, 2005). In temperate climates, the nutrients 

outwelling from saltmarshes account for significant increases in the activity of the 

estuarine plankton community and benefit numerous fish species that use the areas 

for feeding, refuge and occasionally breeding (Wolanski and Elliott, 2015). In fact, 

tidal wetlands produce large quantities of organic detritus as well as serve as an 

important nursery to the young of many marine and estuarine species. Estuaries, 

especially those with extensive wetlands, support rich fisheries (Day Jr. et al., 2012; 

McLusky and Elliott, 2004).  

1.3 Estuaries, systems under high anthropogenic 

pressure  

As described above, the estuarine ecosystem is driven by links and feedbacks between 

the physicochemical attributes, the fundamental niche, and the community structural 

and functional attributes. In addition to the sets of natural processes occurring in 

estuaries, there are the anthropogenic distortions (Wolanski and Elliott, 2015).  

Throughout human history, the coastal and estuarine areas have typically been the 

most populated areas of the world, with around 60% of the world population currently 

living in these areas (Lindeboom, 2002). Estuaries were originally selected as the 

principal sites of European settlement due to the many advantages they provided, 

such as shipping access, supply of freshwater, prevalence of fertile alluvial land for 

agriculture, productive waters for fish and shellfish, and accessibility via rivers to 

interior regions (Edgar et al., 2000). The growth of ports and urban and industrial 

developments around estuaries were promoted further with the expansion of world 

trade and the development of heavy industries (Hodgkin, 1994). Estuaries are 

considered to be highly productive (Day Jr. et al., 2012; McLusky and Elliott, 2004) 

and this high productivity makes them highly valuable for human society (Barbier et 

al., 2011; Costanza et al., 1997). The large number of people living nearby estuaries 
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highlights the wide societal benefits these ecosystems provide (Elliott and Whitfield, 

2011).  The attractiveness of estuaries is, therefore, related to the many ecosystem 

services that estuaries and its different habitats provide such as the provisioning of 

fish and water, water for transport, flood and storm protection, water purification, 

primary production, cultural services such as cultural heritage and opportunities for 

recreation (Beaumont et al., 2007; Edgar et al., 2000; Russi et al., 2013).  

Given the relevant role of estuaries, they are directly or indirectly exposed to many 

pressures (Elliott and Whitfield, 2011) that have an impact on the natural processes.  

In general, the sources of anthropogenic problems originate from materials that are 

introduced into estuaries, materials taken out from estuaries, and broader originating 

problems such as climate change (Wolanski and Elliott, 2015). The myriad of materials 

being put into the estuaries include contaminants and pollutants, such as heavy 

metals, fertilizers, sewage, and synthetic compounds. Some contaminants can 

accumulate in estuaries for years and decades by binding to sediments, and can 

periodically re-enter the water column when sediments are disturbed (Roberts, 2012). 

The physical seascape of many estuaries is also extensively modified through the 

addition of infrastructures (e.g. bridges, dams, land claim, etc.) (Elliott and Cutts, 

2004). Coastal development and infrastructures can, in turn, affect physico-chemical 

water quality parameters (e.g. temperature, salinity, turbidity and dissolved oxygen) 

by altering terrestrial run-off, hydrodynamics, or the discharge of heated effluent 

(Clark et al., 2015). Materials removed from the estuaries include salt, water, fish, 

sediments, and ‘space’ (McLusky and Elliott, 2004). While overfishing is a wide coastal 

problem, in estuaries it is likely to adversely affect the fish nursery grounds, which 

are important to the maintenance of adult stocks.  

Superimposed to these anthropogenic pressures to estuaries are the consequences of 

climate change. Examples of these consequences are sea-level rise and changes in 

hydrology due to altered rainfall patterns that will result in more pronounced seasonal 

variability in the salinity, surface saline incursion and marine transgressions (which in 

turn will affect the ecological functioning of the estuary) (Little et al., 2017), 

bioinvasions and estuarine acidification (Elliott et al., 2015; Gillanders et al., 2011). 

Overall, there is a large cumulative impact of the pressures affecting estuaries which 

causes the degradation of estuarine ecosystems, posing a risk to environmental and 

human health. 



Chapter 1 

13 

 

1.4 The use of estuaries by fish 

Estuarine ecosystems are physiologically demanding, relatively unpredictable, and in 

many ways stressful and inhospitable environments (Day Jr. et al., 2012). Fish species 

that are tolerant of dynamic and rapidly changing environments are at a considerable 

advantage over those that cannot survive such fluctuations; these tolerant fish are 

able to occupy a food-rich environment and exclude potential competitors (Whitfield, 

1999). In fact, the number of fish species found only in estuaries for their entire lives 

is low, highlighting that few fish have evolved to remain in estuaries their entire lives 

(Day Jr. et al., 2012). A larger number of species, however, are euryhaline marine 

species of teleost that enter these systems in large numbers at particular intervals of 

their life cycles (Potter et al., 1990; Potter et al., 2015). By being very productive 

environments, estuaries provide an abundant food source and therefore facilitate 

growth for fish early life stages (McLusky and Elliott, 2004). Additionally, the level of 

predation is reduced due to shallow habitats and low incidence of large piscivorous 

predators, hence estuaries function as refuge areas (Potter and Hyndes, 1999). 

Estuaries serve as a migratory route for fish traveling from their spawning areas in 

the sea to their main feeding areas in freshwater or vice versa (Potter et al., 2015). 

Finally, estuarine habitats can also function as spawning grounds, mostly to resident 

species that complete their life cycle inside the estuary (Day Jr. et al., 2012). Figure 

1.2 summarises the different uses of an estuary for fish. The set of hydrophysical and 

biogeochemical master factors create the niches, habitats and conditions available for 

colonisation and the resources to create and support the fish assemblage. The 

available space, food and shelter in different habitats then allow the different uses. 

On the other hand, anthropogenic pressures can modify environmental factors and 

consequently affect the different uses (Wolanski and Elliott, 2015). 
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Figure 1.2. The several influences on fishes in estuaries (adapted from Elliott et al. (2007)). 

Several attempts have been made to categorise fish estuarine use (Cronin and 

Mansueti, 1971; Elliott and Dewailly, 1995; Elliott et al., 2007b; Haedrich, 1983; Potter 

and Hyndes, 1999; Potter et al., 1990; Potter et al., 2015; Whitfield, 1999). The use 

of categories, or guilds, allows a better understanding of the structure and function 

of estuaries and the understanding and management of the effects of human activities 

in estuaries (Potter et al., 2015). The various terminologies used to categorise the 

usage of estuaries by fish communities were reviewed and integrated, so that they 

could be applied worldwide, by Elliott et al. (2007b) and later refined by Potter et al. 

(2015). According to these authors, the main categories of the estuarine usage 

functional group (EUFG) to which fish can be allocated are: marine, estuarine, 

diadromous and freshwater. Each of these categories contain two or more guilds that 

represent characteristics associated with the locations of spawning, feeding and/or 

refuge, and with migratory movements between estuaries and other ecosystems. 

Table 1.1 summarises the guilds defined in Potter et al. (2015). 
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Table 1.1. Categories, guilds and definitions of the estuarine usage functional group (EUFG), 

as defined by Potter et al., 2015 (* refers only to the estuarine populations of the guild) 

(images adapted from Potter et al. 2015). 

Category Guild Definition 

Marine 

Species that 

spawn at sea 

Marine 

straggler 

 

Typically enter estuaries sporadically and in low numbers and 

are most common in the lower reaches where salinities 

typically do not decline far below 35. Often stenohaline. 

 

Marine 

estuarine-

opportunist 

 

Regularly enter estuaries in substantial numbers, particularly 

as juveniles, but use, to varying degrees, coastal marine 

waters as alternative nursery areas. 

 

Marine 

estuarine-

dependent 

 

Juveniles require sheltered estuarine habitats and are thus not 

present along exposed coasts where they spend the rest of 

their life. 

 

Estuarine  

Species with 

populations in 

which the 

individuals 

complete 

their life 

cycles within 

the estuary 

Solely 

estuarine 

 

Found only in estuaries 

 

Estuarine & 

marine 

 

Also represented by marine populations (refers only to the 

estuarine populations of the guild) 

 

Estuarine & 

freshwater 

Also represented by freshwater populations (refers only to the 

estuarine populations of the guild) 

 

Estuarine 

migrant 

Spawn in estuaries but may be flushed out to sea as larvae and 

later return at some stage to the estuary 
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Table 1.1. (cont.) Categories, guilds and definitions of the estuarine usage functional group 

(EUFG), as defined by Potter et al., 2015 (* refers only to the estuarine populations of the 

guild). 

Category Guild Definition 

Diadromous 

Species that 

migrate 

between the 

sea and fresh 

water 

Anadromous 

Most growth is at sea before migration into rivers to spawn 

 

Semi-

anadromous 

Spawning run from the sea extends only as far as the upper 

estuary rather than into fresh water 

 

Catadromous  

Spend their trophic life in fresh water and subsequently 

migrate out to sea to spawn 

 

Semi-

catadromous 

Spawning run extends only as far as downstream estuarine 

areas rather than into the marine environment 

 

Amphidromous 

Spawn in fresh water, with the larvae flushed out to sea, where 

feeding occurs, followed by a migration back into fresh water, 

where most somatic growth and spawning occurs 

 

Freshwater 

Species that 

spawn in 

freshwater 

Freshwater 

straggler 

Found in low numbers in estuaries and whose distribution is 

usually limited to the low salinity, upper reaches of estuaries. 

 

Freshwater 

estuarine-

opportunist 

 

Found regularly and in moderate numbers in estuaries and 

whose distribution can extend well beyond the oligohaline 

sections of these systems. 

 

 

These guilds can be grouped into facultative and obligate users (Able and Fahay, 

2010): some species have obligate life history stages in the estuary (e.g. estuarine 

and diadromous category) and other species use the estuary facultatively (e.g. marine 

estuarine-opportunists or freshwater estuarine opportunists) (Potter et al., 2015). 
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1.4.1 Nursery function  

A key function of estuarine ecosystems is the replenishment of offshore populations 

of commercially and ecologically important fish species and crustaceans (Beck et al., 

2001). Some fish with complex life cycles enter and remain in estuaries for a brief 

period of time, often in large numbers and during their early life stages (larvae and/or 

juveniles) (McLusky and Elliott, 2004). There, young fish grow up to sub-adult stages 

and then recruit to adult habitats typically located in the ocean (e.g. Amara et al., 

2009; Cabral and Costa, 2001; Jager, 1998; Martinho et al., 2007) (Figure 1.3). 

 

Figure 1.3. Estuarine dependent fish species have complex life histories and experience 

several population bottlenecks (adapted from Able (2016)). 

Habitats that promote the growth and survival of early life stages of fish are generally 

considered nurseries. A nursery can be described as a limited area where juveniles of 

a species spend a limited period of their life cycle, during which they are spatially and 

temporally separated from the adults and where their survival is enhanced through 

optimal conditions for feeding, growth, and/or predation refuge (Bergman et al., 

1988; Pihl et al., 2002; van der Veer et al., 2001). Early definitions of nursery habitats 

referred to habitats as areas with high densities of juvenile animals (Nagelkerken et 

al., 2015). Beck et al. (2001) refined the term by defining it as a habitat that 

contributes a higher than average number of individuals per unit area to the adult 

population in comparison to other habitats. This definition greatly improved the 

ability to evaluate juvenile habitat productivity for use in habitat conservation, 
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restoration, and management decisions, where priorities must be set for limited 

resources (Dahlgren et al., 2006). Dahlgren et al. (2006) modified this definition by 

suggesting that the identification of nurseries should be based on their total 

contribution to the adult population, as the previous approach failed to recognize 

habitats that have a small per-unit-area contribution to adult populations, but may be 

essential for sustaining adult populations. This approach was criticized for failing to 

consider the importance of dynamic processes that underpin nursery function 

(Sheaves et al., 2006). More recently, Nagelkerken et al. (2015) proposed a new 

approach to identify and manage nurseries, by introducing the term ‘seascape 

nurseries’, which conceptualizes a nursery as a spatially explicit seascape consisting 

of multiple mosaics of habitat patches that are functionally connected. While previous 

approaches tended to give more weight to final juvenile stages prior to emigration to 

offshore adult stocks, and often underplayed linkages among habitats that affect the 

critical growth and survival of earlier stages, Nagelkerken et al. (2015) suggested that 

the seascape nursery approach should incorporate more fully those earlier stages, as 

well as the identification of specific patches that contribute more to the overall 

production of the nursery, home-range sizes, primary migration routes and ontogenic 

habitat shifts. This new approach aimed to move beyond the approaches that identify 

nurseries as static whole habitat units, especially in situations where large habitat 

units or entire water bodies cannot be protected as a whole due to socio-economic, 

practical or other considerations (Nagelkerken et al., 2015). 

According to Sheaves et al. (2015), when valuing estuarine and coastal nurseries for 

fish, and in addition to considering the contribution they make to offshore adult fish 

stocks via ontogenetic migrations, several additional, fundamentally important 

ecosystem processes should be taken into account. The nursery value stems from the 

provision of habitat, refuge, food, favourable physical conditions and advantageous 

hydrodynamics, and, therefore, there are two aspects to be considered when valuing 

nursery grounds: (1) their value in supporting successful nursery ground occupation, 

and (2) the value to recipient populations and ecosystems (Figure 1.4). The factors 

that support a successful nursery occupation are grouped into 3 key components: 

connectivity and population dynamics (connectivity, ontogenic migrations and 

seascape migrations), ecological and ecophysiological factors (ecotone effects, eco-

physiological factors, food/predation trade-offs and food webs) and resource 

dynamics (resource availability, ontogenic diet shifts and allochthonous inputs) 

(Figure 1.4). 
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Figure 1.4. Components of nursery ground value (adapted from Sheaves et al., 2015). 

Nursery ground value is, therefore, the net result of a complex of interacting factors 

that vary from situation to situation and by accounting for ecosystem complexities 

and spatial and temporal variation, these components offer a more comprehensive 

account of habitat value. (Sheaves et al., 2015). 

1.5 The study area 

The Lima River is an international water body with a catchment of approximately 2446 

km
2

, occupying Portuguese and Spanish territory, and draining to the Atlantic Ocean 

in the Northwestern coast of Portugal, at the vicinity of the 32000 inhabitant city of 

Viana do Castelo (Figure 1.5). The wet climate of the region is a result of its 

geographic position (distance to the Atlantic and of the position of its mountains), 

with average precipitation ranging between 1300 to 4200 mm per year (APA, 2016). 

The catchment develops on granite landscapes, and to a less extent schists and 

greywackes (Cardoso et al., 2008), and its water bodies have low values of dissolved 

salts and consequently low biological productivity (APA, 2016).  
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Figure 1.5. Aerial imagery of the Portuguese section of the Lima River, its main urban areas 

(Viana do Castelo, Ponte de Lima, and Ponte da Barca and Arcos de Valdevez) and its two dams 

(Touvedo and Alto do Lindoso). (Basemap source: ESRI, DigitalGlobe, GeoEye, i-cubed, USDA, 

USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community) 

The Lima estuary is a small open estuary, tidally dominated (Falcão et al., 2013) and 

extending up to c.a. 20 km from its mouth. The regime is semidiurnal and mesotidal, 

with an average flushing rate of 0.40 m s
−1

, a river flow of 70 m
3

 s
−1

, and a residence 

time of 9 days (Ramos et al., 2010). The estuary is partially mixed, exhibiting seasonal 

vertical stratification of salinity during the winter period, during which salinity sharply 

increases with depth (Ramos et al., 2010). The lower estuary is a narrow channel 

constantly dredged to a depth of 10 m to allow navigation, with hardened shorelines 

and adjacent to an urban area. The middle and upper estuary are less disturbed and 

shallow. The middle estuary is a predominantly saltmarsh zone, mainly colonized by 

sea rush Juncus spp., and enclosing several sand islands and intertidal channels 

(Ramos et al., 2010). The upper part of the estuary is a narrow and shallow channel 

still preserving most of its natural banks. A large shipyard, an important commercial 

seaport, a marina and a fishing harbour are located in the lower estuary. In addition 

to the pressures caused by these infrastructures and navigation, the Lima estuary 

suffers from several other sources of disturbance, such as a cellulose factory in the 

upper reaches, input of agricultural runoff, and urban and industrial sewage 

discharges transporting nutrients and other substances into the estuarine area 

(Azevedo et al., 2013). The high levels of organic matter caused by the cellulose 
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industry may have promoted the invasion of an exotic bivalve species, Corbicula 

fluminea (Sousa et al., 2006a). The presence of polycyclic aromatic hydrocarbons 

(PAHs) and heavy metals in sediments collected in the estuary of the Lima River was 

previously reported (Guimaraes et al., 2009). The continuous dredging of the 

navigational channel, in the lower estuary, may induce the resuspension of these and 

other contaminants sequestered in the sediments (Azevedo et al., 2013). The estuary 

preserves an important biodiversity and it is an important area for birds nesting and 

foraging (APA, 2016). The estuary is also a Natura 2000 site, being classified as a Site 

of Community Importance (SCI) under the Habitats Directive (EU, 1992). 

The estuarine fish fauna richness is estimated at approximately 40 species (Ramos, 

2007), with high abundance of the resident Gobiidae species (Pomatoschistus microps 

and P. minutus) and marine juvenile fish (Ramos, 2007) such as the flounder 

Platichthys flesus, sea bass Dicentrarchus labrax and the sole Solea solea. The estuary 

still supports local commercial fisheries and these marine species are among the main 

target species. There are also important seasonal fisheries of highly market priced 

migratory species such as the sea lamprey (Petromyzon marinus), shads (Alosa alosa 

and A. fallax) and the European eel (Anguilla anguilla) (Ramos, 2007). According to 

Ramos (2007), the benthic fish fauna was seasonally stable but heterogeneously 

distributed among the different types of habitats, as a function of salinity, distance 

to mouth, sediment characteristics as well as qualitative habitats features, such as 

presence of saltmarsh, dredging activity and depth of the water column. Ramos et al. 

(2006b) identified 50 taxa of the larval assemblage in the estuary. The top six 

abundant taxa (Pomatoschistus spp., Sardina pilchardus, Ammodytes tobianus, 

unidentified Clupeidae, Symphodus melops and Solea senegalensis) represented 91% 

of the total catch (Ramos et al., 2006b). Seasonal variations of temperature, 

precipitation and consequently river flow were responsible for the temporal 

differences of the fish larval assemblages, while distance from the river mouth and 

the salinity regime were responsible for the encountered spatial trends of the larval 

fish assemblages (Ramos et al., 2006a). 

1.6 Relevance and objectives of the thesis 

Several key aspects provide a background for this thesis. In recent years, abundant 

research has been devoted to recognising important nursery grounds for fish species 

and their contribution to adult stocks (Dufour et al., 2009; Gillanders et al., 2003; 

Tournois et al., 2017; Vasconcelos et al., 2008). However, ecosystem complexity and 
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spatial and temporal variation supporting successful nursery ground occupation are 

far from fully understood and are essential to maintain the nursery function in the 

face of ever increasing anthropogenic pressures (Sheaves et al., 2015). A detailed 

understanding of the range of processes supporting nursery value, together with the 

identification multiple mosaics of habitats that support those processes, are 

fundamental to provide managers with the scientific-based information on how to 

protect or recover the nursery function. Furthermore, a more dynamic and spatially-

explicit management approach has been argued, as nurseries are not homogenous 

entities but a mosaic of connected habitats and may have divergent benefits for 

separate life stages, species, and locations (Kimirei et al., 2015; Nagelkerken et al., 

2015).  

Concerns about the reduced emphasis on natural history studies has also re-emerged 

recently, as conservation and restoration require the background of natural history 

studies for an effective and efficient evaluation of complex biological systems such 

as in urbanized estuaries (Able, 2016). Improving knowledge of species natural 

history can guide local habitat improvements, while providing a broader context of 

conserving fish populations (Munsch et al., 2017).  

The rapid loss of nursery habitats, and increasing habitat fragmentation also increase 

the pressure for more complete understanding of the nursery value to help conserve 

critical habitats and maintain ecosystem function (Sheaves et al., 2015), and 

ultimately, services and societal benefits naturally delivered by healthy ecosystems. 

In order to protect and recover the nursery function, and ultimately fish populations, 

it is necessary to understand the extent of habitat changes occurring in estuaries and 

how they influence habitat functions to fishes. Furthermore, and at a time when 

several commercially important fish stocks have been experiencing decline or even 

collapsing, protection and restoration of nursery fish habitats may be contributing 

factors for the recovery of fish populations (McCain et al., 2016). Therefore, it is 

important to understand how recovery and restoration measures can improve nursery 

habitats. 

The aim of this thesis was to contribute to a more comprehensive understanding of 

the estuarine nursery value, impacts and potential for recovery, in order to guide 

effective management towards conservation and recovery. Two main hypotheses were 

considered: (i) the estuarine nursery is a spatially explicit seascape composed of 

multiple habitats; (ii) the nursery function of estuaries begins not only at the juvenile 

phase, but also at the larval stage. The specific objectives were the following: 
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- Investigate the connectivity between ocean and estuary (such as patterns of 

estuarine recruitment) and the processes associated with the supply of the 

pelagic larvae to the primary nursery grounds; 

- Investigate habitat suitability by accounting for a variety of dynamic and static 

factors and identify ontogenic movement patterns inside the nursery area; 

- Investigate historical habitat changes by developing and applying an 

ecohydrological classification scheme based on habitat physical attributes 

relevant for estuarine fish communities;  

- Develop a qualitative assessment of habitat attractiveness to fish and evaluate 

the changes in attractiveness and the potential impacts of seascape changes 

to the fish community, including the fish nursery function; 

- Review the current progress on the recovery and improvement of nursery 

habitats. 

This thesis is structured in six chapters. Chapter 1 provides a general introduction to 

the estuarine ecosystem, the ways fish use the estuary and the nursery function. 

Chapter 1 also describes the study area and its fish community, and summarises the 

relevance and objectives of the present study. The following four chapters are adapted 

from original papers (published, submitted or in preparation for submission). 

Specifically, Chapter 2 describes the immigration and early life stages recruitment of 

the European flounder (Platichthys flesus) to the Lima estuarine nursery and the 

influence of environmental factors (oceanic processes and estuarine dynamics). 

Chapter 3 describes the dynamic habitat use of the estuarine nursery seascape and 

the ontogenic changes in habitat suitability of the same species. In these two 

chapters, the European flounder was used as a model species, given that it is one of 

the most abundant estuarine-dependent species using the Lima estuary nursery. 

Chapter 4, focused on one of the most ubiquitous pressures to fish in estuarine 

systems: habitat loss. This chapter evaluates the changes in the habitat structure of 

the lower estuary over a period of 80 years, the attractiveness of each habitat and 

overall estuarine area for fish communities and the potential implications of the 

changes observed. In Chapter 5, the main impacts to nursery habitats are described 

and a literature review on the current state of research in nursery habitats recovery 

and improvement is carried. Chapter 6 includes the final conclusions of the thesis, 

with emphasis on how all information gathered here can benefit an effective 
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management towards conservation and/or recovery of the estuarine nursery habitats. 

Additionally, directions for future research are provided.



 

25 

 

 

 

 

 CHAPTER 2 

Immigration and early life stages recruitment 

of the European flounder (Platichthys flesus) 

to an estuarine nursery: the influence of 

environmental factors 

 

 

 

 

Amorim, E., S. Ramos, M. Elliott and A. A. Bordalo (2016). "Immigration and early life 

stages recruitment of the European flounder (Platichthys flesus) to an estuarine 

nursery: The influence of environmental factors." Journal of Sea Research 107, Part 

1: 56-66.
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Abstract 

Connectivity between coastal spawning grounds and estuarine nurseries is a critical 

step in the life cycle of many fish species. Larval immigration and transport associated 

physical-biological processes are determinants of recruitment success to nursery 

areas. The recruitment of the European flounder, Platichthys flesus, to estuarine 

nurseries located at the southern edge of the species distribution range, has been 

usually investigated during its juvenile stages, while the earlier planktonic life stage 

remains unknown. The present study investigated the patterns of flounder larval 

recruitment and the influence of environmental factors on the early life stages 

immigration to the Lima estuary (NW Portugal), integrating data on fish larvae and 

post-settlement individuals (<50 mm length), collected over a 7-year period. Late-

stage larvae arrived at the estuary between February and July and peak abundances 

were observed in April. Post-settlement individuals (<50 mm) occurred later between 

April and October, while newly-settled ones (<20 mm) were found only in May and 

June. Variables associated with the spawning, survival and growth of larvae in the 

ocean (sea surface temperature, chlorophyll a and inland hydrological variables) were 

the major drivers of flounder occurrence in the estuarine nursery. Although the 

adjacent coastal area is characterized by a current system with strong seasonality and 

mesoscale variability, we did not identify any influence of variables related with 

physical processes (currents and upwelling) on the occurrence of early life stages in 

the estuary. A wider knowledge on the influence of the coastal circulation variability 

and its associated effects in the ocean-estuarine connectivity is required to improve 

our understanding of the population dynamics of marine spawning fish that use 

estuarine nurseries.     
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2.1 Introduction 

Estuaries function as temporary habitats for early life stages of many fishes, a critical 

period in the life cycle of marine fishes (Elliott et al., 2007b; Potter et al., 2015). 

Although the passage of early life stages through estuarine environments can present 

a ‘bottleneck’ on the abundance of adult populations, there is still a poor 

understanding of these events (Able and Fahay, 2010).  The connectivity between 

spawning areas and nurseries is one of the major determinants of the dynamics of 

fish populations (Cowen and Sponaugle, 2009). Processes such as pelagic larval 

dispersal and supply depend on the biophysical regulators of offspring production 

and availability, as well as on the interactions between local/regional hydrodynamics, 

larval delivery into estuaries, and the behavioural capabilities of the individual larvae 

(Cowen and Sponaugle, 2009; Potter et al., 2015; Sale et al., 2010).  During the 

dispersal stage, eggs and larvae experience high mortality, which strongly influences 

recruitment variability (Houde, 2008). Furthermore, population connectivity depends 

on additional processes, since effective transfer requires successful recruitment to 

the juvenile receiving population (Sale et al., 2010). For example, the availability of 

suitable settlement and nursery habitat, or the processes that affect the transition 

from larvae into benthic juveniles, such as larval condition and benthic predation, will 

influence recruitment (Cowen and Sponaugle, 2009).   

The European flounder, Platichthys flesus (Linnaeus, 1758), is a widely-distributed 

flatfish along the northeastern Atlantic coast and widely regarded as having an 

estuarine resident or semi-catadromous life stage (Elliott et al., 2007b). This species 

reproduces in winter/early spring in marine waters (Campos et al., 1994; Dando, 

2011; Grioche et al., 1997; Koubbi et al., 2006) and migrates during the early life 

stages to nursery grounds (e.g. Bos, 1999; Jager, 2001; Martinho et al., 2008; 

Summers, 1979). Little is known about P. flesus settlement patterns (Bos and Thiel, 

2006; Jager, 2001; van der Veer et al., 1991) and its favoured settlement habitat 

(estuary vs. coastal areas) (Daverat et al., 2012). In general, for flatfishes, it has been 

emphasized that the processes affecting recruitment variability are more relevant 

during the pelagic phase, although post-settlement processes seem to regulate 

juvenile abundance (Bolle et al., 2009; Geffen et al., 2007; van der Veer et al., 2000a). 

However, and although P. flesus has been described to enter estuaries during the 

larval phase (Bos, 1999; Jager, 1998; Ramos et al., 2010), most studies concerning 

estuarine nurseries for this species are mainly focused on post-settlement juveniles 
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(Amara et al., 2009; Cabral et al., 2007; Freitas et al., 2009; Jager, 2001; Martinho et 

al., 2008; Vasconcelos et al., 2010). Consequently, the supply of P. flesus early-life 

stages to estuaries, and associated environmental constraints on recruitment 

variability, have been investigated mainly in juveniles. These studies show that the 

abundance of juvenile flounder in estuaries may be related to the average seawater 

temperature of the previous year (Henderson and Seaby, 1994; Vinagre et al., 2009) 

and with river runoff, precipitation, and wind prior to estuarine colonization (Martinho 

et al., 2009). Once in the estuary, environmental constraints vary between larval and 

juvenile phases, with P. flesus larvae showing a strong seasonal structure mainly 

regulated by biological features such as the spawning season (timing and duration), 

while juveniles are markedly controlled by site-specific characteristics such as 

sediment structure, distance from the river mouth, and salinity regime (Ramos et al., 

2009a). Therefore, any natural or anthropogenic events which affect either the quality 

of the nursery areas, the delivery of young to those areas, or the passage of the young 

from the nursery areas, will affect success of the recruitment to the adult population.  

Given the demonstrated effects that the pre-settlement processes may have upon 

year-class strength, it is important to investigate the connectivity between ocean and 

estuaries and the processes associated with the supply of the pelagic larvae to the 

primary nursery grounds (Cowen and Sponaugle, 2009). The Lima estuary, located in 

the North-Western (NW) Iberian Peninsula, has been identified as a nursery habitat for 

European flounder (Ramos et al., 2010) and because the NW Iberian Peninsula 

represents the southern edge of its geographical range, environmental processes 

become particularly relevant, as the species becomes more vulnerable to 

environmental fluctuations at its distributional edges (Miller et al., 1991). Therefore, 

this study aimed to: (i) document the patterns of the recruitment of European flounder 

to the Lima estuary, using pelagic-larval and post-settlement juvenile flounder data 

covering a 7-year period, and (ii) investigate the associated environmental factors, 

following the hypothesis that estuarine recruitment at the larval phase is influenced 

by the physical and biological processes of ocean and estuarine dynamics. 
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2.2 Material and Methods 

2.2.1 Study area 

The Lima estuary (Portuguese NW Atlantic coast of the Iberian Peninsula) has a 

catchment of 2446 km
2

 (Figure 2.1) and a discharge regime mainly controlled by two 

hydroelectric power stations located upstream with an annual average flow of 70 m
3

 

s
−1

. The tidal regime, the main hydrodynamic forcing action of the estuary (Falcão et 

al., 2013), is mesotidal and semidiurnal with a range of 3.7 m during spring tides and 

an upstream influence that reaches 20 km. The Lima estuary can be divided into three 

areas with distinct geomorphological features: the lower estuary (0-3 km from the 

mouth) is a narrow deep and navigational channel with artificial banks; the middle 

estuary (3-7 km) is a broad shallow zone with salt marshes and tidal sandy islands, 

and the upper estuary (7-20 km) is a shallow and narrow channel with small sandy 

islands (Ramos et al., 2010). Despite seasonal hydrological fluctuations in the Lima 

estuary (Ramos et al., 2006a), during most of the year salinity ranges between 35 at 

the river mouth and 0 in the uppermost section of the estuary (17 km). 
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Figure 2.1 Location of the Lima estuary in the NW Iberian Peninsula (Portugal). a) Lima estuary 

(41.68º N; 8.84º W); b) Western Iberian Peninsula, with the main oceanographic features 

represented (adapted from Queiroga et al. (2007) and Peliz et al. (2005)). The isobaths of 200 

m, 1000 m and 3000 m are presented in grey.  represents the location of the Lima estuary. 

The adjacent coastal area is characterized by a complex current system subjected to 

strong seasonality and mesoscale variability, with reversing patterns between summer 

and winter (Ambar and Fiúza, 1994; Barton, 1998). This area is located near the 

northernmost limit of the North Atlantic Upwelling System region (43° N), being 

exposed to strong upwelling events occurring during spring and summer (Fiúza et al., 

1982; Wooster et al., 1976). Other major features of the coastal circulation are the 

Portugal Current, the Iberian Poleward Current (IPC) and the Western Iberia Buoyant 

Plume (WIBP) (Figure 2.1b). The Portugal Current is a broad and slow current generally 

flowing south and extending approximately between 10° W to 24° W (off the 

continental slope) (Martins et al., 2002). The IPC is a current with warm and saline 

waters that extends to the shelf edge and outer shelf mainly during the downwelling 

season in the winter (Frouin et al., 1990; Haynes and Barton, 1990; Peliz et al., 2005). 

The WIBP low-salinity buoyant plume is generated by the discharge of NW Iberian 

rivers (Peliz et al., 2005). The WIBP has a rapid response to changes in the wind 

conditions, and spreads offshore over the shelf extending its influence to the IPC 

during upwelling events (Otero et al., 2008; Ribeiro et al., 2005).  
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2.2.2 Sampling and data acquisition  

Platichthys flesus data 

Larval and juvenile flounder data were gathered over many years from the Lima 

estuary using consistent methodologies. Fish larvae were collected with subsurface 

circular tows performed with a planktonic 1 m diameter, 3 m long and 500 µm mesh-

size net, equipped with a Hydro-Bios (Kiel-Altenholz, Germany) flowmeter (model 438 

110). Sampling effort varied between 9 to 11 tows, always covering the lower, middle, 

and upper sections of the estuary. The frequency of the sampling varied between 

fortnightly (April 2002-April 2004 (Ramos et al., 2006b; Ramos et al., 2010) and May-

October 2013) to monthly (April 2009 and September 2009-October 2010) (Table 

2.1). Samples were fixed in 4% buffered formalin (pH 8) immediately after collection, 

and P. flesus larvae were preserved in 96% ethanol after sorting. Notochord length 

was measured for pre-flexion larvae and standard length was measured for flexion 

and post-flexion larvae. Additionally, the ontogenic development stage of each larva 

was determined as: stage I – newly hatched larva; stage II - pigmented eyes; yolk sac 

may still be present; stage III - yolk sac totally absorbed, the urostyle flexes upward, 

and rays of the caudal and dorsal fins are formed; stage IV - beginning of eye 

migration (loss of bilateral symmetry); stage V - ending of eye migration (Ramos et 

al., 2010). 
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Table 2.1. Sampling frequency of larval and post-settlement founder (n/a: no surveys were 

conducted). 

 
 

Larvae  Post-settlement 

Years 
 

Start End Frequency  Start End Frequency 

2002  April December fortnightly  n/a n/a n/a 

2003  January December fortnightly  October December monthly 

2004  January April fortnightly  January December monthly 

2005  n/a n/a n/a  January September monthly 

2009 

 
April 

September 

April 

December 

1 survey 

monthly 

 September December monthly 

2010  January October monthly  January October monthly 

2013  May November fortnightly  May October monthly 

 

Juvenile surveys were conducted monthly between October 2003 and September 

2005, with a 1 m beam trawl (Ramos et al., 2009a, 2010), September 2009 and 

October 2010 (2 m beam trawl), and May - October 2013 (2 m beam trawl and otter 

trawl) (Table 2.1). The mesh-sizes were 5 mm and 20 mm for the beam trawl and otter 

trawl, respectively. Samples were collected throughout the estuary (10 to 12 tows), 

always covering the lower, middle and upper sections of the Lima estuary and 

reaching 10 km upstream from the river mouth between 2003 and 2005, and 17 km 

upstream between 2009 and 2013.  All fish caught were refrigerated and transported 

to the laboratory where they were immediately frozen until sorting. Fishes were 

identified, counted and measured (total and standard length). According to 

Hutchinson and Hawkins (2004), who used laboratory observations to describe the 

developmental sequence of the flounder beginning at hatching, the juvenile stage is 

fully-formed at between 44.50 and 46.75 mm in total length; therefore, post-

settlement flounder less than 50 mm (total length) were considered for this study as 

post-settlement juveniles. 
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Environmental data 

Several inland and oceanographic variables are considered to influence fish larval 

stages while immigrating to estuarine nurseries:  precipitation (P), river flow (RF), 

chlorophyll a (Chla), sea surface temperature (SST), surface currents (horizontal 

vector, u; vertical vector, v), and upwelling index (UI). All oceanographic data, except 

for the UI, were assessed at the scale of the area of the coastal front of the Lima 

estuary, 1° in latitude (0.5° to the north and south of the estuary mouth) and 

approximately 0.5° in longitude (between the coast line and limit of the continental 

shelf).  

Precipitation (mm) and river flow (m
3

 s
-1

) data were obtained from APA (Agência 

Portuguesa do Ambiente, http://snirh.pt). Ocean Chla concentration (mg m
-3

) was 

obtained from the ESA Ocean Colour Climate Change Initiative (http://www.esa-

oceancolour-cci.org/), which comprises merged and bias-corrected MERIS (Medium 

Resolution Imaging Spectrometer), MODIS (Moderate-resolution Imaging 

Spectroradiometer) and SeaWiFS (Sea-Viewing Wide Field-of-View Sensor) data, with a 

horizontal resolution of ~4 km/pixel. Chla data for 2013 were acquired from the 

MODIS-Aqua products of the NASA project Ocean Color 

(https://oceancolor.gsfc.nasa.gov/). Current speeds and SST were acquired from 

Copernicus Marine Environment Monitoring Service (http://marine.copernicus.eu/). 

Currents, both northward (v) and eastward velocity (u) components (m s
-1

), were 

obtained with a horizontal resolution of 1/12°, and with two vertical levels (surface 

and ~1.5 m depth). SST (°C) was obtained with a horizontal resolution of 0.05°. 

Upwelling Index time series data were provided by the Instituto Español de 

Oceanografía (www.indicedeafloramiento.ieo.es) and were generated using sea level 

pressure of the FNMOC (http://www.usno.navy.mil/FNMOC/) WXMAP atmospheric 

model, at a position of 42°N latitude by 10°W longitude. The upwelling index 

summarizes the volume of oceanwards flow of surface waters per km of coastline 

(m
3

s
-1

 km
-1

), with positive index representing upwelling events. 

2.2.3  Data analysis 

Larval abundance data were standardized into the number of individuals per 100 m
3

 

of water filtered. Post-settlement individuals (<50 mm) abundance data were 

standardized into the number of individuals per 1000 m
2

.  

http://snirh.pt/
http://www.esa-oceancolour-cci.org/
http://www.esa-oceancolour-cci.org/
https://oceancolor.gsfc.nasa.gov/
http://marine.copernicus.eu/
http://www.indicedeafloramiento.ieo.es/
http://www.usno.navy.mil/FNMOC/
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Relationships between the environmental data and the occurrence (presence-absence) 

of the early life stages of flounder within the estuary were explored using boosted 

regression trees (BRTs), a machine learning method composed of two algorithms: 

regression trees and boosting (Elith et al., 2008; Friedman, 2002; Hastie et al., 2009).  

Tree models explain the variation of a response variable by recursive binary partitions 

of the data (De'ath and Fabricius, 2000; Hastie et al., 2009). In boosting, the models 

are fitted iteratively in a forward stage-wise manner, progressively adding simple trees 

to the model, with each tree fitted to the residuals of the existing set of trees (Elith et 

al., 2008; Leathwick et al., 2006). BTRs have been used increasingly in ecology 

showing evidence of strong predictive performance (e.g. Elith et al., 2006; França and 

Cabral, 2015; Leathwick et al., 2006; Soykan et al., 2014). 

Two BRT models were built, one for the larval phase and the other for the post-

settlement juvenile phase (<50 mm), using presence-absence data within the estuary 

(where pooling all sampling sites within one survey counted as an observation). The 

larvae dataset was composed of the fortnightly surveys conducted between 2002 and 

2004, and the survey conducted in April 2009. The post-settlement juvenile dataset 

was composed of the monthly surveys conducted between 2003-2005, 2009-2010 

and 2013.  All the environmental variables were tested as predictors at different times 

relative to collection; the time of the collection was considered as time=0, and 

intervals prior to the collection were then tested (for example: one month before, one 

and a half months before, etc.). These environmental variables were referenced with 

a subscript number indicating their time lag relative to the estuarine surveys; for 

example, SST0 = sea surface temperature at time 0; SST1 = sea surface temperature at 

time 1 month prior to the estuarine collection. For the larval data set, environmental 

variables were tested up to 3 months before the larval collection (fortnightly and 

monthly averages).  For post-settlement data, variables were tested up to 4 months 

prior to post-settlement-individual collection (monthly and bimonthly averages).  

These relationships were tested following two main assumptions, namely (i) the 

sampling methodology for the flounder was efficient, i.e., 0 represented the absence 

of individuals in the estuary rather than a methodological problem; (ii) post-settlement 

flounder (<50 mm) is a proxy of larval recruitment.   

BRT models were built in R-software, version 3.1.0 (R Core Team, 2014), using the 

‘gbm’ package (Ridgeway, 2006), and the supplement functions provided in the 

‘dismo’ package (Elith et al., 2008). During preliminary analyses, models were fitted 

with the combinations of the following settings: learning rates between 0.005-0.0005, 
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bag fraction (bg) of 0.5 and 0.75, tree complexity (tc) of 1 and 2, and k-fold cross 

validation of 5 and 10. After finding the optimal settings, two full models were fitted 

and then simplified by removing non-informative variables based on the decrease of 

deviance (using the routine gbm.simplify). Moreover, to confirm that all the variables 

of the final models were valuable for modelling the response variable, a random 

number was added as a predictor variable (Soykan et al., 2014). Therefore, when 

evaluating the relative influence of each variable to the model, only the variables that 

performed better than random numbers were retained. Also, the rule-of-thumb for 

variables correlated at |r|>0.7 was applied (Dormann et al., 2013), and the variables 

of the correlated pair with the lower relative contribution were removed. The optimal 

final models were chosen based on their statistical performance, parsimony and use.   

Model performance was assessed by the amount of cross-validated deviance 

explained, cross-validated correlation between model predictions and observed data, 

and the area under the Receiver Operating Characteristic curve (AUC) score.  AUC 

score ranges from 0 to 1; a value of 1 indicates a perfect discrimination of 

probabilities between presence and absence, and a value of 0.5 indicates that model 

discrimination is no better than a random result (Elith et al., 2006).  

2.3 Results 

2.3.1  Estuarine recruitment 

Flounder larvae were collected in the estuary between February and July (Figure 2.2) 

and peaks occurred mostly in April (Figure 2.2 and Figure 2.3). Ontogenic 

development stages ranged between II and IV and stages IV and III represented 88.6 

% and 10% respectively of the larvae collected.  Only 1.4% of the larvae collected were 

in stage II of development and they occurred only in February (Figure 2.3). Larvae were 

collected throughout the estuary, but highest abundances were observed in the 

middle saltmarsh and upper sections of the Lima estuary (Figure 2.4a). 
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Figure 2.2. Temporal variation of the occurrence of the early life stages of flounder in the 

Lima estuary for the studied years. Squares represent larvae and circles represent post-

settlement individuals (<50 mm). Size is proportional to estuarine abundance. The legend 

represents the minimum and maximum observed abundances. Open circles represent when 

samples were taken but no individuals were collected.   

The peak abundances of post-settlement juveniles (<50 mm) were observed in May 

and June (Figure 2.2). Newly-settled flounder (< 20 mm) were absent from the estuary 

after July (Figure 2.3). Few individuals >30 mm were found in August and October. 

Post-settlement juveniles were predominantly found in the upper section of the 

estuary (> 95% of the total catch), with 60.6% being found at the most-upstream 

station, approximately 17km from the mouth of the estuary (Figure 2.4b). 
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Figure 2.3. Monthly length frequencies of larval and post-settlement (<50 mm) flounder for all 

the studied years. 
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Figure 2.4. Map of the distribution of flounder in the Lima estuary for all the studied years: 

a) larvae, b) post-settlement individuals (<50 mm). Dashed lines identify the limits of the 

different geomorphological zones:  lower, middle and upper estuary. 

2.3.2  Environmental variables 

Throughout the studied years, river flow showed a typical pattern of increased values 

during the autumn/winter period and a decrease in late spring and summer (Figure 

2.5a). As for annual variability, the year of 2005 had the lowest annual mean (35.1 m
3

 

s
-1

), whereas 2003 had the highest annual mean (77.2 m
3

 s
-1

).  Similarly, precipitation 

showed a general decrease from January to summer months (Figure 2.5b). The lowest 
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cumulative precipitation was 2005 with a total of 915.5 mm, whereas 2013 had the 

highest cumulative precipitation, with 1650.0 mm.  

SST showed a seasonal curve for all of the years studied (Figure 2.5c), with the 

minimum temperatures registered in late winter and increasing until mid-summer. 

Overall, average minimum temperatures occurred in February for all years, with the 

exception of 2013 in which the minimum occurred in March. Maximum temperatures 

occurred between July and October. 

Chla increased from January to March, when the spring peak occurred. The summer 

peak, generally lower than the spring peak, was registered in August (Figure 2.5d).  

Despite this general pattern, an expected interannual variability occurred, with annual 

peaks registered in February (2004 and 2009), March (2003 and 2010), August (2002 

and 2005) and September (2013).  

The horizontal (u) component of the surface current velocities increased towards 

offshore from January to July, with an increase in February (Figure 2.5e). The vertical 

component (v) was predominantly towards the north during the winter months, and 

reversed direction in April, when it started increasing until July (Figure 2.5f). The 

upwelling index in general registered positive and increasing values from April until 

September (summer upwelling) (Figure 2.5g). Although the first trimester of each year 

typically registered a negative index, positive mean upwelling indices were recorded 

for one or two of the months during 2005, 2009 and 2013 (winter upwelling). The 

upwelling period was also identifiable as modifications of the current behaviour 

observed from April to September (Figure 2.5e, 2.5f and 2.5g). As a consequence of 

the northerly winds, the superficial vertical component of the currents was reversed 

towards the south in April (Figure 2.5f), leading to an increase of the horizontal 

component of the currents towards offshore due to the Ekman transport (Figure 2.5e). 

This process caused the coastal upwelling shown in Figure 2.5g.  
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Figure 2.5. Monthly variation of environmental variables for the studied years: a) river flow; b) 

precipitation; c) sea surface temperature; d) chlorophyll a; e) horizontal component of the 

current velocity (positive and negative values indicate onshore and offshore flows, 

respectively); f) vertical component of the current velocity (positive and negative values 

indicate northward and southward flows, respectively); g) upwelling index (positive values 

indicate upwelling events). 
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2.3.3 Influence of environmental variables 

The final BTR models retained four variables (see next paragraph). The larval model 

had the best overall fit (Table 2.2), explaining 63.3 % of the total deviance and a mean 

correlation between predicted and observed data of 0.80.  The post-settlement 

juvenile model had a lower fit, explaining 39.0 % of the total deviance and had a mean 

correlation between predicted and observed data of 0.71. The AUC score was also 

higher for the larval model. 

Table 2.2. Predictive performance of the final models developed for larvae and post-settlement 

flounder and pairwaise interactions between predictor variables. The interaction size specifies 

the relative degree of departure from a purely additive effect: a value of zero indicates that no 

interaction is present. Final settings: bag fraction - 0.75; tc – 2; no. folds – 5; lr (larvae) – 0.001; 

lr (post-settlement) - 0.0005.  

 Larvae Post-settlement 

Number of trees 5600 6050 

Deviance explained (%) 63.3 39.0 

CV correlation (proportion of total) 0.804 0.713 

AUC 0.958 0.907 

Pairwise interactions  

(Variable 1; Variable2 – Interaction size) 

SST2; P2 - 29.00 

SST2; Chla1.5 - 1.15 

P3; Chla2 - 1.03 

P3; SST3-4 - 0.25 

 

The presence of larvae and post-settlement juveniles, was influenced by SST, 

followed by Chla and finally by the hydrological inland variables, precipitation and 

river flow (Figure 2.6). The two model results showed consistency, identifying the 

same predictors. The variable contribution ranking of the larvae model matched with 

the variable contribution ranking of the post-settlement model. SST was, in both 

models, the strongest contributor to the presence-absence of the young flounder. 

Overall, low sea surface temperatures increased the probability of occurrence of 

flounder early life stages in the estuary.  Chla was the second-most important 

variable in both models, with higher concentrations improving the probability of 

flounder early life stage occurrence.  Hydrological variables showed the weakest 

relationship with the response variable, and only precipitation was present in both 

models.  
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Figure 2.6. Partial plots of the functions fitted for the final models obtained by Boosted Regression Trees: a) larval model; b) post-settlement 

model. The relative contribution of each predictor variable is shown in brackets. Y axes are on the logit scale. Predictor variables are referenced.  
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Larvae were strongly influenced by the SST2, accounting for more than 55.8 % of the 

relative contribution to the response variable (Figure 2.6a). In general, the probability 

of larval occurrence in the estuary decreased sharply with an increase in temperature 

(SST2) from 13.8 °C to 14.6 °C. Chla1.5 contributed 22.4 % to the presence of larvae in 

the estuary, with the probability of occurrence increasing with higher concentrations, 

above 1.2 mg m
-3

. Precipitation during the 2
nd

 month prior to the larval collection (P2) 

showed an influence of 15.4 % and had a positive effect on the presence of larvae in 

the estuary. RF3 was the weakest contributor (6.5%). RF between 40 and 100 m
3

 s
-1

 

increased the probability of larval occurrence (Figure 2.6a). Interactions fitted for the 

larval model (Table 2.2) indicated a weak interaction between SST2 and Chla1.5, and a 

strong interaction between SST2 and P2: there were peaks of occurrence when periods 

of high P2 and low SST2 occurred simultaneously (Figure 2.7).   

 

Figure 2.7. Three dimensional partial dependence plot for the interaction effects between SST2 

and P2 in the larval model; all variables except those graphed are held at their means. Predictor 

variables are referenced with a subscript number indicating their time lag relative to the 

estuarine surveys. SST – sea surface temperature; P – precipitation. 
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For the post-settlement model, the most influential variable was SST, namely the 

average temperature of the 3
rd

 and 4
th

 months prior to juvenile collection (SST3-4), with 

a relative contribution of 49.9 % (Figure 2.6b). The probability of occurrence of post-

settlement individuals decreased with increases of SST3-4. Chla2 and Chla3 contributed 

25.6 % and 19.6 %, respectively, to the response variable, and higher concentrations 

increased the probability of post-settlement flounder occurrence in the estuary. P3 had 

the lowest impact on post-settlement occurrence, contributing 5 % and showing a 

positive influence. Interactions indicated a peak of occurrence with higher P3 and Chla2 

and with higher P3 and lower SST3-4 (Table 2.2). 

2.4 Discussion 

The location of the spawning grounds, jointly with transport and supply to the nursery 

areas of P. flesus still remain unclear at the NW Iberian coast, the species southern 

limit of distribution. While the species is accepted as being semi-catadromous (Elliott 

et al., 2007b), nearshore spawning grounds are difficult to detect and may be 

relatively small (Bos et al., 1995; Grioche et al., 1997).  Spawning timing is described 

to occur between January and March (Martinho et al., 2013; Sobral, 2008) and the 

pelagic stage lasting approximately 30 to 50 days (Martinho et al., 2013), during 

which the larvae should reach the nursery areas. Our results indicate that recruitment 

to the Lima estuary occurred early during the larval stages, prior to settlement. 

Although larval and juvenile collections were not carried out in the same years, it was 

possible to observe a synchronised pattern: the highest larval abundances were 

recorded in April, followed by the presence of the newly-settled individuals (<20 mm) 

in the two following months, May and June. Hence, flounder settlement seemed to 

have occurred inside the estuary, in agreement with that reported for the Dollard (Ems 

estuary) (Jager, 1998) and for the Elbe River (Bos, 1999). Nevertheless, fluctuations in 

the timing of arrival were observed, with larvae arriving as early as February, and until 

July, whereas the post-settlement individuals (<50 mm) were present between April 

and October.  

Recent studies suggest that P. flesus might not only spawn in coastal areas, but also 

inside the estuary (Daverat et al., 2012; Morais et al., 2011). Ferreiro and Labarta 

(1988) reported a high abundance of flounder eggs and high larval densities 

throughout a nearby estuary, the Ria de Vigo.  Although our study did not include the 

egg stages, only one pre-flexion larvae (stage II) was observed in the estuary, and 

most collected larvae were post-flexion larvae (stages III and IV). Vertical migrations 
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appear to begin at the stage III (e.g. Grioche et al., 2000; Grioche et al., 1997; Koubbi 

et al., 2006).  Therefore, most of the larvae caught in the Lima were already able to 

regulate their position in the water column, a capability which allowed them to use 

retention mechanisms, such as selective-tidal-stream-transport (STST). This 

mechanism, which enables larvae to migrate upstream the estuary and to avoid being 

flushed out to the ocean, has been documented for several species (e.g. Forward et 

al., 1999; Hare et al., 2005; Islam et al., 2007; Jager, 1999). 

In the 2010 and 2013 ichthyoplankton surveys, lower abundances were registered 

and larvae were caught after the abundance peak of post-settlement organisms. In 

2013, sampling started in May, probably after the main recruitment to the estuary 

and, in 2010, monthly sampling was unable to detect the larval arrival into the estuary. 

The lowest abundances of 2010 emphasize the need to conduct at least fortnightly 

surveys to be able to detect the recruitment pulse of larvae.  In the western Wadden 

Sea, Van der Veer (1985) observed that the immigration of P. flesus larvae started in 

April and lasted for one month in contrast to the plaice (Pleuronectes platessa, 2 

months), but where the shorter supply period compensated with higher abundances.  

Results identified a relationship between the occurrence of P. flesus early life stages 

and sea surface temperature, chlorophyll a, and inland hydrological processes. The 

consistency shown between the results of the two models indicated that post-

settlement flounder (<50 mm) could represent a proxy for larval recruitment because 

it corroborated the variables identified by the larval model. On the other hand, the fit 

and predictive performance of the post-settlement model were lower relative to the 

larval model. This was expected due to two reasons: (i) a wider size range of post-

settlement individuals, which might correspond to a wider age range and 

consequently a distinct timing of nursery arrival, and (ii) post-settlement individuals 

have been in the estuary for longer (at least a month), thus being more exposed to 

estuarine conditions.  Although the processes responsible for recruitment variability 

are more relevant during the pelagic phase, density-dependent processes within 

nursery areas (such as growth or predation) may dampen the variability generated 

during the pelagic phase (Bolle et al., 2009; Geffen et al., 2007; van der Veer et al., 

2000a). Thus, the existence of additional estuarine environmental constraints might 

potentially mask the identification of variables that acted previously during the 

oceanic life stage of the flounder. 

The successful arrival of early life stages to the estuarine nursery areas results from 

the interaction between several processes. By taking advantage of local physical (e.g. 
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larval dispersal/transport/retention) and biological (e.g. survival and growth) 

conditions, organisms optimize dispersal success and reduce mortality (Able and 

Fahay, 2010; Bailey et al., 2008; Boehlert and Mundy, 1988; Duffy‐Anderson et al., 

2014).  

Temperature is known to have a greater effect on the larval supply to temperate 

estuaries (Able and Fahay, 2010), acting directly or indirectly to control biological 

processes (Houde, 2008). Temperature is a determinant factor at several stages of a 

fish life cycle, including gonadal development and spawning (Fincham et al., 2013; 

Pawson et al., 2000; Sims et al., 2004) and survival and growth of early life stages 

prior to nursery recruitment (Henderson and Seaby, 1994; Hutchinson and Hawkins, 

2004; Vinagre et al., 2009).  The minimum annual SST of the surveyed years coincided 

with the documented spawning timing (January to March). According to the larval 

model, the time lag between the occurrence of flounder in the estuary and the SST 

variables was consistent with that time of spawning: i.e. approximately 2 months 

before the arrival of the larvae.  As a limiting factor for reproductive success, 

temperature becomes a particularly important feature at the geographic limit of the 

flounder distribution, with regard to climate change. Teixeira et al. (2014) reported a 

decreasing trend in flounder fishery landings along the Portuguese coast over the past 

40 years, with landings being lower in warmer years. Also, and according to historical 

data, the abundance decreased along the Portuguese coast (Tagus estuary) (Cabral et 

al., 2001; Vinagre et al., 2009) and also in the Bay of Biscay (Hermant et al., 2010).  

The relationship between Chla levels and the presence of P. flesus in the estuary 

highlights the importance of larval fish encountering suitable prey abundance as a 

prerequisite for survival, as proposed by many population recruitment hypotheses 

(Peck et al., 2012), such as the ‘match-mismatch’ phenomenon (Cushing, 1990). The 

ability to find and eat a sufficient quantity of suitable prey enhances the survival of a 

larva, and the lack of synchrony, both temporal and spatial, between prey and 

predators is considered to be one of the causes for recruitment variability (Cushing, 

1990; Durant et al., 2007). Although very few studies have investigated the prey of P. 

flesus larvae, there is evidence that although diet is dominated by zooplankton, they 

also feed on phytoplankton at the time of ‘first-feeding’ (Engell-Sørensen et al., 2004; 

Last, 1978). Moreover, phytoplankton spring blooms are coupled with zooplankton 

productivity, which are the main prey of larvae before entering the estuary.  

Inland hydrological processes, such as precipitation regime and river flow regulate 

the freshwater input to estuaries and coastal areas. These variables may have a 
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negative effect on the entrance of marine fish larvae into the estuary (Ramos et al., 

2012; Ramos et al., 2006a), and also reduce larval survival in the estuary (Chicharo et 

al., 2001). Conversely, Martinho et al. (2009) found that precipitation and river flow 

in the months preceding the arrival of the flounder to the estuary appear to positively 

influence abundance of young of the year class. In fact, continental freshwater plumes 

have been linked to the growth and survival of fish larvae in the sea (Lloret et al., 

2004; Sabatés et al., 2001), as well as acting as a cue to estuarine location (Leis et al., 

2011; Sullivan et al., 2006). Hence, an understanding of estuarine ecological 

processes is only possible with an adequate understanding of the interlinked physical 

processes, the emerging field of estuarine ecohydrology (Wolanski and Elliott, 2015). 

For example, along the NW Iberian coast, the nutrient-rich river discharges are 

responsible for the presence of the Western Iberia Buoyant Plume; which, when 

associated with weak winter upwelling events occurring in this area (e.g. Fiúza et al., 

1982; Santos et al., 2004), enhance the growth and concentration of phytoplankton 

(Ribeiro et al., 2005). These processes have been identified as creating a suitable 

environment for the survival of sardine (Sardina pilchardus) larvae (Ramos et al., 

2009b; Santos et al., 2007; Santos et al., 2004).  On the other hand, the increase in 

intensity and frequency of upwelling events during the winter spawning season of 

small pelagic species off the coast of Portugal was found to have a negative impact 

on recruitment, limiting their survival success (Santos et al., 2001). Although winter 

upwelling events did not occur during the current study years, the presence of the 

flounder in the estuary was not influenced by upwelling or by currents acting prior to 

the arrival of the larvae into the estuary. 

The Lima estuarine recruitment of P. flesus was related to oceanic temperature and 

chlorophyll a, a common feature of several marine spawning fish species. During its 

earlier stages, fish larvae have no or very poor swimming capabilities being more 

susceptible to physical transport derived from oceanographic events, such as 

currents, upwelling, fronts and eddies.  Indeed, the dispersal of eggs and early larvae 

by advective processes is crucial to guarantee the successful colonization of the 

nursery areas (Cowen and Sponaugle, 2009; Duffy‐Anderson et al., 2014). Despite all 

of this, our results showed that the environmental variables associated with physical 

processes were not considered relevant to the recruitment of flounder to the Lima 

estuary. However, elsewhere upwelling events have been associated with the 

occurrence and density of estuarine larval fish assemblages (Able and Fahay, 2010). 

The recruitment pulses of the English sole, an estuarine-dependent flatfish species 

that uses onshore Ekman transport to arrive to an estuarine zone (Boehlert and 
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Mundy, 1987), have been found to be negatively correlated with the upwelling index 

(Boehlert and Mundy, 1988). In the case of the NW Iberia coast, the transition from 

winter downwelling to summer upwelling typically occurs in April, with the persistent 

upwelling conditions prevailing until September (Fiúza, 1983; Ramos et al., 2013). 

During our study period, the highest abundance of larvae arrived at the estuary in 

April, when the summer upwelling events begin to occur.  This transition period is 

characterized by large variability in circulation (Torres and Barton, 2007), which might 

represent an additional constraint to flounder arrival at the Lima estuary.  Given that 

P. flesus is a late winter spawning species, one would expect that eggs and early larvae 

were subjected to fluctuations in the transport patterns introduced by the seasonal 

and annual variability of local oceanographic factors. However, our results showed 

that the estuarine occurrence of larvae is mainly linked to variables regulating 

spawning, survival and growth, suggesting some ability of the larvae to cope with 

local oceanographic circulation. Therefore, it is necessary to locate the spawning 

areas in order to additionally determine how the early life stages deal with local 

oceanographic variation. Increased knowledge on larval behaviour and transport 

pathways will allow a better understanding of how deviations from usual conditions 

will affect the ocean-estuary connectivity and, ultimately, the southern P. flesus 

population. 

2.5 Conclusions 

The European flounder, P. flesus recruited to the Lima estuary early in life.  Larval 

stages arrived in spring and post-settlement juveniles (<50 mm) were found in the 

upper estuary one or two months later.  The larval model identified variables that 

previously influenced the immigration from the oceanic spawning grounds to the 

estuarine nursery, as the major drivers of P. flesus occurrence in the Lima estuary. 

These findings were corroborated by the post-settlement juveniles (<50 mm) model. 

The study emphasized the relative importance of environmental variables (SST, Chl a, 

P and RF) associated with the biological processes (responsible for the spawning, and 

growth and survival of larvae), over the variables responsible for larval dispersal, 

transport and retention (currents and upwelling).  Hence the study gives a good 

background for further research to understand how oceanographic conditions control 

the estuarine recruitment of the European flounder. 
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Abstract 

Estuaries have long been recognised for supporting nursery habitats for various 

marine fish species. As spatially explicit seascapes consisting of a mosaic of habitat 

patches, estuarine nurseries also incorporate ecological processes such as 

ontogenetic shifts. To improve our understanding of the habitat requirement changes 

of nursery species within the estuarine seascape, habitat suitability models were built 

using boosted regression trees for three size classes of European flounder 

(Platichthys flesus) juveniles. The models incorporated a variety of dynamic and static 

predictors, from physical and chemical water parameters to biological and physical 

habitat variables. The relationships between juveniles and predictor variables changed 

with size, indicating the potential dynamics of habitat use for the juvenile flounder 

inside the estuarine nursery. Younger post-settled juveniles tended to be spatially 

constrained to a shallow upstream area and, with size, there were ontogenetic shifts 

to the middle estuary. This demonstrates the importance of considering different life 

stages when developing essential fish habitat maps, that which reflect both seasonal 

and spatial distributions. Given the high level of anthropogenic pressures to which 

estuaries are subjected, the consideration of fish ontogenetic habitat requirements 

within the estuarine nursery is needed to identify high-value areas, and is valuable for 

developing effective management plans and to protect the most sensitive life stages 

that are essential to fully sustain estuarine and marine adult populations, and 

therefore fisheries.
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3.1 Introduction 

During their life history, the habitat preferences of many coastal marine and estuarine 

fish change with ontogeny, and early life stages can inhabit very different 

environments compared with their adult conspecifics (Dando, 2011; Gillanders et al., 

2003; Kimirei et al., 2013). The pelagic dispersal stage of the earliest life stages (eggs 

and larvae) is typically followed by settlement if suitable habitat is found (Cowen and 

Sponaugle, 2009). In the nursery area, fish juveniles benefit from refuge from 

predators and high food availability promoting survival and growth until they are 

ready to move and recruit to the adult population (Beck et al., 2001; Fodrie and 

Mendoza, 2006; Vasconcelos et al., 2009). Movement patterns, however, can be 

interpreted at a range of spatial scales (Dance and Rooker, 2015) and, although major 

ontogenetic habitat shifts can occur at large scales (i.e. hundreds to thousands of 

km), it is also possible to detect changes in species habitat preferences at small scales, 

for example, inside  nursery areas (Nagelkerken et al., 2015). Ontogenetic movements 

at smaller scales, such as inside nursery areas, may be more difficult to detect and 

occur as habitat suitability varies with size, age or development, and due to 

modifications in food resources requirements (Mendes et al., 2014), predation risk 

(Kimirei et al., 2013), and habitat availability, which allows an enhancement of the 

fitness of the fish by seeking optimal habitats (Kahler et al., 2001). 

Among nursery habitats, estuaries have been recognized as essential for many marine 

fish species (Able, 2005; Potter et al., 2015), contributing to the sustainability and 

conservation of adult populations. Therefore, estuarine nursery grounds have been 

widely studied (Amara et al., 2009; Pattrick and Strydom, 2014; Rochette et al., 2010; 

Vasconcelos et al., 2010), and much emphasis has been given to the need to 

determine their importance for management and conservation. Recent studies, 

however, have called for a more dynamic approach when assessing nursery areas, 

emphasizing that these are heterogenous, spatially explicit seascapes where dynamic 

processes and ontogenetic movements occur (Nagelkerken et al., 2015; Sheaves et 

al., 2015).  

While important nursery areas, estuaries are also among the most threatened coastal 

ecosystems, generally located in areas of high population and large-scale 

development. The high level of anthropogenic pressures to which they are subjected 

cause degradation, fragmentation and ultimately loss of habitats (Lotze et al., 2006). 

As habitat requirements can change during ontogeny (Werner and Gilliam, 1984), it is 
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likely that responses to habitat change will also differ according to different life-

history stages.  Furthermore, while identifying the habitat requirements of species 

and how this affects their distribution and abundance is fundamental to 

understanding their ecology, this knowledge is also relevant from the point of view of 

management and conservation, given that it enables the evaluation of the implications 

of habitat changes on the different life stages.  Hence, approaches that consider 

ontogenetic movements within the habitats of the estuarine seascape and that identify 

high-value areas will be useful to develop effective management plans of marine 

fishes using nurseries under constant pressure such as estuaries. Furthermore, 

detailed knowledge on fine fish habitat preferences and on which habitat features are 

potentially limiting is critical to enhance the chances of successful habitat restoration 

(Bond and Lake, 2003). 

In order to improve our understanding of environmental processes governing spatial 

distributions of nursery species within the estuarine seascape, habitat suitability 

models were built for the juvenile European flounder (Platichthys flesus). The 

European flounder was chosen as model species due to its estuarine dependence 

during the early life stages (Elliott et al., 2007; Potter et al., 2015). In fact, P. flesus is 

regarded as a semi-catadromous species (Elliott et al., 2007b; Potter et al., 2015), 

known to enter the estuaries in their larval stage, and appear to prefer low salinity 

upstream habitats to settle (Amorim et al., 2016; Bos and Thiel, 2006; Freitas et al., 

2009; Jager, 1998). Later, older juveniles slowly move downstream, until they leave 

the estuary to breed at sea (Ramos et al., 2010). Although the juvenile flounder has 

an overall generalist feeding behaviour, Mendes et al. (2014) were able to detect 

ontogenetic shifts on prey selection, with post-settled individuals presenting a low 

diet diversity, and older juveniles presenting a distinct diet from the young-of-the-

year. Therefore, and following the hypothesis that the European flounder performs 

ontogenetic movements within the nursery area, this study aimed to determine i) the 

ontogenetic shifts in habitats, and ii) the environmental factors that determine the 

suitability of the habitat at each ontogenetic stage. 
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3.2 Material and methods  

3.2.1 Study area 

The Lima estuary is a small Atlantic, temperate estuary located in the NW coast of the 

Iberian Peninsula (Portugal), discharging an annual average river flow of 70 m
3

 s
−1 

from 

a catchment of 2446 km
2

. The tidal regime is mesotidal semidiurnal (range of 3.7 m 

during spring tides) and its influence reaches 20 km upstream. Geomorphologically, 

the estuary can be divided into 3 distinct sections: the lower estuary (0-3 km from the 

mouth), near an urbanized area, is a navigational channel, narrow and deep, with 

artificial channels; the middle estuary (3-7 km from the mouth) is a broad shallow 

zone with salt marshes and tidal sandy islands; and the upper estuary (7-20 km) is a 

shallow and narrow channel with small sandy islands which, in most of its length, still 

retains its natural banks (Ramos et al., 2010) (Figure 3.1). The Lima estuary has been 

identified as a nursery for P. flesus and is located at the southern limit of the 

geographical distribution of the species (Amorim et al., 2016; Mendes et al., 2014; 

Ramos et al., 2010). 

 

 

Figure 3.1. Lima estuary location in the Northwest Iberian Peninsula (Portugal) and sampling 

sites. 
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3.2.2 Data collection and preparation 

Epibenthic and demersal fauna were collected monthly between September 2009 and 

October 2010 and between May and October 2013 using a 2-m beam trawl and an 

otter trawl (mesh-sizes of 5 mm and 20 mm for the beam trawl and otter trawl, 

respectively). Samples were collected at 10 sites along the estuary (Figure 3.1), 

reaching approximately 17 km upstream from the river mouth. Immediately after 

collection, samples were refrigerated and transported to the laboratory where they 

were frozen until sorting. All individuals were identified to the species level, counted 

and measured.   At each site, bottom salinity, temperature, oxygen saturation and 

turbidity were collected with a multiparameter probe YSI 6820. Additionally, and 

between September 2009 and October 2010, triplicate sediment samples were 

collected seasonally at each site, using a Petit Ponar grab (area of 0.023 m
2

), in order 

to characterise the macroinvertebrate community (for details see Mendes et al. 

(2014)). Chironomidae, Corophium sp. and Polychaeta were selected as the main 

macroinvertebrate prey of P. flesus in the Lima estuary (Mendes et al., 2014). Seasonal 

maps of prey abundance were interpolated using a deterministic technique, Inverse 

distance weighted (IDW) interpolation (grid of 486 m of resolution), implemented in 

ArcGIS 10.2 (ESRI, Redlands, CA). To obtain monthly maps, a linear temporal 

interpolation was performed between seasons, for each cell in the grid. 

Sediment grain size fraction data along the estuary (mud (<0.063 mm), sand (0.063–

2.000 mm), and gravel (> 2.000 mm)) were collected with a Petit Ponar grab during 

surveys carried in 2010, 2013 and 2015 and complemented with data from literature 

(Sousa, 2003). Maps of each fraction were obtained by spatial interpolation using a 

Bayesian kriging method, Empirical Bayesian Kriging (EBK), implemented in ArcGIS 

10.2 (ESRI, Redlands, CA), following the methodology described in Amorim et al. 

(2017) (Chapter 4). 

A bathymetric map was created from point records collected by a single beam echo 

sounder during 2013 and contour lines of the mean high water of spring tides and 

mean low water of spring tides, digitized from orthorectified photographs of the 

estuary (Google Earth and Portuguese Geographic Institute (IGP) imagery provided by 

ESRI online map service). Data were interpolated to a contiguous grid of 9 m 

resolution using ANUDEM (version 5.3) algorithm implemented in ArcGIS 10.2 (ESRI, 

Redlands, CA) (for details see Amorim et al. (2017) (Chapter 4). The area of intertidal 



Chapter 3 

55 

 

within a buffer of 500 meters of the middle point of each trawl transect was calculated 

by using the tool Focal Statistics in ArcGIS 10.2 (ESRI, Redlands, CA). 

Vegetation cover (saltmarsh) was delineated based on aerial imagery and field expert 

knowledge, and the distance from the middle point of each trawl transect to the 

saltmarsh was calculated with the tool Focal Statistics in ArcGIS 10.2 (ESRI, Redlands, 

CA). 

Monthly frequency of occurrence of P. flesus larvae in the estuary was calculated from 

all ichthyoplankton data collected in the Lima estuary in the years of 2002–2004, 

2009-2010 and 2013 (Amorim et al., 2016; Ramos et al., 2006b; Ramos et al., 2010). 

The average of the frequency of occurrence in the 2 months prior to data collection 

was used as a variable, as an indication of larval supply to the estuary.    

3.2.3 Data analysis and modelling approach 

Three size classes of P. flesus were chosen based on the distribution of individuals by 

size along the estuary. To define them, the percentiles 0 %, 25 %, 50 %, 75 % and 100 

% of the total length of all individuals caught at each site were calculated and clustered 

using k-means algorithm. The range for each size class was chosen based on the 

percentile 75 % of each group that resulted from the k-means clustering. 

Boosted Regression Trees (BRT) were then used to identify the habitat variables that 

best described the observed variation in the distribution of the three size classes 

along the estuary. BRTs are a tree-based ensemble technique, combining the 

algorithms of regression trees and boosting. The use of regression trees includes 

advantages such as the ability to handle missing values, immunity to the effects of 

extreme outliers, the ability to fit interactions between predictors and the ability to 

resist inclusion of many irrelevant variables (Friedman and Meulman, 2003). However, 

one of the main disadvantages of single tree models is their relatively poor predictive 

performance, which can be overcome by using a machine learning algorithm such as 

boosting (Elith et al., 2008; Friedman and Meulman, 2003). Through boosting, simple 

tree models are fitted iteratively using a forward stagewise procedure that minimizes 

the loss of predictive performance or deviance at each step (Elith et al., 2008; 

Leathwick et al., 2008). The successive trees are fitted to the residuals of the 

previously fitted trees and the final model is a linear combination of all trees (Elith et 

al., 2008). To improve the predictive performance, BRT also include stochasticity, 
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which means that each tree is fitted to a subset of the data, randomly selected without 

replacement (Elith et al., 2008).  

To estimate the probability of occurrence of P. flesus, three size classes along the 

estuary, binomial BRTs were fitted on presence/absence data for the three size 

classes. All the environmental variables used in the analysis are described in Table 

3.1. After exploratory analysis, gravel was chosen as the sediment fraction to be used.  

Table 3.1. Environmental variables used in the boosted regression tree analysis for the three 

class sizes of juvenile Platichthys flesus using the Lima estuary. 

Variable  Description Range 

Chi Number of Chironomidae individuals per m
2

 0.0 – 891.0 N m
-2

 

CmaeA Number of Carcinus maenas individuals per 1000 

m
2

 

0.0 – 1617.6 N 1000 m
-2

 

Cor  Number of Corophium sp. individuals per m
2

 0.0 - 8710.1 N m
-2

 

Depth Depth at mean high water of spring tides -8.2 – -2.3 m  

Fo2 Average of the frequency of occurrence of 

Platichthys flesus larvae on the 2 months prior to 

collection 

0.0 – 22.8 %  

Gravel Gravel fraction in the sediment 0.8 – 54.3 % 

IntArea Area of intertidal within a 500 m buffer 8748 – 318816 m
2

 

Month Months of sample collection January – December  

OSat Oxygen of the bottom water column 63.3 – 166.4 % 

Pf_class1 Number of Platichthys flesus individuals of the size 

class <68 mm per 1000 m
2

 

0.0 – 40.2 N 1000 m
-2

 

Pf_class2 Number of Platichthys flesus individuals of the size 

class 68 - 161 mm per 1000 m
2

 

0.0 – 40.2 N 1000 m
-2

 

Pf_class3 Number of Platichthys flesus individuals of the size 

class 161 - 208 mm per 1000 m
2

 

0.0 – 19.2 N 1000 m
-2

 

Pol Number of Polychaeta individuals per m
2

 0.2 - 3732.9 N m
-2

 

Sal  Salinity of the bottom water column 0.0 – 35.2 

SaltDist Distance to saltmarsh 34.5 – 2519.4 m 

Site Samples site along the estuary 1 – 10 

TAb Total abundance of all fish caught at each site  

Temp Temperature of the bottom water column 9.2 – 25.3 ºC 

Turb Turbidity of the bottom water column 0.9 – 17.3 NTU 

 

Models were built in R software, version 3.3.0 (R Core Team, 2016), using the ‘gbm’ 

and ‘dismo’ packages (Elith et al., 2008; Ridgeway, 2006) and were fitted with a tree 

complexity of 2 (allowing for 2-way interactions), a learning rate between 0.0005 and 

0.001, a k-fold cross validation of 10 and a bag fraction of 0.7.  Three full models 
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were fitted and then simplified by removing non-informative variables based on the 

decrease of deviance (using the routine gbm.simplify). The final models were chosen 

based on their performance, which was assessed by the amount of cross-validated 

deviance explained, cross-validated correlation between training and testing data, and 

the area under the Receiver Operating Characteristic curve (AUC) score. The final 

models were also used to predict the probability of P. flesus presence to the mapped 

grids of environmental variables. All grids were resampled to a resolution of 486m. 

Environmental variables measured at the sampling points were also transformed into 

grid layers by interpolation using Empirical Bayesian Kriging (EBK) or Inverse distance 

weighted (IDW), implemented in ArcGIS 10.2 (ESRI, Redlands, CA). 

3.3 Results 

3.3.1 Definition of the size class groups  

Based on the total length of all P. flesus individuals caught in the Lima estuary, k-

means clustering grouped sites as shown in Figure 3.2. The two most upstream sites, 

L10 and L9, showed a complete separation from other sites. The middle estuary was 

separated into two groups: one group included the sites located more upstream, plus 

site L3, and the other group included the more downstream sites, together with the 

remaining sites from the lower estuary (L1 and L2).  To fit the models, the size range 

of each group was determined as: <68 mm, 68-161 mm, 161-208 mm, hereon 

referred to as size class 1, size class 2 and size class 3, respectively. 
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Figure 3.2. Percentiles of Platichthys flesus total length collected at each site, clustered in 

three classes by k-means clustering algorithm. Component 1 and 2 explain 93.6% of the point 

variability. 

3.3.2 Model performance and influential variables  

The fitted models of the different size classes varied in model performance and 

predictor variables. The BTR model results for size class 1 (<68 mm) had the best 

performance, with the highest cross-validated AUC (0.89) and explained deviance 

(30.4 %), and with a cross-validated correlation of 0.56 (Table 3.2). Size class 2 (68 - 

161 mm) had the lowest performance, with a cross-validated AUC of 0.77, an 

explained deviance of 14.9 % and a cross-validated correlation of 0.45 (Table 3.2). 
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Table 3.2. Predictive performance of the final models developed for the three class sizes of 

the juvenile Platichthys flesus using the Lima estuary. 

Model <68 mm 68 – 161 mm 161 – 208 mm 

Number of trees 5950 7150 6600 

Null Deviance 0.92 1.34 1.07 

CV Deviance 0.64 1.14 0.79 

Deviance explained 

(%) 

30.4 14.9 26.0 

CV AUC 0.89 0.77 0.83 

CV Correlation 0.56 0.45 0.57 

 

The variable influence for each model is shown in Table 3.3 and the partial plots of 

the five most influential variables are shown in Figure 3.3 (the remaining partial plots 

of each model are shown in the supplementary material – Figure S3-1).  

 

Table 3.3. Relative influence of each variable in the boosted regression models of the three 

class sizes of juvenile Platichthys flesus using the Lima estuary <68 mm, 68 -161 mm, 161 -

208 mm. 

<68 mm 68 – 161 mm 161 – 208 mm 

Variable  Rel. infl. (%) Variable  Rel. infl. (%) Variable  Rel. infl. (%) 

Chi  19.2 Sal                  20.9 Pf_class2  28.2 

Depth  15.7 Pf_class3  18.1 Site  15.1 

Site  14.2 Turb  14.3 Sal  11.2 

Temp  11.2 Osat  10.3 Osat   9.5 

Osat  10.4 CmaeA   8.8 Month   9.0 

Sal   9.0 Chi   7.1 Turb   8.1 

Gravel   6.9 Site   6.8 TAb   6.3 

Cor   5.4 Cor   5.0 IntArea  5.1 

FO2   4.2 SaltDist   4.9 Pol   4.0 

Pf_class2   4.0 TAb   3.8 CmaeA   3.5 
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Figure 3.3. Partial plots of the five most influential variables of the fitted functions for the 

final models of the three size classes of Platichthys flesus: <68 mm, 68-161 mm and 161-

208 mm. 
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The presence of the smallest P. flesus size class (<68 mm) related positively with the 

food resources Chironomidae and Corophium sp., which explained an overall 24.6 % 

of the total model variation. Chironomidae was the most influential variable, followed 

by the habitat variables depth (15.7 %) and site (14.2 %) (Table 3.3).  Shallower areas 

were more favourable to the presence of the size class 1, as well as the most upstream 

estuarine area (stations L9 and L10).  The other physical habitat variable retained by 

the model was gravel, with a positive relative influence of 6.9 % (Figure 3.3). Overall, 

water physical and chemical parameters (oxygen saturation, temperature and salinity) 

also had a high relative influence (total of 30.6 %), with the probability of the presence 

of size class 1 individuals increasing with higher temperatures and oxygen saturation, 

but decreasing with higher salinity (Figure 3.3). Finally, the two variables with the 

lowest relative influence were the average of frequency of occurrence of larvae in the 

estuary in the two months prior to collection (4.2 %), and the abundance of P. flesus 

size class 2, both positively influencing the presence of the smallest size class (Figure 

S3-1).  

The presence of P. flesus individuals of the size class 2 (68 – 161 mm) was highly 

influenced by the physical and chemical water variables (45.5 %): salinity showed the 

highest relative influence (20.9 %), followed by turbidity (14.3 %) and oxygen 

saturation (10.3 %) (Table 3.3). Similarly to size class 1, the probability of occurrence 

of individuals of size class 2 in the estuary decreased with salinity, although these 

older juveniles appeared to be more tolerant to increasing salinity (Figure 3.3). The 

abundance of the largest P. flesus size class (161 – 208 mm) was the second most 

influential variable (18.1 %), with the presence of individuals of the size class 2 

increasing with higher abundances of the former. Other biological variables retained 

by this model, and with a positive influence on the presence of size class 2, were 

abundance of Carcinus maenas (8.8 %), Chironomidae (7.1 %) and Corophium sp. (5.0 

%) (Figure 3.3; Figure S3-1). Total abundance of fish (3.8 %), on the contrary, had a 

negative impact on the presence of P. flesus of this size class. Site (14.2 %) and 

distance to saltmarsh (4.9 %) were the physical habitat variables retained by this 

model, with the individuals of this size class spreading from upstream to the middle 

estuary and preferring areas closer to saltmarshes (Figure 3.3; Figure S3-1). 

The largest P. flesus size class (161 – 208 mm) presence related strongly with the 

abundance of size class 2 (28.2 %) (Table 3.3). Other biological variables that 

influenced the presence of size class 3 were total fish abundance (6.3 %), abundance 

of Polychaeta (4.0 %) and abundance of Carcinus maenas (3.5 %) (Figure S3-1). The 
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probability of occurrence decreased with total fish abundance and increased with the 

abundance of Polychaeta and Carcinus maenas. Individuals belonging to this size 

class no longer had a preference by the most upstream sites and had moved to the 

middle and lower estuary, where the probability of their presence increased with 

intertidal area (5.1 %). Contrary to the previous models, salinity had a positive 

influence on the presence of this size class (11.2 %). Other physical and chemical 

variables retained were oxygen saturation (9.5 %) and turbidity (8.1 %) (Figure 3.3; 

Figure S3-1).  This model was also the only to retain a time variable, with month having 

a relative influence of 9.0 % (Figure 3.3). 

3.3.3 Predicted occurrence 

The probability of presence of P. flesus size class 1 predicted by the model was higher 

in the upper estuary, particularly between the months of May and September, with a 

peak in June (Figure 3.4). During the months of May, June and July, there is a slight 

increase of the probability of presence in the middle estuary. The probability of 

presence of this class in the lower estuary was very low. The probability of occurrence 

of P. flesus size class 2 predicted by the model is higher between the months of May 

and August in the middle estuary (Figure 3.5). High probabilities of presence were 

also predicted throughout all year for the upper estuary. The probability of presence 

of P. flesus size class 3 predicted by the model was higher in the middle and lower 

estuaries, and between the months of May to September (Figure 3.6). The probability 

of occurrence of this class in the upper estuary was very low. 
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Figure 3.4. Probability of occurrence of Platichthys flesus size class 1 (<68 mm) in the Lima 

estuary. 
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Figure 3.5. Probability of occurrence of Platichthys flesus size class 2 (68 - 161 mm) in the 

Lima estuary. 
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Figure 3.6. Probability of occurrence of Platichthys flesus size class 3 (161 - 208 mm) in the 

Lima estuary. 
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3.4 Discussion 

The value of quantitative maps for management and conservation purposes has been 

highlighted by several authors (Costa et al., 2015; Dedman et al., 2015; Le Pape et 

al., 2014). Distributional maps usually provide a snapshot of a species distribution 

within a seascape (Furey and Rooker, 2013) and allow a quantitative identification of 

the different habitats required for marine resources to complete their life cycle 

(Trimoreau et al., 2013). Estuaries though, as highly variable systems, are 

characterized by time-varying species-habitat associations (Able, 2005) and, 

therefore, in the present study both temporal and spatial scales were considered. 

Assessing dynamic habitat use is often difficult due to the variation occurring at 

several temporal scales (Able and Fahay, 2010). However, and unlike niche shifts that 

depend on their function or temporal scale (such as seasonal, diel and tidal 

migrations), ontogenetic shifts tend to be unidirectional and more permanent (Kimirei 

et al., 2013). Body-size is one of the main factors regulating trade-offs between 

maximizing growth and minimizing predation risk (Werner and Gilliam, 1984), and 

thus, through ontogeny, the optimal habitat to maximize the individual fitness and 

survival may change completely (Grol et al., 2011). In the present study, boosted 

regression trees predicted the ontogenetic habitat preferences for the European 

flounder, Platichthys flesus, inside an estuarine nursery seascape. Three body-size 

classes (measure as total length) were selected according to the fish length 

distribution by site and were related with environmental variables known to influence 

P. flesus distribution within the estuarine nurseries. Size class 1 included individuals 

smaller than 68 mm, which according to Martinho et al. (2013), who investigated 

nursery habitat colonization processes of the European flounder in a nearby estuary, 

would be approximately 3.5 months old. After recruiting to the estuary as larvae 

(Amorim et al., 2016; Bos, 1999; Jager, 2001), metamorphosis and settlement occur 

at approximately 30 days of age (Martinho et al., 2013), and between 10 – 12 mm of 

total length (Ré and Meneses, 2009). Thus, the smallest size class in this study 

corresponds to the young, post-settled flounder, who have entered the estuary no 

longer than 3 months before collection. Size class 2, ranging between 68 and 161 

mm, included many older young-of-the-year individuals, as the maximum length 

considered for 0+ is 150 mm in the estuaries of the north of Portugal (Martinho et al., 

2007; Mendes et al., 2014; Primo et al., 2013). The largest size class (161 – 208 mm) 

included individuals older than 1 year and approximately up to the length of first 
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maturation, which is described to occur between 196 mm for males, to 237 mm for 

females (Sobral, 2008). 

Physical and chemical water parameters, physical habitat parameters and biological 

parameters were used to build the models.  The three final models varied considerably 

in the variables retained and their relative influence. Oxygen saturation, salinity and 

site variables were retained in all models. Size classes 1 and 2 preferred sites with 

higher oxygen saturation, while the largest size class showed a negative association 

with this variable. This negative association has been described before for flounder 

juveniles (Zucchetta et al., 2010), and may indicate an indirect effect related to the 

preference for other environmental conditions. In fact, P. flesus is typically 

euyoecious, with high environmental tolerances making it particularly suited to 

estuarine life (Pomfret et al., 1991) and is able to adjust to hypoxic conditions 

(Kerstens et al., 1979): a decrease in predation efficiency and an increase in the 

ventilation rates of juveniles start to occur at lower levels than 30% of oxygen 

saturation (Tallqvist et al., 1999). Salinity influence also differed between size classes 

with size classes 1 and 2 preferring lower salinities, while size class 3 favoured higher 

salinities. The preference of juveniles for low salinities has been described by several 

authors (Freitas et al., 2009; Kerstan, 1991; Martinho et al., 2007; van der Veer et al., 

1991), but few have described the opposite relation for older juveniles (Souza et al., 

2013). This shift in salinity preference with growth may reflect the fact that they will 

leave the estuary when reaching sexual maturity, as the semi-catadromous species is 

known to perform spawning migrations to the sea (Dando, 2011). O'Neill et al. (2011) 

undertook an experiment to analyse the effect of salinity on condition and growth of 

metamorphosing flounder and found no differences among different salinity 

exposures, concluding that the preference for low salinity environments may be 

driven by other environmental factors such as predator/competition avoidance and 

food supply. Other physical and chemical variables of the water column retained in 

the models were temperature, for size class 1, and turbidity for size classes 2 and 3.  

During ontogenetic development, shifts in the diets of young fishes often coincide 

with shifts in habitat use or behaviour (Nunn et al., 2012). The abundance of the prey 

Chironomidae and Corophium sp. were retained and forcing factors in the size classes 

models 1 and 2, while polychaetes abundance was retained in the size class 3 model. 

The most influential variable for the smallest size class model (<68 mm) was the 

abundance of Chironomidae. Mendes et al. (2014) identified the importance of 

Chironomidae in the Lima estuary, which dominated the diet of individuals smaller 
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than 50 mm and was a major item on the diets of individuals up to 150 mm of total 

length, and again representing the low salinity/freshwater influence for this taxon. In 

the present study, Chironomidae abundance was also retained in the model of the 

size class 2. Corophium sp. has also been identified as an important item for juveniles 

of all sizes (Mendes et al., 2014; Vinagre et al., 2005) and in the present study was 

an influential variable in the models of the size classes 1 and 2. Polychaete abundance 

was retained in the size class 3 model. Polychaetes have been described as the main 

prey item for 1+ juveniles in the Lima estuary (Mendes et al., unpublished data), as 

their large size and burrowing ability limit their capture by smaller individuals 

(Mendes et al., 2014; Vinagre et al., 2005). Carcinus maenas abundance also 

influenced the presence of juveniles of the size classes 2 and 3. This relationship may 

be related with the inclusion of these species as a diet item, as a shift in the diet of 

older flounder juveniles has been observed, with the incorporation of new and larger 

prey items, such as decapods (Mendes et al., 2014; Uzars et al., 2003).  

The abundance of other size classes of P. flesus proved to be a very important 

biological variable, particularly in the size class models 2 and 3. The fact that the 

abundance of one size class strongly influenced the probability of presence of the 

other size class indicates that intraspecific competition did not occur and that neither 

space nor food resources were limiting in the estuary for this species. Indeed, the two 

size classes showed an overlap in their predicted distribution in the middle estuary. 

Mendes et al. (2014) had reported that a diet shift between older 0+ juveniles and 1+ 

juveniles could enable resource partitioning, thus minimising intraspecific 

competition. In the present study, prey retained by both models (size classes 2 and 

3) were different. Given the high abundance of prey in the Lima estuary (Corophium 

sp. and polychaete) (Sousa et al., 2006b), the observed niche overlap may not imply 

intraspecific competition (Nunn et al., 2012). Intraspecific competition between all 

size classes may, therefore, be mediated through differences in foraging strategies 

and habitat preferences (La Mesa et al., 2004). Interspecific competition, however, 

appears to be relevant in the distribution of the size classes 2 and 3. The variable 

total abundance of fish was retained by the two models, negatively influencing the 

presence of P. flesus, indicating competition for resources, food and space. The 

variable total abundance of fish did not seem relevant to the smallest size class of 

juveniles probably as total abundance of fish was much lower (data not shown) in the 

upper estuary where this size class mostly occurs.   
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As for physical habitat, variables retained included depth and gravel content, for size 

class 1, saltmarsh distance for size class 2 and intertidal area for the size class 3.   

Small fish are generally more abundant in shallow waters because these habitats 

enhance survivorship and growth (Ryer et al., 2010; Vinagre et al., 2005; Whitfield 

and Pattrick, 2015). Manderson et al. (2004) showed that following larval settlement, 

winter flounder (Pseudopleuronectes americanus) emigrate from or suffer high 

mortality in deeper water and concentrate in shallow habitats that serve as predator 

refuges. Similarly, in the present study, a shallow depth increased the probability of 

presence of size class 1. As individuals grew they started moving to the middle 

estuary, where saltmarsh and intertidal areas were more important as refuge and 

foraging habitats.     

Specific suitable habitats can enhance the growth and/or survival of juvenile fish, 

resulting in higher abundances within these habitats (Minello et al., 2003). The 

differences in variables retained by the three models indicated that a change in habitat 

preferences occurred, which resulted in different predicted spatial patterns for each 

size class. Examples of dynamic ontogenetic habitat use are often associated with 

settlement, which in turn may be largely influenced by larval supply (Able and Fahay, 

2010). Indeed, the smallest size class model in this study retained, as an influential 

variable, the average of the frequency of occurrence of P. flesus larvae inside the 

estuary 2 months before the occurrence of juveniles. Size class 1 was generally 

confined to the upper estuary, supporting the hypothesis that P. flesus recruits to the 

estuary in the planktonic stage and settles in this area mainly between May and July 

(Amorim et al., 2016; Mendes et al., 2014). Transient settlement habitats are unknown 

for many species, given that they may be occupied for a short time, so they may 

represent population bottlenecks in the early post-settlement stages (Nagelkerken et 

al., 2015). Settlement habitat of the P. flesus in the Lima upper estuary appears to be 

temporary, given that the following size class (68 – 161 mm) showed a different 

predicted spatial distribution. Throughout ontogenetic development, fish gain 

physiological abilities allowing them to increase their foraging capability (Nunn et al., 

2012) and their larger body size reduces the risk of predation (Sogard, 1997), thus 

allowing them to expand their niche (Ward et al., 2006). In this study, results showed 

that habitat use dynamics of the young-of-the-year change between post-settled and 

older 0+ juveniles. Although size class 2 juveniles extended to the upper estuary, the 

highest probability of occurrence was recorded in the middle estuary between June 

and August, suggesting that after a few months from settlement juveniles start to 

disperse into the middle estuary. Later, and while there was a clear overlap of habitat 
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use between the size classes 2 and 3 in the middle estuary, size class 3 rarely 

extended to the upper estuary and presented a higher probability of being found in 

the lower estuary than the former.   

The Lima estuary is a known nursery for several marine and estuarine species 

including the European flounder (Amorim et al., 2016; Mendes et al., 2014; Ramos et 

al., 2010) and the creation of predictive maps for different size groups juveniles 

facilitated the understanding of ontogenetic movements and ontogenetic habitat 

preferences of this species throughout a monthly temporal scale. Habitat suitability 

maps for the different life stages shows that the flounder uses the entire estuary, but 

different size classes have different habitat preferences.  Although the flounder has 

been classified as a semi-catadromous species, as all life stages except eggs are found 

in estuaries (Dando, 2011; Elliott et al., 2007b; Potter et al., 2015), several authors 

consider it as a marine species using the estuary as a nursery area (Cabral et al., 2007; 

Martinho et al., 2009; Primo et al., 2013; Ramos et al., 2010; Vasconcelos et al., 2010; 

Zucchetta et al., 2010).  While adult P. flesus have been described living in estuaries 

up to the freshwater (Dando, 2011; Le Pichon et al., 2014), the Lima estuary is largely 

dominated by a juvenile population, similarly to what has been observed in nearby 

estuaries (Souza et al., 2013; Vinagre et al., 2005), and the adults found  in the estuary 

mostly occupy the lower, euhaline area (Ramos et al., 2010). Additionally, as a high 

commercial value species, the flounder is caught by fisheries not only in estuaries, 

but also along the Portuguese coast (Teixeira et al., 2014; Teixeira et al., 2010), 

indicating that adults also occur in coastal areas beyond the breeding season.  

The approach used in this study may help to identify and prioritize areas of high-value 

or critical fish habitat in the estuary for nursery species (Fodrie and Mendoza, 2006). 

Estuarine managers employ practical management issues inside the estuarine areas, 

as for example selecting the most suitable location for building a new marina 

(Azevedo et al., 2013). Local management issues and management measures should 

be aware of dynamics in habitat use, to be able to protect the most sensitive stages, 

such as the post-settlement stage. Moreover, this approach has confirmed that the 

assessment of function and value of nurseries is complex and while there are general 

patterns, a case-by-case analysis is often required, as nurseries may have divergent 

benefits for separate life stages (Kimirei et al., 2013). Rather than one habitat unit, 

estuarine nurseries should be considered as spatially explicit seascape units, where 

functionally connected mosaics of habitats incorporate ecological processes driven by 
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animal behaviour (Nagelkerken et al., 2015), so that broader assessments of nursery 

habitat value can be achieved.  

3.5 Conclusions 

Identifying the patterns of ontogenetic habitat shifts has been highlighted as one of 

the ways to improve protection and management of nursery function, by recognising 

the mosaic of habitats essential to the juvenile stages of coastal marine animals and 

their linkages (Nagelkerken et al., 2015). In the present study, habitat suitability 

models were built for three size classes of Platichthys flesus juveniles, to assess the 

ontogenetic shifts in habitat use and to understand the within-habitat variability of 

nursery role for this species. A mix of physical and chemical, biological and physical 

habitat features influenced habitat suitability and changed with ontogeny, indicating 

the dynamic habitat use by P. flesus inside the nursery area. Identifying how habitat 

requirements change during ontogeny within the same estuarine seascape is relevant 

because it identifies and predicts the way in which a species responds to habitat 

changes. Furthermore, the knowledge that several habitats types within the nursery 

seascape are essential to sustain coastal fish populations renewal should lead to more 

ecologically-meaningful decision making in estuarine ecosystems management. 

3.6 Supplementary Information 
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Figure S3-1. Partial plots of the five remaining influential variables of the fitted functions for 

the final models of the three size classes of Platichthys flesus: <68mm, 68-161 mm and 161-

208 mm.
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Abstract 

Habitat structure and complexity influence the structuring and functioning of fish 

communities. Habitat changes are one of the main pressures affecting estuarine 

systems worldwide, yet the degree and rate of change and its impact on fish 

communities is still poorly understood. In order to quantify historical modifications 

in habitat structure, an ecohydrological classification system using physiotopes, i.e. 

units with homogenous abiotic characteristics, was developed for the lower Lima 

estuary (NW Portugal). Field data, aerial imagery, historical maps and interpolation 

methods were used to map input variables, including bathymetry, substratum 

(hard/soft), sediment composition, hydrodynamics (current velocity) and vegetation 

coverage. Physiotopes were then mapped for the years of 1933 and 2013 and the 

areas lost and gained over the 80 years were quantified. The implications of changes 

for the benthic and demersal fish communities using the lower estuary were estimated 

using the attractiveness to those communities of each physiotope, while considering 

the main estuarine habitat functions for fish, namely spawning, nursery, feeding and 

refuge areas and migratory routes. The lower estuary was highly affected due to 

urbanisation and development and, following a port/harbour expansion, its boundary 

moved seaward causing an increase in total area.  Modifications led to the loss of 

most of its sandy and saltmarsh intertidal physiotopes, which were replaced by deeper 

subtidal physiotopes. The most attractive physiotopes for fish (defined as the way in 

which they supported the fish ecological features) decreased in area while less 

attractive ones increased, producing an overall lower attractiveness of the studied 

area in 2013 compared to 1933. The implications of habitat alterations for the fish 

using the estuary include potential changes in the nursery carrying capacity and the 

functioning of the fish community. The study also highlighted the poor knowledge of 

the impacts of habitat changes on fish due to coastal development and urbanisation 

and emphasises that ecosystem management and conservation will benefit from a 

wider understanding of habitat functional roles and habitat changes influencing the 

functioning and structure of the fish communities.   
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4.1 Introduction 

Habitat destruction has been taking place on a large scale over the past 300 years in 

many estuaries and coastal areas (Elliott and Cutts, 2004; Lotze et al., 2006) and it is 

recognised as one of the major threats to biodiversity, structure and functioning of 

marine ecosystems (Airoldi et al., 2008; Halpern et al., 2008; Wolanski and Elliott, 

2015). In addition to supporting cities and harbours having a large economic and 

social importance (Airoldi and Beck, 2007), estuaries also have great ecological value 

and are among the most biologically productive and valuable habitats in temperate 

aquatic areas (Costanza et al., 1997). However, increasing human activity over recent 

centuries has increased the vulnerability of estuarine and coastal marine ecosystems 

to habitat degradation and loss (Lotze et al., 2006) and affected several critical 

ecosystem services (Barbier et al., 2011).   

The modification of shorelines and the introduction of large amounts of physical 

materials and man-made structures adversely changes the functioning of the system. 

This is regarded as permanent habitat loss or change, given that it requires large-

scale engineering works to be reversed; similarly it is a form of pollution under the 

definition of materials added to the natural system which result in harm to the biology 

of the system or to human welfare (Wolanski and Elliott, 2015). The impact of land 

claim in estuarine areas (i.e. the anthropogenic removal of estuarine area, such as 

wetlands, for space for urban or agricultural use; older literature use the term 

reclamation but it is argued her that an area is being claimed from the sea rather than 

re-claimed from it), causing habitat loss, has been greater than the effects of any 

polluting discharges (McLusky and Elliott, 2004). Major impacts to wetlands, including 

saltmarshes, seagrasses and soft-sediment habitats, have been caused by coastal 

development (e.g. construction of marinas, the widening and dredging of channels 

for navigation, tourist developments and infrastructures, aquaculture, etc.), and 

defence (e.g. breakwaters, seawalls, jetties, dykes) (Airoldi and Beck, 2007; Elliott et 

al., 2016; Wolanski and Elliott, 2015).   

Estuaries are important as essential fish habitats providing nursery grounds, 

migration corridors, refuge and feeding areas for many species, as well as supporting 

their own resident fish community (Able and Fahay, 2010; Elliott and Hemingway, 

2002; Potter et al., 2015). These functions are closely related to the physical and 

ecological structure of the estuary, which comprises a complex mixture of distinctive 
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habitat types (Pihl et al., 2002). Alterations to estuarine habitats, or to the 

hydrophysical linkages between them, are likely to compromise the ability of fish 

larvae or young juveniles to reach favourable nursery habitats, which can have 

negative population effects, such as reduced recruitment success or near complete 

failure of a year class (Peterson, 2003). Additionally, the loss of structurally complex 

habitats, such as seagrasses and marshes, often leads to lower abundances and 

declines in species richness (Airoldi et al., 2008). Morphological pressures (i.e. 

changes to the shape, size and physical complexity of the areas such as seagrass 

habitat loss, bathymetric changes) have also had a main role in affecting potential 

habitat productivity in transitional waters through effects on biomass of resident and 

marine migrant fish (Franco et al., 2009a; Zucchetta et al., 2016).  

Despite these evident changes, there is still limited knowledge and understanding of 

the magnitude and importance of habitat losses in coastal systems (Airoldi et al., 

2008). The historical losses of soft-bottom habitats are poorly known (Airoldi and 

Beck, 2007), as well as the impacts of engineering structures on coastal habitats and 

their communities, such as how they change or introduce new ecosystem functions 

and services (Bulleri and Chapman, 2010; Dugan et al., 2011; Elliott et al., 2016; 

Perkins et al., 2015). Knowledge of the extent of changes is especially relevant given 

the fact that the implementation of conservation and management goals for the 

marine and estuarine ecosystems requires identifying baselines acting as reference 

conditions (Borja et al., 2012). Yet, this is often limited by the lack of historical data 

prior to large-scale human impacts and by the lack of information on the drivers of 

change (Airoldi and Beck, 2007; Bianchi et al., 2014; Claudet and Fraschetti, 2010). 

Without long-term data series, change has been assessed by alternative means, such 

as anecdotal knowledge (Al-Abdulrazzak et al., 2012; Alleway and Connell, 2015; 

Katikiro, 2014) or expert opinion (Halpern et al., 2008). 

Given the need to further understand the drivers and the level of habitat change, to 

help ecosystem management and conservation and restoration efforts, the present 

study aimed to test the hypothesis that historical habitat changes have the potential 

to affect the overall attractiveness of estuarine habitats for fish communities. To 

achieve this, the study quantified: i) the changes in habitat structure of an estuarine 

area over a period of 80 years, and ii) the attractiveness of each habitat and overall 

estuarine area for fish communities and potential implications of the changes 

observed. 



Chapter 4 

77 

 

4.2 Material and Methods 

4.2.1 Methodological approach 

The historical changes to an estuarine area were studied by applying an 

ecohydrological classification system in order to produce ecologically meaningful 

habitat maps for fish communities. The habitats created by this approach are units of 

homogenous physical characteristics that are referred to as physiotopes, after Bouma 

et al. (2005). The classification system was based on a hierarchical integration of 

variable-layers, allowing for an increasingly detailed level of description of habitat 

(Bouma et al., 2005; Stevens et al., 2008). The classification system was used to 

compare the habitat structure of the estuarine area between past (1933) and present 

(2013) scenarios, and estimate the area lost or gained for each physiotope. Due to 

the lack of historical data on fish communities using the estuary, and to further 

understand the potential implications of the changes observed on those fish 

communities, the attractiveness of the lower estuary to fish communities in both years 

(1933 and 2013) was estimated using a qualitative method, based on available 

information from literature review and expert judgment. This method scored each 

physiotope considering the main estuarine habitat functions for estuarine 

representative fish species, and its relative cover area. Finally, the physiotopes were 

clustered according to their attractiveness (see Figure 4.1). 
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Figure 4.1. The methodological framework to show the influence of historical habitat changes 

on the attractiveness of estuarine habitats for estuarine fish communities. Flowchart shapes: 

parallelogram – input/output data; rectangle -  process; hexagon – preparation/initialisation; 

diamond – decision; rounded rectangle – terminator. 

4.2.2 Study area 

The Lima estuary (NW Portugal) is a small North Atlantic temperate system 

(approximately 20 km length) (Figure 4.2) draining an international river basin. The 
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tidal regime is mesotidal (average range of 3.7 m) and semidiurnal, with an annual 

average freshwater flow of 70 m
3

 s
−1

, regulated upstream by two hydroelectric dams. 

The estuary has three distinct morphological areas: the lower estuary (0-3 km from 

the mouth) is a narrow, deep and navigational channel with artificial banks; the middle 

estuary (3-7 km) is a broad shallow zone with salt marshes and tidal sandy islands; 

and the upper estuary (7-20 km) is a shallow and narrow channel with small sandy 

islands (Ramos et al., 2010). Historically, the middle and upstream areas have retained 

most of their natural banks (being part of the EU Natura network), while the lower 

estuary has been subject to extensive modification within the last century, with the 

building of walled banks, a large shipyard, a fishing harbour, a commercial seaport, 

two marinas and two jetties protecting the river mouth. Aerial photographs of the 

estuary comparing the past with the present situation have shown that the major 

modifications in the Lima estuary have occurred in the lower part. Additionally, given 

that more detailed historical information was available for this area (because it is the 

most urbanised), the ecohydrological classification system was applied to the lower 

estuary only (Figure 4.2). 
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Figure 4.2. The lower Lima River Estuary. a) Location of the Lima Estuary in the Iberian 

Peninsula (*); b) Lima lower estuary presently – the orange line represents the delimitation of 

the lower estuary in 1933 and the arrows indicate the sites where major modifications occurred 

(basemap source: ESRI, DigitalGlobe, GeoEye, i-cubed, USDA, USGS, AEX, Getmapping, 

Aerogrid, IGN, IGP, swisstopo, and the GIS User Community). c) Photogrammetric restitution 

of the lower Lima estuary in 1933 (provided by Câmara Municipal de Viana do Castelo). 

4.2.3 Ecohydrological classification system 

The ecohydrological classification system used the following variables based on their 

importance to benthic and demersal fish communities: depth, substratum type, 

hydrodynamics (namely, water velocity) and vegetation cover. As the lower estuary 

covers from the mouth to 3 km upstream, salinity was considered to be homogeneous 
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within a euhaline area. The variables and their threshold values selected were adapted 

from Bouma et al. (2005) and Stevens et al. (2008). Different methodologies (see 

below) were applied to obtain data layers of the spatial variability of each variable 

based on the available data. The spatial grid resolution for all variables was 9 x 9 m. 

4.2.3.1. Present scenario - 2013 

Depth 

Bathymetric data were obtained as point records collected by a single beam echo 

sounder during 2013. Additionally, contour lines of the mean high water of spring 

tides and mean low water of spring tides were digitized from RGB orthophotos of the 

estuary obtained from public web mapping services of aerial and satellite imagery. 

The low water contour was obtained from the historical imagery of Google Earth (year 

of 2006) and the high water contour was obtained from the Portuguese Geographic 

Institute (IGP) imagery provided by ESRI online map service. The axial tidal influence 

was corrected from bathymetric data based on hydrodynamic models built for the 

Lima estuary (Falcão et al., 2013; Mazzolari et al., 2013; Rebordão and Trigo-Teixeira, 

2009). Data were interpolated to a contiguous grid of 9 m resolution using ANUDEM 

(version 5.3) algorithm  (Hutchinson, 1989; Hutchinson et al., 2011), which is 

implemented in ArcGIS 10.2 (ESRI, Redlands, CA) (Topo to Raster tool). This method 

was designed for creating hydrologically-correct DEMs (Digital Elevation Models) by 

using a discretized thin plate spline technique (data points and contour data lines 

were used). To evaluate the performance of the interpolation method, a subset of the 

input data points (100 out of 3428) were randomly removed from the dataset and 

later compared against the predicted values using the root mean squared error (RMSE) 

measure. Depth classes were chosen as follows to characterise the physiotopes: 

supratidal (above mean high water of spring tides); intertidal (between mean high 

water and mean low water of spring tides), and 3 subtidal classes, between mean low 

water of spring tides and 2 m depth (“shallow”), between 2 m and 5 m depth 

(“moderately deep”), and greater than 5 m depth (“deep”). 

 

Hydrodynamics 

Water velocity was used to describe the hydrodynamic conditions of the estuary, as a 

forcing function for many benthic species and fish ontogenetic development stages. 

Two classes were used: >0.8 m s
-1

 (“high dynamics”) and <0.8 m s
-1

 (“low dynamics”), 



Chapter 4 

82 

 

0.8 m s
-1

 being the boundary at which sediment is frequently stirred or suspended 

and the formation of megaripples occurs (Bouma et al., 2005). Water velocity in the 

estuary was determined from hydrodynamic models (Falcão et al., 2013; Mazzolari et 

al., 2013; Rebordão and Trigo-Teixeira, 2009) to show areas where depth averaged 

current velocity exceeds the above threshold. 

 

Substratum 

“Hard substrata” (rock, boulders) were delineated based on aerial imagery and field 

observations. In order to further characterise soft substratum, sediments were also 

classified using data from previous research projects from the Lima estuary. Samples 

were collected in 2010 (Mendes et al., 2014), 2013 and 2015, using a Petit Ponar grab 

and dried at 100 °C. Grain size was analysed by sieving (CISA Sieve Shaker Mod. RP.08) 

and the sediments were divided into three fractions: mud (<0.063 mm), sand (0.063–

2.000 mm), and gravel (>2.000 mm). Each fraction was weighed and expressed as a 

percentage of the total weight. These data were complemented with those from 

literature for 2002 (Sousa, 2003). A permutational multivariate analysis of variance 

(PERMANOVA), based on Euclidean distance matrices, was applied to test temporal 

differences between the years and seasons of the collections for the coincident 

sampling sites. No significant temporal differences (p>0.05) were detected between 

the sediment composition of the remaining non-coincident sites, and all datasets were 

used to create sediments maps. The spatial interpolation of the three fractions was 

performed using the Empirical Bayesian Kriging (EBK) method implemented in ArcGIS 

10.2 (ESRI, Redlands, CA). While the classical kriging methods use a single 

semivariogram to predict the values at unknown locations, the EBK accounts for the 

uncertainty of semivariogram estimation, by estimating several semivariograms 

models through a process of subsetting and simulations (Krivoruchko, 2012). Cross-

validation was used to assess the accuracy of the interpolations by evaluating the root 

mean square error (RMSE) and root mean square standardized error (RMSSE) values. 

Since kriging is not an exact interpolator, under- or over-estimations may occur, and 

the sum of the interpolated sediment fractions might not be 100 %. Therefore, each 

grid map was standardized (Jerosch, 2013), according to the following: 

(𝑖𝑛𝑡𝑒𝑟𝑝𝑜𝑙𝑎𝑡𝑒𝑑 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑚𝑎𝑝 𝑠𝑢𝑚 𝑜𝑓 𝑡ℎ𝑒 3 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠)⁄  ×  100 

Finally, and to match with the classification of historical sediment data, sediment 

types were characterised using a simplified version of the Folk (1954) textural 
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classification for soft sediment (as adapted from the classification of Connor et al. 

(2006)), into the following classes: “coarse sediment”, “sand” and “mud”. 

 

Vegetation cover 

Vegetation cover, namely saltmarsh presence, was delineated based on aerial 

imagery and field expert knowledge. Two classes were used: “non-vegetated” and 

“saltmarsh”. 

4.2.3.2. Past scenario – 1933 

Historical data were retrieved from aerial imagery and cartography from 1933 of the 

Marinha Portuguesa (Portuguese Navy) and Instituto Geográfico do Exército 

(Geographic Institute of the Portuguese Army) (Figure 4.2c). Information on currents, 

sediment, and depth (data points and contour lines, including low and high water 

contours) were retrieved from a hydrographic chart. Saltmarshes were delineated 

based on aerial imagery (black and white photogrammetric restitution), collected at 

low tide. The imagery were georeferenced using recognisable control points present 

on the imagery of both years (1933 and 2013) (e.g. road intersections, buildings, 

etc.). The relevant variables were digitised and classified according to the criteria 

described above. 

4.2.3.3. Physiotopes 

To obtain the final classification system, the layers of each variable were hierarchically 

integrated in the following order: depth, hydrodynamics, substratum and vegetation. 

The code for each physiotope was built by shortening the class name to one or two 

letters and adding them in hierarchical order. For example the physiotope Sh.lD.M.nV 

is composed of the classes “Shallow” (Sh), “low Dynamics” (lD), “Mud” (M) and “non-

Vegetated” (nV). 

4.2.4 Fish habitat attractiveness  

The habitat attractiveness was evaluated based on a score attributed to all the 

physiotopes identified in the lower estuary. Each physiotope was scored for five 

estuarine habitat functions: nursery, feeding, refuge, spawning and migratory route. 

These were adapted from Pihl et al. (2002): spawning – areas with simultaneous 
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presence of ripe adults and production of eggs; nursery – areas with high 

concentration of early juvenile stages, which are suitable for settlement, feeding and 

growing; feeding - habitats used by older juveniles and adults as a feeding ground 

(seasonal or permanent); refuge – areas used by older juveniles and adults to avoid 

predation and/or inter-species competition; and migratory route/corridors - use of a 

habitat as a migration route for diadromous species and marine migrants. Scores from 

0 to 3 reflected the role that each physiotope plays for the different estuarine 

functions: 0 – not occurring; 1 – low; 2 – medium; and 3 – high. The scores were 

allocated based on the generic attractiveness of the physiotope, based on information 

derived from a literature review and expert knowledge (see Table S4-1 for the criteria 

used for each class composing the physiotope).  

The scoring system was applied to five species, chosen due to their 

representativeness of the benthic and demersal fish occurring in estuaries, the main 

ecological guilds (Franco et al., 2008) and because they are typical of the study area 

and nearby estuaries (França et al., 2011; Ramos et al., 2012). The species chosen 

were: Platichthys flesus and Dicentrarchus labrax (marine migrants), Pomatoschistus 

microps (estuarine resident), Callionymus lyra (marine straggler) and Anguilla 

anguilla (catadromous) (see Table 4.1 for the scientific literature used to derive the 

attractiveness scores).  

The resulting attractiveness scores were calculated for the years of 1933 and 2013, 

as follows:  

(1) Species (𝑧) attractiveness =  ∑ [(∑ 𝑓𝑖𝑗𝑧𝑖 ) ∙ 𝑎𝑟𝑒𝑎𝑗]𝑗  

(2) Overall attractiveness (lower estuary) =  
∑ 𝑆𝑝𝑒𝑐𝑖𝑒𝑠 𝑎𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠𝑧𝑧

𝑍
 

Where 𝑓𝑖𝑗𝑧 is the score given to the estuarine function 𝑖 for physiotope 𝑗 and species 

𝑧, 𝑎𝑟𝑒𝑎𝑗 is the proportion of the estuarine area occupied by physiotope 𝑗 in the Lima 

lower estuary in a given year and 𝑍 is the number of species considered for the 

assessment. Species (𝑧) attractiveness (1) is the estuarine attractiveness for species 

𝑧, and overall attractiveness (2) is the estuarine attractiveness for all the species 

considered. 
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Table 4.1. Literature references used to derive the physiotopes attractiveness scores of the 

Lima estuary for the species Anguilla anguilla, Callionymus lyra, Dicentrarchus labrax, 

Platichthys flesus and Pomatoschistus microps. 

A. anguilla C. lyra D. labrax 

Barry et al. (2016)  

Bouchereau et al. (2009)  

Harrison et al. (2014)  

Laffaille et al. (2004)  

Laffaille et al. (2003)  

Schulze et al. (2004)  

Walker et al. (2014) 

Griffin et al. (2012)  

King et al. (1994)  

Prista et al. (2003)  

Van Der Veer et al. (1990) 

Cabral and Costa (2001)  

Dando and Demir (1985)  

Dufour et al. (2009)  

Kelley (1988)  

Laffaille et al. (2001)  

Martinho et al. (2008) 

P. flesus P. microps  

Dando (2011)  

Kristensen et al. (2014)  

Le Pichon et al. (2014)  

Mendes et al. (2014)  

Souza et al. (2013)  

Vinagre et al. (2005)  

Zucchetta et al. (2010) 

Hampel and Cattrijsse (2004)  

Nellbring (1986)  

Nellbring (1993) 

Polte et al. (2005)  

Tallmark and Evans (1986) 

 

 

4.2.5 Data analysis 

Habitat areas in 1933 and 2013 were calculated using ArcGIS 10.2 (ESRI, Redlands, 

CA). Number of total physiotopes, physiotope density (number of physiotopes per 

100 ha), patch density (number of physiotope patches per 100 ha, where a patch is 

an homogeneous area of a specific physiotope class that differs from its 

surroundings) and proportion of landscape occupied by each physiotope were 

calculated using FRAGSTATS (McGarigal, 2012). To understand the similarities 

between physiotopes regarding their generic attractiveness scores by function (using 

the average species scores), a hierarchical cluster analysis was performed in R (R Core 

Team, 2016) using the pvclust package (Suzuki and Shimodaira, 2006). Pvclust 

assesses the uncertainty in hierarchical cluster analysis by calculating approximately 

unbiased (AU) probability values for each cluster by multiscale bootstrap resampling 

(as an indication of how strong the cluster is supported by data). The cluster analysis 

was performed using Euclidean distances with Ward’s minimum variance method and 

10,000 bootstrap replicates. Cluster significance was assumed for AU probability 

values higher than 95 %.  
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The attractiveness assessment developed in this study may suffer from some degree 

of subjectivity from the evaluator allocating the scores, albeit supported by evidence 

from the literature. Therefore, a sensitivity analysis (Alvarez et al., 2013) was 

undertaken to assess how the attribution of scores to each function influenced the 

final attractiveness scoring. Two tiers of simulation were defined: tier 1 where 𝑓𝑖𝑗𝑧 was 

changed, and tier 2 considering scenarios where the changes in the overall function 

scoring were applied to a different number of physiotopes amongst those 

contributing to the overall assessment of the lower estuary in a given year. In tier 1, 

as 𝑓𝑖𝑗𝑧 could range between 0 and 3, and given that the allocation of each score was 

based on expert judgement supported by the literature, the maximum change of 𝑓𝑖𝑗𝑧 

allowed for the analysis was 1 point. Simulations included the best (B) and worst (W) 

case scenarios of change, i.e. only one of the five functions changes its score (hence 

∑ 𝑓𝑖𝑗𝑧𝑖  increases or decreases by 1 point; B(+) and B(-), respectively), or all the functions 

change their score (hence ∑ 𝑓𝑖𝑗𝑧𝑖  increases or decreases by 5 points; W(+) and W(-), 

respectively). In tier 2, the four scenarios above were applied to (i) all the physiotopes 

included in the final assessment (All); (ii) only the physiotope with the largest cover 

area in 1933 and in 2013 (L1993 and L2013, respectively); and (iii) only the 

physiotope with the smallest cover area in 1933 and in 2013 (S1933 and S2013, 

respectively). This resulted in a total of 20 permutations of the scenarios that were 

applied to each assessment year (1993 and 2013).  The scenarios were applied to by 

keeping all other scores as the average scores of the five representative species used 

in this study. The effect of each scenario on the performance of the attractiveness 

assessment was analysed by evaluating the relative response of each assessment 

(1933 and 2013), measured as a percentage deviation from its original value. The 

effect of each scenario was also evaluated on the difference of attractiveness between 

both years. 

4.3 Results 

4.3.1 Habitat loss and gain 

4.3.1.1. Total area 

Between 1933 and 2013, the lower estuary increased by 32.4 % in total area (Table 

4.2). The north bank was moved forward by claiming area from the estuary (Figure 
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4.2b). As a result, the mouth of the estuary was repositioned south, eliminating part 

of the southern sand bar and seashore beach that were located in the coastal area 

around the former estuary mouth. Also, the port was further developed, by building 

infrastructures on top of the northern rocky shore and developing a northern arm that 

terminates in a jetty parallel to the coast. Thus, the mouth of the estuary and its plume 

were deflected to the south. On the southern bank, the intertidal area was mostly 

dredged, to build a commercial port and industrial sand storage facilities. These 

changes led to an overall loss of 80 ha (73%) of intertidal habitat from the lower 

estuary, with additional loss also from the former adjacent coastal area (not estimated 

here). This loss was overcompensated by a marked increase (130 ha) in the extent of 

subtidal habitats (Table 4.2). In particular, there was an increase of the depth of the 

estuarine subtidal area, with the deep areas (higher than 5 m depth) and the 

moderately deep areas (between 2 and 5 m) occupying now 82 % of the subtidal, while 

previously, in 1933, they only occupied 9 % of the total estuarine subtidal (Table 4.2). 

Together with the changes in depth, there was an increase in the areas with high 

hydrodynamics (high energy areas) and an increase in the muddy areas, whereas 

sandy areas decreased overall. The saltmarsh coverage also decreased by 18.7 ha 

(87.8 %) between 1933 and 2013. 
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Table 4.2. Total area (ha) for each class variable of the Lima estuary and their change (ha 

and %) between 1933 and 2013. The abbreviation for each class used in the final physiotope 

codes is shown in square brackets [ ]. 

 Area (ha) 

1933  

Area (ha) 

2013 

Change 

(ha) 

Change 

(%) 

Total estuarine area 169.1 223.2 54.1 32 

Supratidal [Sp] 0.4 4.5 4.1 945 

Intertidal [In] 110.2 30.2 -79.9 -73 

Subtidal 58.5 188.5 130.0 222 

         Shallow [Sh] 53.5 33.0 -20.5 -38 

         Moderately deep [Md] 4.9 74.5 69.6 1416 

         Deep [D] 0.1 81.0 80.9 71300 

High hydrodynamics [hD] 7.2 51.7 44.5 616 

Low hydrodynamics [lD] 162.0 171.5 9.6 6 

Coarse sediment [G] 0.8 0.0 -0.8 -100 

Sand [S] 150.7 136.7 -14.1 -9 

Mud [M] 15.3 80.8 65.5 429 

Hard substrata [R] 2.2 5.7 3.5 158 

Saltmarsh [Sm] 21.3 2.6 -18.7 -88 

Non-vegetated [nV] 147.7 220.6 72.9 49 

Positive values represent increase and negative values decrease. 

4.3.1.2. Physiotopes 

The hierarchical integration of the variables identified 21 physiotopes in 1933 and 23 

physiotopes in 2013 (Table 4.3), of which 16 were in common to both scenarios 

(Figure 4.3). Physiotope density, however, was higher in 1933, with 12.5 physiotopes 

per 100 ha, against 10.3 physiotopes per 100 ha in 2013. The most common 

physiotope present in the lower estuary in 1933 was In.lD.S.nV (intertidal; low 

hydrodynamics; sand; non-vegetated) (Figure 4.4), which covered 50.9 % of the total 

area, followed by Sh.lD.S.nV (shallow; low hydrodynamics; sand; non-vegetated), 

covering 25.1 %. In 2013, the most common physiotope was Md.lD.S.nV (moderately 

deep; low hydrodynamics; sand; unvegetated) followed by D.lD.S.nV (deep; low 

hydrodynamics; sand; unvegetated) (Figure 4.4), covering 17.1 % and 13.2 % of the 

lower estuary, respectively. Patch density, representing the number of patches per 

100 ha in the lower estuary, increased between 1933 and 2013 (Table 4.3). 
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Table 4.3. Number and density of physiotopes (number per 100 ha), patch density (number 

per 100 ha) and attractiveness of the Lima estuary for fish (total and by species) for the years 

of 1933 and 2013. 

 1933 2013 

Number of physiotopes 21 23 

Physiotopes density (number per 100 ha) 12.5 10.3 

Patch density (number per 100 ha) 55.0 300.6 

Attractiveness 9.26 8.12 

Anguilla anguilla 8.66 8.21 

Callionymus lyra 8.46 8.40 

Dicentrarchus labrax 8.88 7.98 

Platichthys flesus 9.58 7.93 

Pomatoschistus microps 10.71 8.10 

    Note that the potential range of variability of the attractiveness score is 0-15. 



Chapter 4 

90 

 

 

Figure 4.3. Physiotopes of the lower Lima estuary: 1933 and 2013. Class code names: Sp - 

supratidal; In – intertidal; Sh - shallow subtidal (<2 m); Md - moderately deep (2 – 5 m); D – 

deep (>5 m); lD - low dynamics (water velocity <0.8 m s
-1

); hD - high dynamics (water velocity 

>0.8 m s
-1

); R - hard substrata; G - Coarse sediment; S – sand; M – mud; Sm – saltmarsh; nV – 

non-vegetated. 
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Figure 4.4. Area (ha) of the physiotopes of the lower Lima estuary in 1933 and 2013. Class 

code names: Sp - supratidal; In – intertidal; Sh - shallow subtidal (<2 m); Md - moderately deep 

(2 – 5 m); D – deep (>5 m); lD - low dynamics (water velocity <0.8 m s
-1

); hD - high dynamics 

(water velocity >0.8 m s
-1

); R - hard substrata; G - Coarse sediment; S – sand; M – mud; Sm – 

saltmarsh; nV – non-vegetated. 

4.3.2 Habitat attractiveness 

The results obtained with the final weighted scores of habitat attractiveness for the 

lower Lima estuary were 9.25 in 1933 and 8.12 in 2013 (maximum of 15) (Table 4.3). 

In general, the attractiveness of estuarine habitats was highest in 1933, for all species. 

P. microps presented the largest difference in attractiveness (with 10.71 and 8.10 for 

1933 and 2003, respectively), while C. lyra presented the closest values of 

attractiveness between 1933 and 2013 (8.46 and 8.40, respectively) (Table 4.3; Figure 

S4-1to S4-5; Table S4-2 A-E). The scientific literature compiled in order to support the 

attribution of scores showed that the amount information available on estuarine 

habitat use is species specific: P. flesus and A. anguilla were the species with the 

highest amount of available information, while there was a lack of information for C. 

lyra (Table 4.1).  
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Physiotopes were grouped into four clusters (with AU probability values >95 %) 

according to their individual attractiveness scores (Group I to IV; see Figure 4.5). The 

lowest scores were registered by the supratidal physiotopes, which are habitats that 

are rarely flooded and therefore can rarely be accessed by fish. Supratidal physiotopes 

were clustered as a group (Group IV) and separated first (Figure 4.5). Group III, with 

the second lower scores, included all the physiotopes with high hydrodynamics. The 

highest scores were obtained for Sh.lD.M.nV (shallow; low dynamics; mud; non-

vegetated), In.lD.M.Sm (intertidal; low dynamics; mud; saltmarsh) and In.lD.S.Sm 

(intertidal; low dynamics; mud; saltmarsh), with 12, 11.4 and 11.4 respectively (Figure 

4.5; Table S4-2). These, together with the other intertidal soft substratum physiotopes 

and the shallow sandy and moderately deep muddy physiotopes were included in the 

group of higher attractiveness to fish (Group I). Of the four clusters, only Group I 

showed a net reduction (by 48 %) in total area between 1933 and 2013, while the 

cumulative area of the physiotopes in the remaining clusters increased (Figure 4.5; 

Table S4-3). 
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Figure 4.5. Dendrogram of the results of the hierarchical cluster analysis performed on the 

attractiveness scores of Lima estuary physiotopes. Red boxes indicate clusters with unbiased 

(AU) probability values >95 %. GI – Group I; GII – Group II; GIII – Group III; and GIV – Group IV. 

Numbers in brackets show cumulative percentage (%) increase (positive values) or decrease 

(negative values) in the area of the physiotopes of the corresponding group. Class code names: 

Sp - supratidal; In – intertidal; Sh - shallow subtidal (<2 m); Md - moderately deep (2 – 5 m); D 

– deep (>5 m); lD - low dynamics (water velocity <0.8 m s
-1

); hD - high dynamics (water velocity 

>0.8 m s
-1

); R - hard substrata; G - Coarse sediment; S – sand; M – mud; Sm – saltmarsh; nV – 

non-vegetated. 
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4.3.3 Sensitivity of the habitat attractiveness assessment  

The manipulation of scores in the habitat attractiveness showed the strongest 

response when a change was applied to all the functions of all physiotopes included 

in the assessment (W – All, worst case scenario applied to all physiotopes; Figure 4.6), 

as it would be expected. The sensitivity of the assessment was also shown to be highly 

dependent on the annual area cover of the physiotope to which change is applied. 

The worst case scenario applied only to In.lD.S.nV (i.e. the most extensive physiotope 

present in 1933; W-L1933), elicited a weaker response of the final attractiveness score 

in 2013 (with a deviation of 3.8 %, positive or negative depending on the scenario) 

than in 1933 (deviation of 27.5 %) and this was due to the higher proportion of 

estuarine area covered by this physiotope in 1993 (50.9 %) compared to 2013 (6.2 %) 

(Figure 4.6a, b). When the worst case scenario was applied to Md.lD.S.nV (i.e. the 

largest physiotope in 2013, with 17.1 % area cover in this year; W-L2013), the 

response deviation of the habitat attractiveness assessment score of 2013 was 10.5 

%, whereas the deviation was 0.3 % in 1933, when this physiotope covered only 0.5 % 

of the lower estuary area.  

The difference between the final scores of habitat attractiveness of the Lima estuary 

between 1933 and 2013 was 1.14 (Table 4.3). A positive difference (i.e. the final 

attractiveness score was higher in the 1933 assessment than in 2013 assessment) 

was observed for all the scenarios of change, except for scenario W – All (Figure 4.6c). 

Under this scenario, that represents the very worst case of underestimation of all the 

function scores for all the physiotopes included in the assessment, there would have 

been an increase of habitat attractiveness for fish in the lower Lima estuary between 

1933 and 2013. 
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Figure 4.6. Results of the sensitivity analysis applied to the habitat attractiveness assessment. 

a) Tornado diagram showing the percentage of deviation of the habitat attractiveness 

assessment of the lower Lima estuary in 1933 under twenty scenarios of change; b) Tornado 

diagram showing the percentage of deviation of the habitat attractiveness assessment of the 

lower Lima estuary in 2013 under twenty scenarios of change; c) Radar plot showing how the 

difference between habitat attractiveness assessments in 1933 and 2013 (with a baseline value 
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of 1.14, represented by the dashed line) changes under the twenty  scenarios of change. W – 

worst case scenarios (tier 1); B – best case scenarios (tier 1); (+) and (-) – positive and negative 

scenarios of change (tier 1); All – tier 1 scenarios applied to all the physiotopes in the annual 

assessment; L – tier 1 scenarios applied to the physiotope with the largest cover area in a given 

year; S – tier 1 scenarios applied to the physiotope with the smallest cover area in a given year. 

4.4 Discussion 

4.4.1 Estuarine habitats and their attractiveness for fish 

Estuaries have long been regarded as highly attractive areas for fish, which use them 

in a variety of ways (Elliott and Hemingway, 2002; Potter et al., 2015).  The scoring 

system used in this study aimed to reflect the role of different estuarine habitats for 

fish, while taking into account the different estuarine functions.  As a result, 

saltmarshes and sandy and muddy intertidal and shallow areas were identified as 

being highly attractive (all clustered in Group I).   

Sandy and muddy intertidal and shallow areas are suitable as nursery grounds and 

usually carry high abundances of juveniles (Cabral and Costa, 2001; Le Pape et al., 

2003; Trimoreau et al., 2013; van der Veer et al., 2001). The preference for such 

habitats appears to be related to the interaction between refuge from predation, which 

is assumed to be low in shallow waters (Manderson et al., 2004; Ryer et al., 2010), 

and availability of food resources (Whitfield and Pattrick, 2015), which is assumed to 

be high in intertidal and shallow waters with fine sediments (Phelan et al., 2001; 

Vinagre et al., 2005). Benthic intertidal primary production has been shown to sustain 

juvenile fish food webs and therefore contribute to maintaining the nursery function 

of estuarine and coastal tidal ecosystems (Le Pape et al., 2013). The higher scores 

allocated to intertidal and shallow habitats, in contrast to deeper areas, reflect, 

therefore, the habitat use of the species considered in this study (e.g. Pomatoschistus 

microps, Platichthys flesus, Dicentrarchus labrax), which are representative of the 

small sized or young demersal fish species that dominate fish communities in the 

Lima and other European estuaries (França et al., 2011; Franco et al., 2008; Ramos et 

al., 2012). Estuarine saltmarshes are very productive ecosystems that convert 

nutrients into plant biomass, are an important source of organic matter to the estuary, 

and they trap sediments and absorb wave energy (McLusky and Elliott, 2004; Wolanski 

and Elliott, 2015). Their high productivity associated with a complex structure make 

saltmarshes important habitats for many fish and crustaceans, functioning as sites 
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for reproduction, nursery, enhanced feeding, and refuge from predation and stressful 

environmental conditions (França et al., 2009; Franco et al., 2009b; Minello et al., 

2003; Rountree and Able, 2007). For these reasons, saltmarshes are very attractive 

for fish and are usually areas of high fish densities within estuaries (França et al., 

2009). High hydrodynamics were identified in the cluster group with the second 

lowest scores of attractiveness for benthic and demersal fish.  Hydrodynamics are 

known to influence the distribution of fish in the estuary (Thiel et al., 1995) and, 

depending on the estuarine currents and species behaviour, can have a positive effect 

on transport towards inner nursery areas (Forward et al., 1999; Harrison et al., 2014; 

Jager, 1999).  However, and given that estuaries have a net flow of water to the ocean, 

high current velocities may also have the opposite effect and reduce the access of the 

marine migrant early life stages to the vital estuarine nursery areas. While larvae have 

developed behaviour to overcome strong currents that frequently exceed larval 

swimming velocities (Forward et al., 1999), such as selective tidal stream transport 

(STST), they are still sensitive to increased river flow (Ramos et al., 2012) and can be 

easily flushed back to the ocean and prevented from reaching settlement areas 

4.4.2 How has the estuary changed? 

As with many coastal and wetland areas, the Lima estuary has been modified over 

time by increased urbanisation and coastal development. In the past 80 years, the 

geomorphology of the lower Lima estuary has been altered, and its area has increased 

by claiming area from the ocean and estuary. The modifications have removed most 

of its sandy and saltmarsh intertidal areas, replaced by deeper areas continuously 

dredged to allow the operation of the port, commercial harbour and marina. In 

general, the attractiveness of the estuarine area decreased for fish, as shown by the 

scores obtained for each species and the final score. The results were calculated 

taking into account that, in addition to the presence (or absence) of certain types of 

physiotopes, the proportion of seascape occupied by each physiotope also 

contributes to the final attractiveness of the estuarine area. Although the lower 

estuarine area increased between 1933 and 2013, the density of physiotopes (number 

of physiotopes per 100 ha) has decreased. Patch density increased between the two 

dates. These results show a change in the spatial configuration of the lower estuary 

and suggest a potential fragmentation of habitats. Patch density is one of the basic 

descriptors of habitat subdivision, although it is limited as a habitat fragmentation 

quantitative indicator, given its correlation with habitat abundance (Wang et al., 
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2014). Fragmentation is regarded here as a complex and dynamic process that is the 

net result of interlinked changes such as habitat loss, increased isolation of patches 

and changes in the number, shape, size and quality of patches (Bostrom et al., 2011). 

Nevertheless, spatial features of habitat patches play an important role in structuring 

associated fish communities (Nagelkerken et al., 2015) and habitat fragmentation and 

the resulting loss of connectivity can potentiate the consequences of habitat loss.  

Vegetated areas, i.e. saltmarsh areas, of the lower Lima estuary were reduced by 88 

%.  As in many other estuaries worldwide (Wolanski and Elliott, 2015), França et al. 

(2012) recognised land claim, together with nutrient input and changes in river flow, 

as the highest threats in other Portuguese estuarine sites and habitats. The impact of 

land claim was especially high for saltmarshes and mudflats, due to historical and 

current pressures claiming wetlands for agriculture, aquaculture and the construction 

of shoreline structures. Moreover, shoreline development may also lead to a decrease 

in densities of benthic prey and predators on the adjacent subtidal areas, when 

compared to the adjacent subtidal areas of natural saltmarshes (Seitz et al., 2006). 

Recently, a study carried in the sub-estuaries of Chesapeake Bay and the Delaware 

Coastal Bays, USA, showed that shoreline hardening (hard engineering structures at 

the top of the shore) affects adjacent local fish and crustacean assemblages, and that 

cumulative shoreline hardening negatively affects fauna at the sub-estuary system 

scale (Kornis et al., 2017). The attractiveness score system identified saltmarsh 

habitats present in the Lima lower estuary as highly attractive to fish (the second 

highest) and hence the loss of 88 % of these habitats is likely to have negatively 

affected the fish assemblages. Additionally, from 1933 to date there has been a large 

increase in coastal urbanisation. Land use of the southern bank changed from natural 

habitats (essentially pine forest with a low extent of corn and vegetables cultivated 

areas) to an urbanised area with hardened shorelines. The amount of urbanisation 

influences nekton assemblages, and intact natural saltmarsh landscapes support a 

nekton assemblage significantly different from those in partially or completely 

urbanised saltmarsh landscapes (Elliott et al., 2016; Lowe and Peterson, 2014).   

The physiotopes of the lower Lima estuary (saltmarshes, intertidal and shallow 

subtidal habitats with fine sediments) were clustered in the group of physiotopes with 

higher attractiveness for fish. However, these were also the physiotopes that lost more 

area between 1933 and 2013. Given their high productivity, it is likely that these 

changes reduced the carrying capacity of the system for juvenile fish. Rochette et al. 

(2010) used a habitat suitability model based on bathymetry and sediment structure 
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to hindcast the effect of nursery habitat degradation of the Seine estuary on Solea 

solea population. They suggested that, since 1850, the estuary nursery capacity has 

decreased by 42 % due to habitat loss. Considering that the physiotopes lost in the 

lower Lima were highly attractive for juveniles, the estuary is likely to have also lost 

some of its nursery capacity. The extent of available nursery area has a considerable 

influence on the recruitment level of marine fish populations (Rijnsdorp et al., 1992; 

Schmitt and Holbrook, 2000), therefore the protection of these essential fish habitats 

has currently high priority in conservation and management strategies (Beck et al., 

2001; Nagelkerken et al., 2015).  

In contrast, highly hydrodynamic areas increased in the lower Lima estuary, probably 

as an effect of the deepening of the channel and of the increasing of engineered 

structures in the estuary. Typically, engineered structures placed in a coastal site are 

expected to modify the hydrodynamics of the area, by altering the water flow, 

currents, sediment dynamics, grain size or depositional processes (Dugan et al., 

2011; Gonzalez et al., 2001; Lesourd et al., 2001; Walker et al., 2008).  

4.4.3 Implications of habitat changes for the structure 

and functioning of the fish communities 

Habitats differ in their productivity and ecological services and functions that they 

deliver (Peterson and Lowe, 2009; Turner and Schaafsma, 2015). Thus, the loss of 

different habitats will have different impacts on the fish communities although 

functional redundancies among habitat types could decrease the negative effects of 

habitat changes (Camp et al., 2013). The ability to recreate habitats as compensation 

or biodiversity offsets for those lost during development has been increasing (Elliott 

et al., 2016; Wolanski and Elliott, 2015). In the lower Lima estuary, the physiotopes 

most attractive to fish decreased by 48 % in their total area and the loss of saltmarshes 

and intertidal areas cannot be compensated by the gain of deep subtidal physiotopes, 

given their different functional roles for fish. Hence, even if the total carrying capacity 

of the system had increased with the increase in total area, the structure of the fish 

community will probably have changed. However, the functional roles of many 

habitats are not yet fully understood and therefore the consequences of habitat 

changes become difficult to predict (Camp et al., 2013).  

Villéger et al. (2010) showed that, following habitat degradation in a tropical estuary, 

there was a loss of functional diversity resulting from a loss of functional 
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specialisation in fish communities, and that the species turnover observed was 

determined by habitat-trait relationships. Habitat changes can, therefore, alter the 

functional structure of the community by removing species with traits that are poorly 

adapted to the new habitat and allowing colonization by better adapted species 

(Mouillot et al., 2013). Baptista et al. (2015) reported changes in the structure and 

function of an estuarine fish community in a temperate estuary due to hydrological 

changes caused by man-induced alterations and weather extremes. Zucchetta et al. 

(2016) also identified the potential of changes in habitat morphology (e.g. 

bathymetric changes, loss of intertidal or seagrass habitat) to affect the functioning 

of transitional water habitats (namely their secondary production) by affecting the 

biomass of estuarine resident and migratory species (including also the European eel 

Anguilla anguilla) in a temperate lagoon system. On the other hand, areas that have 

been modified due to the introduction of man-made structures have started to receive 

attention as potential artificial habitats, combining engineering and ecological 

principles in an attempt to minimize their negative impacts (Browne and Chapman, 

2011; Elliott et al., 2016). 

Although it was not possible to quantitatively evaluate the extent of changes to the 

ecosystem functioning following the extensive habitat changes observed in the lower 

Lima estuary due to the lack of reference data, it is hypothesised that functional 

changes of the fish community had occurred.  

4.4.4 Limitations of the approach 

The lack of historical data hinders direct empirical studies evaluating the impacts of 

habitat loss on diversity changes (Airoldi et al., 2008). Given the lack of historical data 

on fish assemblages of the studied area, historical comparisons of fish community 

data were not possible. Under these conditions, that may be also common in other 

estuarine systems, the present study aimed to define an alternative approach to 

investigate changes in the estuarine functioning for fish as associated with changes 

in the physical habitat of the estuary. Physical habitat change was assessed by a 

snapshot of two points in time (year of 1933 and year of 2013), using historical and 

contemporary data sources to create the physiotopes. While historical map data, such 

as military maps are unlikely to contain systematic biases (Vellend et al., 2013), data 

acquisition strategies and processing, such as determination of bathymetry, 

characterisation of sediments and currents, were most likely different between 1933 
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and 2013. Therefore, the observed changes in area of each physiotope could be 

confounded, to an extent, by differences in data sources. 

The method for evaluating the attractiveness of habitats was based on the knowledge 

of a few representative species using the estuary. Although it covered the major 

estuarine use (Elliott et al., 2007b; Potter et al., 2015), it does not entirely reflect the 

complexity of the whole assemblage and functional diversity. In fact, ecological guilds 

are only one of the functional traits that can be used to evaluate functional diversity. 

In addition to the ecological guilds, the trait vertical distribution (Elliott and Dewailly, 

1995) was considered by choosing two species to cover the benthic and demersal 

guild (Platichthys flesus and Dicentrarchus labrax) as these are more likely to be 

linked the structure of the habitat. Nevertheless, the attribution of attractiveness 

scores highlighted the scarcity of information available about the functional roles of 

the different habitats to individual species, as indicated elsewhere (Seitz et al., 2014). 

The present study showed this was evident for the least commercially important 

species (therefore least studied).  

The study gives a partial representation of the estuarine habitats, by investigating the 

lower estuary only. Although natural habitats in the upper/middle estuary have 

undergone minor changes, their exclusion from the analysis does not account for 

their relative importance (in terms of area and functionality) compared to the lower 

estuary, therefore the understanding of the overall loss of attractiveness of the whole 

estuary is limited. Furthermore, attractiveness has been associated to physiotopes, 

irrespective of their location within the estuary. The location of a physiotope along 

the estuarine gradient, or in relation to its adjacent habitats, might affect this value. 

For example, the attractiveness of intertidal, low dynamics physiotopes in brackish 

areas might be different from those in the lower euhaline estuary, as juveniles of some 

marine migrant species, like Platichthys flesus, may be attracted by freshwater cues 

(Amorim et al., 2016; Zucchetta et al., 2010). Given that a generic assessment of the 

habitat attractiveness has been undertaken and the literature review/expert 

knowledge used is also likely to include information from brackish habitats that are 

not presented in this study, attractiveness might be over- or under-estimated. The 

lower estuary was assumed homogenous within a euhaline area in both years, 

however it is likely that in 2013 the estuary presented a greater saline penetration 

than in 1933 due to the deepening of the channel. Therefore, this likely salinity 

change between 1933 and 2013 might have also affected the habitat attractiveness 



Chapter 4 

102 

 

in the lower estuary, a factor that could not be accounted for by the assessment in 

the present study. 

The sensitivity analysis showed that the habitat attractiveness assessment can be 

sensitive to the choice of the function scores allocated to the physiotopes, although 

only the worst-case scenarios led to high deviations from the original result. These 

scenarios assumed that the experts undertaking the assessment misjudged the scores 

of all habitat functions for all the physiotopes (by either always underestimating or 

overestimating them), and therefore are considered to be very unlikely cases. When 

considering individual physiotopes, those with the bigger area cover in the estuary 

appeared to be most influential in the assessment, as it would be expected given that 

area cover was used to weight the contribution of each physiotope to the overall 

estuarine attractiveness. One way to avoid these types of errors could be, for example, 

to use a Delphi approach by asking multiple experts to attribute scores to the 

functions of the physiotopes and use averaged scores in the assessment.   

Based on the major functions of estuarine habitats, the Lima estuarine area became 

less attractive for fish representing the major ecological groups using the estuary. 

However, it is also of note that habitat attractiveness may be determined by features 

and/or environmental parameters additional to the physical attributes that were used 

in this approach to define physiotopes. These may be biotic factors (e.g. species 

interactions such as competition or predation) or other abiotic factors that may affect 

the physiotope attractiveness to fish. For example, anthropogenic pressures such as 

dredging, regulated river flow and water quality may reduce habitat attractiveness for 

fish. The lower Lima estuary is subjected to constant dredging for navigation, which 

is known to affect macrobenthic assemblages, modify sediment and biogeochemical 

characteristics and resuspend fine sediment, nutrients and pollutants (Gray and 

Elliott, 2009; Ponti et al., 2009; Quigley and Hall, 1999). The river flow of the Lima is 

regulated by two large hydroelectrical dams and the freshwater inputs are recognized 

to affect estuarine fish communities (Ramos et al., 2006a) by influencing salinity 

fluctuations in estuaries (Drake et al., 2002; Wolanski and Elliott, 2015). Water quality, 

nutrient inputs, hypoxia or eutrophication symptoms restrict fish access to suitable 

habitats (Elliott and Hemingway, 2002). A lack of historical and quantitative 

information on these pressures prevented the use of such additional factors in 

defining physiotopes in this study, and hampered further knowledge of their impacts 

on habitat attractiveness and degradation, and changes to the structure and 

functional properties of fish communities of the estuary. The potential contribution 
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of these additional factors however cannot be disregarded and future research efforts 

should aim at integrating these elements in the assessment of fish habitat 

attractiveness. 

4.5 Conclusions 

Hydrophysical factors are a major determinant of habitat structure and may therefore 

influence the establishment, development and functioning of fish communities. The 

availability of food, shelter and refuge from predation allow for different uses of each 

habitat (Wolanski and Elliott, 2015). The lower Lima estuary suffered extensive 

modifications in its habitat structure between 1933 and 2013, mostly due to the 

increase of the total area and the change of the system from one dominated by 

intertidal and shallow subtidal habitats with soft sediment and saltmarsh, to one 

dominated by moderately deep / deep subtidal habitats. Considering the main 

estuarine habitat functions, the physiotopes lost were the most attractive to the 

benthic and demersal fish communities using the estuary. These physiotopes were 

replaced by others with lower attractiveness and different functional roles for fish, for 

example hard substrata. Consequently, these decreased the overall attractiveness of 

the estuarine area since 1933. 

This study highlights the importance of understanding and tracking habitat loss and 

gains, particularly as habitat alterations also occur widely in many other nearshore 

environments as well as estuaries. These types of cumulative impacts are challenging 

because they are not immediately noted and build up over time to produce a more 

substantial impact at larger scales (Peterson and Lowe, 2009).  Management and 

conservation strategies of coastal areas rely on a better understanding of habitat 

functional roles for fish species and further research is needed to identify how 

habitats are related to functional traits of the fish community to understand the 

consequences of habitat changes. 

 

4.6 Supplementary Information 
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Figure S4-1. Habitat attractiveness for Anguilla anguilla. Top – year of 1933; bottom – year 

of 2013. 
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Figure S4-2. Habitat attractiveness for Callionymus lyra. Top – year of 1933; bottom – year 

of 2013. 
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Figure S4-3. Habitat attractiveness for Dicentrarchus labrax. Top – year of 1933; bottom – 

year of 2013. 
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Figure S4-4. Habitat attractiveness for Platichthys flesus. Top – year of 1933; bottom – year 

of 2013. 
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Figure S4-5. Habitat attractiveness for Pomatoschistus microps. Top – year of 1933; bottom 

– year of 2013. 
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Table S4-1. Criteria considered for each class when scoring to physiotopes. Scores range between 0 and 3 and reflect the role that each physiotope 

plays for the different estuarine functions: 0 – not occurring; 1 – low; 2 – medium; and 3 – high. Possible scores for each class are in brackets (). 

 Nursery Refuge Feeding Spawning Migratory routes/Corridors 

Supratidal 

(0) - area that is 

rarely flooded 

and does not 

support this 

function 

(1) - few species with small 

individuals may reach these areas for 

occasional refuge 

(0) - others 

(1) - few species with small 

individuals may reach these areas 

for occasional feeding 

(0) - others 

(0) - area that is 

rarely flooded and 

does not support 

this function 

(0) - area that is rarely flooded and does 

not support this function 

Intertidal species specific 

(3) - high in vegetated areas and in 

fine sediments for species that bury; 

(2) - for other features; very low 

water column means that fish are 

exposed to predators like birds, but 

can refuge from larger fish that live 

in deeper areas 

(3) - typically areas of high 

productivity = high amount of 

food; other scores are species 

specific 

species specific 

(1) – area intermittently submerged 

  

(2) - with saltmarsh: promotes retention 

Shallow species specific 

(3) - high in vegetated areas, fine 

sediments for species that bury and 

hard substratum (except flatfish); 

(2) - for other features; very low 

water column means that fish are 

exposed to predators like birds, but 

can refuge from larger fish in deeper 

areas 

(3) - typically areas of high 

productivity = high amount of 

food; other scores are species 

specific 

species specific 

(3) – area always submerged; other 

scores dependent on other features of 

habitat and species 

Moderate species specific 
species specific and dependent on 

other features 

(2) – medium productivity; other 

scores are species specific and 

dependent on sediment type 

species specific 

(3) – area always submerged; other 

scores dependent on other features of 

habitat and species 

Deep species specific 
species specific and dependent on 

other features of habitat 

(2) – medium productivity; other 

scores are species specific and 

dependent on sediment type 

species specific 

(3) – area always submerged; other 

scores dependent on other features of 

habitat 

High 

dynamics 
species specific (1) bad for refuge (1) bad for feeding species specific 

(2) - high currents are good to migrate 

when currents are favourable or very 

bad when currents are not favourable 

Low 

dynamics 
species specific 

(3) - good to shelter/possible 

retention areas; other scores 

dependent on other features of 

habitat 

(3) - good for feeding; other 

scores dependent on other 

features of habitat 

species specific 
species specific and dependent on other 

features of habitat 
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Table S4-1. (cont.) Criteria considered for each class when scoring to physiotopes. Scores range between 0 and 3 and reflect the role that each 

physiotope plays for the different estuarine functions: 0 – not occurring; 1 – low; 2 – medium; and 3 – high. Possible scores for each class are in 

brackets (). 

 Nursery Refuge Feeding Spawning Migratory routes/Corridors 

Rock species specific 

(2) - for others than flatfish (fish can 

refuge inside free spaces of rocks); 

(1) - for flatfish  

(1) - low for infauna or planktonic 

feeders 

(3) - for rock-reef feeders 

species specific 

(2) - hard substrata is not as favourable 

as soft substrata to migrate;  

Other scores dependent on other 

features of habitat and species. 

Sand species specific 
species specific and dependent on 

other features of habitat 

(2) - for infauna feeders;  

(1) – for others 

species specific 

(3) – no obstacles to migration; 

Other scores dependent on other 

features of habitat and species. 

Gravel  species specific 
species specific and dependent on 

other features of habitat 

species specific and dependent 

on other features of habitat 
species specific 

(3) – no obstacles to migration; 

Other scores dependent on other 

features of habitat and species. 

Mud species specific 
species specific and dependent on 

other features of habitat 

3 - good for infauna (micro; 

macroinvertebrates) feeders; (1) 

bad for reef associated feeders 

species specific 

(3) – no obstacles to migration; 

Other scores dependent on other 

features of habitat and species. 

Non-

vegetated 

species specific 

and dependent 

on other features 

of habitat 

species specific and dependent on 

other features of habitat 
2 (dependent of sediment type) species specific 

(3) – no obstacles to migration; 

Other scores dependent on other 

features of habitat and species. 

Saltmarsh species specific (3) - good for refuge (3) - good for feeding species specific 
(2) - vegetation can promote retention 

but hinder migration 
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Table S4-2A. Physiotope scores for Anguilla Anguilla in 1933 and 2013: physiotope scores by function, total physiotope score, proportion of 

landscape and weighted score. Physiotopes only observed in one of the years are in grey. Final scores for the lower estuary are in blue.   

Physiotope Nursery Refuge Feeding Spawning 
Migratory 

routes 
Total 

Proportion of 

landscape 

1933 

Weighted Score 

1933 

Proportion of 

landscape 2013 

Weighted 

Score 2013 

Sp.lD.S.nV 0 0 1 0 0 1 0.002252 0.002252 0.000327 0.000327 

Sp.lD.R.nV 0 0 0 0 0 0 0.000287 0 0.009544 0 

In.lD.S.nV 3 2 2 0 1 8 0.508911 4.071288 0.061908 0.495264 

In.lD.S.Sm 3 3 3 0 2 11 0.086423 0.950653 0.00225 0.02475 

In.lD.R.nV 2 3 1 0 1 7 0.00321 0.02247 0.012193 0.085351 

In.lD.M.nV 3 2 3 0 1 9 0.013222 0.118998 0.055775 0.501975 

In.lD.M.Sm 3 3 3 0 2 11 0.03981 0.43791 0.003302 0.036322 

Sh.lD.S.nV 3 1 2 0 3 9 0.251174 2.260566 0.091701 0.825309 

Sh.lD.R.nV 3 3 1 0 2 9 0.007042 0.063378 0.002649 0.023841 

Sh.lD.M.nV 3 3 3 0 3 12 0.036217 0.434604 0.053199 0.638388 

Md.lD.S.nV 3 1 2 0 3 9 0.005174 0.046566 0.171136 1.540224 

Md.lD.R.nV 3 3 1 0 2 9 0.00206 0.01854 0.001125 0.010125 

Md.lD.M.nV 3 3 3 0 3 12 0.001198 0.014376 0.109373 1.312476 

Md.hD.S.nV 1 1 1 0 2 5 0.016001 0.080005 0.044344 0.22172 

D.lD.S.nV 2 1 2 0 3 8 0.000096 0.000768 0.131618 1.052944 

D.hD.S.nV 1 1 1 0 2 5 0.000575 0.002875 0.107087 0.535435 

Sh.hD.S.nV 1 1 1 0 2 5 0.020983 0.104915 0 0 

Sh.hD.G.nV 1 1 1 0 2 5 0.000719 0.003595 0 0 

Md.hD.R.nV 1 1 1 0 2 5 0.00024 0.0012 0 0 

Md.lD.G.nV 3 1 1 0 3 8 0.000431 0.003448 0 0 

Md.hD.G.nV 1 1 1 0 2 5 0.003976 0.01988 0 0 

Sp.lD.S.Sm 0 1 1 0 0 2 0 0 0.00196 0.00392 

Sp.lD.M.nV 0 0 1 0 0 1 0 0 0.004137 0.004137 

Sp.lD.M.Sm 0 1 1 0 0 2 0 0 0.004137 0.008274 

Sh.hD.M.nV 1 1 1 0 1 4 0 0 0.00029 0.00116 

Md.hD.M.nV 1 1 1 0 1 4 0 0 0.007911 0.031644 

D.lD.M.nV 2 3 3 0 3 11 0 0 0.052074 0.572814 

D.hD.M.nV 1 1 1 0 1 4 0 0 0.07196 0.28784 

        8.658287  8.21424 
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Table S4-2B. Physiotope scores for Callionymus lyra in 1933 and 2013: physiotope scores by function, total physiotope score, proportion of 

landscape and weighted score. Physiotopes only observed in one of the years are in grey. Final scores for the lower estuary are in blue.   

Physiotope Nursery Refuge Feeding Spawning 
Migratory 

routes 
Total 

Proportion of 

landscape 

1933 

Weighted Score 

1933 

Proportion of 

landscape 2013 

Weighted 

Score 2013 

Sp.lD.S.nV 0 0 0 0 0 0 0.002252 0 0.000327 0 

Sp.lD.R.nV 0 0 0 0 0 0 0.000287 0 0.009544 0 

In.lD.S.nV 2 2 2 0 1 7 0.508911 3.562377 0.061908 0.433356 

In.lD.S.Sm 2 3 3 0 2 10 0.086423 0.86423 0.00225 0.0225 

In.lD.R.nV 2 1 1 0 1 5 0.00321 0.01605 0.012193 0.060965 

In.lD.M.nV 2 2 3 0 1 8 0.013222 0.105776 0.055775 0.4462 

In.lD.M.Sm 2 3 3 0 2 10 0.03981 0.3981 0.003302 0.03302 

Sh.lD.S.nV 3 2 3 0 3 11 0.251174 2.762914 0.091701 1.008711 

Sh.lD.R.nV 2 2 2 0 2 8 0.007042 0.056336 0.002649 0.021192 

Sh.lD.M.nV 3 2 3 0 3 11 0.036217 0.398387 0.053199 0.585189 

Md.lD.S.nV 3 2 2 0 3 10 0.005174 0.05174 0.171136 1.71136 

Md.lD.R.nV 2 2 2 0 2 8 0.00206 0.01648 0.001125 0.009 

Md.lD.M.nV 3 2 3 0 3 11 0.001198 0.013178 0.109373 1.203103 

Md.hD.S.nV 1 1 1 0 2 5 0.016001 0.080005 0.044344 0.22172 

D.lD.S.nV 2 2 2 0 3 9 0.000096 0.000864 0.131618 1.184562 

D.hD.S.nV 1 1 1 0 2 5 0.000575 0.002875 0.107087 0.535435 

Sh.hD.S.nV 1 1 1 0 2 5 0.020983 0.104915 0 0 

Sh.hD.G.nV 1 1 1 0 2 5 0.000719 0.003595 0 0 

Md.hD.R.nV 1 1 1 0 2 5 0.00024 0.0012 0 0 

Md.lD.G.nV 2 2 2 0 3 9 0.000431 0.003879 0 0 

Md.hD.G.nV 1 1 1 0 2 5 0.003976 0.01988 0 0 

Sp.lD.S.Sm 0 0 0 0 0 0 0 0 0.00196 0 

Sp.lD.M.nV 0 0 0 0 0 0 0 0 0.004137 0 

Sp.lD.M.Sm 0 0 0 0 0 0 0 0 0.004137 0 

Sh.hD.M.nV 1 1 1 0 2 5 0 0 0.00029 0.00145 

Md.hD.M.nV 1 1 1 0 2 5 0 0 0.007911 0.039555 

D.lD.M.nV 2 2 3 0 3 10 0 0 0.052074 0.52074 

D.hD.M.nV 1 1 1 0 2 5 0 0 0.07196 0.3598 

        8.462781  8.397858 
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Table S4-2C. Physiotope scores for Dicentrarchus labrax in 1933 and 2013: physiotope scores by function, total physiotope score, proportion of 

landscape and weighted score. Physiotopes only observed in one of the years are in grey. Final scores for the lower estuary are in blue.   

Physiotope Nursery Refuge Feeding Spawning 
Migratory 

routes 
Total 

Proportion of 

landscape 

1933 

Weighted Score 

1933 

Proportion of 

landscape 2013 

Weighted 

Score 2013 

Sp.lD.S.nV 0 0 1 0 0 1 0.002252 0.002252 0.000327 0.000327 

Sp.lD.R.nV 0 0 0 0 0 0 0.000287 0 0.009544 0 

In.lD.S.nV 3 2 2 0 1 8 0.508911 4.071288 0.061908 0.495264 

In.lD.S.Sm 3 3 3 0 2 11 0.086423 0.950653 0.00225 0.02475 

In.lD.R.nV 2 2 1 0 1 6 0.00321 0.01926 0.012193 0.073158 

In.lD.M.nV 3 3 3 0 1 10 0.013222 0.13222 0.055775 0.55775 

In.lD.M.Sm 3 3 3 0 2 11 0.03981 0.43791 0.003302 0.036322 

Sh.lD.S.nV 3 2 2 0 3 10 0.251174 2.51174 0.091701 0.91701 

Sh.lD.R.nV 2 2 1 0 2 7 0.007042 0.049294 0.002649 0.018543 

Sh.lD.M.nV 3 2 3 0 3 11 0.036217 0.398387 0.053199 0.585189 

Md.lD.S.nV 2 2 2 0 3 9 0.005174 0.046566 0.171136 1.540224 

Md.lD.R.nV 2 2 1 0 2 7 0.00206 0.01442 0.001125 0.007875 

Md.lD.M.nV 2 2 3 0 3 10 0.001198 0.01198 0.109373 1.09373 

Md.hD.S.nV 2 1 1 0 2 6 0.016001 0.096006 0.044344 0.266064 

D.lD.S.nV 1 2 2 0 3 8 0.000096 0.000768 0.131618 1.052944 

D.hD.S.nV 1 1 1 0 2 5 0.000575 0.002875 0.107087 0.535435 

Sh.hD.S.nV 1 1 1 0 2 5 0.020983 0.104915 0 0 

Sh.hD.G.nV 1 1 1 0 2 5 0.000719 0.003595 0 0 

Md.hD.R.nV 1 1 1 0 2 5 0.00024 0.0012 0 0 

Md.lD.G.nV 1 2 1 0 3 7 0.000431 0.003017 0 0 

Md.hD.G.nV 1 1 1 0 2 5 0.003976 0.01988 0 0 

Sp.lD.S.Sm 0 0 1 0 0 1 0 0 0.00196 0.00196 

Sp.lD.M.nV 0 0 1 0 0 1 0 0 0.004137 0.004137 

Sp.lD.M.Sm 0 0 1 0 0 1 0 0 0.004137 0.004137 

Sh.hD.M.nV 1 1 1 0 2 5 0 0 0.00029 0.00145 

Md.hD.M.nV 1 1 1 0 2 5 0 0 0.007911 0.039555 

D.lD.M.nV 1 2 2 0 2 7 0 0 0.052074 0.364518 

D.hD.M.nV 1 1 1 0 2 5 0 0 0.07196 0.3598 

        8.878226  7.980142 
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Table S4-2D. Physiotope scores for Platichthys flesus in 1933 and 2013: physiotope scores by function, total physiotope score, proportion of 

landscape and weighted score. Physiotopes only observed in one of the years are in grey. Final scores for the lower estuary are in blue.   

Physiotope Nursery Refuge Feeding Spawning 
Migratory 

routes 
Total 

Proportion of 

landscape 

1933 

Weighted Score 

1933 

Proportion of 

landscape 2013 

Weighted 

Score 2013 

Sp.lD.S.nV 0 0 1 0 0 1 0.002252 0.002252 0.000327 0.000327 

Sp.lD.R.nV 0 0 0 0 0 0 0.000287 0.000000 0.009544 0.000000 

In.lD.S.nV 3 3 2 0 1 9 0.508911 4.580199 0.061908 0.557172 

In.lD.S.Sm 3 3 3 0 2 11 0.086423 0.950653 0.002250 0.024750 

In.lD.R.nV 1 1 1 0 1 4 0.003210 0.012840 0.012193 0.048772 

In.lD.M.nV 3 2 3 0 1 9 0.013222 0.118998 0.055775 0.501975 

In.lD.M.Sm 3 3 3 0 2 11 0.039810 0.437910 0.003302 0.036322 

Sh.lD.S.nV 3 3 2 0 3 11 0.251174 2.762914 0.091701 1.008711 

Sh.lD.R.nV 1 1 1 0 2 5 0.007042 0.035210 0.002649 0.013245 

Sh.lD.M.nV 3 2 3 0 3 11 0.036217 0.398387 0.053199 0.585189 

Md.lD.S.nV 2 2 2 0 3 9 0.005174 0.046566 0.171136 1.540224 

Md.lD.R.nV 1 1 1 0 2 5 0.002060 0.010300 0.001125 0.005625 

Md.lD.M.nV 2 2 3 0 3 10 0.001198 0.011980 0.109373 1.093730 

Md.hD.S.nV 1 1 1 0 2 5 0.016001 0.080005 0.044344 0.221720 

D.lD.S.nV 1 2 2 0 3 8 0.000096 0.000768 0.131618 1.052944 

D.hD.S.nV 1 1 1 0 2 5 0.000575 0.002875 0.107087 0.535435 

Sh.hD.S.nV 1 1 1 0 2 5 0.020983 0.104915 0 0 

Sh.hD.G.nV 1 1 1 0 2 5 0.000719 0.003595 0 0 

Md.hD.R.nV 1 1 1 0 2 5 0.000240 0.001200 0 0 

Md.lD.G.nV 2 2 1 0 3 8 0.000431 0.003448 0 0 

Md.hD.G.nV 1 1 1 0 2 5 0.003976 0.019880 0 0 

Sp.lD.S.Sm 0 0 1 0 1 2 0 0 0.001960 0.003920 

Sp.lD.M.nV 0 0 1 0 0 1 0 0 0.004137 0.004137 

Sp.lD.M.Sm 0 0 1 0 1 2 0 0 0.004137 0.008274 

Sh.hD.M.nV 1 1 1 0 1 4 0 0 0.000290 0.001160 

Md.hD.M.nV 1 1 1 0 1 4 0 0 0.007911 0.031644 

D.lD.M.nV 1 2 2 0 2 7 0 0 0.052074 0.364518 

D.hD.M.nV 1 1 1 0 1 4 0 0 0.071960 0.287840 

        9.584895  7.927634 
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Table S4-2E. Physiotope scores for Pomatoschistus microps in 1933 and 2013: physiotope scores by function, total physiotope score, proportion 

of landscape and weighted score. Physiotopes only observed in one of the years are in grey. Final scores for the lower estuary are in blue.   

Physiotope Nursery Refuge Feeding Spawning 
Migratory 

routes 
Total 

Proportion of 

landscape 

1933 

Weighted Score 

1933 

Proportion of 

landscape 2013 

Weighted 

Score 2013 

Sp.lD.S.nV 0 1 1 0 0 2 0.002252 0.004504 0.000327 0.000654 

Sp.lD.R.nV 0 0 0 0 0 0 0.000287 0 0.009544 0 

In.lD.S.nV 3 2 2 1 1 9 0.508911 4.580199 0.061908 0.557172 

In.lD.S.Sm 3 3 3 3 2 14 0.086423 1.209922 0.00225 0.0315 

In.lD.R.nV 2 3 1 1 1 8 0.00321 0.02568 0.012193 0.097544 

In.lD.M.nV 3 3 3 1 1 11 0.013222 0.145442 0.055775 0.613525 

In.lD.M.Sm 3 3 3 3 2 14 0.03981 0.55734 0.003302 0.046228 

Sh.lD.S.nV 3 2 2 3 3 13 0.251174 3.265262 0.091701 1.192113 

Sh.lD.R.nV 2 2 1 2 2 9 0.007042 0.063378 0.002649 0.023841 

Sh.lD.M.nV 3 3 3 3 3 15 0.036217 0.543255 0.053199 0.797985 

Md.lD.S.nV 1 2 2 1 3 9 0.005174 0.046566 0.171136 1.540224 

Md.lD.R.nV 1 2 1 1 2 7 0.00206 0.01442 0.001125 0.007875 

Md.lD.M.nV 1 2 3 1 3 10 0.001198 0.01198 0.109373 1.09373 

Md.hD.S.nV 1 1 1 1 1 5 0.016001 0.080005 0.044344 0.22172 

D.lD.S.nV 1 1 1 1 1 5 0.000096 0.00048 0.131618 0.65809 

D.hD.S.nV 1 1 1 1 1 5 0.000575 0.002875 0.107087 0.535435 

Sh.hD.S.nV 1 1 1 1 2 6 0.020983 0.125898 0 0 

Sh.hD.G.nV 1 1 1 1 2 6 0.000719 0.004314 0 0 

Md.hD.R.nV 1 1 1 1 2 6 0.00024 0.00144 0 0 

Md.lD.G.nV 1 2 1 1 3 8 0.000431 0.003448 0 0 

Md.hD.G.nV 1 1 1 1 2 6 0.003976 0.023856 0 0 

Sp.lD.S.Sm 0 1 1 0 0 2 0 0 0.00196 0.00392 

Sp.lD.M.nV 0 0 1 0 0 1 0 0 0.004137 0.004137 

Sp.lD.M.Sm 0 1 1 0 0 2 0 0 0.004137 0.008274 

Sh.hD.M.nV 1 1 1 1 1 5 0 0 0.00029 0.00145 

Md.hD.M.nV 1 1 1 1 1 5 0 0 0.007911 0.039555 

D.lD.M.nV 1 1 1 1 1 5 0 0 0.052074 0.26037 

D.hD.M.nV 1 1 1 1 1 5 0 0 0.07196 0.3598 

        10.710264  8.095142 
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Table S4-3. Final physiotope scores (not weighted) and area (ha) difference between 1933 and 

2013. Class code names: Sp - supratidal; In – intertidal; Sh - shallow (0 – 2m); Md - moderately 

deep (2 – 5m); D – deep (<5m); lD - low dynamics (<0.8 m s
-1

); hD - high dynamics (>0.8 m s
-

1

); R - hard substratum; G - Coarse sediment; S – sand; M – mud; Sm – saltmarsh; nV – non 

vegetated. 

Physiotope Score Area difference (ha) 

Sh.lD.M.nV 12 5.4 

Sh.lD.S.nV 10.8 -22.7 

Md.lD.M.nV 10.6 24.3 

In.lD.M.Sm 11.4 -6.0 

In.lD.S.Sm 11.4 -14.1 

In.lD.M.nV 9.2 10.0 

In.lD.S.nV 8.2 -72.8 

Md.lD.G.nV 8 0.0 

Md.lD.S.nV 9.2 37.1 

D.lD.M.nV 8 11.6 

D.lD.S.nV 7.6 29.4 

Md.lD.R.nV 7.2 0.1 

Sh.lD.R.nV 7.6 0.4 

In.lD.R.nV 6 2.9 

D.hD.S.nV 5 23.8 

Md.hD.S.nV 5.2 7.2 

Sh.hD.G.nV 5.2 -0.1 

Sh.hD.S.nV 5.2 -3.5 

Md.hD.R.nV 5.2 -0.1 

Md.hD.G.nV 5.2 -0.7 

Md.hD.M.nV 4.6 1.8 

Sh.hD.M.nV 4.6 0.1 

D.hD.M.nV 4.6 16.1 

Sp.lD.M.nV 0.8 0.9 

Sp.lD.S.nV 1 -0.3 

Sp.lD.M.Sm 1.4 0.9 

Sp.lD.S.Sm 1.4 0.4 

Sp.lD.R.nV 0 2.1 

 

 

 

 



 

117 

 

 

 

 

 CHAPTER 5 

Recovery of nursery habitats: a review of 

current understanding 

 

 

 

 

 

 

 

 

In preparation for submission 



Chapter 5 

118 

 

Abstract 

The historical and ongoing degradation to which coastal and estuarine habitats have 

been exposed, has a deep influence on the complex life history of many marine fish. 

Nursery fish habitats with a decreased carrying capacity caused by habitat 

degradation pose additional bottlenecks to recruitment into adult populations.  

Considering the worldwide decline in fishery stocks, the protection and recovery of 

such essential fish habitats therefore be a contributing factor to the recovery of fish 

populations. Here, a literature review was conducted on the current state of research 

concerning the recovery of fish nursery habitats. In general, nursery habitat 

degradation results mainly from pollution inputs, that change water and sediment 

quality (contamination, excessive nutrient loads, hypoxia) or from 

hydromorphological pressures that change alter the availability of suitable physical 

habitat (decline in habitat complexity, land claim, habitat fragmentation). While efforts 

to recover coastal and estuarine areas are increasing globally, the effects to early life 

stages of fish and fish populations are still little addressed in literature. Successful 

recovery measures included restoration of tidal and freshwater flows, increasing 

habitat complexity (artificial habitats, alternative materials used in breakwaters, 

“living shorelines”), habitat compensation (i.e. creation of new habitats) and 

restoration of biogenic habitats (mangroves, oyster reefs, seagrass beds). The 

increase of species abundance and richness in the nursery habitats were the main 

indicators to successful recovery. Only one study evaluated the effects of nursery 

recovery to fisheries. The effectiveness and success of recovery actions to be carried 

out in nursery areas with the aim of improving fish recruitment would benefit from 

additional knowledge on species autoecology, the value of habitats for the different 

species and on processes that support nursery ground occupation. 
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5.1 Introduction 

Overexploitation of marine resources has long been recognised as an environmental 

and socioeconomic problem of the marine realm that has reduced biodiversity and 

modified ecosystem functioning (Lotze et al., 2006; Worm et al., 2006; Worm et al., 

2009) and ultimately the delivery of ecosystem services. The status of the fisheries 

globally has been subject to much debate and its prospects remain controversial 

(Kritzer et al., 2016; Worm et al., 2009). The decline in spawning-stock biomass and 

consequent fishery production in many exploited marine and estuarine populations 

have increased concerns over the multiple effects of fishing, as well as habitat 

degradation and loss, on the resilience and persistence of these populations (Caddy, 

2008; Pauly et al., 2002). The Ecosystem Approach has been proposed as a primary 

and reliable management solution to restore and conserve declining fish stocks 

worldwide (e.g. Worm et al., 2009). The most important change proposed by the 

Ecosystem-Based Fishery Management (Pikitch et al., 2004) is to move from the 

conventional single-species management to an ecosystem-based management, 

featuring the conservation of the entire marine ecosystem rather than focused on the 

target species. The status and function of benthic habitats are an important part of 

this ecosystem-based management approach, given that most species of economically 

exploited fish move among different habitats throughout their lives (Gillanders et al., 

2003). For demersal organisms, recruitment and survival to spawning depend on 

overcoming sequential risks throughout life-history stages, and, when survival is 

dependent on stage-specific habitats, their absence may create a “bottleneck” in 

recruitment supply (Caddy, 2014). However, the effects of habitat attributes on stock 

productivity are infrequently quantified (Sundblad et al., 2013; Vasconcelos et al., 

2014) and therefore still receive little attention in fisheries management, hindering 

the establishment of quantitative habitat targets to support optimum yields (Kritzer 

et al., 2016).  

The importance of nursery habitat, i.e. specific habitats with high 

abundances/productivity of juveniles, which contribute higher than average biomass 

of individuals to the adult population compared to other juvenile habitats (Beck et al., 

2001), is well recognised, as they promote survival, growth, and movement of juvenile 

fish and sustain stocks of economically important coastal fishes (Gillanders et al., 

2003; Sheaves et al., 2015; Sundblad et al., 2013; Vasconcelos et al., 2014). For 

example, in the Gulf of California, mangroves functioning as nursery habitats have 
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been shown to increase fishery yields in the region (Aburto-Oropeza et al., 2008). In 

coral reef fisheries, nursery proximity effects can even outweigh the value of no-take 

marine reserves (Nagelkerken et al., 2012). Among nursery areas, transitional coastal 

habitats such as estuarine areas, lagoons and wetlands, have long been considered 

to function as nurseries for many species (Wolanski and Elliott, 2015). Recently, 

Tournois et al. (2017), assigned more than 80% of adults of Sparus aurata (gilthead 

sea bream) fished in the Gulf of Lion (NW Mediterranean) to coastal lagoons, in 

contrast to the marine coastal zone.  

The role of nursery habitats for marine species is, therefore, of major ecological, 

cultural and economic importance (Barbier et al., 2011; Beck et al., 2001; Mumby and 

Hastings, 2008). Despite this, coastal and estuarine habitats are also the most 

vulnerable to degradation and loss (Lotze et al., 2006). This highlights the need for 

habitat conservation and restoration, and for the protection and recovery of spatial 

linkages between habitats favoured by successive life-history stages (Caddy, 2014). 

In a simulation study, Levin and Stunz (2005), suggested that larval/juvenile habitat 

of an estuarine-dependent species should be given higher priority for conservation 

and/or restoration, than habitats used by other life history stages. They concluded 

that restoration of settlement and nursery habitats would yield a 24% increase in post-

settlement survival, which would be sufficient to halt a long-term population decline 

(Levin and Stunz, 2005).  

Given that stocks replenishment is threatened by the degradation of habitats of earlier 

life stages (Caddy, 2008), and that the improvement of nursery habitats could 

increase recruitment, it is important to identify habitat recovery effects on fish 

populations, as this is valuable for conservation and restoration decision-making (zu 

Ermgassen et al., 2016). Therefore, a literature review was conducted on the current 

progress of research concerning the recovery of fish nursery habitats. Additionally, 

and given that the identification of the causes of degradation are essential to improve 

habitats, a contextual overview on the aspects that negatively impact the nursery 

function was carried, with an emphasis on hydromorphological pressures affecting 

habitat availability. While the amount of research regarding ecosystem recovery is 

abundant, and much of it concerns ecosystems that function as nurseries, such as 

estuaries (e.g. Chapman et al., 2017; Elliott et al., 2016), this review focused only on 

studies that have specifically addressed the nursery function for fish, or that have, at 

least, documented the influence of improvement measures on the fish nursery 

function.   
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5.2 Degradation of fish nursery habitats 

The impact of human activities has been so extensive that estuarine and coastal 

ecosystems are far from their historic baselines (Lotze et al., 2006). Furthermore, as 

they continue to alter further from baselines, it becomes more difficult to assess 

habitat function and, therefore, the status and trends in habitat quality and 

productivity (Peterson and Lowe, 2009). Overall, pressures in the marine and estuarine 

environment are various, including hydromorphological and sediment barriers (e.g. 

dams), land claim, chemical pollutants, excessive nutrient inputs, invasion by non-

indigenous species and overfishing (McLusky and Elliott, 2004). In addition, climate 

change is causing ongoing disturbance and climatic impacts are often difficult to 

discern against the background of habitat degradation caused by more direct 

anthropogenic impacts (Kritzer et al., 2016). 

Given the many gaps in our knowledge of marine fish life histories, much of the 

present research on nursery areas focuses on the identification, value and 

understanding of the overall use of these areas by fish (e.g. Amorim et al., 2016; 

Furey and Rooker, 2013; Le Pape et al., 2013; Pattrick and Strydom, 2014; Ramos et 

al., 2016; Whitfield and Pattrick, 2015). While there is abundant research focusing on 

the human impacts to coastal habitats (e.g. Baptista et al., 2013; Barletta et al., 2016; 

Cabral-Oliveira et al., 2014; Chung et al., 2015; de Souza Machado et al., 2016; Kibria 

et al., 2016; Price et al., 2017) fewer studies have focused explicitly on the human 

impacts to the fish nursery function and to adult stocks, most likely due to the 

complexity of the task. Overall, investigating the quality of marine and estuarine 

systems is demanding given their open nature, which implies that their functioning is 

affected not only by local aquatic events but also by terrestrial activities, especially 

those that release materials into the watershed or atmosphere (Wolanski and Elliott, 

2015). Furthermore, habitat quality is more easily measured by assessing its position 

along a disturbance gradient on a comparative basis (Borja et al., 2012; Le Pape et al., 

2007). In the case of estuarine nurseries, discriminating anthropogenic disturbances 

from natural stresses is even more complex, as presented in the Estuarine Quality 

Paradox (Elliott and Quintino, 2007). Estuarine communities live in organically-rich 

areas and are adapted to and reflect the high spatial and temporal variability of 

estuaries and their features are therefore very similar to those found in 

anthropogenically stressed areas (Elliott and Quintino, 2007). Therefore, if 

quantifying directly the contribution of juveniles to an adult population continues to 
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be challenging (Sheaves et al., 2015), then linking the consequences of human 

impacts in nursery habitats to stocks productivity becomes even more complex. 

Nevertheless, the anthropogenic pressures and its impacts on nursery habitats have 

been addressed by several authors (Amara et al., 2009; Fonseca et al., 2015; França 

et al., 2012; Ramos et al., 2012; Williams et al., 2016). 

One of the main aspects influencing the nursery function appears to be habitat 

availability. Reductions on habitat availability can limit adult stock sizes for some 

species, as recruitment levels have been related to the size of nursery grounds (Le 

Pape et al., 2007; Rijnsdorp et al., 1992). For example, in the Baltic Sea, juvenile 

habitat availability explained most of the variation in the abundance of two dominant 

predatory fish species (Sundblad et al., 2013). In a New Zealand harbour, an 

experiment with artificial seagrass units with high vs. low habitat availability 

treatments reported higher abundance in the high habitat availability treatment for 

three out of the four species studied; this suggests that juvenile fish abundance is 

more likely to be limited by habitat (Parsons et al., 2014). Preserving access to 

sufficient habitat of adequate quality for the early life stages is, therefore essential to 

adequate recruitment (Caddy, 2014).  

Multiple factors can affect the availability of nursery habitats on estuarine and coastal 

systems, but in the long-term, one the main drivers are hydromorphological pressures 

(such as land-claim and associated hydromorphological change, habitat 

fragmentation, altered shorelines and associated loss in habitat complexity, and 

hydromorphological barriers) (Verdonschot et al., 2013). Using a habitat suitability 

model applied to historical maps, Rochette et al. (2010) estimated that the habitat 

loss in the Seine estuary (France) has led to a 42% decrease of its nursery capacity for 

the sole (Solea solea), since 1850. Amorim et al. (2017) (Chapter 4) estimated that 

habitat changes, which included the loss of a large area of saltmarsh and intertidal 

and shallow soft sediments habitats led to the loss of attractiveness of an estuarine 

area to fish, while accounting for the nursery function. Given that these areas are 

preferred by fish juveniles using the estuary, it was hypothesised that the nursery 

capacity of the estuary was decreased.  

Highly fragmented beds of seagrass meadows showed a lower nursery value in the 

Gulf of Mexico, as estuarine-dependent fish settled among varying levels of 

fragmentation, and either actively migrated to more continuous beds after settlement, 

or were removed by predation or starvation (Williams et al., 2016).  
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Freshwater discharges and tidal exchanges in estuaries highly influence the 

composition and structure of fish assemblages (e.g. Chícharo et al., 2006; Costa et 

al., 2007; Ritter et al., 2008), therefore hydromorphological barriers such as dams or 

floodgates can reduce habitat quality or availability. For example, high and persistent 

turbidity events caused by regulated freshwater inflow to the Guadalquivir estuary (SW 

Spain) negatively impacted the nursery function of the estuary by decreasing prey 

availability or decreasing survival/entrance of marine recruits (González-Ortegón et 

al., 2010). 

Altered shorelines, such as shoreline hardening, appear to have a negative effect on 

the local fauna and also at a larger scale, as the cumulative extent of the hardened 

shoreline increases (Kornis et al., 2017; Lowe and Peterson, 2014; Sundblad and 

Bergström, 2014). For example, sites adjacent to altered marsh appear to be less 

frequently used as nursery habitat when compared to sites adjacent to pristine marsh 

or beach habitats (Peterson et al., 2000). Urbanisation can also impact fish nursery 

assemblages through the degradation of habitat structure (loss of complexity and 

refuge areas) (Verdiell-Cubedo et al., 2012). Overall, shoreline modifications appear 

to impair habitat uses by limiting feeding, reproduction, ontogenetic habitat shifts 

from shallow to deeper waters and connectivity (Munsch et al., 2017). 

Eutrophication can also reduce habitat quality and availability. In the Neuse estuary 

(North Carolina, USA), Eby et al. (2005) observed that hypoxia caused by 

eutrophication restricted the fishes to the oxygenated areas where fewer prey 

resources were available, decreased prey densities in deeper areas and may have 

resulted in density-dependent reduction of growth rates due the contraction of 

suitable habitat.  The large-scale proliferation of green macroalgae (green tides) 

caused by nutrient enrichment also has also been described as having a negative 

influence on marine demersal juvenile fish species by modifying the habitat and 

affecting behaviour, distribution and growth of the juveniles, and even causing 

mortality or avoidance behaviour (Le Luherne et al., 2017). 

In general, densities of juvenile fish have been shown to be significantly lower in 

estuarine and coastal habitats affected by increases in human disturbances 

(Vasconcelos et al., 2014). Other pressures affecting the nursery function and often 

documented are the effects of metals and organic contamination on the nursery 

assemblages (Aguilar-Betancourt et al., 2016; Gilliers et al., 2006; Henry et al., 2012; 

Vasconcelos et al., 2011), which negatively influence abundances and species 



Chapter 5 

124 

 

richness (Courrat et al., 2009), as well as growth and condition (Amara et al., 2009) 

of marine juvenile fishes. 

The effects of human pressures on the larval fish assemblages in nurseries have been 

less investigated, compared to juveniles. Nevertheless, different levels of 

contamination and habitat alterations seem to manifest into substantial differences 

in the composition of larval fish assemblages (McKinley et al., 2011) or in the 

composition of both larval and juvenile fish assemblages (Ramos et al., 2012). 

Recently, Santos et al. (2017) showed that fish larvae diversity was reduced with water 

contamination (mainly faecal contamination and nutrients load) and that migratory 

routes were affected by hydro-morphological such as physical barriers and control of 

the freshwater inputs. 

Research on long-term changes in fish communities is still mostly based on data 

collected from commercial catches, landings and stock assessments (van der Veer et 

al., 2015) and the nursery function is little addressed. Long-term data coupled with a 

full understanding of historical human activities are particularly relevant in order to 

assess where an ecosystem is positioned along a trajectory towards recovery (Borja et 

al., 2012). For instance, in the Dutch part of the Wadden Sea, the nursery function has 

been reducing since the 1980s, due to a combination of increased water temperature, 

habitat destruction, increased predation by top predators and large-scale changes to 

hydrodynamic circulation. In the south coast of Finland, juvenile densities of the 

European flounder (Platichthys flesus) were 40 times higher during the 1980s than in 

recent years, most likely due to habitat change induced by eutrophication (increase in 

vegetation cover) (Jokinen et al., 2015). 

5.3 Recovery of nursery habitats 

5.3.1 Recovery and restoration 

The recovery of coastal and estuarine ecosystems is likely to occur once the pressures 

are removed (Elliott et al., 2007a). It is also assumed that once the physicochemical 

suitability of the environment is achieved, the connectivity of open marine systems 

will allow a rapid recolonization by the biota (Elliott et al., 2007a).  Recovery is, 

therefore, believed to be dependent on connectivity between the degraded ecosystem 

and healthy adjacent ecosystems (Duarte et al., 2015). Connectivity is essential for 

recovery through the supply of propagules and colonizers (Duarte et al., 2015), and 
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consequently of major importance for the recovery of the nursery habitats. However, 

degradation and recovery are not inversely coupled processes and degradation may 

not be fully reversible (Duarte et al., 2015), given that coastal and estuarine 

ecosystems follow complex trajectories and exhibit hysteresis during recovery (Duarte 

et al., 2015; Elliott et al., 2007a).  Furthermore, and although it is possible to achieve 

a full recovery of the ecosystem in some cases, evidence suggests that typically the 

extent of recovery of estuarine and coastal ecosystems is partial (Duarte et al., 2015). 

Restoration measures involve human-mediated actions to accelerate recovery (Duarte 

et al., 2015). For example, the re-aeration of the Thames estuary, UK, accelerated the 

recovery of the estuarine fish community towards the historical baseline (McLusky and 

Elliott, 2004).  The restoration of ecosystems that have been substantially disturbed 

by human activities and the development of new sustainable ecosystems that have 

both human and ecological values are the goals of the emergent field of ecological 

engineering (Mitsch, 2012). Ecological engineering can involve engineering of 

physico-chemical processes (including water quality and quantity) to create suitable 

habitat and conditions (termed Type A ecoengineering), or biotic manipulations 

(engineering the ecology) to recover target populations, for example, through the 

transplant or reintroduction of seagrasses, salt marsh plants, mangroves or algae 

(termed Type B ecoengineering) (Duarte et al., 2015; Elliott et al., 2016). The creation 

of habitats allowing the mitigation or minimisation of the effects of coastal and 

estuarine development is termed as “biodiversity offsetting” (Wolanski and Elliott, 

2015), which aims to achieve no net loss and, if possible, a net gain of biodiversity 

regarding species composition, habitat structure, ecosystem function and ecosystem 

services and societal benefits (Wolanski and Elliott, 2015).  

The deterioration of coastal ecosystems is so severe that it has led to the development 

of legal policies aiming to assess the ecological quality or integrity of the coastal 

ecosystems and to improve their status by requiring management measures to restore 

the system (Borja et al., 2008; Mee et al., 2008). Examples of these policies in Europe 

include the European Water Framework Directive (EU, 2000) and the Marine Strategy 

Framework Directive (EU, 2008).  However, and despite the fact that actions to protect 

and enhance the aquatic environment of estuaries and coastal areas are being carried 

globally, the consequences of these processes to the nursery function have been 

seldom quantified. In addition, given the complexity in quantifying the nursery 

habitats productivity to adult populations, the impact of recovery/restoration 

measures to fisheries is mostly unknown (but see Das (2017)). 
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5.3.2 Documented effects of recovery actions on the 

nursery function 

Man-made littoral structures, such as coastal seawalls, designed without considering 

their potential value as fish habitats, have been mainly shown to negatively impact 

the nursery function for demersal species (Peterson et al., 2000; Verdiell-Cubedo et 

al., 2012). However, it has also been observed that they are able to support important 

ecological functions such as the nursery function for juveniles of communities natural 

of rocky areas (Pastor et al., 2013). This aspect has been further explored in an 

attempt to improve the nursery function by, for example, adding artificial devices to 

vertical walls. Recently, Mercader et al. (2017) tested wether the use of small artificial 

habitats would improve the nursery value of ports through increasing habitat 

complexity by deploying artificial habitat units in three different locations of the large 

commercial port of Marseille, France. Average species richness and densities of 

juvenile fish were higher on the artificial habitats (compared to control habitats) but 

displayed high spatial and taxa-specific variations. Bouchoucha et al. (2016) assed 5 

marinas along the French Mediterranean coast and observed that these habitats 

contained high numbers of juvenile rocky-habitat fish and seem to be suitable for fish 

settlement and growth, especially if artificial multifaceted devices are added to 

increase their structural complexity. These studies highlight the potential of artificial 

habitats to enhance the ecological value of marine infrastructures such as ports, 

harbours, marinas and coastal defences. 

In order to maintain or enhance ecological function, different configurations of coastal 

defence structures are being tested. In the Mobile Bay, USA, small-scale breakwaters 

comprised of bagged oyster shell or concrete domes were observed to increase 

species richness of juvenile and smaller fishes compared to controls (Scyphers et al., 

2015). A recent review on the effects of shoreline armouring and overwater structures 

on coastal and estuarine fish, suggested that restoring complexity in shallow waters 

and substrata, and minimizing shading underneath overwater structures, can 

rehabilitate habitats compromised by shoreline modifications (Munsch et al., 2017).  

For example, living shorelines, which range from vegetation plantings to a 

combination of hard structures and plantings, are being used as alternative methods 

of coastal protection to restore or enhance multiple ecosystem services normally 

delivered by natural vegetated shores (Gittman et al., 2016). In the Pine Knoll Shores, 

North Carolina, USA, Gittman et al. (2016) observed that sills with landward marsh (a 
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type of living shoreline combining marsh plantings with offshore low-profile 

breakwaters) supported higher abundances and species diversity of fish (mostly 

juveniles) than unvegetated habitat adjacent to bulkheads and control marshes, 

therefore enhancing some ecosystem services provided by the marshes, namely  

nursery functionhabitat. In the Biscayne Bay, Florida, USA, mangroves shoreward of 

riprap revetments appear to provide some of the functions of natural mangrove 

shorelines in terms of provisioning fish habitat, and have the potential to enhance the 

value of degraded or developed shorelines, although fish assemblages and 

community structure were different between these habitat types (Peters et al., 2015).   

The effects of the restoration of the tidal/freshwater flushing in coastal wetlands have 

also been investigated. In Australia, the incremental opening of eight floodgates 

afforded the opportunity to monitor water quality and nekton assemblages in a tidal 

creek over 11 years ((Boys and Pease, 2017). The nursery habitat recovery was shown 

in the increase in abundance and range of juveniles of several economically important 

species and in the increase of the diversity and abundance of species across multiple 

trophic levels. In the Mondego estuary, Portugal, the reconnection of the two arms of 

the system to reduce nutrient load and water residency time in one of the arms 

improved the fish community status in that area, and increased the number of species 

that use the estuary as nursery (Castro et al., 2016). 

Some restoration projects have included the creation and compensation of habitats 

with the specific aim of increasing the nursery area. In the Delaware Bay, USA, a marsh 

restoration project, designed to increase fish production to offset the adverse effects 

on fish populations caused by operations of a nuclear power plant, restored diked salt 

hay farms to natural salt marsh structure and function (Able et al., 2008; Able et al., 

2004). Species richness and abundance increased by a large amount one to two years 

after restoration (Able et al., 2004) and relied on ease of access to a newly created 

habitat rather than on the specific floral and geomorphological characteristics of the 

habitat (Able et al., 2008). Within 9 years of restoration, fish assemblages in the 

created subtidal channels and intertidal creeks had become similar to the 

assemblages of a nearby reference marsh (Able et al., 2008), with the areas created 

providing good conditions for feeding and growth of large numbers of juvenile marine 

fish (Nemerson and Able, 2005). In southern California, US, the Bolsa Chica Full Tidal 

Basin was restored by dredging land previous filled in for agriculture and oil drilling 

and by opening a long inlet to the ocean creating a fully tidal wetland, in order to 

compensate the expansion of a port and to recreate birds and fish habitat (Farrugia 
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et al., 2014). Three years after restoration, the area was successfully providing habitat 

for coastal fishes, including marine migrant species (Farrugia et al., 2014).  

The nursery function has also been investigated in areas of mangrove and seagrass 

restoration. On the north coast of Yucatán, Mexico, species diversity was higher in 

sites with the longest restoration time (Arceo-Carranza et al., 2016). The natural 

expansion and recovery of eelgrass following disturbance in the northeast coast of 

Newfoundland, Canada had a positive effect on the juvenile Atlantic (Gadus morhua) 

and Greenland cod (Gadus ogac), which showed a significant and rapid increase in 

age-0 density when associated with eelgrass habitat expansion (Warren et al., 2010).  

Locally assessing improvements in nursery habitats is less demanding than to 

quantitatively evaluate the effects of the habitat recovery to the overall population. 

Instead, zu Ermgassen et al. (2016) modelled the enhancement of fish production 

attributable to the restoration or conservation of limiting structured nursery habitats, 

in the Gulf of Mexico and in the South Atlantic and Mid-Atlantic, US. The authors used 

the amount of oyster reef habitats as the limiting factor to juvenile recruitment and 

enhancement, as these biogenic habitats have suffered declines of more than 90% in 

many estuaries, and found that oyster reefs substantially augment fish production but 

to varying degrees related to biogeographic differences.  

One study, however, attempted a socio-economic evaluation of the contribution of 

planted mangroves to the fishery sector in the state of Gujarat, India, where thousands 

of hectares of mangroves have been planted over coastal mudflats since the 1940s, 

in order to restore the degraded and depleted mangrove habitats occurring in the 

region (Das, 2017). The author showed that the planted mangroves, as nursery 

habitats, have significantly increased the catch of mangrove-dependent fish in both 

inshore and offshore sectors at a state-level.  

Overall, literature has focused mainly in 4 types of recovery in nursery habitats: 

restoration of tidal and/or freshwater flows, increasing habitat complexity, habitat 

compensation, and recovery/restoration of biogenic habitats (Table 5.1). In general, 

investigations of the nursery function after recovery/restoration actions tend to 

assess the quality of the nursery by means of structural indicators such as the 

increase/decrease in abundance and number of juvenile nursery species using the 

habitat. Few studies have used metrics that described habitat quality and fitness, such 

as growth, prey availability, or productivity.  
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Furthermore, it should also be noted that while some approaches prioritised 

recreating components of the pre-existing ecosystem (Boys and Pease, 2017), others 

prioritised only the enhancement of the nursery function (Bouchoucha et al., 2016). 

For example, as marinas and ports are often built in shallow and intertidal areas of 

soft sediments or marshes, adding artificial floating habitats may result in a lack 

functional equivalency to the lost habitat. This will not support the benthic and 

demersal assemblages that would typically use those areas, but will potentially 

provide habitat for novel fish assemblages, such as natural communities of rocky 

areas. This highlights the fact that in urbanized sites, the chances of reversal to the 

previous unaltered state are often very limited due to the high investment and large 

effort associated (Simenstad et al., 2005). The alternative has been merely to improve 

the ecological conditions, with little attempt to recreate prior conditions (Chapman et 

al., 2017; Simenstad et al., 2005). 
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Table 5.1. Literature describing the effects of recovery and restoration actions to the nursery function. 

Recovery type Actions Recovery indicator Reference 

Habitat complexity 

increase  

Use of artificial habitats  Species richness and abundance of 

juveniles 

Mercader et al. (2017) 

Bouchoucha et al. (2016) 

Habitat complexity 

increase  

Use of breakwaters comprised of bagged oyster 

shell or concrete domes 

Species richness of juveniles Scyphers et al. (2015)  

Habitat complexity 

increase 

Use of living shorelines (hard structures combined 

with vegetation planting) 

Species richness and abundance of 

juveniles 

Gittman et al. (2016) 

Peters et al. (2015) 

Restoration of tidal and/or 

freshwater flows 

Reestablishment of communication between the two 

arms of the estuary to increase water flow and 

reduce nutrient load and water residency time 

Species richness of juveniles Castro et al. (2016)  

Restoration of tidal and/or 

freshwater flows 

Incremental opening of floodgates to restore tidal 

flushing 

Abundance and range distribution of 

juveniles; diversity and abundance of 

species across multiple trophic levels 

Boys and Pease (2017) 

Habitat compensation Construction of a network of channels or creeks and 

breaching of dikes to open former salt hay farms 

sites to tidal circulation 

Species richness and abundance of 

juveniles, feeding, growth, condition and 

production 

Able et al. (2008) and 

references therein 

 

Habitat compensation Dredging of previously filled land (for agriculture 

and oil drilling) and inlet opening to the ocean 

Presence of fish communities on 

previously filled land 

Farrugia et al. (2014)  

Recovery/restoration of 

biogenic habitats  

Plantation of mangroves Species richness vs. in restoration time Arceo-Carranza et al. 

(2016) 

Recovery/restoration of 

biogenic habitats 

Plantation of mangroves Fisheries catch of mangrove-dependent 

fish (inshore and offshore) 

Das (2017) 

Recovery/restoration of 

biogenic habitats 

Restoration or rebuilding of oyster reefs Recruitment  zu Ermgassen et al. 

(2016) 

Recovery/restoration of 

biogenic habitats 

Natural recovery and spatial expansion of seagrass 

beds 

Density of 0-age Atlantic (Gadus morhua) 

and Greenland cod (Gadus ogac) 

Warren et al. (2010)  
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5.4 Nursery habitats recovery – knowledge gaps 

One major aspect considered when identifying coastal habitats as fish nurseries is, 

the contribution they make to offshore, adult fish stocks via ontogenetic migrations 

(Beck et al., 2001). Although this approach has proved valuable in the recognition of 

nursery areas, it may be insufficient from a management point of view, as it regards 

nurseries as static whole habitat entities and overlooks the dynamic processes 

supporting successful nursery ground occupation (Sheaves et al., 2015). Thus, 

ecologists have recently advocated a new approach regarding nurseries as spatially 

explicit mosaics of functionally connected habitats (Nagelkerken et al., 2015; Sheaves 

et al., 2015). This approach aims to guide more effective and practical management 

measures in areas that are susceptible to high levels of competing demands and 

degradation through human activities (Nagelkerken et al., 2015). This approach is 

also relevant to restoration, as it aims to understand why fish select certain attributes 

inside the nursery, and restoration measures, such as the creation of habitat offsets, 

are not applied at the ecosystem scale but at a smaller, local scale (e.g. site inside an 

estuary). Therefore, the assessment of habitat features that support successful 

nursery ground occupation (e.g. habitat connectivity, ontogenic migrations, resource 

availability, food/predation trade-offs, eco-physiological factors, etc.) are valuable for 

recovery effectiveness. 

While degradation has resulted in areas that no longer fulfil essential functions 

(nursery, feeding, or reproduction), there is still a lack of knowledge of the value of 

coastal habitats for many species (Amorim et al., 2017; Seitz et al., 2014), which is 

especially needed in order to define key habitats for protection and restoration. 

Moreover, the ability to manage fish habitats is often limited by gaps in the knowledge 

about the species autecology (Munsch et al., 2017). Thus, an important and necessary 

step to the management and conservation of nursery habitats should be the 

identification of key fish species and a determination of autecology, as well as 

identifying the habitats that support them, including at-risk and high-value habitats 

(Cicchetti and Greening, 2011). Prioritising the protection of habitats at risk or the 

compensation of habitat lost requires data to estimate the extent of historic and 

existent habitats (Cicchetti and Greening, 2011). Furthermore, understanding how 

habitats have changed is essential to select a historical baseline to establish targets 

for recovery. The extent of historical habitat loss might then determine if future 

management is required to include preserving the areas that are perceived to have 
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desired nursery value and attempting to prevent further degradation, or if it will aim 

to improve habitat or reverse changes (Chapman et al., 2017). 

Coastal and estuarine habitats have been rehabilitated to varying degrees (Elliott et 

al., 2016), but, overall, few published studies have evaluated the ecological success 

of recovery/restoration efforts for fish nursery function. This gap might be related to 

the fact that most restoration studies in estuarine and coastal habitats have focused 

more frequently on benthic invertebrates rather than fish, due to their sedentary 

condition and to our basic understanding of the structure and dynamics of that 

taxonomic assemblage (Verdonschot et al., 2013). The benthos also has a greater 

intimate link to the sedimentary habitats prevalent in these areas. Among the 

literature reviewed, zu Ermgassen et al. (2016) simulated the enhancement of limiting 

habitats to the fishery production and Das (2017) directly quantified the effects of 

restored nursery habitats to fisheries. Hence, understanding the success and 

adequacy of nursery habitat recovery might be a complex and lengthy task. Estuarine 

and coastal waters are estimated to have long periods of recovery (approx. 10 years) 

(Borja et al., 2010), although fish seem to recover faster, within 1-3 (Able et al., 2008). 

In the Delaware Bay, USA, although the fish responded quickly to the restoration (1-2 

years), it took 9 years for fish assemblages in the created channels and intertidal 

creeks to resemble the assemblages of the reference marsh (Able et al., 2008). This 

highlights the need for high quality monitoring data to accuratly evaluate the efficacy 

of restoration effort, which will help to understand which improvements might 

increase the frequency of successes (Verdonschot et al., 2013) , and ultimately 

improve the efficiency of usually high-cost restoration initiatives. 

The examples described here have been successful in improving the nursery function 

by improving habitat capacity and structure, either by adding simple artificial devices 

to currently engineered structures (Bouchoucha et al., 2016), or by carrying large-

scale restoration engineering works (Farrugia et al., 2014). However, the sustainability 

performance of a restored area may be threatened by persistent sources of 

contaminants and invasive species (Simenstad et al., 2005). For instance, 

rehabilitation of the nursery function of areas where marinas have been built (e.g. by 

adding artificial habitats) cannot rely only on ecological engineering, but will require 

remediation of the polluted water and sediments that often occur in these habitats; 

as such, the immediate and long-term effects of fish exposure to the contaminants 

found in marinas should be investigated and mitigated (Bouchoucha et al., 2016). 

Thus, restoration of a habitat will potentially fail if the underlying factors that cause 
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the initial degradation or loss of the habitat are not firstly addressed (Wolanski and 

Elliott, 2015). Pollution that changes water or sediment quality (such as chemical 

pollution or excessive nutrient loads), and therefore reduces habitat quality or even 

availability, is, generally, easier to tackle than more permanent habitat loss involving 

land claim for agriculture or building infrastructure (Elliott and Cutts, 2004). However, 

in the case of transitional waters (i.e. estuaries, coastal lagoons, etc.) this might 

require remediation measures far upstream on land and in the river, given the 

connectivity in the system (Wolanski and Elliott, 2015), highlighting that a whole-

system approach to recovery should be more effective than a site-specific approach 

(Verdonschot et al., 2013). 

Overall, it is imperative that knowledge of the value of nursery habitats, including the 

dynamic and complex processes occurring within the nursery, and knowledge 

acquired from the experimental strategies applied to restoration are used as the 

underlying basis to refine improvements to nursery function of coastal and estuarine 

areas. Furthermore, in order to guide decision-making and to maximize the return on 

the efforts put in habitat restoration, additional research is required to understand 

the overall effectiveness of successful restoration actions to fish populations and 

fishery stocks. 

5.5 Conclusions 

Habitat transformation, pollution and overexploitation over the centuries have 

masked the total magnitude of estuarine and coastal degradation and biodiversity 

loss and have undermined their ecological resilience (Lotze et al., 2006). Despite the 

degradation of essential fish habitats being one of the causes involved on the decline 

of many exploited species, habitat management is not yet seen as a significant 

component in fisheries management (McCain et al., 2016). Yet, protecting access to 

sufficient habitat of adequate quality for each life history stage is essential to promote 

recruitment, and if the quality/quantity of juvenile habitat is a limiting factor, natural 

or human-caused bottlenecks will reduce recruitment in limited juvenile habitats 

(Caddy, 2014).  

While actions to protect and enhance the aquatic environment of estuaries and coastal 

areas are being carried globally, there are still few scientific studies measuring the 

ecological success of recovery efforts for early life stage fishes, and fewer estimating 

its effects to the overall population and to fisheries.  Understanding recovery actions 
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effects on fisheries productivity can be used by managers to guide decision-making 

in the protection or recovery of nursery areas. As such, the ability to assess and 

maximize the benefits of habitat conservation and restoration efforts would benefit 

from an increased knowledge of the species autoecology, the value of habitats for 

different species and of the processes that support nursery ground occupation.   
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6.1 Final considerations 

Estuaries are highly productive environments and support many ecosystems services 

(Barbier et al., 2011; Elliott and Whitfield, 2011; Turner and Schaafsma, 2015), yet 

they are amongst the most impacted and altered marine ecosystems in the world. 

Their role as nursery grounds for marine species is of major ecological, cultural and 

economic importance (Beck et al., 2001; Mumby and Hastings, 2008) and therefore 

they have a high conservation value (Elliott and Whitfield, 2011). However, only few 

estuaries and a small percentage of their areas are protected globally (Vasconcelos et 

al., 2017). Hence, there is an imperative for a better understanding of the nursery 

value and of the impacts caused by the many anthropogenic pressures to which these 

habitats are subjected, in order to guide management towards scientific sound 

protection and/or recovery actions in nursery habitats.  

The Lima estuary was selected as the study area as the estuary has been previously 

identified as a nursery area for several commercially important marine species. To 

further understand the nursery value of the Lima estuary, two approaches were used 

to disclose different aspects of connectivity. Firstly, the connectivity between coastal 

spawning grounds and an estuarine nursery was investigated, by identifying the 

patterns and influences of a marine species recruitment to the nursery (Chapter 2). 

Secondly, connectivity within nursery habitats was investigated by identifying 

ontogenic migrations at the estuarine scale (Chapter 3).  connectivity is an important 

and essential concept for conservation biology and the management of fisheries 

stocks (Nagelkerken et al., 2012). It is a prevalent and multifaceted process affecting 

and enabling the lives of organisms at a full range of scales and, therefore, acting as 

a facilitator enabling a variety of critical ecological functions to support the nursery 

value (Sheaves, 2009). The concept of connectivity becomes even more relevant in the 

case of estuarine ecosystems due to the intrinsic links to the terrestrial, marine and 

freshwater environments (Wolanski and Elliott, 2015). Given that estuaries are known 

to assemble fish species from both the marine and freshwater ecosystems, 

connectivity should be central in conservation planning (Vasconcelos et al., 2017). 

However, and while connectivity between spawning grounds and nursery areas is one 

of the main elements to the dynamics of fish populations (Cowen and Sponaugle, 

2009), this potential ‘bottleneck’, as well as settlement habitats, remain unidentified 

for many species (Nagelkerken et al., 2015). Larval dispersal, and ultimately larval 

supply, determine recruitment strength (Cowen and Sponaugle, 2009; Van der Veer 
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et al., 2000b) and therefore are key determinants of the nursery value (Sheaves et al., 

2015). 

In Chapter 2, the patterns of the estuarine recruitment of the European flounder 

(Platichthys flesus) and the relative importance of environmental variables (sea 

surface temperature, chlorophyll a, precipitation and river flow) associated with the 

biological processes (responsible for the spawning, and growth and survival of larvae) 

to the supply of larvae to the nursery were disclosed. Understanding larval supply 

(e.g. drivers, timing) to the estuarine nurseries is fundamental in management and 

conservation planning. This is crucial in order to avoid compromising the connectivity 

between ocean and estuarine habitats due to human pressures (such as regulated 

freshwater inflows or physical barriers) (González-Ortegón et al., 2010; Santos et al., 

2017) and consequently to pose additional pressures to the adult fish stocks (Ramos 

et al., 2017). Furthermore, knowledge of the drivers of larval supply is relevant to help 

understand climate change effects, which are anticipated to have profound impacts 

on connectivity (Gerber et al., 2014). For example, temperature changes were 

predicted to alter larval dispersal due to alterations in species traits, such as spawning 

phenology, larval growth or vertical migration (Andrello et al., 2015). Moreover, in 

estuarine ecosystems, where the hydrological component is an important factor 

(Chapter 2), changes in rainfall regimes caused by climate change might have an 

additional impact on the recruitment to the estuary and consequently the fisheries 

(Meynecke et al., 2006). Besides emphasizing the importance of the variables related 

with the biological processes to the estuarine recruitment of the European flounder, 

this study also provided a good background for further research to understand how 

oceanographic conditions might control this estuarine recruitment. 

Chapter 3 demosntrated the within-habitat variability of nursery role for the European 

flounder, by applying habitat suitability models to different size classes of juveniles 

and by using a combination of physical-chemical water parameters and biological and 

physical habitat variables. Thus, the most upstream area of the Lima estuary was 

found to have higher abundances of younger, post-settlement P. flesus individuals 

(<68 mm) when compared to other habitats of the estuary. Due to their small size, 

this life stage is one of the the most vulnerable in the nursery and thus the most 

upstream habitats could potentially be considered high-value habitats for the species. 

Moreover, such a spatial and temporal analysis showed that the nursery habitats have 

different benefits for separate life stages and this understanding is valuable for 
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developing effective management plans and to protect the most sensitive life stages 

that are essential to fully sustain estuarine and marine adult populations. 

Hence, one of the first steps in the management and conservation of estuarine nursery 

habitats should be the identification of key estuarine-dependent fish species and of 

habitats that support these species, including at-risk and high-value habitats 

(Cicchetti and Greening, 2011). A comprehensive understanding of the nursery value 

however, will require additional knowledge. In the Lima estuary, resource dynamics 

such as resource availability and ontogenic diet shifts of the European flounder have 

already been investigated (Mendes et al., 2014), as well as resource use and 

partitioning between two species using the estuary as a nursery (Mendes et al., 

unpublished data). Furthermore, and given that nurseries have been shown to have 

divergent benefits for different species and life stages (Kimirei et al., 2015), 

multispecies approaches investigating demographics and associated factors such as 

growth, prey abundance and predation risk would provide further useful information 

for conservation and management initiatives. A seascape approach, identifying the 

temporal and spatial variability of the habitat use of juveniles will allow a more 

dynamic and spatially explicit management approach, such as the determination of 

high value habitats (by deciding which species and which areas should receive most 

consideration in terms of conservation). 

In Chapter 4, physical habitat changes over a period of 80 years were assessed in the 

lower estuary. Regarding historical changes, once habitat modifications are known, 

together with the habitats that support the estuarine-dependent species using the 

estuary, it is possible to prioritise the protection of habitats at risk and to select an 

historical baseline in order to establish targets for the preservation or recovery of 

habitats. The methodology applied to classify habitats was used to compare historical 

changes, but could also be used to compare estuaries and their respective fish 

assemblages. Following the classification of habitats and identification of changes, an 

assessment on fish habitat attractiveness was developed to understand how historical 

habitat changes have affected the overall attractiveness of estuarine habitats for fish 

communities. Although the changes in the estuarine habitat structure have increased 

the total estuarine area, the engineering of the estuary led to the loss of attractive 

habitats to fish and to the gain of less attractive ones, which probably led to a 

decrease in the nursery carrying capacity, as intertidal and shallow areas were 

reduced. The assessment of the attractiveness of physiotopes of the lower Lima 

estuary showed a decrease in attractiveness for all species between 1933 and 2013, 
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when considering only the nursery function. The methodology developed in this 

chapter was effective in assessing the impact of habitat loss and change to the nursery 

function of an estuary, which is one of the most difficult pressures to assess due to 

the lack of reference data. This methodology can also be applied to other estuarine 

environments, whenever there is a need to assess the impact of habitat change to the 

estuarine nursery function. 

Coastal and estuarine habitats are highly vulnerable to degradation and loss (Lotze et 

al., 2006), which in turn affects the quality and quantity of nursery habitats. Habitat 

loss can be temporary or permanent (Elliott and Cutts, 2004). Temporary habitat loss 

is a consequence of a change in water or sediments, caused by pollution inputs like 

excessive nutrient loads, which can cause eutrophication and hypoxia and can 

generally be remediated by land-based pollution controls at source (Wolanski and 

Elliott, 2015). Pressures such as land claim and infrastructure building cause 

hydrogeomorphological change and are considered a form of permanent habitat loss 

(Elliott and Cutts, 2004) because they are more difficult to reverse. Management of 

estuarine nursery habitats can therefore include the protection of high value habitats 

and prevention of further degradation, or it can attempt to improve ecological value 

of changed habitats, by attempting to “restore” damaged sites to what was considered 

the previous unaltered state, or by improving habitat for some biota in areas that have 

been irreversibly changed (therefore creating a “novel” ecosystem) (Chapman et al., 

2017).  

As a follow-up of the previous chapter, Chapter 5 summarised our understanding of 

recovery actions that improved nursery habitats was conducted in Chapter 5. Despite 

the condition of the world fisheries and the decline observed in many fish stocks, the 

status and function of demersal habitats such as nursery habitats still receives little 

attention in fisheries management (Kritzer et al., 2016). The reduction of habitat 

availability and capacity of nursery areas is one of the main impacts resulting from 

the degradation of coastal and estuarine habitats, which in turn can reduce 

recruitment and ultimately compromise the sustainability of the fisheries stocks. The 

review showed that although there is extensive literature concerning the recovery of 

estuarine and coastal habitats, few studies have addressed the influence of recovery 

actions to the nursery function and overall fish populations. Successful recovery 

measures included restoration of tidal and freshwater flows, increased habitat 

complexity, habitat compensation and restoration of biogenic habitats. Habitat 

improvement actions should be addressed by incorporating information on habitat 
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quality (assessing the value of nursery seascape), habitat changes (historical habitat 

loss and impacts to nursery capacity) and the benefits of the measures to the nursery 

function and to adult populations. 

Given the importance of a widened scope to coastal fishery management, and one 

that incorporates habitat conservation or restoration and not just management of fish 

extraction, this thesis has contributed to improve the state of the art regarding the 

value of estuarine nursery habitats, historical habitat changes and their impacts and 

the recovery of nursery habitats for fisheries management. While the habitat change 

that occurred in the Lima estuary has probably affected negatively the nursery 

function, the estuary still provides important nursery ground for the European 

flounder. Overall, the work has expanded the scientific understanding on the value of 

the nursery habitats of the Lima estuary and pinpointed directions towards 

sustainable management that allow to better tackle the issues that negatively affect 

the provision of this important ecosystem service.  

6.2 Future directions 

Understanding the value of nursery habitats and assess their pressures is central to 

conservation and recovery of the nursery function. Overall this thesis has identified 

several gaps which are needing to be tackled to provide further knowledge that would 

allow a more effective management of nursery areas and a potential recovery in 

fisheries. These gaps identify opportunities for future research, namely: 

• Further investigation on the processes supporting successful nursery 

occupation. In the specific case of the Lima estuary, a seascape approach 

identifying high value habitats for other species using the estuary as a nursery 

is fundamental to the design of a nursery area management plan. Other key 

aspects that would allow a more comprehensive understanding of the nursery 

habitat are, for example, knowledge on species food webs, including ontogenic 

diet shifts and prey selection, increased knowledge on prey availability and 

habitat features that produce prey, and increased knowledge on nursery 

habitats connectivity allowing for feeding and refugia migrations inside the 

nursery; 

• Further research on autecology, the natural history of species. For example, 

although Platichthys flesus is a commercially relevant species and therefore 

subject to many studies, their settlement patterns and favoured settlement 
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habitat (estuary vs. coastal areas) are poorly understood and still subject to 

debate. Additionally, some studies have suggested that P. flesus might not only 

spawn in coastal areas, but also inside the estuary (Daverat et al., 2012; Morais 

et al., 2011). Knowledge on the processes supporting successful nursery 

ground occupation and on species autecology will allow a better understanding 

of the value of different nursery habitats to different species, which in turn 

could better illustrate how habitat loss impacts the nursery function; 

• Further research on synecology, the ecology of the estuarine assemblages, to 

identify resource use and partitioning, and competition; 

• Increased knowledge on the environmental tolerances of the species different 

life stages to determine the ecological niche of each stage and how this relates 

to the changes in the conditions of the estuary; 

• Increase knowledge on the anthropogenic impacts interfering with the 

processes supporting nursery ground occupation and consequently on 

recruitment and adult populations, including historical habitat changes and 

influences in estuarine biotopes. This is hindered by a lack historical data on 

nursery habitat use (Chapter 4) and by a lack of long term studies relating 

habitat use with stocks productivity (van der Veer et al., 2015); 

• Further investigating nursery value to the recipient adult populations. For 

instance, the estuary-ocean and estuary-freshwater connectivity, and the 

successful recruitment of juveniles of the Lima estuary to adult populations has 

not yet been investigated. Natural and artificial markers are now the main 

techniques used for determining contributions from nurseries to adult stocks  

(e.g. Reis-Santos et al., 2013; Tanner et al., 2013) and could be used to assess 

the Lima estuarine nursery productivity; 

• Increase research on the effects of recovery and restoration actions to the fish 

nursery function. This understanding is fundamental, not only to refine future 

measures of habitat improvement but also to guide decision-making on the 

benefits of habitat recovery.    
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