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Abstract 

Connectivity is the linking of subpopulations among estuaries via genetic or demographic movements. We review the ways in 
which marine and terrestrial species connect between estuaries, factors influencing the strength of connections, the techni
ques of assessing links, and consequences of having connected subpopulations. The chapter concludes by discussing how 
connected populations can influence management strategies of species and estuaries, which have important outcomes for 
protected areas, disturbance impacts, and species resilience. 
7.06.1 Introduction 

Connectivity has various definitions in the literature 
(e.g., Tischendorf and Fahrig, 2000, 2001; Webster et al., 
2002; Secor and Rooker, 2005; Waples and Gaggiotti, 2006; 
Lindenmayer et al., 2008). Having originated in telecommuni
cations, it is now widely used in a range of ecological 
disciplines where it can encompass organisms and/or their 
habitats (Secor and Rooker, 2005). We use connectivity to 
refer to population connectivity or the “exchange of individuals 
among geographically separated subpopulations that comprise 
a metapopulation” (Cowen et al., 2007). This definition has 
frequently been used for benthic marine organisms to encom
pass the dispersive larval phase from reproduction until 
settlement, thereby determining exchange at the time of 
(e.g., movement of individuals between summer and winter 

settlement, but can be used to convey exchange of organisms 
and genes between any two points in their life cycle 
(e.g., juvenile to adult component) in space and time 

populations, or migratory connectivity of Webster et al., 2002). 
Patterns of demographic connectivity encompass the dispersal 
or migration and movement of organisms. Demographic con
nectivity may have an evolutionary component or genetic 
consequences if organisms survive and live in new estuaries to 
reproduce (Waples and Gaggiotti, 2006). 

Estuaries are utilized by a wide range of organisms. Species 
can be estuarine dependent and routinely use estuaries 
(e.g., residents) or occasionally use estuaries (Figure 1) 
(e.g., migrants and stragglers; Able, 2005) and any continuum 
of use in between. There can be geographic, ontogenetic, 
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Figure 1 Conceptual view of estuarine dependence and variability in use of estuaries by fish. Reprinted from Able, K.W., 2005. A re-examination of fish 
estuarine dependence: evidence for connectivity between estuarine and ocean habitats. Estuarine, Coastal and Shelf Science 64, 5–17, with permission 
from Elsevier. 

Table 1 Estuarine use of different species of fish indicating short- and long-term migration patterns, the physiological adaptations required to occupy 
estuarine areas and the multifaceted use by estuary-associated fish species 

Term Definition 

Marine stragglers Species that spawn at sea and enter estuaries in low numbers, occur in estuaries in the lower reaches where salinity is close 
to marine waters 

Marine migrants Species that spawn at sea and often enter estuaries as juveniles, may move throughout the whole estuary, includes marine– 
estuarine opportunists and marine–estuarine-dependent species 

Estuarine species Includes estuarine residents that can complete entire life cycle within estuaries and estuarine migrants in which larval stage 
occurs outside estuary 

Anadromous Species that develop at sea and migrate to rivers for spawning 
Semi-anadromous Similar to anadromous, but spawning run only extends to upper estuary and not to freshwater section 
Catadromus Species that spend most of life in freshwater and migrate out to sea to spawn 
Semi-catadromus Similar to catadromous but spawning run extends only to estuarine areas 
Amphidromous Species that migrate between the sea and freshwater but migration is not related to reproduction 
Freshwater migrants Freshwater species found regularly and in reasonable numbers in estuaries 
Freshwater stragglers Freshwater species found in low numbers in estuaries, occur in estuaries in the upper reaches where there is low salinity 

Adapted from Elliott, M., Whitfield, A.K., Potter, I.C., Blaber, S.J.M., Cyrus, D.P., Nordlie, F.G., Harrison, T.D., 2007. The guild approach to categorizing estuarine fish assemblages: 
a global review. Fish and Fisheries 8, 241–268. 
annual, and cohort-specific differences in use of estuaries (Able, 
2005). Despite these differences, species can be categorized 
into a number of life-history groups depending on their origin, 
such as marine or freshwater, their migratory patterns, and 
estuarine use (Table 1) (Elliott et al., 2007). Depending on 
the life cycle, various amounts of movement within and among 
estuaries will be found. 

Connectivity of organisms among estuaries is determined 
by the dispersal abilities of the key life stages of organisms, 
including eggs, larvae, and adults. Populations can range from 
largely self-recruiting that are completely independent, through 
to complete mixing where ‘subpopulations’ are congruent 
(Figure 2). If all populations are largely self-recruiting such 
that there is no connectivity, then populations are essentially 
closed, whereas if populations exhibit high connectivity then 
populations are essentially open and sustained completely by 
recruitment from elsewhere (Waples and Gaggiotti, 2006; Jones 
et al., 2009). In reality, most populations probably exhibit 
some intermediate level of connectivity being maintained by 
both self-recruitment and dispersal from other populations. 

Species vary not only in their degree of connectivity among 
estuaries but also in the life-history stage that they move between 
estuaries. Terrestrial organisms, with the exception of plants, 
typically disperse as adults (e.g., birds), whereas many fish and 
marine invertebrate species have highly dispersive larval stages 
and more sedentary adult stages, with the exception of pelagic 
species. Fish and invertebrates that utilize estuaries can have 
more complex life cycles, where larvae are transported to estu
aries, metamorphose, grow to subadult stages and then move as 
adults to offshore habitats (Beck et al., 2001). 

In this chapter, we investigate ways that estuaries can be 
connected via genetic and demographic movements. We review 
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Figure 2 Diagram showing the continuum of population differentiation from complete independence (A) to complete mixing (D). Each group of circles 
represents a group of subpopulations with varying degrees of geographical overlap and/or migration and, therefore, connectivity. Reproduced from 
Waples, R.S., Gaggiotti, O., 2006. What is a population? An empirical evaluation of some genetic methods for identifying the number of gene pools and 
their degree of connectivity. Molecular Ecology 15, 1419–1439. 
different models of connectivity, such as isolation by distance, 
island, stepping stone, and metapopulation that can aid in 
descriptions of ways populations are connected. The spatial 
and temporal scales of connections are discussed as well as 
the genetic and ecological consequences of those connections. 
We then investigate a range of factors that determine the 
strength of genetic and demographic connections among estu-
aries, which include current transports and flows. We then 
review the range of techniques that can be used to assess con-
nectivity focusing broadly on genetic identification, chemical 
methods including both artificial and natural tagging techni-
ques, physical tags, and finally other natural marking methods. 
Finally, we briefly discuss why knowledge of connectivity is 
important in terms of management. 
7.06.2 How Are Estuaries Connected? 

Estuaries are connected via networks of land and seascapes, and 
logically animals that use those networks can also have con-
nected populations. Estuaries represent discrete ecosystems 
separated by coastal waters that differ in salinity, temperature, 
chemical, and oceanographic properties or terrestrial lands that 
often differ in landscape features of vegetation and aridity. 
Animals that move between estuaries essentially move among 
fragmented land and seascapes, in which suitable habitat may 
only occur in small and discrete patches (Andrén, 1994; 
Hanski, 1999). Thus, there are physical constraints on connec-
tivity of organisms and populations with. The ease which 
animals can make and maintain connected populations in 
fragmented habitats also depends on biological constraints 
including body size of individuals, rate of population growth/ 
generations, movement speed, and their ability to cross unde-
sirable habitats (Andrén, 1994; Sale et al., 2006). 

Both aquatic and terrestrial animals, including birds, mam-
mals, fish, and invertebrates, display connectivity among 
estuaries. Clearly, these animals use different vectors of move-
ment among estuaries, and the strength of connections among 
estuarine populations would likely differ. Connectivity of 
plants and algae among estuaries is also possible, although 
seed and spore transfer in land and seascapes are less reliant 
on biological constraints and more on the physical environ-
ment of wind and ocean currents (Gaylord et al., 2006). Marine 
and terrestrial connectivity between estuaries may differ due to 
functional differences in biological properties of organisms 
living in these ecosystems. Dispersal within marine juvenile 
stages has the potential to be larger than terrestrial dispersal 
(Kinlan and Gaines, 2003; Shanks et al., 2003; Nathan et al., 
2008); hence, marine organisms may be more adapted to over-
come habitat fragmentation and patchiness that occurs 
between estuaries. 

Prevalence of connectivity among estuaries is largely 
unknown, due to few species being studied and the degree of 
information necessary (genetic, movement) to document that 
connectivity exists. Similarly, the prevalence of connectivity in 
temperate and tropical estuaries is unknown, although patterns 
of connectivity may be expected to be greater in temperate 
regions versus tropical regions for some species based upon 
dispersal potential. For example, temperate fish are through to 
have 3 times the dispersal potential based on planktonic larval 
duration compared to tropical species (Laurel and Bradbury, 
2006). For animals that use sea and landscapes as their mode of 
transport or movement vector, and have no difference in dis-
persal potential among tropical and temperate systems, such as 
with birds, there may be very few differences in connectivity 
among these systems. 

Regardless of the system (tropical or temperate) or organism 
(animal, plant, or algae), the degree of connectivity among 
estuaries can be assessed in different ways. Populations of 
organisms in estuaries can be genetically homogeneous via 
the transfer of few individuals. The consequence of maintaining 
genetic homogeneity is that populations share phenotypic traits 
that may aid individuals in adaptation. This genetic connectiv
ity is advantageous in fragmented habitats, such as estuaries, 
because it can aid in population persistence (Pimm et al., 
1988). Population of animals can also connect between estu
aries via physical movement at different demographic stages. 
Movements of organisms can occur as individuals (e.g., larvae 
carried in currents) or as groups/flocks of individuals (birds and 
fish) and such movements may be random or nonrandom. 
Physical movements of organisms can affect the ecology of 
estuaries via new interactions among species and ecosystem 
components, which may also give rise to competition and pre-
dation. The physical connections of subpopulations within 
estuaries give rise to metapopulations (Levins, 1969; Hanski, 
1998), which can be viewed as fragmentation-induced or natu
rally evolved metapopulations depending on their evolution 
and the level of genetic homogeneity among individual 
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estuaries (Jones, 2006). It is useful to consider connectivity 
between estuaries under the subsections of genetic and demo
graphic connectivity. 
7.06.2.1 Models of Connectivity 

There are several conceptual models of dispersal and connectiv
ity among populations of marine and terrestrial organisms. 
Populations in estuaries are fragmented by land and seascapes 
and the models of stepping stones, islands, and meta
population apply in these systems (Figure 3). These models 
of connectivity have been proposed primarily based upon 
isolation-by-distance theory, which suggests that the distance 
between subpopulations will determine the strength of connec
tivity between those populations. Isolation-by-distance theory 
takes into account the physical environment of wind and cur
rent between estuaries, but does not incorporate biological 
features, such as settlement cues and preference, competition, 
predation, facilitation, and also anthropogenic effects. 

An island population model has a number of discrete sub
populations across a range, with all subpopulations connected 
via constant dispersal of adults or propagules (MacArthur and 
Wilson, 1967). Migration of individuals among the subpopu
lations is constant for each generation and there is an equal 
dispersal among all subpopulations. Clearly given the robust 
constraints of the island model there are no natural popula
tions that match this model, because to maintain equal 
dispersal would mean that population size, sex ratios, and 
reproductive output remained the same in all estuaries. 

A simple deviation of the island model is the stepping-stone 
model, which depicts that the strongest connectivity links 
would occur between adjacent subpopulations (MacArthur 
and Wilson, 1967; Gilpin, 1980). This model may make most 
sense for estuaries along a linear coastline, because it assumes 
that the closest estuaries would have more connection in 
Island model 

Stepping-stone model 

Metapopulation/asymmetrical model 

Figure 3 Theoretical models of connectivity among estuarine popula
tions: island model, where all estuaries are connected with equal genetic 
and demographic flow: stepping-stone model, where the closest estuaries 
have connections; metapopulation or asymmetrical model, where con
nectivity strengths among estuaries differ and some estuaries can act as 
sources and sinks to dispersal. Squares represent individual estuaries and 
arrows indicate the proportion and direction of genetic or demographic 
connections, where thicker arrows indicate stronger connections. 
Reprinted from Hellberg M.E., 2006. Genetic approaches to understand
ing marine meta-population dynamics. In: Marine Metapopulations, 
Chapter 13. Elsevier, pp. 431–455 with permission from Elsevier. 
populations compared to the most distant estuaries. It also 
provides a framework for how connections, such as gene flow 
or demographic movements (Burridge et al., 2004), may pro
pagate among estuaries with subpopulations of organisms 
establishing in estuaries before moving further afield and cross
ing undesirable land and seascapes. Many terrestrial 
communities have modes of dispersal that match well with a 
stepping-stone model; however, marine organisms differ sub
stantially from terrestrial counterparts in that their dispersal 
capabilities as larvae or propagules are far greater (Kinlan and 
Gaines, 2003). However, there are marine examples that show 
stepping-stone connectivity. For example, Hamer et al. (2005) 
examined an adult population of snapper, Chrysophrys auratus, 
in Port Philip Bay, Australia where recruits to this population 
come from estuaries outside the bay. They found a decreasing 
contribution of recruits to the bay population with estuary 
distance from Port Philip Bay, thus, the population exhibited 
aspects of a stepping-stone connectivity model. For this reason, 
a third model of metapopulations makes theoretical sense for 
the marine environment. 

The metapopulation model infers dispersive links among 
estuaries, but that the strength of connections may vary with 
distance among estuary, population size, reproductive output, 
and sinks in populations due to deaths and extinctions (Levins, 
1969; Pimm et al., 1988; Sale et al., 2006). Therefore, the 
strength of connections among estuaries will be asymmetrical, 
with some estuaries having large connections due to high dis
persal and others having small connection (Gillanders, 2002a). 
In this regard, some estuarine subpopulations can be consid
ered sources of recruits and connectivity links, and those that 
do not produce recruits and new subpopulations can be con
sidered sinks, because they are not contributing to connectivity. 
The theory of a metapopulation model can include physical 
(currents; see next section) and biological (population 
dynamic) components as well as stochastic and species inter
actions (Hanski, 1998, 2001). Although the metapopulation 
model is more complicated than the mathematically simple 
island and stepping-stone models, it is perhaps becoming more 
useful than the other models in the description of how popula
tions are connected. 
7.06.2.2 Genetic Connectivity 

Genetic mixing between populations of animals and plants in 
different estuaries represents an important connectivity path
way that has evolutionary and ecological consequences. 
Historically, populations in aquatic systems were thought to 
be quite widely distributed due to large dispersal potentials 
associated with current transport. With the advent of genetic 
analyses in the 1960s, these links between populations could 
be investigated in more detail. A clear advantage of genetic data 
is that links between populations can be detected, which may 
not be observed by studying demographic movements 
(see next section) or when looking at species in geographically 
distinct regions such as different continents (Szczys et al., 
2005). However, genetic and demographic connectivity differ 
substantially and may not always be in agreement (Conover 
et al., 2009; Marshall et al., 2010). Genetic connectivity infers 
that genes from dispersed organisms are integrated into the 
population (i.e., gene flow). Thus, genetic connectivity differs 
from demographic connectivity in that there is a long-lasting 
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genetic consequence of individuals using different estuaries. By 
contrast, demographic connectivity does not necessarily have 
long-lasting consequences if organisms use different estuaries 
for periods of time but leave without mixing their genes into 
that population. This may occur with migrations of animals 
that use estuaries as feeding grounds. 

Genetic connectivity can be used to estimate scales of dis
persal between estuaries, because low levels of connectivity can 
be estimated, such as one individual per generation (Becker 
et al., 2007). Such low levels of connectivity may have large 
consequences for adaptation and population resilience, espe
cially in dynamic estuarine environments. Estimates of 
connectivity among populations can be done using indirect 
and direct methods. Indirect estimates of connectivity rely on 
describing past gene flow and genetic structure among popula
tions (Slatkin, 1987) (see below), but in doing so assumes that 
selection, genetic drift, mutation, and bottlenecks have not 
occurred. Direct estimates of connectivity would require the 
genes of individual organisms (larvae or adults) to be quanti
fied and used as natural tags (see below) to trace the flow of 
genes among populations or the movement of individuals such 
as a mark recovery estimate (see methods of estimating con
nectivity) (Broquet and Petit, 2009). 

The consequences of maintaining genetic links between 
estuarine populations include direct effects of hybridization 
that give rise to introgression and outbreeding depression. 
Hybridization may occur when closely related species cross
breed, or genes from adjacent populations mix to create a new 
genetic mix. If the rate of gene flow between species or popula
tions is low (<0.1%), then the introduction of new genes can be 
viewed as beneficial in introducing variation and aiding natural 
selection (Krueger and May, 1991). A separate and isolated 
population of animals within an estuary will lose genes or alleles 
over time, which results in a decrease in fitness and local adapta
tion, and an increase in expression of deleterious or lethal alleles 
that may otherwise remain in low frequency. Low rates of gene 
flow, therefore, increase genetic drift and decrease the changes of 
populations within individual estuaries becoming inbred. Such 
benefits may also manifest in selective adaptation to chances in 
environmental conditions, such as salinity tolerance. If, however, 
gene flow between species or populations in different estuaries is 
excessive then the natural genetic complex of each species may be 
broken down to reduce fitness of separate populations within 
estuaries that have evolved to unique environmental conditions; 
this is known as outbreeding depression (Waples, 1991). The 
consequence of outbreeding depression can be a reduction in 
fertility or viability of individuals (Keenan, 2000). Indirect effects 
manifested through altered genetic selection can result in differ
ences in disease prevalence and potential changes in competition 
and predation of species. Methods to determine the conse
quences of genetic mixing among populations within estuaries 
are extremely difficult, and require knowledge of pre- and post-
connectivity gene pools. 

Genetic structure and the degree of connectivity among 
estuarine fish were examined in a study by Bradbury et al. 
(2008b) in Newfoundland, Canada. They examined rainbow 
smelt, Osmerus mordax, a small pelagic species widely distributed 
along the Atlantic Coast of North America. Smelt live and spawn 
in coastal estuaries and freshwater streams and the larvae of this 
species have a long pelagic duration of around 30 days. Given 
the large pelagic duration, this species has ample opportunity to 
have connected populations along the species range. Bradbury 
et al. (2008b) took advantage of this species and system to 
examine whether populations of smelt in estuaries were indeed 
structured as a connected metapopulation that displayed traits 
of isolation-by-distance (stepping-stone) connectivity. Utilizing 
microsatellite loci, Bradbury et al. (2008b) found small scale 
within estuary population structuring consistent with isolation
by-distance models of adjacent populations being more geneti
cally similar. The results suggest that even in a species that is 
capable of large-scale connectivity among estuaries, biological 
influences on dispersal have resulted in larval retention and 
discrete connection links. 

Marine invertebrates have long pelagic larvae phases that 
allow for dispersion (Kinlan et al., 2005), and genetic analyses 
provide data on the connectivity among these estuarine popu
lations. We focus examples on estuary-dependent crabs because 
they have interesting life cycles of larvae mixing. Mud crabs, 
Scylla serrata, living in subtidal and intertidal estuarine habitats 
and adults move outside estuaries to spawn, taking advantage 
of currents for larval dispersal (Hills, 1994). Larvae then recruit 
back to coastal habitats, hence, population mixing and con
nectivity among estuaries is possible. Gopurenko and Hughes 
(2002) examined the genetic structure of mud crabs in the 
Indo-West Pacific. They found regional structuring of mito
chondrial genes within and among estuaries from different 
regions (eastern, western, and central Australia), although 
within region structure was less than among region structure. 
This regional structuring suggested that recent gene flow among 
regions (~4000 km) may be limited and that regional currents 
may assist in keeping larvae separated. However, on more local 
scales (1000 km), there is evidence of connected populations 
based on mixing of larvae in shelf regions. Connectivity among 
estuarine populations of blue crab, Callinectes sapidus, in the 
United States also occurs over scales of 10 km and reflect cur
rents (Reynes et al., 2007). Timescales of genetic connectivity 
can also be inferred using genetics, with Petersen (2007) 
describing historical connectivity among populations of mud 
crab, Hemigrapsus oregonensis, in California, USA that related 
to the presence of a headland and circulation patterns of 
currents. 
7.06.2.3 Demographic Connectivity 

Movements of individuals or groups/flocks of individuals at 
different demographic stages can result in connected popula
tions between estuaries. Movements can occur at different 
demographic stages that use different vectors of transport, 
with marine and terrestrial organisms differing greatly in both 
of these. Marine organism have far greater dispersal at very 
young demographic stages of eggs and larvae (Kinlan and 
Gaines, 2003). Fish and invertebrates can shed eggs and 
sperm into the water column or produce live larvae, which 
can remain in the water column for significant periods of 
time (weeks) (Keough and Swearer, 2007). Both eggs and 
larvae of marine organisms are capable of moving large dis
tances in currents and tides before settling, which can result in 
self-recruitment in estuaries and dispersal of individuals to 
adjacent estuaries. Recruitment of larvae to estuaries is, how
ever, highly variable, not only because mortality rates are high 
even though millions of eggs and larvae may be produced but 
also because current transport between estuaries and tides that 
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entrain larvae into estuaries can be inherently unreliable. 
Nevertheless, dispersal of larvae is important in making and 
maintaining connectivity among estuaries. Aquatic and terres
trial plants and also algae can disperse in early demographic 
stages (seeds, spores, drifting) (Nathan et al., 2008). The trans
port of spores and seeds may be limited to movements over 
scales of meters rather than kilometers (Deysher and Dean, 
1986; Kinlan et al., 2005); however, drifting of algae and 
seagrass can result in connectivity over scales of 1000 km 
(Thiel and Haye, 2006). 

Movement of juvenile and adult animals, both terrestrial 
and aquatic, can aid in population mixing and connectivity 
among estuaries. Unlike larvae dispersal that rely mostly on 
passive dispersal for long distance movements, older indivi
duals are reliant on active movement, and as such these 
movements are the most costly in terms of energy reserves 
and also exposure to predation as they cross unsuitable land 
or seascapes (Dingle, 1996). The benefits of moving and reach
ing new estuaries must, therefore, outweigh the costs. Clearly, 
this is the case for many species that use estuaries as sources of 
food and shelter and to take advantage of the biological pro
ductivity within estuaries. Moving between estuaries may also 
result in new chances of obtaining a mate and the availability 
of better breeding sites to rear young. Several species, including 
birds, fish, and invertebrates, take advantage of breeding sites 
and abundant food resources for juveniles, and in this capacity 
estuaries may be viewed as nursery habitats (Beck et al., 2001) 
for both terrestrial and marine animals. 

In addition to the biological benefits of moving between 
estuaries, which represent facultative movements of individuals 
or groups/flocks, there may be genetic controls that represent 
obligatory movements (Dingle, 1996). There are potential 
cases where environment and genes interact, such that different 
physical properties, perhaps a change in salinity, can determine 
the expression of genes (Stearns, 1989) and cause individuals 
or populations to move or migrate among estuaries. Flexibility 
in movement strategies would allow animals to persist in estu
aries but then move when physical processes become 
deleterious, such as estuary mouth closing or changes in sali
nity, which would otherwise limit survival of individuals. Such 
movement flexibility is most apparent in species of diadro
mous fish (McDowall, 1988). 

The ease with which juvenile and adult animals can make 
and maintain connected populations in estuaries, can be influ
enced by body size of individuals (Pimm et al., 1988), rate of 
population growth/generations, movement speed (Sale et al., 
2006), and their ability to cross unsuitable habitats (Hanski, 
1998). Species that have small bodies and high rates of popula
tion turnover may display higher connectivity between 
adjacent estuaries because more individuals can occupy suita
ble habitats and carry with them a viable population (Sale 
et al., 2006). Invertebrates, both marine and terrestrial, and 
other small sessile organisms may use these stepping-stone 
populations to connect between estuaries (see above). 
Although connectivity rates with small-bodied species may be 
high, the transfer of individuals would be relatively low due to 
the restricted movement capabilities of an individual. Converse 
to this, species with large bodies, such as birds, mammals, and 
fish, have the ability to move as an individual across unsuitable 
habitat on individual migrations. Thus, connectivity within the 
lifetime of one individual can be achieved. 
Connectivity of fish among estuarine populations have 
been described with aid of chemical tags. Weakfish, Cynoscion 
regalis, along the Atlantic coast of USA are spawned in estuarine 
and coastal waters and larvae are generally retained within the 
estuary of spawning. The larvae then settle and develop within 
specific estuaries for the first year before fish move among 
estuaries on annual migrations as subadults. Thorrold et al. 
(2001) took advantage of this demographic to determine 
movements of young-of-year fish to and from estuaries, hence 
describing connectivity among populations and also the site 
fidelity of the species (return migrations to natal estuary for 
spawning). Fish were collected from estuaries as young-of-year 
and chemicals in fish earbones were assessed to provide 
estuary-specific tags of natal origin. Two years after collecting 
young-of-year individuals, spawning adults were sampled to 
determine their estuary of origin, and the degree of connectivity 
between young-of-year and 2+ individuals in separate estuaries. 
Spawning site fidelity was estimated at between 60% and 81%, 
suggesting that fish mixed in coastal waters but generally 
returned to their natal estuary; this also suggested that connec
tivity among different estuaries was approximately 20–40% per 
generation. Genetic analyses on these same populations sug
gested a homogeneous population existed, hence mixing must 
occur; however, genetics could not adequately describe the 
amount of mixing among estuaries on a scale relevant to 
cohorts of fish. Similar studies using otolith chemistry have 
been done on estuarine fish in Australia, Europe, and elsewhere 
in the USA (Gillanders, 2002a). 

Shorebirds use estuaries as habitats to breed and forage and 
connect between estuaries on annual movements (Dingle, 
1996) or as stopover points along migratory routes (Calvert 
et al., 2009). Bird movements that maintain connectivity 
among populations include small-scale foraging and aggrega
tions between adjacent estuaries on scales of 10–100 km (Haig 
et al., 2002) and large seasonal migrations for dispersal 
(Phillips et al., 2006). The longest migration of an animal is 
by the Arctic tern, Sterna paradisaea, which migrates annually 
over 40 000 km from the Arctic, continental Europe, and North 
America to Antarctica (Gudmundsson et al., 1992). Migrations 
of Arctic tern may represent an extreme form of connectivity 
among populations, but many shore birds have connected 
populations via more localized movements. Roseate tern, 
S. dougallii, lives in coastal estuaries and colonies in northeast
ern USA from New York to Massachusetts (Spendelow et al., 
1995) and is an endangered population (US listing in 1987). 
Tagging of adults and tracing movements has suggested that 
individual subpopulations show site fidelity, with approxi
mately 90% of adults returning to breed in their population 
of origin (Spendelow et al., 1995); however, movements 
among subpopulations were large enough to maintain a high 
level of gene flow (Szczys et al., 2005). The portion of time 
shorebirds spend in different estuaries during migrations can 
be related to climatic conditions (Møller et al., 2006; Calvert 
et al., 2009) and will impact the ecological effects that main
taining connectivity has on habitat and other species. 
7.06.2.4 Spatial and Temporal Extent of Connectivity 

Spatial extent of connectivity among estuaries is likely to 
depend on the geographical spacing between estuaries as well 
as organisms in question. Estuaries that are geographically 
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close to one another have a mathematically greater chance of 
displaying connectivity among populations, following the iso
lation-by-distance or stepping-stone models (as previously 
discussed). Genetic connectivity in organisms that have rela
tively short dispersal distances, such as algae, is spatially 
limited to 100 m or km (Van der Strate et al., 2003; Coleman 
and Brawley, 2005), whereas for species that can have large 
migrations among estuaries, such as birds and large fish, 
genetic relatedness among those populations tends to increase 
(Szczys et al., 2005). 

Temporal scales of connectivity can differ depending on the 
technique used to quality connectivity, because different meth
ods elucidate different temporal scales. Natural tags, such as 
otolith chemistry, describe connectivity among populations 
within a single population, and most often over timescales of 
a few years (Campana et al., 2000; Thorrold et al., 2001; 
Gillanders, 2002a). Finer scales of connectivity can be assessed 
using conventional tags that track movements of individuals 
among estuaries (Gillanders, 2009) and isotopes that can trace 
organisms which move between estuaries on scales of tissue 
turnover (weeks and months) (Herzka, 2005). Genetic analyses 
rely on the integration of genes to populations, which tend to 
focus on larger timescales of several generations before ade
quate mixing of genes occurs (Szczys et al., 2005), although this 
does depend on the genetic method used. 

Strength of connections between estuaries vary greatly 
between terrestrial and marine systems, as well as between 
organisms. Marine organisms have a greater dispersal potential, 
and we might expect to see greater connections in marine 
systems compared to terrestrial systems. However, variation 
of connectivity strength in marine systems is also large, and 
this may reflect variation in tides and currents that assist in 
movement. The number of individuals that move between 
estuaries would also affect the strength of connections and 
the potential benefits and impacts of connectivity. Genetic 
connections are not so influenced by the number of exchanges 
between populations. However, this means that genetic 
connectivity can be greatly influenced and biased toward 
describing rare or unusual events (Becker et al., 2007), such as 
unusual current transport of propagules or larvae. Ecological 
connections based on rare or unusual events are not strong as 
they do not affect positive and negative interactions between 
species; however, rare and unusual events can be effective in 
integrating new genetic material into estuarine populations. 
7.06.2.5 Ecological Consequences of Connectivity 

Establishing and maintaining connectivity between estuaries 
has important implications for ecological interactions between 
species and habitats. Besides the obvious genetic and popula
tion (viability, breeding, etc.) benefits of connectivity, there are 
several positive interactions that can result from species having 
connections among estuaries. Positive interactions result when 
one individual or species benefits, while the other experiences 
no detrimental effects (Callaway, 1995; Bruno et al., 2003). The 
establishment and maintenance of connectivity among estu
aries are likely to result in benefits via several mechanisms, 
including mutualisms (both species benefit) and facilitation 
(one species benefits, and the other is not harmed). 
Mutualisms between species can result in enhanced nutrition, 
transport, and protection for both species, while facilitation can 
result in one species benefiting via use of habitat (barnacles on 
mangroves; Ross and Underwood, 1997) and nutrition (pre
dator fish feeding on invertebrates within seagrass). Habitat-
modifying species can also provide access to new resources that 
are used by other species. Foundation species, such as man
groves, salt marsh, seagrasses, and other aquatic and terrestrial 
plants and algae, provide many mutualistic and facilitator roles 
in estuaries (Grutter and Irving, 2007). Maintaining connectiv
ity among estuarine populations of these species ensures the 
genetic and population viability of mutualistic and foundation 
species, which then benefit other species within estuaries. 

So far, the effects of connectivity among estuaries have 
focused on benefits of maintaining connectivity. There are 
likely to be several negative effects of species maintaining con
nectivity among estuaries. When individuals move between 
estuaries, their presence can impact the abundance and beha
vior of other species or individuals of the same species, 
resulting in inter- and intraspecific competition. The concepts 
of competition are discussed in depth in the general ecological 
literature (Krebs, 1978; Begon et al., 1996; Matthews, 1998), 
but largely underpin the negative ecological mechanisms asso
ciated with connectivity. Competition is defined as an 
interaction in which one organism uses a resource that could 
be used by another (Begon et al., 1996). The presence of new 
individuals in estuaries may result in exploitation of resources 
by dominant individuals via indirect interaction, such as two 
fish competing for the same algae or invertebrate food, or the 
interference of new individuals on others, such as birds defend
ing nesting sites that reduce the available space for others. A key 
element of interference competition is that one individual will 
have a disproportionate share of a resource. 

Estuaries have geographic boundaries in both terrestrial and 
marine zones, so resources are likely to be in limited supply, 
and theory predicts that competition should be greatest when 
resources are limited. The geographic boundaries of estuaries 
can evoke density-dependent effects, where the high number of 
individuals of different species cause competition, but instead 
of observing shifts in habitats the outcome of competition is a 
change in growth, size, and reproductive output (Le Cren, 
1973; Weiss and Schmutz, 1999; Imre et al., 2005). 
Competition for space and resources within estuaries can also 
result in changes in species abundance and behavior. The nega
tive effects of competition and predation may act to force 
individuals or species to modify their habitats or expand their 
range of habitats occupied. In cases where predation and com
petition are extreme, then detrimental effects may result in 
decline or local extinction of species. Describing the presence 
of competition relies on both manipulative experiments and 
observations, and is best described in the existing literature 
(Underwood, 1986). 

Connectivity also poses a threat for species from increased 
instances of pathogens: bacteria, fungi, parasites, protozoa, and 
viruses. Animals, plants, and algae that move between estuaries 
can carry with them pathogens. Invasive species may also be 
carried by animals and plants that establish connections 
between estuaries, such as birds carrying seeds or drift algae 
with attached invertebrates. The rate and distance of connectiv
ity of pathogens are proportional to the density of organisms 
(Freckleton and Lewis, 2006). Outbreaks and epidemics of 
pathogens and invasive species in estuaries can have grave 
consequences and cause mortality of important foundation 
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species as well as populations of higher trophic levels. For 
example, in the USA, wasting disease, Labyrinthula, which 
infects Zostera seagrasses caused massive population loss of 
seagrasses in the 1930s and 1980s (Addy and Aylward, 1944; 
Short et al., 1987). The disease spread from a point source 
infection in New Hampshire along the Atlantic coast. The 
spread and decline of Zostera among estuaries caused declines 
in abundance and migrations of waterbirds, such as geese, 
across continental scales from Europe to North America 
(Ganter, 2000) and also a decline of scallop and other fisheries 
in the estuaries impacted by wasting disease. 
7.06.3 What Determines the Strength of These 
Connections? 

All taxa with a planktonic phase are subject to oceanic or 
estuarine circulation, therefore, for non- or preswimming 
organisms such as larvae, eggs, propagules, and spores, trans
port, and dispersion and hence connectivity are influenced by 
physical forcing mechanisms. It has been shown that oceano
graphic features at both large and small scales have important 
effects on the spatial distribution of planktonic pelagic phases 
as well as on settlement rates and the recruitment of marine 
organisms (Castilla et al., 2002). Hence estimating population 
connectivity in marine systems via larval dispersal is by nature a 
coupled biophysical problem. Here, we consider some of the 
physical factors that contribute to larval connectivity. 
7.06.3.1 Physical Forcing Mechanisms 

With regard to estuarine and shelf-scale connectivity, the main 
physical forcing mechanisms are tides (including residual cir
culation, internal tides, and bores), estuarine circulation, and 
local and remote wind forcing (Werner et al., 2007). 
Stratification, density-driven currents, and velocity shear in 
vertical and horizontal directions also play a role. Across the 
shelf, circulation is impacted by fronts and jets, cross-shelf 
forcing such as eddies, upwelling, and large-scale current mean
ders and intrusions. Topographic features such as island and 
headland wakes can also impact on circulation and retention 
(Roughan et al., 2005). In the very nearshore and around 
shallow reefs, wave dynamics become important. When inves
tigating the connectivity of estuaries it is initially insightful to 
consider the circulation within estuaries and shelf-scale circula
tion (i.e., circulation between estuaries) separately. 
7.06.3.2 Estuarine Circulation 

Estuaries can be classified by their tidal range as microtidal, 
mesotidal, macrotidal, and by their topography, for example, 
drowned river valleys and fjords, and their morphological clas
sification. Oceanographers classify estuaries based on their 
salinity structure, that is, the ratio of freshwater input to sea
water mixed by the tides (Dyer, 1997). 

Within an estuary, the circulation is determined by the 
competing forces of freshwater from riverine inflow and the 
introduction of seawater through tidal currents and turbulent 
mixing, with local winds and bathymetry playing a lesser role. 
Generally, the variations in salinity along the estuary are so 
large that the circulation is determined by the resultant density 
differences. Along-channel flow usually dominates the circula
tion while across-channel flow can be an order of magnitude 
smaller. Hence, circulation is typically well described by a two-
dimensional velocity regime. 

Estuaries can generally be grouped according to the ratio of 
freshwater input to mixed seawater, which determines the 
properties and salinity distribution of each estuary. 
Ultimately, these properties that determine the estuarine circu
lation will impact on the connectivity in the estuary. The most 
important estuary types are (1) salt wedge estuary, (2) highly 
stratified estuary, (3) slightly stratified estuary, (4) vertically 
mixed estuary, (5) inverse estuary, and (6) intermittent estuary. 
We can quantify this by comparing the volume of freshwater 
that enters from the river during one tidal period, with the 
volume of water brought into the estuary and removed over 
each tidal cycle (Tomczak and Godfrey, 1994). As it is the ratio 
of freshwater to tidal volume that is important, estuaries can be 
of widely different size and still belong to the same type. 
7.06.3.3 Estuarine Flushing/Retention Timescales 

Transport timescales within an estuary are useful quantities for 
comparing (1) regions within an estuary and (2) comparing 
one estuary to another. Monsen et al. (2002) clearly identifies 
three transport timescales: flushing time, residence time, and 
age of the water. These timescales are all limited by underlying 
assumptions, for example, steady flow or spatial homogeneity, 
or even the omission of important processes such as tidal 
diffusivity. However, as a first-order approximation, estimates 
of residence and flushing timescales are useful. Flushing time 
(Tf) describes the exchange in an estuary by way of bulk para
metrizations, but does not identify the underlying physical 
processes (Monsen et al., 2002) and can be defined as 

Tf ¼V =Q  

where V is the total volume of the bay/estuary (m3) and Q the 
volumetric flow rate through the system (m3/s). 

In a tidal system with known basin geometry and tidal 
range, the tidal prism approach can be used to estimate flush
ing time(s). The assumption here is that tides alone flush the 
system (i.e., there is no river inflow) and is given as 

Tf ¼V T=ð1 − bÞP 

where P is the tidal prism, that is, the volume (m3) of water 
between high and low tides (with no river input), and T the 
tidal period(s). The return flow factor b is a quantification of 
the fraction of water returning to the system each flood tide. 
This approximation is appropriate during dry periods where 
there is no freshwater (river) inflow. 

When we add river input to an estuary the flushing time-
scale changes. The tidal prism method for determining the 
flushing time of an estuary can be expanded to include fresh
water inflow. The addition of freshwater acts to change the 
salinity of the estuary, and the flushing timescale also changes: 

Tf ¼ V T=ðVt þ Vr Þ 
where the combined tidal prism value P = Vt + Vr represents the 
difference between high and low water (tidal volume plus river 
volume, in m3). The tidal prism estimate of flushing assumes 
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that the saltwater volume is fully mixed with the freshwater 
volume over the tidal cycle, before the water leaves the estuary. 

Flushing times as described above offer a simplistic quanti
fication of the flushing processes, resulting in one timescale for 
the entire estuary or embayment. This is not necessarily repre
sentative of all parts of the estuary, particularly one with 
complex topography or bathymetry. Although the number 
may be representative of much of the estuary, flushing may 
be faster (e.g., closer to the mouth) or slower (e.g., in secluded 
embayments with little exchange). 

Numerical models can be used to derive flushing timescales 
for many locations (every grid box) within the estuary, thus 
giving a spatial representation of flushing timescales through
out the estuary. Particle-tracking techniques can also be used to 
map the retention and residence timescales within the entire 
estuary. This serves to highlight regions of long or short resi
dence time. 
� � 

7.06.3.4 Lagrangian Particle Transport – Advection and 
Diffusion 

Typically, we parametrize larval dispersal using the advection 
diffusion equation. In one dimension, this is given (after 
Okubo (1994) and Largier (2003)) by  

∂C ∂ ∂ ∂C ¼ − ðuCÞ þ  Kx þ λ
∂t ∂x ∂x ∂x 

where C is larval concentration at alongshore position x and 
time t, u the mean advective velocity over given time interval, Kx 

the local dispersion coefficient (eddy diffusivity) and λ the 
‘reaction’ term, which here represents a source or sink. 

Largier (2003) introduces the ratio Ladv=Ldiff , that is, the 
length scales over which advection and diffusion occur, which 
expresses the relative importance of advection versus diffusion 
as a function of their length scales. Essentially this means that 
when investigating the transport of particles either advection or 
diffusion dominates. Particles may either follow the center of 
mass, that is, advection only (transported by the mean flow), or 
may be subject to diffusion combined with advection. 
Advection moves the center of mass, while diffusion affects 
the size of the patch (dispersion). In practice, this manifests 
itself as a combination of large-scale background circulation 
and smaller-scale turbulence. 
7.06.3.5 Connectivity within Estuaries 

Intuitively, connectivity within an estuary is likely related to the 
flushing timescale and the residence time of the estuary. 
Estuaries with strong river inflow and weak tidal influences 
are typically well flushed, and hence residence time within 
the estuary is short, whereas estuaries with weak density gradi
ents, indicating weak freshwater inflow, and weak tidal forcing 
would have longer flushing timescales and hence longer resi
dence times. Much work has been done investigating the 
flushing timescales of various estuaries; however, few studies 
then relate this to estuarine connectivity. 

One example of an estuarine connectivity study is given in 
Figure 4. Particles were seeded in a numerical model of Botany 
Bay, NSW, Australia in the lee of a topographic feature, namely 
the runway at Sydney International Airport. Particles were 
advected within the model for a 10-day period, forced with 
tidal circulation and surface winds. The three rows in Figure 4 
show the impact of different wind direction (northward, west
ward, and southward winds) on the circulation and retention 
of particles, combined with the topographic effect. Hence, wind 
forcing can play a role in the distribution and retention 
of particles or nonswimming organisms. 
7.06.3.6 Coastal Connectivity: Circulation between Estuaries 

Along continental shelves, western and eastern boundary cur
rents together with large-scale gyre circulation provide 
oceanographic connectivity between locations separated over 
hundreds to thousands of kilometers (Werner et al., 2007). 
Estimating dispersal (and hence connectivity) in the coastal 
ocean is particularly challenging, where flows can exhibit 
small-scale spatial and temporal complexity (Gawarkiewicz 
et al., 2007). The physical processes acting on larvae in the 
coastal ocean include buoyancy-driven flows, tidal currents, 
wind-driven transport, tides and internal waves, surface 
waves, and turbulence, as well as the interactions of these 
flows with topography (Gawarkiewicz et al., 2007). The inter
play between each of these different forcing mechanisms 
dictates the overall transport patterns. In regions with strong 
tidal currents (e.g., the NW Shelf of Australia) large tidal cur
rents are shown to move larvae back and forward across the 
shelf, whereas the low-frequency currents influence their net 
transport (Condie et al., 2006). In a fast-flowing (2 m s−1) 
western boundary current regime such as the East Australian 
Current (EAC), alongshore transport dominates the circulation 
and advects particles many hundreds of kilometers (Roughan 
et al., 2010). Typically, alongshore velocities increase with dis
tance from the coast, hence relatively small errors in the degree 
of cross-shore transport can lead to significant uncertainty in 
estimates of alongshore transport and mixing (Largier, 2003). 
In flows with chaotic dispersion, very small differences in start
ing location can result in large differences in dispersal patterns 
and end location. In an eastern boundary current regime such 
as the Californian Current, the across shelf location of the 
upwelling jet can have a profound impact on the retention or 
export of larvae from the continental shelf region (Largier et al., 
2006; Roughan et al., 2006). This, in turn, has an impact on the 
mortality and connectivity depending on the availability of an 
adequate food source. 
7.06.3.7 Modeling Estuarine Connectivity 

Increasingly, high-level circulation models are being used to 
simulate the dispersion of passive and active particles. With the 
improvement of physical circulation models, it is now possible 
to run semi-realistic simulations of the coastal environment at 
high spatial and temporal resolution. These models can readily 
be augmented with the inclusion of detailed biological and 
biogeochemical models. Advances in global and regional 
modeling have allowed for the nesting of models, and the 
implementation of near-realistic forcings. These advances 
have allowed for an investigation into the impact of different 
forcing mechanisms. Individual-based modeling approaches 
allow for the inclusion of detailed parametrizations of biologi
cal variables required for quantitative assessment of larval 
dispersal (Cowen et al., 2006; Werner et al., 2007). Advances 
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Figure 4 Trajectories of particles seeded within Botany Bay NSW after a 10-day simulation under different wind conditions (top: northward, middle: 
westward, bottom: southward). Left column shows the distribution of particles after 10 days. The right column shows the probability of a particle passing 
through a grid box at any time over the 10-day period. NB: color scale differs in each panel. Reproduced from Roughan, M., Hallam, B.J., 2008. The 
transport and retention of passive particles in Sydney Harbour and Botany Bay. 42pp. UNSW Technical Report. 
in modeling techniques have moved us beyond simplified 
advection diffusion models or passive particle models that 
use mean currents to the point that we are now able to inves
tigate seasonal and interannual variability as well as spatial 
variability in regions of complex topography. 

Physical models that have been employed recently in shelf 
and estuarine-scale connectivity modeling include the 
Princeton Ocean Model (POM; e.g., Xue et al. (2008) for the 
Gulf of Maine, Roughan and Hallam (2008) and Roughan et al. 
(2010) for southeastern Australia), the Regional Ocean 
Modeling System (ROMS; e.g., Mitarai et al., 2008; Mitarai 
et al., 2009) for the Californian Current System, and unstruc
tured grid models such as FVCOM (Finite Volume, Coastal 
Ocean Model; e.g., Huret et al., 2007) for the Gulf of Maine. 
7.06.3.8 Connectivity between Estuaries along the Coast 
of SE Australia Aided by the EAC 

Roughan et al. (2010) investigated seasonal and interannual 
variability in circulation in the EAC and its impact on coastal 
connectivity from 1992 to 2006. They conducted a series of 
Lagrangian particle trajectory experiments during summer and 
winter each year to estimate a mean connectivity state from the 
average of each of the individual realizations (Figure 5). They 
used a configuration of the POM to investigate physical pro
cesses in the ocean along the coast of SE Australia where the 
circulation is dominated by the EAC, a vigorous western 
boundary current. They assimilated hydrographic fields from 
an ~10-km global analysis into an ~3-km-resolution continen
tal shelf model to create a high-resolution hindcast of ocean 
state from 1992 to 2006. Particles were released at the mouth of 
estuaries along the coast of SE Australia, and at various isobaths 
across the shelf (25–1000 m) over timescales ranging from 10 
to 90 days. Upstream of the EAC separation point, release 
distance across the shelf dominated the particle trajectory 
length scales, whereas seasonality dominated in the southern 
half of the domain, downstream of the separation point. 
Lagrangian probability density functions show dispersion path
ways vary with release latitude, distance offshore, and the 
timescale of dispersion. Northern release sites were typified 
by maximum dispersal pathways, whereas southern release 
sites showed minimum dispersal. Offshore release distance 
also played a role having the greatest impact at the mid-latitude 
release sites. They found that maximum alongshore dispersion 
occurred at the mid-latitude release sites such as Sydney. 
Seasonal variability is also greatest at mid-latitudes, associated 
with variations in the separation point of the EAC. Climatic 
variations such as El Niño and La Niña also played a role in 
dictating the connectivity patterns. La Niña periods had a ten
dency to increase summertime connectivity particularly with 
offshore release sites, while El Niño periods were shown to 
increase winter connectivity. 
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Figure                     
the coast of SE Australia given as a percentage of total particles released from any given source. Particles were released at the entrance to estuaries in the 
surface waters at the 25-m isobath and estuarine connectivity was calculated after 10, 30, 60, and 90 days (left to right). R1–R24 represent the release 
sites (from north to south, i.e, 29–37 °S). The dashed line represents ‘self-connectivity’ and boxes above (below) the line represent southerly (northerly) 
transport. Reproduced from Roughan, M., Macdonald, H.S., Baird, M.E., Glasby, T.M., 2010. Modelling coastal connectivity in a western boundary 
current: seasonal and inter-annual variability. Deep-Sea Research Part II, 2010, doi; 10.1016/j.dsr2.2010.06.004, with permission from Elsevier. 

5 Mean connectivity matrices for summer (top) and winter (bottom) showing the relationship between particle sources and particle sinks along
The EAC acts as a barrier to connectivity, with particles 
released inshore of the EAC jet exhibiting greater coastal con
nectivity than those released offshore of the EAC front. The 
separation point of the EAC also dictated connectivity with 
more sites being connected with lower concentration down
stream of the separation point of the EAC. These results can 
provide a useful guide to the potential connectivity of marine 
populations, or the spread of invasive pests via ballast water or 
release of propagules from established populations. 

Increasingly, modeling studies include an analysis of sensi
tivity to model set up. Huret et al. (2007) showed that a higher 
resolution mesh, tidal forcing, and current variability did not 
change the general connectivity patterns but did increase 
within-site retention. Their results showed strong downstream 
connectivity among spawning grounds. 
 

7.06.3.9 Individual-Based Models 

Biological parameters that can be considered with the inclusion 
of an individual-based model (IBM) include pelagic larval 
duration (PLD), larval behavior such as swimming, vertically 
and horizontally, mortality, and adult-spawning strategies that 
may depend on season, temperature, location, and frequency 
(Cowen et al., 2006). Successful dispersal also requires larvae 
to encounter suitable settlement habitat. Increasingly, habitat 
types are being included in connectivity studies (e.g., Figuiera 
and Roughan unpublished data). 

An example of an IBM is presented by Cowen et al. (2006) 
who used simulated high-resolution ocean circulation in the 
Caribbean forced by real wind data over a 5-year period, thus 
resolving interannual variability in transport. They included 
various biological parameters such as PLD, larval behavior as 
well as adult-spawning strategies. Furthermore, they included 
benthic habitat (defined by the presence of coral reefs) and 
stipulated that ‘virtual larvae’ had to be near available settle
ment habitat at the end of their larval period to settle. In 
addition, they investigated ‘ecologically significant’ levels of 
dispersal, by consideration of natural and fishing mortality 
with the inclusion of a simple population growth model. 
Their results indicated that the inclusion of larval-active move
ment enhanced with early onset of swimming behavior and 
fragmented settlement habitat resulting in ecologically signifi
cant recruitment levels. By contrast, the purely passive model 
resulted in recruitment levels that were one to two orders of 
magnitude below that necessary for successful population 
replenishment and considerably reduced population connec
tivity. This level of complexity is yet to be introduced to 
estuarine connectivity models; however, Cowen et al. (2006) 
have set the benchmark for realistic investigations of 
connectivity. 

One obvious benefit of modeling techniques, despite the 
many limitations and assumptions, is the ability to investigate 
multiple releases of virtual larvae over many spatial and tem
poral scales. This allows for repeated measures in time and 
space, thereby capturing the expected environmental variability 
and allowing construction of a connectivity matrix (Cowen and 
Sponaugle, 2009). 
7.06.3.10 Morphology-Driven Connectivity 

The shape of a coastline or estuary can play a role in determin
ing connectivity. In estuaries, changing morphology can lead to 
complex circulation and recirculation patterns, which can result 
in retention. Similarly, the shape of the coastline, and the 
presence of headlands and embayments can drive recirculating 
cells. Topographic features such as headlands, outcrops, and 
embayments typically shelter regions resulting in weaker velo
cities (Roughan et al., 2005; Roughan and Hallam, 2008) or
upwelling shadows, as in the case of Monterey Bay (Graham 
and Largier, 1997). These areas provide sanctuary from strong 
flushing and it is possible that organisms would make use of 
such features, thus resulting in larval retention (Roughan et al., 
2005; Mace and Morgan, 2006). 

http://dx.doi.org/10.1016/j.dsr2.2010.06.004
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The example of estuarine connectivity provided earlier also 
provides an example of trapping by a topographic feature 
(Figure 4). Botany Bay is a microtidal estuary with a maximum 
length of 8.8 km and width of 7.8 km. In this example, when 
wind is directed northward, the impact of the topography 
results in the retention of passive particles in the northwestern 
corner of the embayment. 

In contrast to the coastal embayment of Botany Bay, Sydney 
Harbour (located immediately to the north of Botany Bay) in 
New South Wales, Australia is a drowned river valley. The shape 
and morphology of the estuary contrasts significantly to that of 
Botany Bay (cf. Figures 4 and 6). The entrance to Sydney 
Harbour is wide (~3km)  and  deep  (~30 m) and the Parramatta 
River extends 22.5 km upstream from the mouth. The simula
tions were forced with the same wind strength, direction, and 
tidal forcing; however, the resultant circulation patterns differ 
significantly, solely because of the shape of the estuary. 

The presence or absence of available settlement habitat will 
also determine the ability of larvae to settle, which is often 
related to the morphology of the coastline. Advection and 
diffusion of larvae is only one component of the problem. If 
there is no suitable habitat, then settlement will not occur. The 
combination of dispersal, specific suitable settlement habitat, 
and oceanographic boundaries can create ‘subregions’ that are 
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Figure 6 Trajectories of particles seeded within Sydney Harbor, NSW after a 1
westward, bottom: southward). Left column shows the distribution of particles
through a grid box at any time over the 10-day period. NB: color scale differs 
transport and retention of passive particles in Sydney Harbour and Botany Bay
ecologically isolated from each other, which can result in bio
geographic regions of genetic heterogeneity (Cowen et al., 
2006). Intermittently open or closed estuaries (known as 
ICOLS) may also result in isolated subregions, depending on 
the dynamics during the period that the estuary is open. Hence, 
coastline and estuarine morphology play a role in aiding or 
hindering connectivity. 
7.06.3.11 Distance between Estuaries 

Understanding larval dispersal is confounded by the fact that 
dispersal distances are notoriously difficult to measure directly 
(Cowen and Sponaugle, 2009). Kinlan and Gaines (2003) 
conducted a survey of estimated dispersal distances across a 
variety of taxa including macroalgae, invertebrates and fish and 
found that dispersal varied widely from 0 m to 1000 km 
(Figure 7). Specifically, they found dispersal distances of 
5–10 km for macroalgae (n = 13), 10–1000 km for sessile and 
sedentary invertebrates (n = 48), and 1–1000 km for demersal 
fish species (n = 25) (Figure 7). For many of these organisms, 
their dispersal distance was proportional to the time spent in 
the larval phase. Yet as PLD is taxon specific, it is inappropriate 
to set dispersal distance as a direct function of PLD (Cowen and 
Sponaugle, 2009). 
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Figure 7 Estimates of dispersal distance for propagules (spores or larvae) 
derived from genetic variation among populations using slopes from plots 
of genetic isolation by distance. Reproduced from Oceanography, Vol 20, 
Issue 3, pages 90–99, Figure 1, http://www.tos.org/oceanography/issues/ 
issue_archive/20_3.html. 
In weak flow regimes, distance between estuaries may be a 
limiting factor in connectivity; however, in stronger flow envir
onments it has been shown that particles are able to travel long 
distances. Survival obviously depends on a number of factors, 
including species, spawning season, and location and environ
mental conditions such as temperature. Booth et al. (2007) 
found tropical fish along the coast of SE Australia, up to 
1700 km from their spawning ground on the southern Great 
Barrier Reef. This supports the idea that the potential for long-
distance transport by ocean currents is highly possible provided 
conditions within the current are adequate for survival. 
Similarly long transport pathways have been observed in the 
Gulf Stream, where tropical fish have been transported as far as 
40 °N (McBride and Able, 1998). 

Roughan and Hallam (2008) investigated the distance that 
passive particles are likely to travel along the coast of SE 
Australia. Figure 8 shows the distance that particles will travel 
along the coast of SE Australia during winter and summer after 
10 and 30 days. Particles were released at the entrance of three 
estuaries, Clarence River (29.5 °S), Manning River (32 °S), and 
Sydney Harbour (34 °S) at three different latitudes along the 
coast of SE Australia. The distribution of the trajectories high
lights the impact of the poleward flowing EAC. Particles 
released upstream of the EAC separation point flowed predo
minantly poleward. Particles released in the vicinity of the EAC 
separation point (32 °S) showed a mixture of southward and 
northward transport, with the majority still being southward, 
while particles released downstream of the EAC separation 
point were impacted by the EAC eddy field and showed the 
highest proportion of northward transport, that is, against the 
dominant poleward flow. Results showed that within 10 days, 
particles that were released by the coast upstream of the EAC 
separation point had traveled up to 500 km poleward. 
Northward transport was a minimum for those particles 
released at 29.5 °S (<50 km); however, particles traveled a 
maximum of more than 300 km northward when released at 
34 °S. Hence, under the right conditions connectivity is gener
ally not limited by physical separation, that is, distance 
between estuaries. However, the results in Figure 5 show that 
connectivity tends to have the highest probability between 
adjacent estuaries. 
7.06.4 Techniques for Assessing Connectivity 

Direct observations of organisms moving are generally only 
possible over short timescales, and therefore it is necessary to 
employ a mark or tag. Although the terms mark and tag have 
been used interchangeably, a mark is generally considered any
thing used for recognition purposes that is external, internal, or 
incorporated into the integument of the organism (Guy et al., 
1996). By contrast, a tag generally contains specific identifica
tion information and can be attached externally or internally 
(Guy et al., 1996). In broad terms, marking or tagging methods 
can be grouped into five categories encompassing external tags, 
external marks, internal tags, telemetry, and natural marks. 
Genetic and chemical methods of assessing connectivity can 
have both natural marks and internal tags. 
7.06.4.1 Physical Tags 

External tags, such as dart tags, t-bar tags for fish, and leg bands 
for birds, can be used for group and individual identification, 
and have been widely used for tracking movements of inverte
brates, fish, and birds. These types of tags are inexpensive, easily 
visible, and widely used, but they are generally restricted to 
large juvenile and often adult organisms. 

Movement among different habitats has been investigated 
using external tags. Movement of snapper, C. auratus, in a large 
subtropical embayment in Queensland, Australia, and the con
tribution of juveniles to offshore populations was investigated 
by tagging fish with anchor and dart tags (Sumpton et al., 
2003). Snapper movements were localized with few fish mov
ing more than 100 km (1% of movements), although some 
(4 of the 2500 fish tagged) moved out of the bay suggesting 
that the bay was not a significant contributor to the offshore 
fishery (Sumpton et al., 2003). Similarly, only localized move
ments (<130 km) were found for yellowtail kingfish, Seriola 
lalandi, in a large inverse estuary of Spencer Gulf, South 
Australia (Hutson et al., 2007). These studies highlight the 
difficulties of using such tags in that generally only release 
and recapture position information is available, and both are 
dependent on sampling effort (Gillanders et al., 2001). 

External marks, comprising fin clipping, branding, and pig
ment marking alter an animal’s appearance so that it is 
identifiable. Such methods are generally only used to identify 
a few groups of organisms rather than lots of individuals, and 
the long-term retention of the mark is not always possible. 
Probably, the most widely used external mark is removal of 
the adipose fin of salmonids, often in conjunction with use 
of coded wire tags (CWTs) (see below) to indicate that fish are 
of hatchery origin. 

Internal tags provide some of the smallest artificial tags 
available and are completely embedded in the animal’s body. 
CWTs are some of the most commonly used internal tags; they 
are a thin piece of magnetized wire that is injected into the 
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Figure 8 Distance travelled by particles released at the entrance to estuaries along the coast of SE Australia. 29.5 ° S: Clarence River, 32 ° S: Manning River, 
34 ° S: Sydney Harbor during Winter (L) and Summer (R) after 10 d (top three rows) and 30 d (bottom three rows) as calculated from summer and winter 
simulations from 1992 to 2006. Reproduced from Roughan, M., Macdonald, H.S., Baird, M.E., Glasby, T.M., 2010. Modelling coastal connectivity in a 
western boundary current: seasonal and inter-annual variability. Deep-Sea Research Part II, doi; 10.1016/j.dsr2.2010.06.004, with permission from Elsevier. 
animal and detected using magnetic detectors. The CWTs can 
then be extracted from the fish and the etched code read under 
a microscope. Other types of internal tags include passive 
integrated transponder (PIT), visible implant (VI), and VI 
elastomer tags (see Gillanders, 2009). 
The majority of studies using internal tags have focused on 
potential impacts of the tag on the organism and on fish 
habitat use and small-scale movements (e.g., McCormick and 
Smith, 2004; Skinner et al., 2005; Tupper, 2007). Exceptions 
are the use of CWT and PIT tags, although applications of the 
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latter are primarily restricted to freshwater systems. Many 
hatchery-reared salmonids are tagged with CWT on release to 
rivers, enabling their origins to be determined when they are 
recaptured as either juveniles or adults at sea (Courtney et al., 
2000). Other studies utilizing CWT have investigated recovery 
rates versus dispersal distance (Flostrand et al., 2009). 

Several types of electronic devices with either a unique code 
or frequency can be implanted or attached to the animal. As the 
animal swims around, the code or frequency is transmitted to a 
receiver, along with environmental information in some cases 
(Voegeli et al., 2001; Heupel et al., 2006; Semmens et al., 
2007). Similarly, transmitters can be attached to birds that 
transmit their location and environmental information to a 
satellite (Webster et al., 2002). Two types of telemetry methods, 
radio or acoustic telemetry and archival tags, are possible, but 
are at present only suitable for larger individuals. Acoustic 
telemetry involves tagging an individual with a high-frequency 
transmitter that can be heard by a mobile or fixed hydrophone 
linked to a receiver. A presence or absence record, a geographi
cal position, and the relative direction of the animal can be 
obtained. Archival tags record and store information including 
light intensity used to estimate position, and pressure to esti
mate depth, as well as water and body temperature (Arnold and 
Dewar, 2001). However, for archival tags, the tags need to be 
recovered to download the data, although this can occur via 
satellite when the tag is on the surface, such as pop-up archival 
transmitting (PAT) tags, or information from tags can be down
loaded via moored or mobile acoustic receivers, such as 
communicating history acoustic transponder tags. Similarly, 
birds have been tracked using satellite transmitters, such as 
platform terminal transmitter tags (Ueta et al., 2002). These 
types of tags provide considerably more information than just 
capture and recapture positions and have been used to eluci
date migrations, behavior patterns, and environmental 
utilization for a number of large marine fishes and birds. 
Most notably for estuarine applications is the recent use of 
PAT tags on tarpon, Megalops atlanticus, where wet and dry 
sensors were used to infer salinity, thereby enabling not only 
more accurate geolocation estimates but also habitat utiliza
tion (Luo et al., 2008). 
7.06.4.2 Natural Marks 

The above applications all involve artificially marking or tag
ging the animal, which is not always feasible. Researchers have 
therefore investigated whether natural marks can be used to 
identify animals. Natural marks can be broadly grouped into 
five key areas: morphometric marks (shape, color, or markings 
of body features), meristic marks (intraspecific differences in 
numbers of repeated tissue features such as gill rakers or fin 
rays), parasitic marks (presence/absence of parasites in animals 
from different areas or in genetics of parasites among areas), 
chemical marks (differences in chemical composition of ani
mal tissue), and genetic marking. Several studies have used 
natural marks to distinguish individuals (Grimes et al., 1986; 
Connell and Jones, 1991; Wilson et al., 2006), and at least one 
study has used the size of individuals to determine origins 
of larvae (Gaines and Bertness, 1992). This latter application 
was possible because bay larvae were substantially larger than 
larvae that developed over the continental shelf such that larvae 
flushed from the bay could be distinguished at coastal sites 
(Gaines and Bertness, 1992). 

These methods all require similar basic steps. First, it is 
necessary to obtain structures or information from organisms 
of known origin, such as from fish or birds collected at different 
locations, and ensure that differences exist between groups. 
Second, validation of the mark’s reliability is required. 
Frequently, this is done using the same group of organisms as 
used to determine whether differences among groups occur; 
however, in an ideal situation additional organisms should be 
collected for validation and assigned to groups to determine 
potential error rates of assignment. Third, structures or infor
mation from organisms of unknown origin can now be used to 
assign fish or birds to different groups and thereby determine 
potential connectivity. However, it is important to remember 
that an assumption of these and some other tagging techniques 
is that all potential source populations have been characterized 
(Gillanders, 2005). In reality, morphometric and meristic 
marks are unlikely to be useful for investigating connectivity 
among estuaries or between estuaries and coastal areas except 
in unusual situations or in combination with other techniques. 

Parasitic marks have been used to detect movement from 
estuary to adult habitat and determine relative stock composi
tion of fish (Olson and Pratt, 1973; Moles et al., 1990). 
Frequencies of infection of the brain parasite, Myxobolus 
neurobius, were used to determine stock composition of sockeye 
salmon since individuals from southeast Alaska showed high 
infection rates of greater than 85%, and Canadian stocks 
showed low infection rates of less than 10% (Moles et al., 
1990). In a separate study, Olson and Pratt (1973) found that 
the parasite acanthocephalan, Echinorhynchus lageniformis, was 
acquired by English sole, Pleuronectes vetulus, only while in the 
estuary and not while offshore. The incidence of infection in 
estuarine fish before emigration was similar to the incidence in 
young fish collected offshore after emigration, suggesting that 
there was little or no influx of young from potential nonestuar
ine habitats (Olson and Pratt, 1973). Parasites were also used 
in combination with nuclear and mitochondrial DNA markers 
to investigate connectivity across putative biogeographical 
barriers in the Mediterranean Sea and eastern Atlantic Ocean 
(Sala-Bozano et al., 2009). Similar applications have also been 
done on birds where connectivity of breeding and overwinter
ing grounds has been investigated (e.g., Durrant et al., 2008). 

In its simplest form, parasite assemblages have been com
pared among geographic areas, such as estuaries. Parasite 
assemblages would be expected to be more similar with increas
ing connectivity among areas and less similar with decreasing 
connectivity (Kennedy, 2001). However, Lester and Mackenzie 
(2009) reiterated the importance of parasite residence times 
and suggested using parasites that survive for longer than a 
year for stock identification studies, whereas parasites with life 
spans of less than a year may be useful for seasonal migratory 
studies (see also MacKenzie and Abaunza, 1998, 2005). An 
understanding of the length of migratory period of the host 
organism is therefore critical. Other criteria for use of parasites 
as biological tags are that the parasite should have different 
levels of infection in the host in different areas, the level of 
infection should be similar among years, the parasite should 
be easily detected and identified, and should not be a serious 
pathogen (see Williams et al. (1992), MacKenzie and Abaunza 
(1998, 2005) for more details). Another possibility is to 
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investigate whether there are differences in the genetics of the 
parasites of individuals in different areas (see also Criscione 
et al., 2006; Fallon et al., 2006; Nieberding and Olivieri, 2007; 
Durrant et al., 2008). Parasites and hosts do not always show 
similar genetic structure and, in general, animal macroparasites 
are more highly structured than their hosts (Criscione et al., 
2005, 2006). Indeed, Criscione et al. (2006) demonstrated that 
parasite genotypes of a nematode, Plagioporus shawi, can more 
accurately assign the host steelhead, Oncorhynchus mykiss, back 
to its source population than the host’s own genotype. Such 
studies may help elucidate patterns of connectivity among estu
aries and be useful for both fish and birds. 
7.06.4.3 Genetic Identification 

Molecular genetic methods can be used to estimate migration 
rates of individuals between and among populations. Genetic 
approaches tend to focus on longer timescales (102 

–103 genera
tions rather than a single generation as in otolith chemistry 
(see below) and can be biased toward rare mixing events 
(Becker et al., 2007; Craig et al., 2007, but see Palumbi, 2004) 
ones. However, genetic methods are the only that can measure 
reproductive dispersal between populations since they can deter
mine those individuals that survive and breed after dispersal to a 
new population (Purcell et al., 2006; Hedgecock et al., 2007). 
Marine population genetics needs to be able to distinguish 
between evolutionarily significant gene flow and demographi
cally relevant migration (Marko et al., 2007). 

Early genetic methods using allozymes and mitochondrial 
DNA showed mixed success in resolving genetic structure. 
More sensitive genetic markers, such as nuclear DNA, and 
more powerful analytical tools are now being utilized. 
Microsatellites, introns, randomly amplified polymorphic 
DNA, and restriction fragment length polymorphisms often 
reveal high levels of diversity when allozymes and mtDNA 
show relatively little variation (Davies et al., 1999). Early statis
tical procedures were developed for fisheries management and 
involved determining the composition of the catch via mixed 
stock analysis (MSA) (Davies et al., 1999). MSA uses a max
imum likelihood approach, focuses at the population level and 
determines the combination of potential source populations in 
a sample based on populations being defined a priori. Such 
analyses are likely to miss individuals with an unusual origin 
(Davies et al., 1999). Assignment tests use genetic information 
to assign individuals or populations to different sources and 
assess dispersal among populations (Waser and Strobeck, 1998; 
Davies et al., 1999; Manel et al., 2005). Two basic approaches 
have been taken: one involving classification where individuals 
are assigned to a priori groups and the other involving clustering 
where categories are not predefined (Manel et al., 2005). 

Both indirect and direct estimates of gene flow among 
populations are possible. Indirect methods assume that popu
lations have reached equilibrium and estimate gene flow based 
on genetic differences among groups of individuals sampled 
from different areas (Hedgecock et al., 2007). FST statistics, an 
indication of variance in allele frequencies among groups, or 
analogs are usually reported. These methods can be used to 
estimate the number of migrants per generation (Nm), but 
cannot distinguish alternative scenarios, such as the temporal 
scale and magnitude of connectivity, and may vary among 
markers (Hedgecock et al., 2007). Dispersal distances can be 
estimated from isolation by distance models where there is an 
increase of genetic differentiation with geographic distance 
(Palumbi, 2003; Hedgecock et al., 2007; Hauser and 
Carvalho, 2008; Guillot et al., 2009). 

Direct estimates of gene flow can be obtained from 
individual-based information on multi-locus genotypes 
(Carmen and Ablan, 2006; Burton, 2009). Estimates of migra
tion are obtained by assigning individuals to possible source 
populations (Manel et al., 2005). Methods have also been devel
oped to detect migrants within a population (e.g., Rannala and 
Mountain, 1997). Use of assignment tests is relatively recent and 
few studies have specifically addressed issues of connectivity 
(but see Williams et al. (2008) and Israel et al. (2009) for 
estuarine examples). Williams et al. (2008) used eight nuclear 
microsatellite loci to investigate genetic structure of estuarine 
killifish, Fundulus grandis, from 10 estuarine locations across 
the Gulf of Mexico. Most fish were assigned to their population 
of capture or to an adjacent population supporting an isolation 
by distance pattern. Assignment tests may be useful for estuarine 
populations which may exhibit stronger genetic population 
structure than open marine environments due to the discontin
uous nature of estuarine habitats (Williams et al., 2008). 

Another direct method and a specific kind of assignment 
method is parentage analysis, where the parents of a particular 
individual are identified (Manel et al., 2005; Burton, 2009; 
Jones et al., 2010). Ideally, all potential parents have been 
genotyped, and all but one pair can be excluded as the likely 
parents for the offspring (Manel et al., 2005). Much work has 
focused on the use of these methods in aquaculture or hatch-
ery-based stocking programs (Wilson and Ferguson, 2002), 
although the approach has recently been applied to determin
ing self-recruitment in coral reef fishes (Jones et al., 2005; 
Planes et al., 2009). Jones et al. (2005) sampled all reproduc
tive anemone fish from a population (n = 85) on Schumann 
Island (Papua New Guinea), as well as all new recruits 
(offspring, n = 73), and screened them for 11 microsatellite 
DNA markers. Paternity was then assessed using a likelihood 
approach. Results showed that 23 of the newly settled indivi
duals were spawned by local pairs, although the various 
subareas did not contribute equally (Jones et al., 2005). This 
finding of 31.5% returning to the natal area was identical to 
that obtained with tetracycline-marked embryos. 

Recently, Saenz-Agudelo et al. (2009) compared assignment 
tests and parentage analysis based on microsatellite analysis to 
determine natal origins under two distinct gene flow scenarios. 
When populations were well differentiated assignment tests 
performed well, but parentage analysis performed poorly, 
whereas parentage analysis was considered the method of 
choice for estimating connectivity in small spatially discrete, 
but genetically similar populations (Saenz-Agudelo et al., 
2009). Parentage analysis however relies on complete sampling 
of potential parents and therefore is increasingly difficult to use 
as the spatial scale and population size increase. 
7.06.4.4 Chemical Marks 

Chemical marks may be induced and therefore artificial 
(e.g., organism immersed in chemicals that are then incorpo
rated into body tissues) or occur naturally. Fluorescent 
compounds, such as tetracycline, calcein, alizarin complexone, 
and alizarin red S have frequently been used primarily for age 
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validation rather than connectivity studies. Marking is generally 
via immersion, but several studies have marked organisms 
using food via the diet or injection. Studies utilizing fluorescent 
compounds have encompassed a wide range of organisms and 
demographic stages and generally focused on detecting the 
mark in otoliths (but see Crook et al., 2007). 

Several studies have used tetracycline to mass-mark large 
numbers of damselfish eggs to determine whether larvae return 
to their natal reef (Jones et al., 1999, 2005). Jones et al. (1999) 
tetracycline marked over 10 million damselfish, Pomacentrus 
amboinensis, embryos on Lizard Island, Australia. They found 
15 marked juveniles out of 5000 examined and inferred that 
15–60% of juveniles returned to the natal population since 
they estimated that they had marked 0.5–2% of embryos. In a 
subsequent study, Jones et al. (2005) tetracycline marked all 
clownfish, Amphiprion polymnus, embryos at Schumann Island, 
Papua New Guinea, and examined all juveniles collected over a 
3-month period ensuring they corresponded to within 9–12 
days after embryo marking, thus allowing for the length of 
larval duration. Again, they were able to show that many indi
viduals (15.9% in 2002 and 31.5% in 2003) settled close to 
their natal sites (Jones et al., 2005). Paternity analysis also 
predicted 31.5% self-recruitment in 2003 supporting the 
tetracycline results. Such marking in the field is however 
limited to species whose embryos can be easily collected and 
manipulated. 

Besides fluorescent compounds, a range of elements and 
enriched stable isotopes, such as strontium (Sr), barium (Ba), 
and rare earth elements have been used to successfully mark 
invertebrates and fish. Strontium is the element most com
monly used to mark a variety of calcified structures of fish 
largely because it replaces calcium (Ca) in calcified structures 
(Behrens et al., 1987; Schroder et al., 1995; Pollard et al., 
1999). However, there are several limitations to use of Sr, 
namely it occurs naturally in fish, and Sr:Ca in freshwaters 
can be as high or higher than in marine waters, and therefore 
knowledge of natural variation in Sr:Ca of the waters that fish 
encounter is needed to definitively show movement. More 
reliable artificial marks than obtained from Sr may be obtained 
using elements that occur in naturally low concentrations. 
Several studies have investigated use of rare earth elements, or 
lanthanides, primarily for marking juvenile salmonids 
(Ennevor and Beames, 1993; Giles and Attas, 1993; Ennevor, 
1994) or larval invertebrates (Levin, 1990; Levin et al., 1993; 
Anastasia et al., 1998). If elements are to be good tags, they 
need to be inexpensive, easy to apply, long lasting, nontoxic, 
not cause changes in behavior or metabolism of the organism, 
and be measured using standard instrumentation. 

Enriched stable isotopes have also been used to create 
marks in otoliths that are unequivocally artificial and distinct 
from the natural signature either by immersing larval or juve
nile fish (e.g., Walther and Thorrold, 2006; Munro et al., 2008; 
Woodcock et al., 2011) or via transgenerational marking of 
embryos (e.g., Thorrold et al., 2006; Almany et al., 2007; 
Munro et al., 2009; Williamson et al., 2009a, 2009b). The latter 
applications show potential to mark large numbers of larvae 
via marking the mother with enriched isotopes that are then 
passed onto the egg material and eventually incorporated into 
the otolith (Thorrold et al., 2006). We are only aware of one 
published field application of the method (Almany et al., 
2007) with the remainder of studies demonstrating the 
approach under controlled conditions. 

Almany et al. (2007) tagged 176 orange clownfish females, 
Amphiprion percula, and 123 vagabond butterfly fish, Chaetodon 
vagabundus, from the reef around Kimbe Island, Papua New 
Guinea, with enriched 137Ba in December 2004. They then 
returned in February 2005 and collected 15 clownfish and 77 
butterfly fish that had recently settled into their benthic habitat. 
After aging to confirm that they were born after injection of the 
adults, the Ba isotope ratios in their otolith cores were quanti
fied. Otoliths of nine clownfish and eight butterfly fish were 
classified as tagged fish suggesting natal homing. Since all 
clownfish larvae produced at Kimbe Island were assumed 
tagged and 17.3% of butterfly fish were injected with enriched 
Ba, both species had around 60% of larvae return to their natal 
reef (Almany et al., 2007). 

Short-term temperature fluctuations, while not a chemical 
method, have also been used to induce patterns onto otoliths 
as a means of mass marking (commonly referred to as thermal 
marking) (Volk et al., 1999). The method is typically used on 
salmonids and generally involves changing exposure to differ
ent water temperatures to alter the width and contrast between 
dark and light zones of daily growth increments. The geo
graphic origins of chum salmon from the high seas have been 
determined using thermal marks in otoliths (Urawa et al., 
2000). This method is likely only suitable for species that are 
initially hatchery raised and in areas where water temperatures 
can be raised (since the expense of cooling water is likely to be 
too great). The species being marked will also need to be able to 
tolerate a temperature increase. 

Mass marking of large numbers of offspring to determine 
connectivity is often not feasible due to the large numbers that 
need marking, high mortality rates at early demographic stages, 
and the dilution of marked offspring among nonmarked off
spring meaning that a large number of individuals need to be 
examined to get any marked individuals. Researchers have 
therefore investigated the possibility of using natural elemental 
and isotopic marks to investigate connectivity (see Elsdon et al., 
2008). Natural tags obviously have a number of advantages 
over artificial marking methods since they eliminate the need 
to handle the organisms, and essentially every organism 
contains a tag, meaning information is available from every 
organism that is captured. Information obtained from natural 
tags is generally more equivocal to interpret than that obtained 
from artificial tags (Thorrold et al., 2002). 

Natural elemental and isotopic marks rely on there being 
differences in signatures between organisms collected from 
different areas since the physical and chemical environment 
in which the organisms are found differs. Fish otoliths are 
well suited to this application since they grow throughout the 
life of the fish, are not resorbed or altered through time, and 
chemical information can be related to the age of the fish. It is 
beyond the scope of this chapter to review factors contributing 
to differences in elemental/isotopic chemistry, such as tem
perature, salinity, and growth rate of otoliths (or other 
structures), but the reader is referred to Elsdon et al. (2008) 
for a recent review. Likewise, the feathers of birds, wings of 
butterflies, and ivory of terrestrial and marine animals may 
incorporate trace elements and isotopes from the environment 
during growth, and with knowledge of when structures form 
and are molted, these structures have also been used for 
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assessing origins and connectivity of organisms (Vogel et al., 
1990; Poesel et al., 2008; Szep et al., 2009). 

As a first step toward assessing connectivity, it is important 
to determine whether organisms residing in different areas do 
in fact have different elemental or isotopic signatures. Many 
studies have suggested that spatial differences in otolith ele
mental or isotopic signatures do occur, especially for fish 
collected from different estuaries (Gillanders, 2002b; 
Gillanders and Kingsford, 2003; Dorval et al., 2005; Miller, 
2007). However, while these studies demonstrate that spatial 
variation in otolith chemistry is found, the variation occurs at a 
range of scales (e.g., between sites within an estuary, between 
estuaries) and these scales may differ across studies; therefore, it 
is important to determine the scale of variation before assessing 
connectivity. For example, Miller (2007) found that the largest 
variation occurred between sites within an estuary (<5 km 
apart). Determining spatial variation is, however, only the 
first step in assessing connectivity between estuaries and ideally 
the scale of variation in otolith chemistry should match the 
dispersal scale of the organism. 

The temporal stability of elemental signatures is particularly 
important for retrospective determination of origins of fish. It is 
important to either evaluate the temporal stability of elemental 
signatures or to match the juvenile or adult signatures to the 
same cohort (e.g., see Gillanders, 2002a; Almany et al., 2007). In 
the latter case, aging errors need to be minimized. Temporal 
variation across years, such as between consecutive years, has 
been found (Gillanders, 2002b; Hamer et al., 2003; Walther and 
Thorrold, 2009), as has smaller-scale variation (e.g., variation 
between months; Hamer et al., 2003). Small-scale temporal 
variation between months resulted in negligible differences in 
accuracy of discrimination among estuaries (Hamer et al., 
2003), but this was not the case for variation between adjacent 
year classes. Alternatively, the database could be restricted to 
more temporally stable signatures (Walther and Thorrold, 
2009). Most studies also show significant variation in chemistry 
between species of fish (e.g., Gillanders and Kingsford, 2003; 
Vasconcelos et al., 2007; Reis-Santos et al., 2008) and birds 
(e.g., Donovan et al., 2006; Szep et al., 2009), which suggests 
that tags for each species of interest need to be determined. 

Increasingly, elemental chemistry papers have their ultimate 
goal as determining connectivity among populations; however, 
to date most have simply documented spatial variation in ele
mental chemistry (see above) which is a precursor to tracking 
connectivity. Several papers have assessed the contribution of 
juveniles in estuarine habitats to open coastal populations based 
on otolith chemistry (e.g., Gillanders and Kingsford, 1996; 
Gillanders, 2002a; Hamer et al., 2005; Brown, 2006; Fodrie 
and Herzka, 2008; Fodrie and Levin, 2008; Vasconcelos et al., 
2009). Fodrie and Levin (2008) investigated the nursery role 
of four coastal ecosystems (exposed coasts, bays, lagoons, and 
estuaries) to California halibut, Paralichthys californicus, popula
tions based on elemental analysis of otoliths. In both years 
(2003 and 2004), exposed coasts and bays contributed most 
halibut to adult populations, which was a similar result to that 
obtained from juvenile distribution data. Otolith chemistry also 
suggested that individuals migrated only small distances of 
<10 km from their nursery habitats (Fodrie and Levin, 2008). 

Several other otolith chemistry studies have focused on 
connectivity of populations via larval dispersal. Swearer et al. 
(1999) compared larval growth history and otolith trace 
element composition of newly settled individuals of the blue-
head wrasse, Thalassoma bifasciatum, from St Croix, US Virgin 
Islands, to determine the source of recruits. They predicted that 
larvae that had been retained in coastal waters could grow 
faster and settle at larger sizes and would have significantly 
higher levels of trace elements than larvae dispersing through
out oceanic waters. Their results suggest that most recruits to 
two leeward reefs were from locally retained larval popula
tions, whereas the single windward reef was replenished by 
dispersing larvae. Given that recruitment is greater to leeward 
reefs, their findings suggest that local retention of larvae is 
important for maintenance of populations and suggest that 
connectivity among distant populations may not be as great 
as previously thought (Swearer et al., 1999). While the focus 
for natural chemical marks has been on otoliths, elemental 
signatures of invertebrates may also be used to determine 
connectivity (e.g., see DiBacco and Levin, 2000; Becker et al., 
2007; Doubleday et al., 2008). 

Connectivity among different environments, such as fresh
water to estuarine, can also be assessed by analyzing elemental 
and isotopic (e.g., Sr) profiles along the otolith (e.g., Elsdon 
and Gillanders, 2005; Elsdon and Gillanders, 2006; Hamer 
et al., 2006). For such applications, knowledge of spatial and 
temporal variation in water chemistry is required (Elsdon et al., 
2008). Researchers also need to realize that a change in otolith 
chemistry may also represent a change in environment sur
rounding a stationary fish. Ontogenetic effects on otolith 
chemistry can confound profile analyses particularly if profiles 
cover different demographic stages, such as larval, juvenile, 
subadult, and adult growth. Profile analyses may be particu
larly important in demonstrating connectivity between the 
freshwater and marine section of an estuary. 

Stable isotopes have also been used to trace the origin or 
movement of organisms, such as invertebrates, fish, birds, and 
mammals, because isotopic signatures in animal tissues reflect 
those of local food webs or of the aquatic habitat in which they 
have grown. Isotopic signatures of food webs or water masses 
vary spatially depending on biogeochemical processes 
(Hobson, 1999; Kennedy et al., 2000). Different tissues then 
provide various temporal records of past feeding or source 
environments (Figure 9). For example, keratinous tissue 
(hair, feather, and nail) and otoliths are metabologically inert 
and represent the life time of an organism, whereas a range of 
other tissues are metabolically active and will represent a few 
days (e.g., liver, blood plasma) to several weeks (e.g., muscle, 
whole blood) (Hobson, 1999). A number of isotopes, such as 
δD, δ13C, δ15N, δ18O, and δ34S, show varying patterns in nature 
allowing tracing of animals. As an example, Fry (1981) exam
ined δ13C values in tissues of brown shrimp, Penaeus aztecus, as  
they moved from inshore seagrass beds to offshore areas. 
Offshore habitats with a phytoplankton-based food web are 
depleted in 13C relative to a seagrass-based food web. Sub-adult 
individuals collected offshore had δ13C values typical of indi
viduals in seagrass meadows, suggesting that they had moved 
from seagrass to offshore regions (Fry, 1981). 

The techniques available for assessing connectivity cover a 
range of spatial and temporal scales (Figure 10). The majority 
are applicable to larger individuals, particularly adults, but 
some are suitable for larval organisms. In addition, only a few 
techniques are able to provide information on the entire demo
graphic of an organism. 
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Figure 9 Changes in stable isotope ratios for hypothetical organisms moving from one habitat to another that are isotopically distinct for different 
tissues. With kind permission from Springer Science + Business Media: Oecologia, Tracing origins and migration of wildlife using stable isotopes: a 
review, volume 120, 1999, pages 314–326, Hobson, K.A., Figure 2. 

Figure 10 Schematic of the spatial and temporal scales over which different techniques can provide information on larval retention and dispersal for 
coral reef organisms with pelagic larvae. With kind permission from Springer Science + Business Media: Coral Reefs, Larval retention and connectivity 
among populations of corals and reef fishes: history, advances and challenges, volume 28, 2009, pages 307–325, Jones, G.P., Russ, G.R., Sale, P.F., 
Steneck, R.S., van Oppen, M.J.H., Willis, B.L., Figure 3. 
Several studies have also used multiple approaches to pro
vide independent estimates of connectivity; multiple 
approaches are particularly important when utilizing indirect 
methods. For example, Sala-Bozano et al. (2009) utilized both 
molecular markers and parasitic approaches to investigate con
nectivity in a marine fish. Similarly, Jones et al. (2005) have 
used both artificial marking of embryos with tetracycline and 
paternity analysis to estimate self-recruitment of a coral reef 
fish, and Bradbury et al. (2008a) used molecular markers and 
otolith elemental analysis. The challenge is in interpreting data 
when different approaches provide differing results as may be 
expected when using a demographic versus a genetic approach 
since they incorporate differing time frames. 
7.06.5 Connectivity and Management Perspectives 

Estuaries can be considered fragmented habitats; however, 
anthropogenic impacts further fragment and reduce habitats 
within estuaries. Populations within estuaries can therefore 
become increasingly fragmented and this can reduce connec
tivity potential among estuaries because the distance among 
habitat patches increases and habitat patch size decreases 
(Kindlmann and Burel, 2008). Knowledge of connectivity 
among estuaries is vital if we are to understand whether popu
lations will remain connected via dispersing individuals with 
increased habitat loss. 

Knowledge of connectivity is necessary for protection of 
important habitats along migratory routes, as well as of breed
ing/spawning and nursery habitats. Some habitats may be 
more important at supplying recruits to adult populations 
suggesting a need to conserve these habitats (Beck et al., 
2001; Dahlgren et al., 2006). For example, Gillanders 
(2002a) found that local rather than more distant estuaries 
were particularly important for sustaining adult populations 
of snapper, C. auratus, on coastal reefs. Hamer et al. (2005) 
found that the contribution of a single large estuarine embay
ment to offshore subadult snapper, C. auratus, populations 
decreased with distance from the estuary such that negligible 
contributions were found 200 km away. Similarly, a number of 
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studies have shown that estuaries contribute to adult popula
tions, but the importance of estuarine habitats in relation to 
exposed coastal habitats can vary from year to year. For exam
ple, in one year estuarine habitats, which made up 6% of 
available habitat, contributed 65% of the adult stone flounder, 
Platichthys bicoloratus, population whereas in a subsequent year 
they only contributed 32% (Yamashita et al., 2000). Likewise, 
there can be regional variation in terms of estuarine contribu
tion to adult populations (Gillanders, unpublished data) and 
which estuaries are most important can vary depending on 
whether the area of water encompassed by an estuary is con
sidered (cf. Beck et al., 2001; Dahlgren et al., 2006). To date, 
the majority of studies have focused on only a few year classes 
of a single species. The key will be incorporating a range 
of species and longer timescales into management models. 
Alternatively, management may need to be more adaptive as 
potential connectivity patterns change. 

An understanding of species-specific patterns of connectiv
ity is vital for spatially defined management. The size, location, 
number, and spacing of marine protected areas and terrestrial 
conservation parks should ideally be dictated by dispersal and 
connectivity of key species. Connectivity provides the mechan
ism by which areas outside protected areas are replenished and 
therefore potentially benefit fisheries (Sale et al., 2005; Jones 
et al., 2007). We know remarkably little about the direction 
and distance that larvae disperse, but have somewhat greater 
knowledge of juvenile and adult movements (Sale et al., 2005). 
Although several coral reef studies have shown that larvae 
return to natal populations (Jones et al., 1999, 2005; Almany 
et al., 2007), only one empirical study to date has tracked larvae 
dispersing from one marine protected area to another. Planes 
et al. (2009) used DNA parentage analysis of the orange clown-
fish, Amphiprion percula, to show that 40% of larvae were 
derived from parents resident in a reserve. They were able to 
track larvae that had dispersed 35 km and suggested that 10% 
of recruitment to adjacent reserves was from dispersed larvae. 
Empirical studies of larval dispersal among estuaries have not 
been conducted. 

An understanding of connectivity is also important for 
managing species resilience to local and global disturbances 
(Hughes et al., 2005; Underwood et al., 2009). If populations 
are to survive and replenish after disturbance events, then 
sources of recruits or adults need to be within the spatial scales 
of dispersal or movement of individuals. For short-term recov
ery, the source of new individuals should be close, whereas 
long-term population sustainability may rely on individuals 
from further afield. Thrush et al. (2008) highlighted that if 
the frequency of disturbance is greater than the recovery ability 
of populations, then species extinction will occur. The potential 
of species to recover from disturbance would also depend on 
elimination of the disturbance and potential recovery of habi
tat. For example, rain events may be short-term disturbances 
that species can recover from; however, changes in local and 
global climate may cause permanent shifts in species distribu
tions (McLeod et al., 2009). 

Connectivity among populations is affected by physical and 
biological barriers to dispersal. While physical barriers, such as 
shoreline barriers, shallow depths, and bathymetric features are 
undoubtedly important in determining dispersal (Pineda et al., 
2007), biological barriers such as the physiological cost of 
dispersing and phenotype-environment mismatches may 
reduce realized connectivity since organisms do not survive to 
reproduce (Marshall et al., 2010). Biological barriers may have 
a number of management implications especially with respect 
to marine protected areas, disturbance, and restoration. 
Environments may change as a result of setting up marine 
protected areas and terrestrial conservation parks as well as 
from disturbance events, such that connectivity leading to suc
cessful reproduction may be reduced (Marshall et al., 2010). 
Population replenishment and recovery may therefore take 
longer than anticipated. 
7.06.6 Conclusion 

Significant progress has been made in understanding popula
tion connectivity within and among estuaries. Modeling 
techniques now provide the ability to investigate multiple 
releases of virtual larvae over many spatial and temporal scales 
such that connectivity matrices can be developed and incor
porated into realistic management scenarios. These models are 
now capable of incorporating detailed parametrizations of 
biological variables, such as larval behaviour and pelagic lar
val duration, as well as features of coastlines and estuaries. The 
range of techniques available to assess connectivity has also 
expanded greatly such that direct self-recruitment and disper
sal of larvae has now been measured at least on coral reefs. The 
key is ultilizing the appropriate technique for the spatial and 
temporal scale of the study and the life history stage of the 
organism. Integrating multiple approaches is also particularly 
important especially where indirect techniques have been 
used to assess connectivity, as this will help validate these 
approaches. However, it will be important to recognize that 
different techniques may not necessarily provide the same 
result especially where the timescale at which they operate 
over differs. As we start to gain an even greater understanding 
of connectivity among estuaries, we will also need to conduct 
further research on the consequences that various levels of 
dispersal may have for organisms. 
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