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Introduction

Many of the world’s wild marine fisheries are 
impacted by large and sometimes abrupt shifts in the 
abundance and distribution of fish species (Caddy and 
Gulland 1983; Vert-pre et  al. 2013). These changes 
are often more profound in coastal and continental 
shelf areas that support around 80% of the world’s 
wild fish and invertebrate catch (Jackson et al. 2001; 
Watson et al. 2016). The cause of this variability has 
been linked to the effects of anthropogenic impacts 
such as overfishing, pollution and habitat destruction 
due to industrial-level fishing and coastal develop-
ment (Baum and Worm 2009; Pikitch et  al. 2012). 
These impacts can have immense effects on popula-
tion dynamics that influence the growth and decline 
of fish stocks (Houde 1997; Vert-pre et  al. 2013). It 
is also common for many fish stocks to experience 
fluctuations in productivity regimes that are influ-
enced by environmental processes (Hare and Mantua 
2000). In many coastal regions, river flows are strong 
drivers of seasonal environmental conditions that cre-
ate regional changes in coastal circulation, stimulate 
marine productivity and help define the hydrologic 
properties of estuarine and coastal waters (Grimes 
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and Kingsford 1996; Milliman and Farnsworth 2013). 
These processes can affect different life stages of 
marine species either directly, through variations in 
salinity and temperature, or indirectly, due to changes 
in food availability and habitat (Bianchi 2007; Saeck 
et al. 2013).

Determining how freshwater flowing through riv-
ers and into coastal oceans drives fluctuations in the 
productivity of marine stocks is a key challenge in 
fisheries science (Myers 1998; Winemiller 2005). 
The extent of the dependence between the life cycle 
of many marine species and freshwater flows is 
poorly understood (Robins et  al. 2005; Costa et  al. 
2007). To further complicate our understanding of 
marine species and freshwater flows, the construction 
of dams for agriculture, industry and urban use has 
led to the alteration of flows, sediment and nutrient 
loads in a vast majority of the world’s rivers (Ben-
son 1981; Milliman and Farnsworth 2013). There are 
now more than 58,000 registered large dams in major 
rivers globally and many more barriers to river flow 
such as barrages and weirs are planned (International 
Commission on Large Dams [ICOLD] 2021). The 
regulation of freshwater flows coupled with changes 
to land use in and around coastal areas is believed to 
have contributed to the decline and collapse of many 
fish and invertebrate stocks globally (Vörösmarty and 
Sahagian 2000). In light of these stressors and gaps in 
our knowledge, it is important to determine how river 
flows are influencing the productivity regimes of fish 
stocks at a global scale to improve the management of 
marine fisheries.

It is widely accepted that coastal ecosystems sup-
port many commercially important marine fish and 
invertebrate species that inhabit these environments 
for growth and survival (Cowen et  al. 2000; Beck 
et al. 2001; Whitfield and Pattrick 2015). For exam-
ple, the coastal waters adjacent to large rivers, such as 
those around the Mississippi Delta (southern United 
States of America) and Changjiang River estuary 
(mid-eastern coast of China), host some the most 
productive marine fisheries in the world (Grimes 
and Kingsford 1996). While some large rivers have 
been associated with productive fisheries, much less 
is known about whether the aggregate influence of 
small and large rivers has a significant effect on the 
productivity of fisheries at a global scale. In regions 
of river influence freshwater flow is a ‘master vari-
able’ that interacts with other environmental factors 

(e.g. temperature and salinity) to influence fisheries 
production (Gillanders and Kingsford 2002). How-
ever, it is difficult to measure the effects of fresh-
water flow on fisheries because of the confounding 
impacts of human development in and around rivers, 
tidal activity, upwelling and mixing of oceanic waters 
(Caddy and Bakun 1995; Caddy 2000). Much of the 
evidence used to study the effects of river flows on 
fisheries stems from correlative studies that used cli-
mate indices, salinity or surface water temperature 
as indicators of freshwater flow (Hallett et  al. 2004; 
Bakun 2010). A synthesis of the mechanisms under-
lying the dynamics between river flows and marine 
fisheries would enable greater clarity on the drivers 
of fishery productivity and aid the management of 
coastal fisheries.

Accordingly, the purpose of this review is to 
examine the drivers and mechanisms underpinning 
the contribution of river flows to the productivity of 
wild capture marine fisheries. First, we synthesize 
literature to propose three drivers that directly and 
indirectly influence physical and biological mecha-
nisms that cause variability in fisheries production. 
In the second part of this review, we present a global 
synthesis of the 19 Food and Agriculture Organisa-
tion (FAO) major fishing regions in the world by ana-
lysing the top ten fisheries species defined by catch 
weight and their known connection with freshwater 
flows. Finally, the implications of changes in river 
flows on fisheries management are discussed.

Linking river flows to fisheries production

This review distinguishes between three main driv-
ers that link river flows to the productivity of coastal 
marine fisheries: physical change, biological response 
and fishery dynamics (Fig. 1) (Bunn and Arthington 
2002; Elliott and Whitfield 2011). Within a particular 
river, estuary or coastal area, the quantity, quality and 
timing of freshwater flow changes physical conditions 
in the receiving waters and can alter the availability 
of suitable habitat (MacCready and Geyer 2009; Poff 
et al. 2010). From the onset of these changed condi-
tions the growth and survival of many marine species 
can be affected by short-term and long-term behav-
ioural and physiological changes that might cause 
them to move to other parts of the river, estuary or 
coastal area and in extreme cases cause mortality 
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(Drinkwater and Frank 1994). At the same time, the 
influx of nutrients and organic material from flow-
ing rivers can influence food web dynamics through 
changes in primary and secondary productivity 
(Schlacher et  al. 2008; Nunn et al. 2012). When the 
availability of prey changes with physical conditions, 
many species will be affected by population level pro-
cesses such as predation and competition (Martino 
and Able 2003). Adding to these pressures, the level 
of fishing activity and size selectivity of target stocks 
can directly or indirectly alter the size and structure 
of both target and non-target populations (Baum and 
Worm 2009; Pikitch et al. 2012). Some or all of these 
drivers, as well as the interactions among drivers, 
affect the dynamics of fisheries, including: changes 
in the condition of the catch, recruitment, strength of 
a year class, catchability of target species or fishers’ 
harvesting behaviour (Drinkwater and Frank 1994; 
Gillson 2011).

Physical change

The inflow of freshwater has a critical role in driv-
ing physical processes in many rivers, estuaries and 
coastal areas (Poff et  al. 1997; Elliott and Whit-
field 2011). The key elements of freshwater flow 
include the quantity, quality and timing of flows 
(Poff et  al. 2010). Quantity refers to the magnitude 

and frequency of freshwater that flows through riv-
ers. The quality element represents the physical and 
chemical properties of freshwater flow. Timing is the 
regularity, duration and rate of change in magnitude 
of flowing freshwater (Poff et  al. 1997). At a global 
level, there is significant variability in each of these 
elements due to differences in climatic conditions and 
drainage basin characteristics such as size, topogra-
phy, geology, vegetation and human activity (Milli-
man and Farnsworth 2013).

Once freshwater flowing from rivers enters estuar-
ies and coastal areas it creates a dynamic physical and 
chemical environment (MacCready and Geyer 2009). 
The interaction of freshwater flows with tides, wind 
and coastal currents changes fish habitat conditions 
such as salinity, water temperature, water circula-
tion, and the level of nutrients and sediments within 
estuaries and coastal areas (MacCready and Geyer 
2009; Milliman and Farnsworth 2013). At times of 
high river flow the buoyant freshwater that drains into 
coastal oceans can create low salinity plumes that 
extend a few kilometres to a thousand kilometres off-
shore depending on the size of the river (Belkin et al. 
2009; Hetland and Hsu 2013).

Fig. 1  The conceptual framework reviewing how freshwater 
flowing from rivers into coastal areas influences the productiv-
ity of marine fisheries. Individual images within the biological 

response box were sourced from Lowerre‐Barbieri et al. (2017) 
and Capuzzo et al. (2018)
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Salinity

Seasonal changes in the quantity of freshwater flow 
combined with tidal currents largely determines the 
spatial extent of salinity within estuarine and coastal 
areas (Chícharo and Barbosa 2011). When freshwater 
flows are low or cease to flow, tidal currents enable 
saline waters to intrude further upstream (MacCready 
and Geyer 2001). Shallow water estuaries, such as 
coastal lagoons, in regions that have low flow and 
high evaporation will often experience sustained peri-
ods of high salinity (Telesh and Khlebovich 2010). 
At times of high flow, the salinity level of shallow 
water estuaries can be significantly reduced (Mac-
Cready and Geyer 2001). In contrast, deep water 
estuaries found in fjords and large rivers develop 
horizontal and vertically stratified layers of fresh and 
saline water (Farmer and Freeland 1983). In coastal 
areas adjacent to large rivers, such as the North Sea, 
or regions where multiple smaller rivers flow into the 
ocean, such as those found in the Gulf of Alaska, low 
salinity frontal systems may extend well into coastal 
shelf areas (Belkin et al. 2009; Strub et al. 2013).

Water temperature

Within many estuaries, water temperature is a key 
physical property that influences water quality and 
ecosystem function (Van Vliet et al. 2011). The rela-
tionship between changes in water temperature caused 
by freshwater flows varies considerably between dif-
ferent regions of the world. In many temperate estu-
aries, surface water temperatures can have an inverse 
relationship with the quantity of freshwater flowing 
from rivers (Van Vliet et al. 2011). Increasing water 
velocity associated with seasonal freshwater flow can 
reduce estuarine residence times and transports heat 
towards coastal areas (Uncles and Stephens 2001). 
Flowing rivers may cool temperate estuaries but 
maximum water temperatures in arctic and subarctic 
estuaries generally occur during periods of peak flow 
from melting snow and ice (Hamman et al. 2017). In 
the tropics, freshwater flows during the wet season 
generally reflect rainfall temperatures (Strauch et  al. 
2017). There are some exceptions, with rising water 
temperatures occurring during periods of sustained 
low flows and hot ambient air temperatures. Under 
these conditions, freshwater flow is likely to have a 

cooling effect, reverting water temperature to ambient 
air temperature conditions (Van Vliet et al. 2011).

Circulation, nutrients and sediments

Water circulation and nutrient and sediment levels are 
important to water quality and the health of estuar-
ies and coastal ecosystems (Levin et  al. 2001; Lud-
wig et al. 2009). The movement of water within estu-
aries and coastal areas is influenced by tides, wind, 
topography and freshwater flows (MacCready and 
Geyer 2009). The combined effects of these physi-
cal factors can determine the extent of circulation of 
fresh and ocean water between estuarine and coastal 
areas (Alber 2002). When high flows occur, rainfall 
and run-off can carry land-based nutrients, sediments 
and contaminants into rivers and estuaries (Ludwig 
et al. 2009). At the same time, increasing water veloc-
ity can resuspend bottom sediments and increase 
bank erosion (Milliman and Farnsworth 2013). The 
bulk movement of freshwater can flush an estuary of 
nutrients, sediments and contaminants that become 
entrained in freshwater flowing to coastal areas 
(MacCready and Geyer 2009). The mixing of buoy-
ant fresh and tidal oceanic waters can increase lev-
els of turbidity in coastal areas and generate nutrient 
rich frontal systems (Belkin et al. 2009). During low 
flows, estuaries mainly rely on tidal currents to circu-
late water and those with poor flushing mechanisms 
tend to retain nutrients within the system (Alber 
2002). In estuaries with little tidal water movement 
the slower currents allow suspended sediments to set-
tle to the bottom resulting in reduced turbidity (Mac-
Cready and Geyer 2009).

Biological response

Freshwater flows can drive physical changes within 
estuarine and coastal environments that directly or 
indirectly affect marine species (Aleem 1972; Drink-
water and Frank 1994). Changes to an individual’s 
environment can directly affect their physiology and 
behaviour, and influence growth, mortality, repro-
duction and the distribution of marine species (Pauly 
1980; Able 2005). Many marine species can also be 
indirectly affected by environmental change to habi-
tat and food availability (Vance et  al. 1985; Caddy 
2000). As a result, flow induced environmental 
change can have a profound impact on populations of 



809Rev Fish Biol Fisheries (2022) 32:805–825 

1 3
Vol.: (0123456789)

marine species that inhabit estuarine and coastal areas 
(Drinkwater and Frank 1994; Kimmerer 2002).

Food web effects

One of the dominant features of food webs in many 
estuarine and coastal marine ecosystems is the cou-
pling between pelagic and benthic trophic pathways 
(Alongi 1998). The connections between existing 
trophic pathways are often decoupled by the onset 
of seasonal freshwater flows, which create an envi-
ronment where new trophic pathways are formed 
(Schlacher et  al. 2008; Black et  al. 2016). During 
times of high flow, biota and primary producers that 
are intolerant to freshwater may disappear (Burford 
et al. 2012). After high flow conditions have subsided 
continued stratification of the water column may shift 
the distribution of phytoplankton into the photic zone 
(Bianchi 2007). The inflow of inorganic nutrients 
such as phosphate, nitrate or ammonium, combined 
with radiation from the sun facilitates ideal algal 
growth, and potentially bloom conditions (Saeck 
et al. 2013). In addition, nutrients and organic carbon 
runoff from catchments into rivers can provide a large 
food subsidy for the receiving estuarine and coastal 
ecosystems (Levin et al. 2001). However, excessively 
high nutrient loads resulting from inputs of fertilisers 
and large quantities of decomposing organic material 
can lead to very low dissolved oxygen levels in bot-
tom marine waters that can cause mortality in marine 
organisms (Diaz and Rosenberg 2008; Reed and Har-
rison 2016).

In many coastal pelagic food webs, high levels of 
primary production typically occur for sustained peri-
ods of time after a freshwater flow event, although it 
might not occur immediately because nutrients may 
need to be transformed into more bioavailable forms 
(Winder and Cloern 2010). Many zooplankton and 
forage fish species take advantage of the abundant 
food supply that become available (Nunn et al. 2012). 
For example, Pacific herring (Clupea pallasii) in the 
Strait of Georgia, Canada, has developed a life his-
tory strategy where the timing of spawning events is 
matched with spring flows and phytoplankton blooms. 
It is thought this match in timing increases the suc-
cessful transition to the first feeding of larval C. pal-
lasii and supports its ongoing growth and survival. 
The match or mismatch between the spring bloom 
and spawning has been found to largely explain the 

variability in the number of C. pallasii (Schweigert 
et al. 2013).

Ontogenetic development and dietary changes may 
also be an important part of the response of marine 
species to changes in river flow. The abundance and 
diversity of available prey is particularly important 
for many species that use estuaries as nursery habitats 
since their preferred diet and size of prey often shifts 
between larval and juvenile life stages (Peck et  al. 
2012). A shift in the diet of larval fish is thought to 
occur in most species from the ontogenetic develop-
ment of an enhanced swimming ability and improved 
vision (Teodosio et al. 2016). For example, in the Gulf 
of Mexico, the gulf menhaden (Brevoortia patronus) 
young larvae (< 5 mm) are thought to prey primarily 
on both phytoplankton and microzooplankton, e.g. 
dinoflagellates and tintinnids, while older larvae con-
sume mainly microzooplankton, e.g. copepod nauplii, 
which are found in large numbers after the onset of 
spring freshwater flows (Stoecker and Govoni 1984; 
Stoecker and Capuzzo 1990). As the larvae develop 
into juveniles B. patronus prefer phytoplankton and 
detritus (Olsen et al. 2014). The timing of freshwater 
flows combined with a species behaviour, like those 
found in B. patronus, are particularly important for 
marine species that need to maximise lipid storage 
prior to emigrating offshore (Nunn et al. 2012).

Retention and transport

Many marine species spawn offshore and rely on 
ocean currents to transport eggs or larvae to coastal 
nursery habitats (Levin 2006). The interaction 
between freshwater flows and ocean currents can cre-
ate hydrodynamic conditions that either positively 
or negatively impact early life stages (Pineda 2007). 
For example, the level of mixing between freshwater 
flow from rivers along the Norwegian coast and the 
Atlantic current has been positively linked to changes 
in the productivity regimes of the Barents Sea cod 
(Gadus morhua) population. For recently spawned G. 
morhua eggs to reach nursery grounds up to 1,200 km 
away requires optimal buoyancy conditions. Changes 
in the salinity and temperature of the Norwegian 
coastal current determines the vertical position of G. 
morhua eggs and thus affects the distance travelled 
toward their Barents Sea nursery grounds (Ottersen 
et al. 2014). An example of a negative impact occurs 
in the white shrimp (Penaeus setiferus) population in 
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the area of the Terminos Lagoon, southwestern Gulf 
of Mexico (Gracia 1991). High freshwater flows from 
the Palizada River during the wet season restricted 
the access of P. setiferus to estuarine nursery habitats 
and had a negative effect on growth and survival.

The interaction between freshwater flows and 
coastal currents can also create hydrodynamic fea-
tures that retain early life stages within the same 
region (Epifanio and Garvine 2001). For example, 
recently emerged capelin larvae (Mallotus villosus) 
within the Gulf of St. Lawrence, Canada, are concen-
trated in the upper estuary regions. Freshwater flow 
during spring and early summer creates a low salinity 
coastal jet that advects larvae toward the lower estu-
ary and forces the separation of coastal currents creat-
ing a large gyre within the boundaries of the estuary. 
The change in estuarine circulation helps both trans-
port capelin larvae to the north-west area of the estu-
ary and retains them there while they grow. Once the 
freshwater flow subsides, the gyre loses strength and 
the direction of currents in the lower estuary allows 
M. villosus to emigrate into deeper waters (Ouellet 
et al. 2013).

Movement and migration

The changes in estuarine and coastal conditions 
forced by the influx of freshwater can cause vari-
ability in the movement and migration of marine 
species (Grimes and Kingsford 1996; Caddy 2000). 
For example, the effect of river flow from the Congo 
and Niger Rivers on the distribution of sardinella 
(Sardinella maderensis and Sardinella aurita) is an 
important driver of population movement in coastal 
waters near Gabon and the Republic of Congo, equa-
torial West Africa. At times when the Congo River 
plume extends northward, S. aurita are concentrated 
within the coastal boundaries of the warm and low 
saline water mass. When the freshwater outflow from 
Niger River shifts south so does S. maderensis, where 
the population is distributed between both countries. 
However, these same conditions force S. aurita fur-
ther offshore (Binet et al. 2001).

Many diadromous fish species use olfactory senses 
to detect changes in water chemistry that are carried 
by freshwater flows (Dittman and Quinn 1996; Har-
rison et  al. 2014). These olfactory cues are thought 
to be one of the main mechanisms used by salmonids 
to return to their natal rivers to spawn (Milner et al. 

2012). For example, Atlantic salmon (Salmo salar) 
can spend up to 5  years at sea to feed and grow to 
attain sexual maturity before undertaking their return 
migration to natal rivers (Webb et  al. 2007). The 
return migration coincides with increased river flow 
that helps S. salar locate their home river system and 
spawning area within the catchment (Milner et  al. 
2012).

Freshwater flows were also found to be an impor-
tant factor in the migration of eastern king prawns 
(Penaeus plebejus), in Moreton Bay, Australia (Lon-
eragan 1999). High summer flows increase the deliv-
ery of nutrients, stimulating phytoplankton produc-
tion, and providing a trigger for juvenile prawns to 
commence emigration from rivers into the bay area 
where P. plebejus continue to grow and mature.

Competition

It has long been recognised that the population 
dynamics of many fish and invertebrate popula-
tions are driven by changes in competition for food 
and habitat (Myers 2001; Le Pape and Bonhommeau 
2015). Marine species that inhabit estuarine and 
coastal areas are particularly susceptible to changes 
in competition caused by variable freshwater flows 
(Martino and Able 2003). Periods of high flow can 
shift the available habitat for many marine species 
downstream toward the mouth of the estuary, which 
concentrates competition for food within this region 
(Rulifson and Manooch 1990). For instance, in the 
Chikuro River estuary, Japan, the abundance of juve-
nile Japanese seaperch (Lateolabrax japonicas) was 
lower at times of high freshwater flow. A shift in 
prey due to increases in water temperature led to the 
density-dependent regulation of juvenile L. japonicas 
from greater intra-specific competition for food that 
negatively impacted their growth and survival (Shoji 
and Tanaka 2008).

At times of high flow and flood, marine species 
will often aggregate in coastal plumes and frontal sys-
tems where they converge and compete for food and 
seek refuge from a wide range of predators, includ-
ing mammals and sea birds (Grimes and Kingsford 
1996). During peak flows from the Columbia River 
(in north-western United States of America), a large 
river plume extends along the coast for hundreds of 
kilometres to the north and south of the river mouth. 
In the vicinity of the plume many forage fish such as 
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northern anchovy (Engraulis mordax), Pacific her-
ring and Pacific sardine (Sardinops sagax) are found 
to aggregate in large numbers. The abundance of for-
age fish increased inter-specific competition between 
those fish seeking shelter from predators. At the same 
time, outward migrating juvenile Pacific salmonids 
(Oncorhynchus spp.) remained under the protective 
cover of the turbid river plume, which aided predator 
avoidance and improved salmonid survival (Phillips 
et al. 2017).

Fishery dynamics

The previous sections have identified many of the 
physical and biological mechanisms resulting from 
changes in freshwater flows that influence fisheries 
productivity. The effects of these mechanisms are 
interrelated and operate over different spatial and 
temporal scales, which causes variability in marine 
fish populations and the dynamics of fisheries (Drink-
water and Frank 1994). Fishery dynamics can be 
defined as the way in which exploited populations 
respond to changes in physical and biological mecha-
nisms, and fishers’ harvesting behaviour (e.g. fishing 
effort or the type of gear) (Szuwalski and Thorson 
2017). The level of fishing pressure exerted upon fish 
stocks can affect the geographic distribution, size and 
structure of target and non-target populations (Baum 
and Worm 2009; Pikitch et al. 2012). Separating the 
interactive effects of fishing pressure and freshwa-
ter flows on exploited populations is very difficult 
(Planque et  al. 2010). Therefore, the objective here 
is to propose four fishery characteristics that dem-
onstrate how freshwater flows can either positively 
or negatively impact fisheries productivity, includ-
ing: recruitment, condition of the catch, strength of a 
year class and catchability (Table 1). Also, recognis-
ing that fishers’ harvesting behaviour and the level of 
fishing pressure applied to a stock has a critical role 
in influencing fisheries production.

Global synthesis of major FAO fishing areas 
and freshwater flow

The aim of this section is to synthesise the relation-
ships between rivers that flow into the ocean and the 
world’s commercial fisheries. The objective here is to 
analyse literature and FAO data to gain an insight into Ta
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how freshwater flows might influence commercially 
important fish and invertebrate species in different 
regions of the world.

Method

The top ten species of marine fish and invertebrates 
caught, by weight, for each of the 19 FAO major fish-
ing areas from around the world were identified using 
the FAO FishStatJ 3.03.0 application (FAO 2015). 
The data were selected by grouping each species and 
FAO major areas, once grouped they were aggre-
gated by weight in tonnes and ranked by their aver-
age catch weight from 2011 to 2015. These years con-
tained most data at the species-level for each of the 
FAO major areas. The non-specific class Osteichthyes 
(bony fish) was removed from the dataset because 
there were too many possible species (i.e. around 
28,000) that could belong this group. Those FAO 
areas with data at a higher taxonomic resolution, such 
as Sciaenidae in the eastern Indian Ocean (area 57), 
were cross checked with supplementary FAO records 
from FAO Fisheries and Aquaculture online to iden-
tify which commercially fished species belonged 
to this higher taxon for a particular area. This addi-
tional species-level information was included in the 
analysis and remained linked to the higher taxonomic 
group within the database created for this study. The 
existence of these higher taxa in the FAO data is the 
reason why there are more than ten species for some 
FAO areas. Further, no attempt to calculate catch 
per unit effort was made in this study because of the 
known difficulties in estimating fishing effort for each 
fishery within the FAO areas (Bell et  al. 2017). It 
should also be acknowledged that the FAO catch data 
used in this study does not include discards or catches 
originating from illegal, unreported or unregulated 
(IUU) fishing, which may cause the catch in some 
areas to be underestimated.

A literature search was conducted using Google 
Scholar and Web of Science bibliographic data-
bases to identify the habitat used by each of the 
top ten FAO listed species throughout their lifecy-
cle. The search terms were confined to the name of 
each species within the geographic boundaries of 
the FAO area being searched. In cases where the 
literature implied a species did not inhabit river-
ine or estuarine environments, then Fishbase was 
used to confirm their life history status (Froese and 

Pauly 2010). Fishbase was also used to confirm the 
life history of species where the literature provided 
contrasting findings for the same species. The infor-
mation for these species were then entered into our 
database. Literature that identified species inhabit-
ing riverine and estuarine environments for at least 
some part of their life cycle were further analysed 
to determine the extent of their association with 
freshwater flow. Studies that provided a statistical 
analysis which linked freshwater flow to particular 
estuaries and fish, or invertebrate species were pre-
ferred, but not always available. In the cases where 
a statistical analysis was not available the relation-
ship was either observed or inferred, by changes in 
environmental conditions such as salinity, or the 
association between river flow and the presence or 
absence of species. Once a publication was found 
containing all of the necessary information, such 
as the latitude and longitude of the estuary, and 
the species association with freshwater, it was then 
recorded in a database.

After reviewing the literature, we decided to focus 
our study on the type of association (i.e. trophic, 
ontogenetic, migration or no association) and its 
potential link to commercial catch instead of evalu-
ating the positive and negative effects of changes in 
flow on catch. Determining a positive or negative 
effect is complicated by the variability in river flows 
throughout a species lifecycle. For example, (a) high 
flows might negatively affect larval fish by physically 
forcing them out of areas of suitable estuarine habitat 
given their small size and limited swimming ability 
but positively affect adult fish by increasing suitable 
habitat and food availability in coastal areas, and (b) 
low to moderate flows might be positively associ-
ated with fish abundance, but once flow exceeds an 
optimum threshold (i.e. at extreme low or very high 
flows) the association could become negative (Aleem 
1972; Drinkwater and Frank 1994; Grimes and King-
sford 1996).

We define estuaries generally following the 
Coastal and Marine Ecological Classification Stand-
ard (CMECS) as waters that are tidally influenced, 
have an open connection to the ocean, receive fresh-
water input and are partly enclosed by land. Estuar-
ies may be located on continents or islands in waters 
of any depth, such as fjords, large embayments, the 
mouth of coastal creeks, lagoonal and riverine estuar-
ies (FGDC 2012).



813Rev Fish Biol Fisheries (2022) 32:805–825 

1 3
Vol.: (0123456789)

Species guild associations were used to identify 
patterns in the relationships between river flow and 
catches that might not be apparent at the species-
level. The top ten species from all the major FAO 
areas were classified into marine (Straggler, Estua-
rine-opportunist and Estuarine-dependent) and dia-
dromous (Anadromous and Catadromous) guilds 
defined in Potter et al. (2015) (Table 2). This sub-
set of guilds was chosen because of the focus on 
marine wild capture fisheries in this study. In cases 
where the literature for a particular species did not 
provide enough information to classify its guild 
then a secondary source, such as Fishbase or FAO 
Online, was used to confirm their classification.

In order to analyse the effects of river flow on 
catches in each of the FAO major fishing areas 
the river flow, total suspended solids (TSS) and 
total dissolved solids (TDS) data from Milliman 
and Farnsworth (2013) were used. Milliman and 
Farnsworth (2013) was chosen because it pro-
vides a comprehensive, global data source for river 
flow, suspended solids and dissolved solids. These 
authors defined TSS as fluvially suspended mate-
rial that was between 0.45 and 0.62 µm. TDS was 
classified as material finer than 0.45  µm, which 
included the combined total of different inorganic 
compounds, such as salts and metals. The data con-
tained within the supplementary information from 
Milliman and Farnsworth (2013) were analysed 
using R version 3.5.2 (R Core Team 2018). Each 
of the rivers found within the geographical bound-
aries of a particular FAO region were assigned 
to that area. This enabled the calculation of total 
flows, TSS and TDS for each of the major FAO 
fishing areas.

Results and discussion

A review of the literature revealed that 87% of the 
studies (n = 258) identified had linked commercially 
fished FAO species to freshwater flowing from rivers 
into the global oceans (Table 3). Among these, 95% 
were peer reviewed journal articles and the remaining 
5% were technical reports and theses. The majority of 
the literature came from studies in United States of 
America (26%), South Africa (7%), India (6%) fol-
lowed by Brazil, Canada and Russia (around 5% each) 
with the remaining countries comprising less than 4% 
of the identified studies. Although the distribution of 
literature was geographically biased, we managed to 
find studies for each of the top ten species from all 
of the FAO major fishing areas. Those research arti-
cles that provided a statistical analysis between the 
commercial species caught and freshwater flows com-
prised 60% of the studies, whereas 22% observed this 
relationship, e.g. through changes in salinity, and for 
18% of the articles it was inferred, e.g. from the pres-
ence or absence of species and freshwater flows. Most 
of the studies (89%) used fishery-independent surveys 
to collect their data and only 11% relied solely on 
commercial fisheries landings or catch data. The larg-
est proportion of studies (10%) were found in the east 
coast of South America (area 41), and the coastlines 
bordering the northwest Pacific Ocean (area 61). Very 
few of the studies (4%) were found in the regions 
around Antarctica (areas 48, 58 and 88). A single 
estuary was found in the Kerguelen Islands, south-
ern Atlantic Ocean (area 48), and no estuaries were 
found in Antarctic and Southern Indian Ocean (area 
58) and Pacific Antarctic (area 88). The deep embay-
ments and fjords along the coast in the Gulf of Alaska 
and Bering Sea (area 67) accounted for 13% of the 
estuaries found in this study. The coastal areas in the 

Table 2  Definition of the species guild associations from Potter et al. (2015)

Category Definition

Straggler These species enter estuaries sporadically or in low numbers and are most common 
in areas where salinity is consistently close to oceanic levels

Estuarine-opportunist Enter estuaries regularly, particularly as juveniles. Many of these species are also 
capable of using coastal marine waters as alternative nursery areas

Estuarine-dependent Requires sheltered estuarine habitats to complete an early life stage
Anadromous Species that spend most of their life in the ocean and migrate into rivers to spawn
Catadromous These species spend most of their life in freshwater and migrate out to sea to spawn
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eastern Indian Ocean (area 57) represented the largest 
proportion of species (10%). This was mainly due to 
this area having the largest number of FAO species 
at a higher taxon, thus more species level information 
representing these higher taxa were found.

The total average annual catch of all marine wild 
capture fish and invertebrate species from 2011 to 
2015 was 73.23 million tonnes (Fig.  2a). The top 
ten species from all of the major FAO fishing areas 
represents close to 60% of the global catch (Fig. 2c). 
Moreover, the top ten species that were linked to 
freshwater flows accounted for around 45% of the 
total global catch (Fig. 2e). Those species having no 
association with freshwater flow represented 13% of 
the global catch. The largest proportion of the global 
catch for those species linked to freshwater flows 
was found in the Atlantic Northeast and Pacific 
Northwest, each sharing around 9% of the total har-
vest, with the Pacific Southeast having just over 8% 
of the catch. The main species caught in these areas 
were Atlantic herring (Clupea harengus), walleye 

pollock (Theragra chalcogramma), and Peruvian 
anchoveta (Engraulis ringins). It is also worth not-
ing that the Pacific Western Central had the second 
largest total catch, 11 million tonnes, but one of 
the lower catches of fish that were related to river 
flows, 1 million tonnes. The high catch and low 
association with river flows in this region was due 
to a large share of the catch belonging to highly 
migratory pelagic species such as skipjack tuna 
(Katsuwonus pelamis) and yellowfin tuna (Thun-
nus albacares). Fishers target the tuna as they fol-
low forage fish prey near the nutrient rich warm 
pool-cold tongue convergence zone, a unique fea-
ture of the equatorial Pacific Western Central region 
(Lehodey 2001). The lowest catch was recorded in 
the Arctic Sea, which was less than 1% of the total 
global catch. A common problem in this area is the 
absence of monitoring, control and surveillance of 
fishing activity reported to the FAO, thus this result 
is probably not a reliable indicator of the total catch 
(Pauly et al. 2008).

Table 3  Summary of the literature review for the global syn-
thesis. The countries, species and studies columns refer to all 
species that have been reviewed in this study. Statistical anal-
ysis denote the studies that applied statistical methods to link 

species and freshwater flows. The estuaries column indicates 
the number of estuaries where different species were found to 
have an association with freshwater

FAO Area Description Countries Species Estuaries Studies Statistical
analysis

18 Arctic Sea 3 10 10 8 5
21 Atlantic Northwest 3 10 15 16 10
27 Atlantic Northeast 9 12 17 15 9
31 Atlantic Western Central 5 17 27 22 17
34 Atlantic Eastern Central 7 12 12 6 2
37 Mediterranean and Black Sea 8 15 16 19 10
41 Atlantic Southwest 3 25 19 26 14
47 Atlantic Southeast 3 15 18 14 9
48 Atlantic Antarctic 1 15 1 7 0
51 Indian Ocean Western 7 21 19 16 7
57 Indian Ocean Eastern 5 29 18 22 6
58 Antarctic and Southern Indian Ocean 0 12 0 5 0
61 Pacific Northwest 5 14 21 26 15
67 Pacific Northeast 1 10 34 22 12
71 Pacific Western Central 4 17 10 12 8
77 Pacific Eastern Central 3 10 4 6 1
81 Pacific Southwest 1 11 7 9 4
87 Pacific Southeast 2 10 6 7 5
88 Pacific Antarctic 0 11 0 0 0
Total 70 276 254 258 134
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There is approximately 36,000  km3 of freshwater, 
18 billion tonnes of sediments and 4 billion tonnes 
of dissolved material flowing into the world’s coastal 
fishing areas every year (Fig. 2b, d, f) (Milliman and 
Farnsworth 2013). The river outflow from the Atlantic 
Southwest (9,700  km3 per year) was the most signifi-
cant feature shown in Fig. 2b. Nearly 65% of the flow 
from this area stems from the large drainage basin 
of the Amazon River. The debris and sedimentation 
deposited in the shelf area near the Amazon River has 
created a vast region of muddy and coralline benthic 

habitat that has little biodiversity (Moura et al. 2016). 
This meant that much of the northern section of the 
Atlantic Southwest is unsuitable for commercial fish-
ing (Food and Agriculture Organisation [FAO] 2011). 
The Pacific Western Central had the second largest 
inflow of freshwater (4,830  km3 per year) combined 
with the greatest load of suspended and dissolved 
sediments (7,220 and 840 million tonnes per year, 
respectively) (Fig. 2b, d, f). Episodic and intense rain-
fall occurring in areas throughout this region can gen-
erate significant river flows with large sediment loads 
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Fig. 2  A series of charts showing each of the FAO major fish-
ing areas with (a) total average catch of fish and invertebrate 
species from 2011 to 2015, (b) total catch represented by the 
top ten fish and invertebrate species, (c) catch of those top ten 
species that were found to have an association with freshwater 

flows, (d) total river flow into the ocean, (e) total suspended 
solids (TSS), and (f) total dissolved solids (TDS). The FAO 
catch data were sourced from FAO (2015) and the TSS and 
TDS data were sourced from Milliman and Farnsworth (2013)
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originating from the rapid erosion of volcanic bed-
rock (Milliman and Farnsworth 2013). Overall, there 
was considerable variability in river flows, sediments 
and dissolved material flowing into each FAO area.

Globally, those fish and invertebrate species that 
were linked to freshwater flows accounted for 77% of 
the total catch (43 million tonnes) from the FAO’s top 
ten fished species for each area. However, the rela-
tionship between each species, freshwater flows and 
fishing area varied considerably among FAO areas 
(Fig. 3). Some of this variability can be explained by 
the way individual species have adapted to abiotic 
conditions within different regions of the world. More 
than half of the species (57%) associated with fresh-
water flows were found in temperate regions. Patterns 
in the life history of many marine species in temper-
ate areas are strongly cued to seasonal changes in 
river flows (Winemiller 2005). Unlike the temperate 
regions, in tropical marine environments only 17% 
of species were associated with freshwater flows. It 
is likely that many marine species in the tropics have 
developed life history strategies that avoid the poten-
tially lethal effects of abrupt and unpredictable river 
flows (Connell 1978; Winemiller and Rose 1992). 
The subarctic and arctic regions accounted for 15% 

of species. Species in these areas have either bio-
logically adapted to cold water environments or show 
strong migratory behaviour (Clarke and Johnston 
1999). Lastly, dry and arid areas had the least num-
ber species (11%) associated with river flows. Most 
species in these regions were found to be migratory 
and were likely to take advantage of the benefits from 
flowing rivers when the opportunity arises.

Overall, 199 out of the 276 (72%) commercially 
fished species in this study were linked to river flows. 
Further analyses of these species revealed that 83% 
had a trophic association with flowing freshwaters 
(Fig.  4). This relationship was mainly driven by an 
increase in the availability of both pelagic and benthic 
prey, which for many species included phytoplank-
ton, zooplankton, detritus or forage fish. Around 14% 
of species, such as salmonids and clupeids, required 
changes in their physiochemical habitat (e.g. salinity 
or temperature) brought about by freshwater flows to 
complete a life stage. Fewer species, around 3%, were 
found to rely on freshwater flows in order to success-
fully migrate to or from estuarine areas.

Most of the top ten species (59%) that were linked 
to freshwater flows were classified as estuarine-
opportunists (Fig.  5). In these cases, species were 

Fig. 3  World map of the FAO major fishing areas with pie 
charts inset within each region showing the percentage of catch 
for the top ten species that have an association with freshwa-
ter flow (blue) and those where no freshwater association was 

found in the literature (red). The small cyan coloured dots 
represent the location of estuaries where commercial fish and 
invertebrate species were identified at some point throughout 
their lifecycle
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identified as inhabiting both coastal and estuarine 
areas, predominately as juveniles. The presence of 
estuarine-opportunists ranged from 20 to 100% in all 
FAO areas, excluding Antarctic waters. Just over 19% 
of marine species were found to be estuarine-depend-
ent, which means throughout their juvenile life stage 
they were only found within estuarine environments. 
Around 40% of these species were crustaceans from 

the penaeid family. Those classified as marine strag-
glers accounted for 18% of species, since they were 
only found within estuaries on an irregular basis. A 
majority of stragglers (87%) were found in estuaries 
and coastal areas boarding both the Atlantic Ocean 
and Mediterranean Sea. Anadromous species made 
up 4% of the guild associations classified in this study 
and occurred in large numbers in the Arctic Sea and 
Pacific Northeast. Lastly, none of the species in this 
study were associated with the catadromous guild.

The data suggest that the majority of species 
(77%) have a facultative association with freshwater 
flows because they enter estuaries irregularly, or in 
low numbers (i.e. estuarine-opportunists and marine 
stragglers). Fewer species (23%) were found to have 
an obligate relationship where they require estuarine 
and riverine habitats to complete a life stage (i.e. 
estuarine-dependent and anadromous). Moreover, 
the results from both the analyses of flow and guild 
associations indicates many of the commercial fish 
and invertebrate species have a preference for the 
food resources available in productive estuarine and 
coastal waters, which are driven by changes in fresh-
water flows. However, the facultative nature of this 
relationship does make it challenging to quantify 

Fig. 4  The percentage of fisheries species having a migratory, 
trophic or ontogenetic relationship with flowing freshwaters

Fig. 5  World map of the FAO major fishing areas with pie 
charts inset within each region showing percentage of species 
classified as either anadromous (blue), estuarine-dependent 
(green), opportunist (orange) or straggler (red). The guild defi-

nitions from Potter et  al (2015) were used to categorise each 
species. The small cyan coloured dots represent the location of 
estuaries where commercial fish and invertebrate species were 
identified at some point throughout their lifecycle
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how the variability in river flows affects these species 
throughout their lifecycle.

For the fish and invertebrates considered in this 
study, 85% of species had an association with fresh-
water flow at the juvenile stage of development 
(Fig.  6). This result is consistent with many other 
studies that have identified estuarine and coastal 
areas as critical nursery habitats and areas of ref-
uge from predators for marine species (Beck et  al. 
2001; Sheaves et  al. 2015; Whitfield and Pattrick 
2015). Most adult species (58%) were also found to 
be inhabiting estuarine and coastal areas throughout 
their life cycle. Though, the presence of adult species 
in estuaries and coastal areas is more than likely fac-
ultative, it goes some way to supporting the idea that 
many species are taking advantage of the food sub-
sidies associated with flowing rivers. Fewer species 
(46%) were found associated with freshwater flows 
during their larval stage (from 16 of the FAO areas), 
and only 19% as eggs (from seven areas). Unlike the 
juvenile and adult life stages the association between 
freshwater flow and species found spawning was low 
(11%). The lower proportion of species found with 
eggs or spawning in estuaries and coastal areas may 
be an observation bias because it is more difficult to 
survey spawning events and eggs compared to other 
life stages. The presence of large numbers of adult 
marine species found associated with freshwater 
flows in this study does warrant further investiga-
tion into the possibility of spawning activity in these 
areas.

Assumptions and caveats

A key assumption of this review is that factors affect-
ing individual species at different life stages could 
influence fish stocks within each FAO area. However, 
species within some FAO areas have been genetically 
identified as belonging to separate fish stocks. For 
example, Pacific whiting in FAO Area 67 have been 
identified as two separate stocks, one found in the 
Strait of Georgia and the other migrating along the 
coast (Phillips et al. 2007). In this case, we found lit-
erature that linked flows from the Fraser River to the 
survival of larval and juvenile Pacific whiting in the 

Strait of Georgia (Guan et al. 2018). A separate study 
was found for the coastal stock, where the abundance 
of juvenile Pacific whiting was positively influenced 
by an increase in food availability associated with the 
Columbia River plume (Emmet et al. 2006).

A limitation of this review is that only two biblio-
graphic databases (Google Scholar and Web of Sci-
ence) were used for literature searches. As a result, 
the literature search may not have been as exhaustive 
as possible. To reduce the risk of omitting important 
information the database search terms were inten-
tionally broad and included the name of each species 
within the geographic boundaries of the FAO area 
being searched. Fishbase was also used to confirm the 
life history status of species, which was particularly 
useful where the literature provided contrasting find-
ings for the same species (Froese and Pauly 2010).

Finding multiple studies for each species, fish 
stock and FAO area was desirable but not always 
possible. The disadvantage of this approach was that 
some FAO areas were better represented than others, 
which led to geographical bias in the number of stud-
ies found in some regions of the world. In particular, 
the number of studies in tropical regions was low in 
comparison with temperate areas. The lack of studies 
in tropical regions provides an opportunity for future 
research to bridge this gap in knowledge.

Another potential limitation is the use of FAO 
catch data instead of a fishery catch rate such as catch 
per unit effort (CPUE). Estimating fishing effort for 
each fishery within the FAO areas is difficult because 
of the lack of reporting of vessel information and 
the type of gear used by many countries (Bell et  al. 
2017). Consequently, effort statistics are not always 
available from the FAO or need to be verified to 
account for fishing power, efficiency and the type of 
gear (FAO 2011). The FAO catch data are based on 
landings from each country that tend to be more com-
plete and provide important insights into the status of 
global marine wild capture fisheries (FAO 2011; Bell 
et al. 2017).

Implications for fisheries management

The strong association between river flows and most 
of the world’s commercially important fishery species 
found in this study raises concerns about how changes 
in flow may affect fish stocks on a global scale. The 

Fig. 6  FAO major areas and species that have an association 
with freshwater flow for the life stages shown as a circle, con-
secutive stages are linked by a line

◂
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effects of river flow regulation from the construc-
tion large dams have already been implicated in the 
decline and collapse of many fish stocks globally 
(Drinkwater and Frank 1994; Grimes and Kingsford 
1996). However, the ability to determine the effect of 
changes in river flows on the productivity of marine 
stocks remains a key challenge in fisheries science 
(Myers 1998; Winemiller 2005). It is challenging 
because the interaction between a species’ population 
dynamics and river flows are not well-understood in 
many regions of the world (Robins et al. 2005; Costa 
et al. 2007). Additionally, changes in river flows are 
often managed within the jurisdiction of catchment 
managers and hydrologists (Richter 2010). Alloca-
tions of water for use by industries downstream, such 
as coastal fisheries, may not be prioritised in the plan-
ning process (Poff et al. 2003). Therefore, identifying 
how changes in river flows influence marine popula-
tions is imperative to proactively manage the poten-
tial impact on fish stocks.

One way to incorporate changes in river flow 
into fisheries management planning is through stock 
assessment models (Myers 1998). This has been 
achieved by considering river flow in stock-recruit-
ment relationships. For example, accounting for the 
impact of freshwater flowing from the Fraser River, 
Canada, helped explain 58% of the recruitment vari-
ability in Pacific herring stocks. In this case, river 
flow was thought to enhance primary productivity, 
which positively benefited larval and juvenile herring 
growth and survival (Stocker et  al. 1985). Similarly, 
the interannual changes in river flow were used to 
explain the variability in the recruitment strength of 
multiple cohorts of white shrimp (Gracia 1991). The 
author developed multiple stock-recruitment models 
that reflected periods in time where river flows had 
a positive or negative effect on recruitment. These 
models were then used to explore how the different 
scenarios of river flows combined with fishing pres-
sure would impact fishery yield and allow fishery 
managers to consider environmental changes in their 
management strategies.

Conclusions

The regulation of freshwater flows coupled with 
changes to land use in and around river basins has 
far-reaching consequences not only for the ecology of 

rivers but also for fisheries in the receiving estuarine 
and coastal ecosystems (Bunn and Arthington 2002). 
Even in regions where there are low numbers of spe-
cies associated with flow, managers should consider 
how the impact of changes in quality, quantity and 
timing of freshwater flows affects the productivity of 
fishing areas (Benson 1981). Likewise, water resource 
managers should take into account the downstream 
effects of future freshwater allocations.

Further exploring the effects of climate change on 
the association between river flow and marine fisher-
ies production may be an important area for future 
research. The effects of climate change can impact 
river flow regimes by altering spatial and temporal 
rainfall patterns and the frequency of very cold or 
hot seasonal temperatures that can affect the timing 
of snow melt (Adam et  al. 2009; Graham and Har-
rod 2009). An increase in temperature of 1.5 to 3.0° 
C from global warming is predicted to increase peri-
ods of extreme low and high flow events (Thomp-
son et al. 2021). Modifications to river flow regimes 
could affect the physiology, behaviour and population 
dynamics of marine species (Rijnsdorp et  al. 2009). 
Many marine species that inhabit coastal regions have 
complex life histories where growth and survival in 
the early life stages is largely dependent on condi-
tions in coastal, estuarine and riverine nursery areas 
(Vörösmarty and Sahagian 2000; Drinkwater and 
Frank 1994). Changes in coastal habitat caused by 
global warming could affect the growth and survival 
of marine species and lead to reduced recruitment 
that negatively impacts the productivity of fish stocks 
(Rijnsdorp et  al. 2009). To protect global fishery 
resources in the face these challenges future research 
could provide valuable insights on the links between 
climate change and river flows and their effect on 
marine species.
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