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ABSTRACT: 

Freshwater flows into tidal estuaries are an essential element of the natural assemblage of 
processes that make tidal estuaries some of the most ecologically diverse places on earth. 
The questions of how much freshwater flow is enough to sustain estuarine systems has 
plagued scientists and resource managers worldwide, and even in the most studied 
estuaries of the world, questions of required quantity and timing of flows remain. However, 
this lack of specific information is no excuse for lack of action. There is considerable 
knowledge about the general behavior and mechanisms of the effects of freshwater flow on 
estuarine ecological health. This synopsis provides a quick view of the breadth of recent 
scientific work relating freshwater flows to estuarine health and of the generally accepted 
important estuarine processes that are driven in large part by freshwater flows. A large 
body of scientific work, both specific to the Sacramento-San Joaquin Delta and in other 
estuarine systems around the world, exposes the following conclusions: 
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Introduction 

 
In a review of literature concerning fresh water flow management in riverine estuaries, Peirson et 
al. (2002) cite a study by Estevez (2000) that concluded: 
 
“Freshwater is an integral part of the definition of an estuary and so deserves primacy in all 
aspects of estuarine ecology, as a matter of first principles. Changes to inflows have harmed 
many estuaries in the world, and have the potential to harm more.” 
 
And as the largest estuary on the West Coast into which nearly half of the state’s runoff from 
five major rivers converge, and from which over two-thirds (~25 million) of the state’s 
population get a portion of their drinking water and whose water irrigates ~45 percent of the 
nation’s fruits and vegetables, the importance of freshwater flows to San Francisco Bay and 
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Sacramento-San Joaquin Delta cannot be overstated. The mingling of fresh and salt water in the 
Sacramento-San Joaquin Delta estuary creates an ecosystem unique for its size and diversity of 
species; roughly 738,000 acres support more than 750 species of plants and animals, some, such 
as the Delta smelt, are unique to the Delta. Over 50 different species of fish and 380 animals, 
mostly birds, call the Delta estuary home. Endangered and threatened fishes that use the Delta 
and associated rivers include the spring-run and winter-run Chinook salmon, Central Valley 
steelhead, longfin smelt, and green sturgeon (Moyle and Bennett 2008). In addition to being the 
gateway for hundreds of thousands of salmon and steelhead that spawn in the streams of the 
Central Valley, the Delta is a critical link in the Pacific Flyway for migratory birds (Herbold and 
Moyle 1989). 
 
At the broad scale, estuaries are the recipients of almost all of the runoff and groundwater flow 
yielded by a catchment (Peirson et al. 2002). Rivers act as the primary drainage system of a 
catchment, and, as the rivers enter the coastal zone, they become estuaries. Water that is not 
returned to the atmosphere by evaporation or evapotranspiration by plants or diverted for human 
needs flows downstream to the estuary. 
 
Estuaries are by their nature transitions zones between catchments and the coastal ocean. 
Estuaries by definition are dependent on freshwater inputs, and cannot be thought of as an 
independent ecosystem (Schlacher and Woolridge 1996).  
 
What we refer to as Delta outflow is the amount of inflow from the Sacramento-San Joaquin 
system that has not been consumptively used upstream or in the Delta and has not been diverted 
as part of the state and federal export system.  

To that effect, the following provides a brief review of the importance of freshwater flows to 
estuaries in general – referred to as “inflow” in most studies. This synopsis of the collective 
global understanding of the significance of freshwater flow in sustaining estuarine ecologic 
health is provided to underscore the relevance of the Delta-specific flow information provided by 
The Nature Conservancy and our other California conservation partners. 
 

Estuarine processes and associated ecological systems impacted by freshwater inflows 
 
The linkages between freshwater flow and estuarine conditions can be represented by a simple 
conceptual model of the effects of freshwater inflows on estuaries as shown in Figure 1 below – 
(modified from Alber 2002). 
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Figure 1. Diagram of the impact of freshwater flow into an estuary. 
 
 
In short, the quantity, timing and quality of freshwater flows are linked directly to four physical 
estuarine conditions – salinity, sediment, dissolved and particulate material (Alber 2002, Peirson 
et al. 2002). In turn, these four processes are linked to biological conditions such as species 
composition, abundance and distribution and primary and secondary production (Alber 2002, 
Peirson et al. 2002) and are summarized in Appendix 1. These linkages have been documented in 
numerous studies around the world and are expertly reviewed and summarized in Peirson et al. 
2002. A checklist of major ecological processes by which freshwater flow reductions may impact 
estuaries was developed by Bishop (1999) and cited by Peirson et al. 2002 as follows: 
 

1. Salinity-mediated processes 
Freshwater inflows directly impact the salinity structure of estuaries. Salinity is indirectly 
relevant to two other processes – temperature and dissolved oxygen. The link between salinity 
and DO aggravates issues of hostile water quality at depth and the anoxia-driven release of 
pollutants from estuary-bed sediments. Many complex follow-on impacts may occur as a result 
of altering salinity included impacts on the instream and riparian flora, loss of shelter and 
foraging areas for fauna, bank instability and multi-linked water quality reduction, the 
distribution of estuarine organisms (Deeling and Paling, 1999).  
 

2. Reductions in inflow-induced currents and vertical mixing 
Processes involving changes in inflow-induced currents and vertical mixing are the second most 
common process impacted by reduced flows. Impacts include water quality changes induced by 
diminished vertical mixing (i.e. reduced water turbulence), direct physical impacts on eggs and 
larvae, specifically, reductions in their suspension in the water column and their transport along 
the estuary. 
 

3. Reductions in connectivity  

Freshwater Flow to 
the Estuary 

• Quantity 

• Timing 

• Quality 

Estuarine Conditions 

• Salinity 

• Sediment 

• Dissolved 
material 

• Particulate 
material 

Estuarine Resources 

• Species 
composition, 
abundance, 
distribution 

• Primary and 
secondary 
production 
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The longitudinal connectivity between the estuary and the upstream river system is impacted by 
reduced inflows.  
 

4. Reductions in flushing and channel-maintenance flow 
Reduction of flushing and channel-maintenance flows may result in a decrease of habitat quality. 
Substrates are coated by sediments or organic material for prolonged periods, and water-quality 
deteriorates due to the accumulation of organic material and subsequent high biochemical 
oxygen demand. In addition, reducing channel-maintenance freshwater inflows results in habitat 
contraction.  
 

5. Reduced input of sediment, river-borne nutrients and organic material 
This process drives estuarine foodwebs and is responsible for the high productivity of estuaries 
(Grange et al., 2000, Loneragan and Bunn, 1999; Binnie, Black and Veatch, 1998). Organic 
matter and nutrients (bound to sediments) primarily enter estuaries from catchments during high 
flow events.  
 

6. Reduced dilution of pollutants. 
Concentration of pollutants also results from reduced inflows.  

Longley (1994) as cited by Peirson et al. 2002 examined the functions of freshwater inflows to 
Texas bays and estuaries and developed the following list of significant impacts as a result of 
reduced flows: 
 

• increased salinities and vertical stratification of the water column; 
• penetration of the salt-wedge farther upstream allowing intrusion of predators and 

parasites of estuarine species, and increased intrusion into groundwater and surface water 
resources; 

• increased frequency of benthic anaerobic conditions and decreased inputs of nutrient and 
organic matter used by estuarine species;  

• loss of characteristic species and economically important seafood harvests; and 
• increases in erosion of delta areas resulting from the reduction of sediment flux. 

 
In terms of freshwater flow impacts to the biotic components of estuaries, in the Delta, Jassby et 
al. in 1995, Kimmerer (2002, 2009) and Rosenfield and Baxter (2007) provided evidence that 
freshwater inflow was significantly and positively correlated with nine ecosystem attributes: 
organic carbon, phytoplankton supply, abundance of one invertebrate taxon, biomass of benthic 
macroinvertebrates and the survival/abundance of five fish taxa. Similar results, involving 
nutrients, phytoplankton, zooplankton, ichthyoplankton and ichthyonekton, have been found in a 
number of South African estuaries in relation to freshwater flows (Grange et al., 2000). 
Peirson et al. (2002) cites studies by: 

• Drinkwater and Frank (1994) where reductions in freshwater inflows resulted in declines 
in coastal fisheries explained by impacts to migration, spawning success, advection of 
eggs and larvae, species competition and distribution, general productivity, food supply, 
and water quality; and 
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• Glaister (1978) and Ruello (1973) where commercial crustacean catches decreased in 
Australian estuaries due to decreases in freshwater inflows. 

• Powell and Matsumoto (1994) where freshwater inflow is an essential factor influencing 
biological productivity of estuarine areas as diverse as the Black Sea, the Caspian Sea, 
the Nile Delta, the Gulf of St. Lawrence, Chesapeake Bay, and the bays and estuaries of 
the Gulf of Mexico (particularly those within the U.S. states of Texas and Florida).  

 

Protecting and maintaining estuarine ecosystems in a knowledge-poor environment 
 

The Delta is highly valued for its water supply, recreational opportunities and dependent 
commercial and recreational fishers. The Delta is also an important in terms of conservation 
value as it provides viable habitat for threatened or endangered flora and fauna. In managing the 
environmental impact of freshwater inflows to the Delta system it is of course important to have 
some understanding of the way in which biological risks change in relation to, and are linked 
with, the impacts arising from reduction in flows. Currently there is little information on the 
causal links between biological-risk and freshwater inflow in the Delta.  
 
However, there is a substantial literature addressing the impacts of freshwater impacts to 
estuarine processes and ecosystems that should not be ignored.  
 
Peirson et al. 2002 cite a study by Binnie, Black and Veatch (1998) that acknowledges a 
generally “knowledge-poor environment” in terms of freshwater reductions on estuarine systems. 
These authors caution both estuary managers and nature-conservation groups alike to “accept 
that precise quantitative answers cannot be provided regarding the impact of inflow reductions 
on the ecology of estuaries, and that initial predictions of ecological effects will contain a degree 
of uncertainty.”  
 
As stated above, estuarine systems are highly complex systems composed of a variety of biotic 
and abiotic components and linkages (Peirson et al. 2002, Perillo 2009). Acknowledging these 
complexities Peirson et al. 2002 urge groups to employ an adaptive management approach to the 
management of ecological impacts in estuaries: 
 
"Given the complexities of estuarine ecosystems and inaccuracies which may occur in the 
methodologies, particularly in relation to the range of working thresholds utilized, it is 
imperative that any implemented extraction regime be viewed as an interim condition, to be 
revised once substantial knowledge is gained through ensuing scientific research and 
monitoring."  
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Appendix 1. Key estuarine processes and impacts of reduced flows.  
Key Attributes of freshwater 
flow to estuaries 

Importance to Estuarine processes 

 

Impacts of reduced flows to 
ecological systems 

 

Quantity 

Quality 

Timing 

 

 

 

 

Influences: 

• Amount of river-supplied nutrients 
and organic material 

• Advection – transport in water 
column 

• Concentration of pollutants/toxicity 
• Connectivity to upstream water 

bodies (important for migrating 
organisms) 

• Currents and vertical mixing -  
• Distribution of flora and fauna and 

trophic interactions 
• Duration of elevated salinity 
• Evaporation 
• Flushing and channel maintenance 

flows 
• Nutrient fluxes 
• Inundation 
• Input of river-borne nutrients and 

organic material (food supply) 
• Larval and egg suspension in water 

column 
• Lateral connectivity  
• Position of the estuarine turbidity 

maxima (which in turn influences 
particle settling). 

• Primary productivity 
• Residence time which has 

implications for the settling, nutrient 
uptake and organic decay of 
planktonic organisms and detrital 
particles 

• Salinity mediated processes (DO, 
temperature) 

• Salt-wedge position 
• Sediment regime 
• Stratification 
• Transport and dilution of pollutants 
• Water quality 
• Woody debris inputs 

 

Loss of: 

• Freshwater habitat 
• Migratory pathways – 

both to ocean and 
upstream 

• Primary productivity 
 

Impacts:  

• Distribution of flora and 
fauna and trophic 
interactions 

• Food web dynamics 
• Larval and egg 

suspension in water 
column 

• Water quality conditions 
(low DO at depths) 

 

Increases: 

• Competition and 
predation from 
organisms normally 
found in lower estuary 
habitats 

• Physiological stress to 
low-salinity tolerant 
fauna and flora  
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References used to create table: 

Kimmerer, W.J.  2002.  Physical, biological, and management responses to variable freshwater flow into 
the San Francisco Estuary. Estuaries 25:1275–1290. 
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Maintains : 

• Tidal channel openings 
 

Transports: 

• Nutrients ( DOM/POM) and 
pollutants – nutrient fluxes 

• Woody debris 
 


