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ABSTRACT 

 

 Estuaries are important transitional zones where freshwater and marine water 

meet and mix. This freshwater is referred to as freshwater inflows. Estuaries are the link 

between streams and rivers and the sea. Freshwater inflows provide nutrients, sediments, 

and regulate salinity levels. An estuary cannot properly function without freshwater 

inflows from rivers and streams.  Landscape changes caused mainly by anthropogenic 

influences are altering the amount of freshwater inflows to estuaries. Humans are 

diverting fresh water from rivers and streams. As the human population grows and the 

strain on water resources continues, the ability to effectively manage freshwater inflows 

into estuaries is becoming increasingly important.  

 The purpose of the current project was to design support tool frameworks for 

managing freshwater inflows to estuaries, then creating a web-based implementation of 

the decision support tool, and lastly, surveying stakeholders to gauge its effectiveness.  

 There is a great need for decision support tools to provide science-based 

information to policy makers, managers, and stakeholders. A decision support system is a 

structured system that can be used to integrate ecosystem based management (EBM) 

strategies in an organized manner. A decision support system traditionally assimilates 

operations processing systems into a framework where all are easily accessible.  Decision 

support systems aid managers in the decision-making process and support the 

transference of knowledge to all levels of the system. A review of structural components 

of decision support tools in general, and existing environmental decision support tools, 
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provided guidance for the creation of a web-based decision support tool to inform 

managers regarding issues relating freshwater inflows to estuarine system health.   

The web-based decision support tool created here is called Inflows.  This tool 

offers information on freshwater inflows and estuarine systems to users through the use 

of EBM strategies and web-based technology. Integration of this broad range of data, 

information, human components, and technology into useful management tools can help 

managers create effective strategies for managing freshwater inflows and protecting 

estuarine habitats. 
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INTRODUCTION 

  

 Global change refers to changes in the environment caused by climate and human 

systems that may alter the capacity of the Earth to sustain renewable resources (IPCC 

2012). Coastal areas are especially vulnerable to global changes due to their 

characteristically high human densities (Ronnback et al. 2007).  

 One major component of global change in coastal areas is the upstream removal 

of freshwater from rivers and streams for anthropogenic use before it reaches the coast.  

Since the 1960’s, dewatering, or removal of water from streams and rivers, has doubled 

and around 60% of the Earth’s runoff is captured (MEA 2005). Removal of freshwater is 

altering three kinds of environmental flows including instream flow (i.e., freshwater flow 

within rivers and streams), inflow (i.e., freshwater flow into estuaries from rivers), and 

outflow (i.e., water flow from a river or estuary into the sea) (Palmer et al. 2008).  

A. Importance of freshwater inflows to estuaries 

 Estuaries are coastal ecosystems where the freshwater inflows from streams and 

rivers meet the marine waters in an estuary and mixing occurs (Montagna et al  2013). 

Freshwater inflow is the freshwater that flows from rivers into estuaries. Mixing occurs in 

estuarine ecosystems spatially and temporally from climatic influences including tidal 

action, seasonal variability and storms (NERRS 2013). Estuaries are influenced by the 

tides but are often protected by storms and tidal action by buffers further offshore 

including barrier islands and peninsulas (NERRS 2013). 
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 An estuary cannot properly function without freshwater inflows from the rivers 

and streams. Freshwater inflows are important to estuaries because they provide low 

salinity nurseries, and  transport nutrients, sediment, and organic material downstream, 

affecting species movement and reproductive timing (Montagna et al. 2002a). Global 

changes caused largely by anthropogenic influences are altering the amount of freshwater 

inflows to estuaries (CAMEO 2008). Humans are diverting water from rivers and 

streams, decreasing the amount of flows making it to estuarine ecosystems. As the human 

population grows and the strain on water resources continues, the ability to effectively 

manage freshwater inflows into estuaries is becoming a priority worldwide (Montagna et 

al. 2013).  

B. Alterations in hydrology of freshwater inflows 

 Dewatering, or the removal of freshwater before it reaches the estuary, causes 

changes in the structure and function of that estuarine ecosystem (Palmer et al. 2011). 

Estuarine systems may experience changes in many ecosystem components including 

hydro climate, water quality, benthic communities, epibenthic communities, fish 

communities, invasive species, ecosystem services, and other water resources. Estuarine 

ecosystem changes have resulted in losses of habitat, biodiversity, and productivity 

(Montagna et al. 2002b).  

 Previous inflow studies performed to assess the effects of changing freshwater 

flows used benthic invertebrates and macrofaunal biomass as bioindicators (Palmer et al. 

2008). Bioindicators are species that can be used to signify the condition of an ecosystem. 

The condition can be defined as the state of ecological integrity and the functionality of 
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connections between them (EPA 2008). Therefore, the changes in biomass correlated 

with changing freshwater inflows are indicators that secondary production is changing 

with altered inflows (Kim et al. 2009). 

C. Stakeholder responses to changing freshwater inflows 

New regulations are being implemented to address environmental flows. For 

example, in Texas, Senate Bill 3 addresses the need for environmental flow provisions 

including the maintenance of freshwater inflows to estuaries (TCEQ 2009). The 

occurrence of global changes and new legislation supported by federal and regional 

governments has led to an increasing interest in understanding the importance of 

freshwater inflows in order to conserve and restore ecological health and functioning of 

rivers (Acreman, M.C. 2004). To ensure continuing presence and sustainability of 

estuarine ecosystems, it is imperative to understand and describe the changes caused by 

dewatering of estuaries (Hamilton et al. 2010). 

 To describe changes in freshwater inflows to restore or conserve estuarine health, 

riverine health, and it’s associated wetland’s function, environmental flow definitions 

must be determined and developed (Acreman et al. 2004). In Texas, Senate Bill 3 

recommended developing flow standards using an environmental flow regime, which is a 

schedule of the flow quantities that are needed for maintaining a sound ecological 

environment for the persistence of key aquatic habitats (Brandes 2009b). A sound 

ecological environment should support native species, key habitats, key features of the 

natural flow regime needed for species life cycles, and sustain key ecosystem services 

(Brandes 2009b). The idea is that flow standards should mimic natural flow patterns to 
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maintain ecological health (Poff et al., 1997). This is in contrast to the flow regimes 

created by diversion, which can remove the peak flows to storage.  Analyzing changes in 

freshwater inflows and the responses from other environmental components in estuarine 

ecosystems can provide the information necessary to create flow standards.  

D. EBM strategies 

 Ecosystem-based management (EBM) strategies require a comprehensive 

approach to incorporate land, energy, and natural resource use and allocation, involving 

species management, natural commodities, and humans as components (Arkema et al. 

2006). EBM also incorporates data analysis of various interactions over different amounts 

of time and space (Hutchison 2011). This may be directed at the maintenance or 

enhancement of the entire riverine ecosystem, including its various aquatic and riparian 

biota and components from source to sea (Tharme, R.E. 2003). Implementing ecosystem 

management strategies necessitates knowledge of multiple disciplines and large data sets. 

Incorporation of the data and strategies often requires tools that use the best-available 

science (Curtice et al. 2012). Tools that incorporate operational processes and systems of 

an organization, such as EBM strategies are called decision-support tools.  

E. Decision-support tools 

A decision support system (DSS) traditionally assimilates operations processing 

systems while functioning at the highest level of information systems to aid decision 

makers in the decision making process and support the transference of knowledge to all 

levels of the system (Sprague and Watson 1986). The objective of a DSS is to improve 

the functionality of people in an organization. A review of structural components of 
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decision support tools can provide valuable information for applying the knowledge 

gained towards the creation of a web-based decision support tools used to inform 

managers of issues regarding freshwater inflows in estuarine systems. 

 Decision support systems are created through the use of frameworks that 

developers practice to organize their actions (Sprague and Watson 1986). By giving DSS 

parameters, one may understand the key components needed to create a DSS system. 

Fundamental components a DSS must have include dialog, data, and modeling (Alter 

1980; Bennett 1977). A successful DSS equalizes the three components so it is easy to 

use by having informative text, makes available a wide variety of data, and provides 

analysis and modeling (Alter 1980; Bennett 1977). DSS are developed with the ability to 

be adaptable. DSS require human, hardware, software, and data source interaction 

(Sprague and Watson 1986). DSS are decision motivated because they are geared 

towards managers and policy makers. DSS occur at three levels of technology including 

specific DSS, DSS tools, and DSS generators (Alter 1980; Bennett 1977; Sprague and 

Watson 1986).  

E.1. Levels of Decision Support Systems:  

 The term decision support system (DSS) is given to three levels of 

hardware/software that vary in capabilities and therefore their relative purposes and tasks 

(Sprague and Watson 1986). Each DSS supplies managers with an education that they 

can use to understand and solve intricate problems. 

 The first of the three technologies is the specific DSS. This is the system that 

allows managers to carry out a task relating to a set of interconnected problems by doing 
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the necessary work (Sprague and Watson 1986). An example of a specific DSS is a data 

collection program. The USGS uses data collection programs to download data from 

USGS gauges.  The data can then be manipulated temporally and spatially to query 

stream flows. The specific DSS actually does the job required.  

 The second of the three DSS technologies is the DSS Generator. The DSS 

generator has the ability to build a specific DSS using a platform of hardware and 

software (Sprague and Watson 1986). An example of a DSS Generator is the Executive 

Information Center (EIS) developed by Boeing Computer Services that has an array of 

integrated capabilities including report preparation, a modeling language, and statistical 

analysis, each available as a separate, specific DSS (Boeing). Each capability is offered 

separately but all work together using a common set of data to make financial decisions 

(Sprague and Watson 1986). The DSS Generator can create specific DSS by building 

upon the framework in place. DSS Generators can act as a stable environment from 

which specific DSS can be produced and modified easily (Sprague and Watson 1986).  

The DSS Generator can also lead to the creation of DSS tools. 

 The third and final part of the DSS technologies is DSS tools. According to 

Sprague and Watson (1986), DSS tools are, “the most fundamental level of technology 

applied to the development of a DSS.” This is because a DSS Tool aids in the creation of 

a DSS Generator and/or a specific DSS. DSS Tools available have increased significantly 

in recent years. DSS Tools improve the overall functioning of a system. DSS Tools allow 

managers to make decisions concerning complex and dynamic systems. An example is 

the CommunityViz Tool developed by Placeways and used to make land-use related 
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decisions by modeling and analyzing land use realities and possibilities (Sprague and 

Watson 1986). The development of DSS Tools requires the cooperation of human, 

software, and hardware systems alike.  

F. Web-based DSS tools 

 Publishing tools for ecosystem management online allow for comprehensive 

integration of large data sets for users, which are often referred to as web-based tools. 

Successful web-based management tools focus on the data integration, specifications of 

analysis, the structure, and the available technology (Adeva 2012). 

 The creation of web-based tools is a relatively recent occurrence. The approaches 

used for ecosystem management tools often vary greatly and feature concepts and terms 

within the scope of natural science. One example, shown in Table 1 below, is the EBM 

Network, which features hundreds of Geographic Information System (GIS) tools related 

to coastal-marine spatial planning and management decision-making 

(http://www.ebmtoolsdatabase.org/node). The specific tool will depend not only on the 

needs of the community, but also the stage of the decision process (Klinsky et al. 2010).  

 Some webpages offer a place to network between available decision-support tools 

and are referred to as ecosystem-based networks. The ecosystem-based tools networks 

are used as references sources. Table 1 shows examples of currently available ecosystem-

based tools networks. 

Table 1. Ecosystem-based tools networks. 

Network  Organization 

Coastal Services Center National Oceanic and Atmospheric Administration 

 

EBM Tools Network 4,000+ Member Network 

 Partnership of states: Alabama, Mississippi, Texas, Florida, 
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Gulf of Mexico 

Alliance 

Louisiana  

 

Texas Commission on 

Environmental Equality Texas Commission on Environmental Quality  

 

 Currently, there are a lack of web-based decision support tools for managing 

freshwater inflows into estuaries. In Texas, for example, only 5 DSS tools relating to 

freshwater inflows were found through a literature review and are shown below in Table 

2. There is a need for new DSS tools to provide information and the creation of 

environmental flow methodologies to mangers. 

Table 2. Freshwater inflows information available online. The table shows A) Freshwater 

inflow information resources and B) the associated acronyms.  

A. Resources 

Organizatio

n Overview 

TX Environmental Flow 

Program (SB3) 

TCEQ Provides links to all existing reports 

regarding freshwater inflows 

Senate Bill 3 Nueces BBASC BBASC Explains SB3 process and provides 

specific Nueces applications (BBEST 

and BBASC reports) 

NERR Science Collaborative MANERR Project to address climate change by 

helping to establish freshwater inflow 

requirements 

Freshwater Inflows and 

Estuaries 

TPWD Case studies of methodologies to 

estimate changes, impacts, and needs of 

freshwater inflows 

Water Information System for 

Texas 

CRWR Data models and database of 

hydrological and biological information 

to determine environmental flow needs 

 

B. Acronym Organization 

TCEQ Texas Commission on Environmental Quality 

BBASC Basin and Bay Area Stakeholder Committee 

MANERR 

Mission-Aransas National Estuarine Research 

Reserve 

TPWD Texas Parks and Wildlife 
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CRWR Center for Research in Water Resources  

  

 

F.1. Creation of the web-based tool: Inflows 

 The purpose of this project was to integrate data previously collected along the 

Texas Coast in the Gulf of Mexico and use the information to create a web-based 

decision support tool for the management of freshwater inflows in estuaries. The sources 

of previously collected data are listed in Table 3.  

Table 3. Existing long-term observation data networks for the Texas coast. A) Agencies 

and observing networks, and B) data available. List provided by Dr. Montagna 

A. Identity Source 

HRI Harte Research Institute, Texas A&M University-Corpus Christi 

(TAMUCC) 

NASA National Aeronautics and Space Administration 

NOAA National Oceanic and Atmospheric Administration 

TCOON Texas Coastal Ocean Observing Network, TAMUCC 

TCEQ Texas Commission on Environmental Quality 

TGLO Texas General Land Office 

TNRIS Texas Natural Resource Inventory 

TPWD Texas Parks and Wildlife Department 

TWDB Texas Water Development Board 

USEPA U.S. Environmental Protection Agency 

USGS U.S. Geological Survey 

 

B. Category Data  Sources 

Hydrology Rain, runoff, gauged,  returns, evaporation, 

diversions  

TWDB, USGS 

Water Quality Salinity, temperature, dissolved oxygen, 

nutrients, chlorophyll 

HRI, TCEQ, 

TPWD, USEPA 

Habitats Area, geo-referenced locations TGLO, NOAA, 

USGS 

Watersheds Locations, water quality TCEQ, USEPA 

Remote Sensing Satellite imagery NASA, NOAA 

Biological Fish, epifauna, infauna, juveniles, oysters HRI, TPWD 
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Socioeconomic Population, land use, economic HRI, NOAA, 

TNRIS 

 

The organized webpage is now published as an integrative freshwater inflows 

web tool. The web-based tool created, Inflows, uses information collected along the 

Texas Coast,the Gulf of Mexico, and explains analytical approaches used by the Harte 

Research Institute at Texas A&M University in Corpus Christi. The goal of the tool is to 

aid in providing the information needed to establish freshwater flow standards for a 

particular area to managers. The website provides information on environmental flows 

that will become more and more important as time progresses and the effects of global 

change are readily detectable. The usefulness of the webpage was tested and analyzed by 

a survey presented to stakeholders. 

F.2. Application of model 

 Studies conducted in Texas estuaries over the past twenty years have led to a 

culminating approach to studying freshwater inflows and creating flow standards. This is 

an introductory overview of the approach used to identify freshwater inflow needs in 

several Texas estuary studies and will be covered in greater detail later on. This decision-

support tool will use the Domino Theory (Palmer et al. 2011, Montagna et al. 2011) that 

asserts that freshwater inflows indirectly affect estuarine resources. This is illustrated 

below: 
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Figure 1. The “Domino Theory” suggests freshwater inflows have an indirect effect. 

Palmer (2011). 

 

 The approach of the Domino Theory first identifies indicator species of interest. It 

then links estuarine species of interest to estuarine conditions, and then that estuarine 

condition to the corresponding range of freshwater inflows. Highlighted case studies 

conducted on Texas’ Coast  have used the Domino Theory technique. 

 The first step of the Domino Theory is to identify the bioindicator for a particular 

estuary. Bioindicators are species that can be used to signify the health of an ecosystem. 

The inflow studies done to assess the effects of changing flows in Texas estuaries used 

benthic invertebrates and macrofauna biomass as bioindicators (Palmer et al. 2008). The 

implications of using benthos are that freshwater inflows enhance secondary production 

because of the salinity gradients caused by mixing fresh water and sea water (Montagna 

and Kalke 1992). 

 Benthic biomass, abundance, and diversity vary by estuarine condition. The 

condition can be defined as the state of ecological integrity and the functionality of 

connections between them (EPA 2008). Therefore, the changes in biomass are correlated 
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with changing freshwater inflows (Kim et al. 2009). These studies done to determine the 

roles of freshwater inflows found altering the hydrology causes changes in estuarine 

systems (Palmer et al. 2011). 

 The use of benthic organisms is useful for several reasons. Benthos are used as 

indicators of many environmental stressors because they are able to integrate spatial and 

temporal changes in ecosystem factors (Smith et al. 2001). Another rationale for using 

benthos is that they cannot travel large distances when ecosystem conditions change. This 

is important because abundance, diversity, and biomass changes can be measured over 

long periods of time at established sampling points and more accurately reflect the 

changes in ecosystem condition. Other marine organisms such as fish are more mobile 

and changes in biomass, diversity, and abundance can be the result of other biological 

responses including avoidance. 

 The next step is to determine the salinity ranges or requirements of the 

bioindicator and to identify them spatially and temporarily (Montagna et al. 2002a, b, 

2009). Salinity is the main factor for associated biological responses in the case studies 

that will be presented. Salinity ranges are useful because it is possible to measure the 

amount of freshwater inflows that are associated with those salinity levels in a particular 

estuary. 

The third step is to identify the flow regime associated with the range of salinities, 

which s can be accomplished using hydrodynamics and salinity transport models 

(Montagna et al. 2002a, b, 2009). The freshwater inflow regime can be created taking 

into consideration the quantity and quality of freshwater, and tidal connections of the 
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estuary. 

 

 

 

 

 

 STUDY AREA 

Much of the information used to create the content of Inflows, namely the case 

studies section, was taken from research conducted by the Basin and Bays Expert Science 

Teams (BBEST) in estuaries along the Texas Coast (TCEQ 2009).  These BBEST studies 

were performed to support the Senate Bill 3 environmental flow process in Texas.  These 

estuaries include the Sabine-Neches Estuary, Trinity-San Jacinto Estuary, Lavaca-

Colorado Estuary, Guadalupe Estuary, Mission-Aransas Estuary, Nueces Estuary, and 

Laguna Madre Estuary and are shown in Figure 2.  

Ongoing monitoring programs that focus on the needs and effects of freshwater 

inflows on Texas’ bays and estuaries provide sources of data. Monitoring programs are 

performed by multiple agencies including: Texas Water Developmental Board, Texas 

Parks and Wildlife Department, the Texas Commission on Environmental Quality, Basin 

and Bay Expert Science Teams, University of Texas at Austin Mission-Aransas National 

Estuarine Research Reserve,Center for Research in Water Resources, and the 

Environmental Protection Agency.  
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Figure 2. Estuaries on the Texas coast in the Gulf of Mexico. Source: (TWDB). 

 The Texas coast is an ideal study area. The differences within estuaries of Texas 

provide a sufficiently broad scale to examine the effects of global change while still 

having a relatively homogeneous coastline because all the estuaries are of a similar 

geomorphological type (Montagna 2002a).  Along the Texas coast there is climatic 

gradient of decreasing rainfall that runs from the northeast to the southwest end. The 

decreasing precipitation gradient is correlated with inflow balances. The inflow balance is 

calculated by adding an estimation of the surface inflows to the precipitation over the 

estuary then subtracting the evaporation across the estuary (TWDB 2012). The inflow 

balances of the Texas estuaries are shown below in Figure 3. 
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Figure 3. Texas estuaries location and inflow balance.  LM=upper and lower Laguna 

Madre. (Montagna et al. 2013). 

 

 

 

 

 

 METHODS 
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in estuarine resources caused by natural and anthropogenic disturbances on freshwater 
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A.1 Literature review  

 Available information on the effects of changing freshwater inflows in estuaries 

along the Texas coast was reviewed. Sources of significant information on the following 

topics were recognized: dewatering (Montagna et al. 2008; Palmer 2011; Hamilton et al. 

2010; Acreman and Dunbar 2004; Brandes et al. 2009b; EPA 2008), dams (Palmer et al. 

2008; Vosomarty 2000), nutrient inputs (Boynton et al. 1995; Day et al. 1994; Flint 

1986). Other topics with important sources of information relating to the effects changing 

inflows included: estuarine hydrology (Alber 2002; Montagna et al. 2002a; Montagna et 

al. 2002b), estuarine condition (Montagna et al. 2013; Drinkwater 1994), and estuarine 

resources. The policy response, namely Senate Bill 3, of the effects of dewatering to 

freshwater inflows in Texas was examined. Relevant information was compiled and 

documented for integration into Inflows.  

 Methods to evaluate freshwater inflows and create flow standards were also 

researched using available literature. Topics of pertinent sources include Environmental 

Flows (Brandes et al. 2009b; Tharme 2003: Montagna et al 2013; TCEQ; EPA; NOAA; 

TWDB), EBM strategies (Arkema et al. 2006; Curtice et al. 2012; Leslie et al. 2007), and 

the domino theory (Palmer et al. 2008; Palmer et al. 2011). All topics integrate both 

human and technological systems into a model for evaluation in order to assist with the 

creation of a flow regime.   

 Research was conducted to identify DSS concepts and find examples of current 

DSS. There was available information from sources on defining a DSS, three levels of a 
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DSS, and DSS managers and technical support (Alter 1980; Bennett 1977; Sprague and 

Watson 1986). The knowledge gained from DSS concepts was then reviewed. 

A.2 Assessment and application of DSS concepts  

DSS concepts and models were evaluated to incorporate a DSS framework into 

the creation of the web-based decision support tool DFIG. An evaluation of the 

freshwater inflow research was performed to organize information into a DSS 

framework. The integrated information was organized into one of following areas: 1) 

background information on estuaries, 2) ecosystem-based management strategies, 3) the 

valued resources of estuaries held by stakeholders 4), estuarine geography, 5) 

environmental flow standards, 6) the Domino Theory, 7) case studies, 8) freshwater 

inflow-related policies.  

A.3 Public databases 

 Relevant databases were identified online through state, local, and federal agency 

webpages (Texas Water Development Board, Texas Commission on Environmental 

Quality, National Oceanic and Atmospheric Administration, Texas General Land Office, 

Texas Parks and Wildlife Department, and U.S. Geological Service).  

B. New information 

 Stakeholders identified at the Gulf of Mexico Alliance meeting attended in year 

one (YEAR?) of the project were contacted to explore Inflows and evaluate the tool 

through a survey. Questions included multiple choice and written answers (Appendix A). 

Questions were aimed at assessing the effectiveness of Inflows as a management tool and 

as compared to other available tools.  
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 Information collected from surveys was used to determine what relevant 

information or inference relating to the management of freshwater inflows may be absent. 

The missing information was analyzed to determine the effects it may have on continuing 

management goals.  

 

 

 

 

 

RESULTS 

 

 The result of this project is the creation of the content of a website. The literature 

contained within this section is taken from the actual website. The text is contained in 

multiple webpages. Therefore, any redundancies are a result of the information being 

taken from different webpages. The redundancies are often contained within the 

introductory information of each section. This section encompasses nearly all of the 

content from the inflows website. 

A. Factors influencing freshwater inflows 

  This section focuses on factors that influence freshwater inflows. The 

information included provides insight into human dimensions, geomorphology, and the 

hydrology that dictate the resulting freshwater inflows. The first section (A.1. 

Stakeholder Values) compromises the human dimensions relevant to freshwater inflow 

management. The next section (A.2. Estuarine Geography) gives information on 

classifying several types of estuarine systems and indications of important habitat types 
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within estuarine systems. The last section (A.3. Environmental Flows) describes the 

hydrological cycle and variances in the timing, frequency, and quantity of environmental 

flows.  

A.1. Stakeholder Values 

 The categorized list of valued resources below represent the most valued 

stakeholder interests (Alber 2002). Stakeholder values are the benefits an estuarine 

system provides for humans. The values an estuarine system holds to humans are the 

reasons for restoring or conserving it to create or maintain a sustainable environment. A 

sustainable environment is one that continues to be productive. Productivity is the 

recurrent creation of energy by producers that is used by consumers and necessary to 

maintain estuarine interrelationships and processes.  

A.1.1 Intrinsic Values 

 Intrinsic value is the belief that something has value in and of itself. The intrinsic 

value of some resource is not necessarily measured monetarily. It can be measured by 

what it represents to humans 

 One example would be The Aransas Project (TAP) lawsuit against the state of 

Texas (Berner et al. 2013). The loss of several whooping cranes migrating through the 

Texas coast caused uproar in the coastal community. The whooping cranes hold great 

intrinsic value to the local community and to birdwatchers who travel annually to see the 

birds in their natural habitat. A lawsuit was brought against the state of Texas, which was 

found in violation of the Endangered Species Act because the removal of freshwater due 

to water permits issued by TCEQ reduced freshwater inflows necessary for the whooping 
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crane’s main food source, the blue crab, causing whooping crane mortalities. The 

decision held TCEQ cannot issue water permits for the San Antonio and Guadalupe 

Rivers until it creates a Habitat Conservation Plan that will ensure inflows to San Antonio 

Bay and an Incidental Take Permit for whooping cranes (Berner et al. 2013). The 

litigation is subject to appeal, and the Federal Appeals Court in New Orleans issued a 

stay of the ruling by the Lower Court in Corpus Christi (Berner et al. 2013).  

A.1.2 Navigation 

 Estuaries provide means of navigation along coasts through inter-bay connections 

called the Intracoastal Waterway.  Navigation via estuaries provides greater protection 

from storms and tidal action because of the sandbars and peninsulas that border the 

estuaries. 

Navigation through often shallow estuaries, such as is the case through the Gulf of 

Mexico Intracoastal Waterway, requires information of the tidal currents timing, height, 

speed and direction (NOAA 2013). Today’s vessels are larger than vessels used in the 

past and increased traffic through estuaries leaves no room for mistakes. Monitoring of 

the water level, water currents, and weather patterns are critical for safe navigation 

(NOAA 2013).  Tidal mixing may change based on the amount of freshwater inflows and 

so a better understanding of the fluctuations in water levels during tidal cycles is 

necessary for habitat restoration projects to meet necessary flow levels. 

A.1.3 Assimilative Capacity 

The assimilative capacity of an estuary is the ability of that estuary to remove 

contaminants in the water by plants absorption and organisms assimilation into their body 
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tissues (USEPA 2005).  This process can greatly reduce the impacts from waste reaching 

the ocean.  Decreased quality of freshwater inflows into estuarine areas can cause 

increased nutrient loading, decreasing the ability of the ecosystem to filter contaminants. 

Nutrient enrichment can cause eutrophication, causing degraded conditions in estuaries. 

A.1.4. Recreational Fisheries and Commercial Fisheries 

Every year in the United States, recreational and commercial fisheries generate 

billions of dollars for the economy (Lellis-Dibble et al. 2008). Much of the fish are 

caught and/or harvested from estuaries. Commercial estuarine species including fish and 

shellfish accounted for 68% of the U.S. commercial fishery landings from 2000 through 

2004; recreational estuarine species of fish and shellfish accounted for nearly 80% of the 

fish harvested nationwide from 2000 through 2004 (Lellis-Dibble et al. 2008).  Estuaries 

play important roles for fisheries by providing nursery habitat and food for fish leading to 

increased fishery productivity, i.e., fish and shellfish species, which translates to billions 

of dollars for the coastal economy. 

A.1.5 Wildlife Habitat 

The wildlife of a region can be defined as the native fauna, or animals, that are 

undomesticated and living in the wild. Wildlife is greatly enjoyed by birdwatchers and 

hunters alike, although for very different reasons. Whether protection of wildlife is of 

interest because it is beautiful, edible, or intrinsically valuable, wildlife needs certain 

habitat types in order to survive. 

When any endangered or threatened wildlife in the U.S. is listed under the 

Endangered Species Act, the habitat that animal occupies that is essential to its survival 
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are designated as critical habitat (USFWS 2013c). Estuaries provide critical habitat types 

for many wildlife species and their prey. Decreased freshwater inflows can adversely 

affect wildlife habitats.  Much estuarine habitat specific vegetation such as seagrass is 

adapted to survival on land that is partially or completely inundated at least some of the 

time. Lack of freshwater inflows and drought conditions reduce estuarine habitat’s 

vegetative cover that can provide breeding grounds, shelter, and prey causing stressors to 

the wildlife populations (Montagna et al. 2013b). 

In Texas, wildlife includes the protected native wild mammals, birds, reptiles, 

amphibians, and freshwater organisms. Texas’ dominant habitat types within estuaries 

include unconsolidated sand or mud, seagrass beds, saltmarshes, oyster reefs, and 

mangroves. The location and range of estuarine habitat types can be correlated with the 

average annual precipitation gradient that occurs along the Texas coast. The northeastern 

Texas coastal area is classified as humid while the southwesterly Texas coastal area is 

considered subtropical and semiarid. Some examples of important estuarine wildlife 

species in Texas include whooping cranes, black drum, red drum, shrimp, oysters, crabs, 

and many others. Critical wildlife habitat is valued because it provides essential 

components necessary for many wildlife species. 

A.1.6. Aesthetic, recreational value 

Healthy estuaries are aesthetically pleasing and are good places to enjoy 

recreational activities. Healthy estuaries have diverse flora and fauna that draw many 

people to the coast. They are also great places to enjoy a seemingly endless list of 

recreational activities including fishing, hunting, kayaking, boating, sailing, 
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wakeboarding, skiing, birdwatching, kiteboarding, crabbing, and much more. These 

values are reasons why many people are interested in estuarine conservation. 

A.1.7. Intertidal Wetlands 

Texas’ estuarine intertidal wetlands have decreased by 9.5% from the mid-1950’s 

to the early 90’s from natural and human induced causes (Moulton et al. 1997). Intertidal 

wetlands are estuarine ecosystems on top or within the surface layer between low and 

high tide (Montagna et al. 2013). Tides that have one high and low tide are referred to as 

diurnal tides (Montagna et al. 2013). Tides that have two repeating cycles of one high and 

low tide are semidiurnal (Montagna et al. 2013). The rising and falling of the volume of 

water in the estuary cause tides. 

Intertidal wetlands are highly productive estuarine ecosystems. They are important 

breeding grounds and nurseries for much economically important marine life; an 

estimated two-third’s of the world’s fish catches spend a portion of their life cycle in the 

intertidal wetlands (Kleeman and Forrest 2000). 

One highly valued species in Texas that takes advantage of the intertidal zone is 

the blue crab. The blue crab uses the intertidal zone for protection during its megalopae 

life stage where the larvae moves from the ocean bay into the bay and settles in the 

intertidal zone to the metamorphose stage into a true blue crab where it develops from a 

juvenile to an adult (NERRS 2013). 

A.1.8. Rare and Endangered Species 

Rare and endangered species are those whose population numbers are low and 

therefore at risk of going extinct (USFWS 2013c). Rare or endangered species are at risk 
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for genetic drift, genetic bottlenecks, and decreased breeding pairs. A population’s 

numbers may decrease for many reasons. When a species’ population numbers fall 

dangerous low, they are eligible for addition to the Rare and Endangered Species Act of 

1973 list (USFWS 2013c). The U.S. Fish and Wildlife Service and the National Marine 

Fisheries Service administer the Act (USFWS 2013c). 

Some of the Federal Trust Species found on the Texas coast are the whooping 

crane, brown pelican, loggerhead sea turtle, Canada goose, eastern oyster, red drum, 

white shrimp, and blue crab (USFWS 2013c). 

A.1.9. Essential Fish Habitat 

 Dynamic commercial and recreational fisheries are inappreciably linked to 

healthy marine habitats (NOAA 2013). Essential fish habitats are the healthy 

environments fish habitat and need to survive, feed, reproduce, and grow to maturity. 

Estuaries provide essential habitat conditions for oysters and nurseries habitats for fish. 

A.2. Estuarine geography 

 Geography is the study of the physical features of the Earth’s surface and the 

feature’s relative location. Geographic Information Systems (GIS) can be used to map the 

Earth’s surface and provide tools for managers. GIS based maps can provide a better 

understand of the dynamics between physical components like hydrology, sediments, 

climate and biology that make up a coastal environment and how it changes over time. 

A.2.1 Geomorphic type 

 Its coastal location, tidal influence, and the mixing of fresh and saltwater define 

an estuary. Within this broad definition, estuaries can be characterized based upon 
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geomorphic types. Geomorphic means the estuaries are classified based on their surface 

and configuration. The three dominant types of estuaries are major bay, lagoon, and river-

dominated estuaries (Palmer et al. 2011).  

 Major bays are classically characterized as bar-built estuaries that have direct 

river inflow. Bar-built estuaries form when sand builds up along the coastline forming 

sandbars. The sandbars create buffers from the water behind them and the sea. Sand bars 

and peninsulas, reducing the interaction of the estuarine water and ocean tides, often 

protect estuarine waters. Therefore wind is frequently the most important most mixing 

tools for fresh and salt water. Major bay estuaries are the most dominant along Texas’ 

coast in the Gulf of Mexico. 

 Lagoons in the Gulf of Mexico are locally referred to as minor bays. Lagoons are 

also characterized by bar built estuaries but they lack direct river flow inflow and receive 

freshwater by ungagged runoff or as an indirect source via circulation from adjacent bays 

(Montagna et al. 2013). Circulation from adjacent bays, or inter-bay connections, is 

enhanced along Texas’ coast in the Gulf of Mexico by the Gulf Intracoastal Waterway. 

The Gulf Intracoastal Waterway extends from Mexico to Florida with predominant 

southeasterly winds that drive the currents within the lagoons towards the northeast. 

Ungauged runoff is freshwater flows from areas are not monitored by USGS storm gages 

and include flows downstream of storm gages to the point where the stream meets the 

estuary. 

 River-dominated estuaries are drowned river valley ecosystems that drain directly 

into the sea rather than into a bay (Palmer et al. 2011). River-dominated estuaries are 
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low-lying areas that have been inundated by sea-level rise. Inundation occurs when the 

adjacent water body due to the rise of the water body level submerges the previously dry 

land during a storm or sea level rise.  

A.2.2. Estuarine system features  

 The estuarine system features include tidal habitats and adjacent tidal wetlands 

enclosed or partially enclosed by the estuarine boundaries whose organisms are capable 

of life in aquatic or semi-aquatic conditions. Tidal habitats are defined as areas where the 

substrate is exposed to tidal action and it also includes the shorelines that experience high 

and low tides (Cowardin et al. 1979). Estuaries are protected by strong ocean current by 

bar-built estuaries and peninsulas. Typical estuarine plants and organisms are mangroves, 

oyster, crabs, fish, and shrimp. Classification of Wetlands and Deepwater Habitats of the 

United States (Cowardin et al. 1979), describes characteristic features of an estuary as 

shown below in Figure 5. 
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Figure 4. Distinguishing features and examples of habitats in the Estuarine System. 

EHWS = extreme high water of spring tides; ELWS = extreme low water of spring tides. 

(Cowardin et al. 1979). 

 

A.2.2.1 Mapping Estuarine Habitats 

 

 There is a tool provided by the U.S. Fish and Wildlife Service called the Wetland 

Mapper that provides printable maps of habitat types for the United States (USFW b). 

The habitats are delineated by colors and given specific codes representing  the Wetlands 

and Deepwater Habitats Classification Hierarchy, which shows the relationship of 

wetland systems. The Wetland Code Interpreter allows you to input a code and get 

information on that habitat type including system type (e.g.-estuary), possible plant life, 

and water regime. 

http://blog.cyberease.net/wp-content/uploads/2013/02/EstuaryTopography1.jpg
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A.3 Environmental Flows 

 Environmental flows describe the hydrological properties of water flows 

including the quality, quantity, timing, and amount necessary to maintain estuarine 

ecosystem functions (Montagna et al. 2013). Healthy estuarine systems carry out 

functions and processes that result in biomass. Proper water allocation upstream using 

different management strategies increases the chance an estuarine system will continue to 

function properly and benefit humans.  

 Management strategies geared at maintaining an estuarine system try to establish 

environmental flows for that system. The environmental flows proposed for an estuarine 

system can mimic natural flow patterns or use other parameters such as estimates of the 

minimum flows required by that system (TCEQ 2009).  

 Anthropogenic and climatic influences can alter the historic flows of streams and 

rivers. Dams, diversions, and droughts are examples of influences that may change the 

inflows received by an estuary. Creating environmental flow schedules and limits through 

management strategies help restore and conserve estuarine systems. 

A.3.1 Hydrological cycle 

 The hydrological cycle begins with the evaporation of water from oceans surface. 

This moist air rises and begins to cool; the cooling water condenses and forms clouds. 

Then water from the clouds falls to the Earth as precipitation. The precipitation may 

infiltrate the ground and be incorporated as ground water and or it may become runoff. 

Some runoff evaporates from the ground surface and some flows into streams and/or 

rivers back into the ocean where cycle begins again. Groundwater penetrates the surface 
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and eventually enters back into the streams and rivers or back into the atmosphere 

through transpiration and again the cycle continues. 

 Freshwater inflows are flows from rivers to estuaries. There is a distinct 

difference between freshwater inflows and instream and outstream flows. Instream flows 

come primarily through runoff of the land, which flows, into streams and rivers. Outflows 

are the flows from estuaries to the coastal ocean. 

A.3.2 Sources of freshwater inflow 

 Available freshwater is a very limited resource in comparison of all of the water 

on Earth. About 97% of all water on Earth is in the oceans, the other 3% is freshwater 

that is mostly stored in glaciers and unavailable for human use (USGS 2013b). Less than 

one percent of the world’s freshwater is in streams and rivers where it is available for 

human use (USGS 2013b). Freshwater use must be appropriately managed because there 

is such a small amount in streams and rivers. To properly manage fresh water, the sources 

of fresh water are important to identify because they affect the amount, timing, and 

frequency of fresh water (Montagna et al. 2013). 

 Rivers are constantly flowing and changing patterns. The changes in rivers and 

streams can be influenced by climate or human activities. Water in river seeks the lowest 

point of gravity, flowing downstream until it reaches this point. The drainage slopes that 

instream flows follow are called watersheds. 

 Watersheds are drainage basins where runoff from precipitation or springs is 

channeled. The extent of the watershed depends on the area and topography of the land 

draining to the same discharge point (USGS 2013b). Inland watersheds are areas where 
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instream flow drains into discharge points where it either pools in lakes and ponds, and 

evaporation occurs, or it infiltrates the soil and becomes incorporated into ground water 

(USGS 2013b). Coastal watersheds may include estuaries where rivers and streams flow 

into the oceans and mixing occurs. Again, this water is referred to as freshwater inflows. 

The sources of freshwater inflows begin mostly upstream and include rainfall, river flow, 

runoff, groundwater, and return flows. Rainfall is a freshwater source that can occur 

directly on the estuary. The sources of freshwater influence the amount, timing, 

frequency, and duration of the freshwater inflows into the estuary (Montagna et al. 2013). 

A.3.2.1 River and stream flow 

 Stream and river flow is dynamic in that it is continuously changing temporally 

and spatially. The changes in flow are primarily influenced by rainfall runoff within the 

particular watershed (USGS 2013c). Rainfall causes rivers to rise even if the rainfall 

occurs very far upland of the estuary's watershed and eventually the water drains into the 

estuary (USGS 2013c). The extent and depth of the estuary influences the size of the 

river. A larger river will have a larger outflow point and a smaller river will have a 

smaller outflow point. In this way, rainfall events cause varying effects on smaller and 

larger estuaries. A rainfall event on a small watershed may cause the river to rise and fall 

rapidly with a much larger base flow than normal (USGS 2013c). In a larger watershed, a 

rainfall event may cause the river to rise slowly over a longer time period and flooding 

may last for a number of days before all of the water drains into the estuary (USGS 

2013c). 

The rate of flows reaching an estuary will vary depending on the amount of 
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rainfall upstream as well as the characteristics of that stream and of that estuary. Some 

estuaries have a direct river source and are called river-dominated estuaries and some 

have indirect sources from multiple streams and runoff points and are called lagoons 

(Montagan et al. 2013). Major estuaries have both direct and indirect sources of flows. 

River and stream flows can be studied using USGS method of using a hydrograph 

(USGS 2013a). A hydrograph is a chart that shows the river stage, the height of the water 

above an arbitrary altitude, and the streamflow, amount of water often calculated in cubic 

feet per second, and can also show other parameters including rainfall and water quality 

data (USGS 2013a). 

A.3.2.2 Rainfall 

Average annual rainfall plays a large role in the climate of a particular region. For 

example, a tropical rainforest such as the Amazon receives a higher mean annual rainfall, 

around 100 in/yr, than say the Sahara desert, which is around 5 in/y (ACEER 

2001;Thinkquest 1998). Thus, annual rainfall can give indications of the kind of 

ecosystem that will be present. Drought resistant plants such as cacti would not be found 

growing on rainforest soil. That said, many estuaries that are considered “healthy” are 

characterized as a dynamic system that allows them to be productive by continually 

creating biomass and carry out life processes with the freshwater inflows they receive 

directly or indirectly from rainfall in the climatic region in which they exist. Changes in 

timing or amount of freshwater inflows into an estuary can disrupt balance of the 

ecosystem (Montagna et al. 2013). Therefore, understanding the frequency, timing, and 

magnitude of rainfall events is important for managing estuaries (Montagna 2013). 
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 Precipitation falls directly on the estuary or is incorporated further upstream in the 

river. Precipitation on a stream or river changes the flow characteristics of that stream or 

river. USGS has gauges located at different points of several rivers that take continuous 

data and measure baseflow (USGS 2013a). Baseflow condition is the flow rate that 

occurs on average. When a rainfall event occurs, a gauge can measure the additionally 

resulting flow that occurs from precipitation events. 

 Rainfall can be plotted on a hydrograph along with streamflow. The graph 

provides information on the amount of rainfall and the effect by the corresponding rise in 

streamflow level. Rainfall for any given area can be calculated in gallons using a USGS 

rainfall calculator (USGS). 

A.3.2.3 Runoff 

 Streams and rivers also receive freshwater from runoff of the Earth's surface. 

Some precipitation falling on land is collected by vegetation and returns through 

transpiration, is evaporated, or infiltrates the soil and becomes groundwater (USGS 

2013d). The rest of the precipitation that falls on land hits saturated or impervious ground 

and flows downhill (USGS 2013d). Water may flow from small creeks into larger creeks, 

streams, rivers, and often along the coast, into an estuary. Many times runoff collects the 

organisms, nutrients and sediments upon which it flows and these materials are 

suspended in the flowing water. These materials often settle out once the flow of water 

slows creating mud flats or sand bars in estuaries. 

 Weather, physical geography, and topographic features of the land affect surface 

runoff. As human population continues to increase so does the demand for fresh water. 
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As demand for fresh water by humans increases, so does the removal of fresh water from 

streams, rivers, and underground water systems before it reaches the coast. 

 Higher population growth also leads to more urbanization and development 

projects. Often natural landscapes are replaced with impervious surfaces, or surfaces that 

cannot be penetrated, including highways, roads, and buildings (USGS 2013d). Surface 

runoff cannot infiltrate the soil or become incorporated into groundwater. The rate of the 

flow may increase or decrease depending on what surface it flows over (USGS 2013d). 

For example concrete increases the flow of runoff while vegetation can slow the flow 

rate. Impervious surfaces such as concrete increase the rate of flow into drainage systems 

and streams. On impervious surfaces, the surface runoff from snow melts or storm events 

flows into streams at a higher volume and over a shortened amount of time. This changes 

the frequency, duration, and extent of flows and can cause adverse effects including 

flooding of streams and rivers (USGS 2013d). Floods cause overflows of streambeds and 

often time the flooded water evaporates upstream before reaches the coast (USGS 

2013d). 

 Changes in surface runoff caused by altered landscapes decreases the amount and 

change of the physical characteristics of freshwater inflows into an estuary. 

A.3.2.4 Groundwater 

 Groundwater is a large source of the fresh water that flows into streams and 

rivers. Water bottling manufacturers and agricultural practices require large amounts of 

groundwater everyday. About 30% of all fresh water on Earth is made up of groundwater 

(USGS 2013d). Groundwater's significant role in contributing to freshwater flows in 
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streams and rivers makes it important for estuaries. 

Groundwater infiltrates the Earth's surface seeking the Earth's core, influenced by 

gravity (USGS 2013d). Water tends to continuously move vertically. If the water cannot 

penetrate any further vertically, its movement becomes more horizontal. Once water 

peculates into the ground, some travels close to the land surface in the water table and 

quickly emerges as discharge into streams and rivers (USGS 2013d). The water table is 

the point underground where the soil is saturated. 

 The ability of the water to reach greater depths depends on soil characteristics. 

The water underground fills the porous spaces between substrate particles. Larger particle 

sizes of materials such as rock hold more water then smaller particles sizes of materials 

such as clay and sand. Also, time plays a role in the movement of groundwater. Water 

closer to the surface moves back into the environment at a higher rate, whereas water 

further below the surface may take tens to thousands of years to move back into the 

ecosystem. Groundwater flow into streams and rivers contributes to the freshwater 

inflows reaching an estuary. 

A.3.2.5 Return flows 

 Water that returns to surface or ground water after human use is collectively 

called return flow. Return flows have been utilized for human use including sewage, 

washing, industrial uses, irrigation, and many others (USGS 2013d). Return flows are a 

source of freshwater inflows into estuaries. Return flows often contain high amounts of 

nutrients, sediments, and organisms. The effects of return flows vary but are often 

negative. Nutrient loading in estuaries is largely attributed to return flows (Montagna 
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2013). Treated wastewater can return to surface or groundwater in different ways. One of 

the ways wastewater is returned is by a user to a septic system that is on the users’ 

property directly to the groundwater system (USGS 2013d). Rural areas commonly use 

this method.  Another way wastewater is returned by larger communities or cities is from 

treatment facility systems (USGS 2013d). Users release their wastewater into sewage 

networks that reach the treatment facility and are treated and released back into the 

system. 

 Industrial water can also be returned to surface or groundwater systems by using 

nondomestic on-site wastewater treatment systems to treat the water and return it to 

ground or surface water systems (USGS 2013d). Industrial is water that has been used to 

assist in manufacturing of steel, paper, chemicals, and many other commodities (USGS 

2013d).  

 Agricultural returns are flows that have been used for irrigation and are not 

absorbed by plants or evaporated and enter groundwater or streams and rivers. 

Agricultural returns often contain nutrients and chemicals used in fertilizers and 

pesticides. The harmful chemicals and excess nutrients can cause negative effects in an 

estuarine system.  

  

A.3.3 Loss of freshwater 

 Less than one percent of the total fresh water on Earth is available for human use 

in streams and lakes (UN Water 2013). The amount of water available today is the same 

amount that was available 2,000 years ago but the world's population then was merely 
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three percent of what it is today, making the demand and pressure on the freshwater 

supply increasingly strained (Lane et al. 2003). Available fresh water is also sometimes 

removed or lost by evaporation and human's dams and diversions. 

A.3.3.1 Evaporation 

 Evaporation is a natural process that removes freshwater from the Earth's surface 

including streams and rivers, transforming liquid water into water vapor. Increased 

evaporation over an estuary and decreased freshwater inflows decreases the water in that 

estuary and increases the salt content. Salt does not evaporate and therefore increases in 

content in estuaries with high evaporation. Species adapted to a certain salinity range are 

further pressured when evaporation is high, which occurs during droughts and high 

temperatures. 

A.3.3.2 Diversions from anthropogenic activities 

Since the 1960s dewatering, or 

removal of water from streams and rivers, has 

doubled and around 60% of the Earth’s runoff 

is captured as shown in Figure 6 (MEA 2005). 

The removal of freshwater from rivers and 

streams for anthropogenic use before it 

reaches the coast is having a negative impact 

on many coastal estuaries. Half of the world’s 

major cities are within 50 km of the coast, and 

coastal populations are 2.6 times denser than 

Figure 5. Intercepted continental 

runoff entrains 3-6 times more water 

in reservoirs than exists in natural 

rivers (MEA 2005). 
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those further inland (Crossland et al., 2005). Technological advances in the collection of 

freshwater is continually improving, further straining available freshwater resources. 

Removal of freshwater is altering three kinds of environmental flows including instream 

flow, freshwater flow within rivers and streams, inflow, freshwater flow into estuaries 

from rivers, and outflow, water flow from a river or estuary into the sea (Palmer et al. 

2008). 

A.3.4 Instream flow regime 

 Instream flow regime is the stream or river’s freshwater variability necessary to 

maintain or restore an estuary. The components of an instream flow regime intended to 

support a sound ecological environment include subsistence flows, base flows, high flow 

pulses, and overbanks flows and the timing, f requency, duration, and extent of each 

(Brandes et al. 2009a). . 

A.3.5 Total surface inflows reaching an estuary 

The Texas Water Development Board (TWDB) has established a method for 

calculating the total freshwater inflows reaching an estuary using United States 

Geological Survey (USGS) stream gauges placed upstream of 7 estuarine systems in 

Texas: Sabine-Neches Estuary (Sabine Lake), Trinity-San Jacinto Estuary (Galveston 

Bay), Lavaca-Tres Palacios Estuary (Matagorda Bay), Guadalupe Estuary (San Antonio 

Bay), Mission- Aransas Estuary (Aransas Bay), and Nueces Estuary (Corpus Christi Bay) 

from as far back as 1941. 

  “Total flow from drainage basin runoff is found by summing flows 

originating in both gaged and ungaged watersheds. Gaged flows are obtained 
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from USGS streamflow records. Ungaged runoff is the sum of i) computed runoff, 

using a rainfall-runoff simulation model, based on precipitation over the 

watershed, ii) flow diverted from streams by municipal, industrial, agricultural, 

and other users, and iii) unconsumed flow returned to streams” (TWDB 2012).   

A.3.6. Tides and residence times 

 In an estuary, freshwater inflows mix with seawater. Mixing is affected by the 

amount of seawater in the estuarine system. The tides and the volume of the receiving 

estuary govern the volume of seawater. The periodic rise and fall of the surface of the sea 

along the coast that are driven by the gravitational pull of the moon and of the sun are 

called tides (Sumich 1996). The Earth has large continents and is shaped spherically but 

without continents, there would be two high and low tides each lunar day (Sumich 1996). 

The continents interfere with the westward movement of the tidal bulges causing intricate 

tidal patterns within each ocean basin that different from one another (Sumich 1996). 

 Tidal changes are important to the coastal plants and animals that live on the 

boundary between land and sea in the “intertidal zone.” Tides occur in different cycles 

depending on the region and the time of the year. Diurnal tides occur when there is one 

high and one low tide a day. Semidiurnal tides occur when the rise and fall of the tides 

takes place twice each day. Semidiurnal mixed tides are where there are unequal tidal 

heights each day. Tidal levels also vary depending on what region they occur. Some tidal 

ranges can be small and some can be large. Tidal ranges fall into one of three categories: 

if the tidal range is less than 1 meter, it is microtidal; if the tidal range is above 1 meter 

and below 3 meters, it is mesotidal; if the tidal range is greater than 3 meters, it is 
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macrotidal (Montagna et al. 2013).  

 Different freshwater inflows and tides create variations of circulation patterns in 

estuaries. Estuaries may be categorized as salt-wedge, well-mixed and partially mixed 

estuaries depending on the driving force that mixes the estuary. When river flow drives 

mixing in estuaries, the freshwater flows over seawater causing stratification and is 

categorized as a salt-wedge estuary. Wind drives the mixing in a well-mixed estuary and 

there is a salinity gradient that increases from the river to the estuary. Tides drive the 

mixing in a partially mixed estuary causing some stratification of bottom saltwater and 

top freshwater with gradient variation at different areas of the estuary. For example, the 

Gulf of Mexico has one high and one low tide, or diurnal, the U.S. West coast typically 

has mixed semidiurnal tides, the U.S. East coast has a more semidiurnal pattern 

(Montagna et al. 2013). 

 Flow dynamics can be understood by determining the rate at which water enters 

and leaves an estuary or the flushing time. The flushing time equals the volume of the 

estuary divided by the flow of water leaving the estuary. The flushing rate is the 

controlling factor of almost all estuarine processes. The flushing time can provide 

information on how estuaries function including the flushing time for nutrients, wastes, 

sediment, and organic matter, the effects of mixing, and information on many other 

processes (Montagna et al. 2013). Tidal mixing near shore allows for the removal of 

pollutants from estuaries and the circulation of nutrients. Tidal movement also transports 

floating organisms and vegetation to and from breeding areas to deeper water offshore. 

A.3.6.1 Measuring tides and water levels 
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 Understanding tidal fluctuations in an estuary can give indications of the 

relationships and life cycles of many estuarine resources as well as the flow dynamics of 

the system. 

 The National Oceanic and Atmospheric Administration (NOAA) is an ocean 

service agency that has been measuring, describing, and predicting tides along the coast 

of the U.S. since the early 1800s (NOAA 2013). A branch of NOAA that continues to 

record and publicize water level data is the Center for Operational Oceanographic 

Products and Services, CO-OPS (NOAA 2013). 

 The current system used by the agency uses technology that is more accurate, has 

advanced acoustics and electronics, records many parameters, and transmits recorded 

data hourly via satellites (NOAA 2013). A recorder sends an audio transmission down a 

half-inch-wide sounding tube and measures the time it takes for the echo to reach the 

surface of the water to accurately measure tidal heights (NOAA 2013). Some of the 

parameters measured include wind speed and direction, water current speed and 

direction, and air and water temperature.  Raw data recorded by NOAA’s agency 

branches is available over the Internet (NOAA 2013). 

B. Relationship between freshwater inflows and estuarine resources 

 There is a relationship between freshwater inflows and estuarine resources. 

Anthropogenic produced changes in freshwater inflows have overwhelming 

consequences for estuarine systems as well as the social and economic structures that 

depend on them. Changes within the dynamic estuarine ecosystems caused by changing 

inflows are complex. Implications for management considerations require the 
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compilation and interpretation of existing experimental results at the hydrological, 

ecological condition, and ecological resources levels. 

B.1. The Domino Theory 

 The difficulty in using flow regimes to manage estuaries is the complexity of 

estuarine ecosystem functions. One model that can be used to better understand the 

estuarine relationships is the Domino Theory model shown in figure 7. The Domino 

Theory links estuarine resources to estuarine conditions and estuarine conditions to 

freshwater inflows. 

Figure 1. The “Domino Theory” suggests freshwater inflows have an indirect effect 

(Palmer 2011). 

B.1.1. Altered freshwater inflows 

 Studies done in Texas estuaries in the Gulf of Mexico to determine the roles of 

freshwater inflows found altering the hydrology could cause changes in estuarine systems 

(Palmer et al. 2011). The inflow studies done to assess the effects of changing flows used 

benthic invertebrates and macrofauna biomass as bioindicators (Palmer et al. 2008). 

Bioindicators are species that can be used to signify the health of an ecosystem. Benthic 
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biomass varies by condition. The condition can be defined as the state of ecological 

resources and the interconnections of ecological resources. Salinity was deemed as the 

most important ecological condition determining bioindicator species biomass, 

abundance, and biodiversity. Therefore, these measured changes in bioindicator are 

correlated with changing freshwater inflows (Kim et al. 2009). Estuarine systems 

experience changes in many ecosystem components due to altered freshwater inflows 

including hydro climate, water quality, benthic communities, epibenthic communities, 

fish communities, invasive species, ecosystem services, and other water resources. 

Estuarine ecosystem changes have resulted in losses of habitat, biodiversity, and 

productivity (Montagna et al. 2002b). The use of bioindicators to determine a salinity 

tolerance range of that bioindicator and then link the salinity range to quantities of 

freshwater inflows has been integrated and modeled by the Domino Theory as discussed 

previously and here more in-depth. 

B.1.2. Hydrologic changes of freshwater inflow 

 Hydrologic changes of freshwater inflows into estuaries include those factors that 

affect the quantity and quality of the inflows. The quantity of freshwater inflows reaching 

an estuary varies depending on the timing, frequency, duration, and extent of the inflows. 

The qualities of freshwater inflows vary depending on the inputs into the flows upstream 

and affect the dynamics of estuaries. Quantity and quality of freshwater inflows can be 

monitored and related to the resulting changes in salinity levels of the estuary. 

B.1.2.1 Freshwater inflow quantity 
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 The quantity of freshwater inflow depend on the frequency, duration, and extent 

of flow-producing rain events. This section describes the sources affecting the amount of 

freshwater inflows into the estuary. It also describes how the freshwater inflows change.  

B.1.2.1.1 Timing of freshwater inflow events 

 Climatic events and anthropogenic impacts cause variations in the timing 

freshwater inflow events occur. The timing of freshwater inflows is important for many 

organisms within the estuarine system.  For example, many species use salinity change as 

a cue for changes in the stages of the organism's life cycle (Montagna 2013). 

Understanding the influence of variations in freshwater inflows is a key component 

causing change in estuarine systems, and thus is important for the management of 

freshwater inflows.  

B.1.2.1.1.1 Climatic influences on timing of freshwater inflow events 

 Climate is the average weather pattern that occurs in a particular area. Weather is 

the short-term variations and conditions of temperature, humidity, precipitation, 

atmospheric pressure, and wind (Montagna et al. 2013). As you move from the equator 

towards the poles, either the Arctic or Antarctic, temperature, precipitation, and humidity 

generally decrease (Montagna et al. 2013). 

 The world’s major communities including the dominant vegetation, species and 

climatic conditions are referred to as biomes. Biomes vary depending on the geographic 

location and can be categorized by climatic features such as the relationship between 

precipitation and temperature, and whether the biome is aquatic or terrestrial. Some 

terrestrial biomes include desert, tropical rainforest, tropical savannah, Mediterranean, 
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and tundra. Some aquatic biomes include wetlands, estuaries, oceanic abyssal, and ocean 

pelagic.  

 A biome has characteristic seasonal patterns, which makes knowing the biome of 

an estuary’s watershed important for the timing of freshwater inflows. For example, in 

southwest Texas, the dominant biome is grassland/shrublands, and the climate is mainly 

semi-arid. The seasonal cycle is a dry winter, rain in the spring, and hot summers. 

Grasses and shrubs on rolling plains characterize the vegetation although agriculture has 

significantly altered this historically dominant vegetation. Here, the timing of significant 

freshwater inflows occur in the spring or fall due to precipitation. The freshwater inflows 

can flush excess organic material and mix lush nutrients into the estuarine system. In 

Texas, hot and dry summers can cause estuaries to become still and stagnate leading to 

high temperatures and low oxygen content in the water. In northern estuaries, snowmelt 

in the spring plays a large role in contributing freshwater inflows to the estuaries. 

 Coastal storm, especially hurricanes can reallocate sand, sediment, and mud, tear 

up shorelines and vegetation. Storm winds can create violent currents that damage 

habitats and push saltwater upriver. Other storm events like floods reduce salinity levels 

while droughts can result in higher salinity. 

 Sea level rise also poses a threat to the World’s estuaries. Global climate is 

warming at an accelerated rate, causing polar glacier to melt (IPCC 2013). Glacial melt 

increases the water in the World’s oceans. A warmer ocean also will experience thermal 

expansion, which will lead to higher sea levels (IPCC 2013). The increase of sea-level 

rise in the oceans causes an encroachment upon the coastal wetlands and is referred to an 
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inundation (IPCC 2013). 

B.1.2.1.1.2 Upstream modifications effect on timing of freshwater inflow events 

 The natural timing of freshwater delivery to an estuary may be altered by 

upstream modifications created by humans. Dams that are created to control flooding can 

result in reduced seasonal variation of freshwater inflows (Montagna et al. 2013). 

Urbanization and construction projects change runoff patterns as previously discussed. 

This can increase the volume of freshwater inflows but shorten the delivery time to 

estuaries. 

B.1.2.1.1.3 Timing of freshwater inflow events and impact on estuarine resources 

 Climatic and anthropogenic influences may alter the timing of the delivery of 

freshwater inflows to estuaries and impact estuarine resources by changing salinity levels. 

Estuaries are negatively affected by a decrease in quantity of spring freshwater inflows. 

 Life cycle cues of various fish and shellfish are signaled to high spring runoff 

occurrences causing alterations in timing that impact spawning and nursery cycles (Alber 

2002). For example, a study done in Sabine Lake, Texas on the effects of building a dam 

found the dam affected inflow patterns by reducing the availability of both low salinity 

nursery habitat for brown shrimp in the spring and high salinity nursery habitat for white 

shrimp in the summer (White and Perret 1974, referenced in Alber et al 2002). Altering 

the timing of freshwater inflows changes salinity levels over time in estuaries. 

Organisms’ response to salinity change is complex and varies depending on a species’ 

salinity tolerance range. 

B.1.2.1.2 Frequency of freshwater inflow events 
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 The frequency of significant freshwater inflow events alters the quantity estuaries 

receive. Long periods of little of no freshwater inflow events into estuaries have been 

shown to negatively affect benthos diversity, abundance, and biomass (Palmer et al. 

2008). Salinity will continue to increase with decreased freshwater inputs because 

evaporation processes continues over the estuary. 

B.1.2.1.3 Duration of freshwater inflow events 

 The duration of time that freshwater flows into estuaries differs with quantity of 

flows and the size of the river and estuary. Construction of roads increases the amount of 

impervious surface area. Surface runoff flows much more quickly over impervious 

surfaces than riparian surfaces. These surfaces also help humans intercept the water in 

storm drains before it reaches an estuary. The surface water that does reach a creek, 

stream or river does so at an accelerated pace. The freshwater inflows that estuaries do 

receive may come less frequent and at much larger volumes. The sudden change in 

salinity consequently negatively affects the estuarine flora and fauna. 

B.1.2.1.4 Mixing rate of freshwater inflow events 

 Freshwater inflows mix with saltwater from estuaries. The rate of mixing depends 

on the volume, the salinity, and the tidal action of the estuary and the amount of 

freshwater. Decreases in freshwater inflow cause changes in the extent of the mixing area 

of the estuary and greater stratification. Stratification occurs when fresh water rises above 

the saltwater and creates a salt wedge. Decreases in freshwater inflows can also cause the 

salt water to move upstream. This shifting affects the distribution of both rooted 

vegetation and sessile organisms. One example of species changing distribution with 
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decreased freshwater inflow is the upstream movement Spartina, a common cordgrass 

species that has been linked to long term increases in salinity in both Delaware River and 

Chesapeake Bay (Schuyler et al. 1993; Perry and Hershner 1999). Upstream movement 

of saltwater can alter intertidal habitats that normally exist under low salinity conditions. 

Benthic organisms that move upstream with the saltwater may be introduced to 

unfavorable new conditions (Alber and Merryl 2002). Other studies have linked changes 

in river flow to changes in migration patterns, spawning habitat, and fish recruitment 

(Drink water and Frank, referenced in Alber and Merryl 2002). 

B.1.2.2 Quality of freshwater inflow 

 The quality of freshwater inflow changes the distribution of nutrients, sediments, 

organisms, and organic material in an estuary. Estuarine alterations have possible 

consequences that alter ecosystem dynamics and productivity (Alber and Merryl 2002). 

Freshwater inflow is usually positively correlated with sediments and nutrients including 

nitrogen. 

 Freshwater inflow can enhance nutrients and increase primary production in 

estuaries (Palmer et al. 2002). The often-large nutrient concentrations freshwater inflows 

carry into estuaries has been correlated with nitrogen loading and phytoplankton 

production (Flint et al. 1986; Nixon 1992; Mallin et al. 1993; Boynton et al. 1995, 

referenced in Alber et al.). In a study done on restored freshwater inflows to Nueces 

Delta, Texas, Polychaete S. benedicti rapidly increased following a freshwater event 

(Palmer et al. 2002). This primary production is a food source that can be consumed by 

bivalves or deposited onto sediment surfaces where it may be consumed by interface 
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feeders such as polychaetes and crustaceans. The relationship between inflows and 

secondary production is difficult to determine due to the complexity of trophic structures 

but increased nutrient inflow is generally positively correlated with increases in 

secondary production (Alber et al.). 

 Water quality parameters can be measured using a water quality sonde tool. 

Sondes can measure multiple parameters at the same time including salinity, pH, 

dissolved oxygen, conductivity, temperature, depth, turbidity, and more depending on the 

brand and model of the sonde. 

B.1.3. Estuarine condition 

 Estuarine condition is the saline and tidal conditions occurring due to tidal action 

and mixing of fresh and salt water in the estuary. When referring to estuarine condition, 

we are referring to the salinity, sediment, dissolved material, and particulate material of 

the estuary. In a laboratory, water is often purified to remove all other materials, 

containing only oxygen and hydrogen atoms. This water is called distilled water. Distilled 

water does not normally occur in the real world. Water is often diluted with salt, organic, 

and particulate material. This material can either benefit or cause negative effects in an 

estuary. 

B.1.3.1 Salinity 

 Water in an estuary has dissolved salt within it. The salinity gradient generally 

increases from the input source of an estuary, usually a stream or river, to the output 

source, the sea or ocean. Salinity is measured in gravimetrically as parts per thousand of 

solids in liquid or ppt.  The salinity of the ocean is generally around 35 ppt (Antonov 

2006). Another salinity unit is the practical salinity unit or PSU measurement, which is 
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based on water temperature and conductivity measurements made by sondes and the 

ocean is also generally around 35 PSU (Antonov 2006). Using ppt or PSU gives similar 

results for the ocean’s seawater salt content (Antonov 2006). 

 The fresh water from rivers has salinity levels of 0.5 ppt or less. Within the 

estuary, salinity levels are referred to as oligohaline (0.5-5.0 ppt), mesohaline (5.0-18.0 

ppt), or polyhaline (18.0 to 30.0 ppt) (Montagna et al. 2013). Near the connection with 

the open sea, estuarine waters may be euhaline, where salinity levels are the same as the 

ocean at more than 30.0 ppt (Mitsch and Gosselink 1986). An example of this is shown in 

Figure 8 below. 

 

Figure 6. Increasing salinity gradient from upstream to sea (U.S. EPA 2006). 

 The salinity of an estuary can vary dependent on the amount of freshwater inflows 

as well as the tidal movement and location within the estuary. Estuaries have a water 
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balance that is either positive, freshwater inputs exceed evaporation; neutral, there is a 

balance between freshwater inflows and evaporation; or negative, freshwater inflows are 

less than the amount of evaporation (Montagna et al. 2013). 

 Seasonally in the U.S., estuaries generally decrease in salinity in the spring 

months with increased inflows making the system a positive estuarine system. In the 

summer, estuaries increase in salinity with decreased freshwater inflows and increased 

evaporation due to higher temperatures causing the system to be classified as a negative 

estuarine system. 

 Salinity affects the chemical conditions within an estuary, most notably the 

amount of dissolved oxygen. Solubility is the amount of oxygen that can dissolve in 

water, which decreases as salinity increases. Solubility is important because estuarine 

organisms have salinity ranges they can tolerate before they experience stress (Montagna 

et al. 2013). Some estuarine species can adapt to changes oxygen levels by practicing 

avoidance techniques. Fish can swim away to areas with tolerable salinity levels. Other 

organisms such as mollusks, oysters, and benthic organisms cannot travel large distances. 

Salinity levels outside of their tolerance ranges cause negative affects including increased 

stress and decreased reproduction and survival rates (Palmer et al. 2008). 

B.1.3.1.1 Salinity characteristic types in estuaries 

 The characteristic types of salinity distributions in estuaries often depend on the 

driving force that mixes the estuary and includes: salt-wedge, partially mixed, well 

mixed, and inverse. All four salinity types in estuarine systems are shown below in 

Figure 9.  
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Figure 7.  Salinity regimes of coastal waterways (Webster et al. 2012). 

 The salinity zone that is occurring can classify an estuary. When river flow drives 

mixing in estuaries and where tidal currents and waves are not strong enough to mix the 

water column, the freshwater flows over seawater causing stratification and is categorized 

as a salt-wedge estuary (Montagna et al. 2013). A partially mixed estuary is when tides 

drive the mixing in a partially mixed estuary causing some stratification of bottom 

saltwater and top freshwater with gradient variation at different areas of the estuary 

(Montagna et al. 2013). A well-mixed estuary is when wind drives the mixing in a well-

mixed estuary and there is a salinity gradient that increases from the river to the estuary 

(Montagna et al. 2013).  Inverse estuaries occur when evaporation exceeds the amount of 
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freshwater inflows leading to hyper-saline conditions (Montagna et al. 2013). The water 

in the estuary becomes dense with salt and sinks to the bottom. The less dense seawater 

flows into the estuary from the sea or ocean on top of this layer. An estuary can take any 

of these salinity zones depending on the time of year and location of the estuary. 

B.1.3.1.2. Importance of salinity 

 Water development projects can reduce the capacity of the land to deliver 

freshwater to estuaries and change timing and frequency of freshwater pulses, in turn 

affect estuarine organisms adapted to historic saline conditions. 

 Salinity is an important indicator of estuarine condition. Remember, when trying 

to determine flow standards, an indicator species can be used to determine that 

organism’s salinity tolerance range (Montagna et al. 2013). The biological indicator’s 

salinity tolerance range has the capacity translate to acceptable salinity levels within the 

estuary. The acceptable salinity range in the estuary could be created with freshwater 

inflows by determining the mixing rate, or how much freshwater is necessary to mix with 

the volume of saltwater within the estuary to result in the desired salinity range (TCEQ 

2009). 

B.1.3.2. Particulate material 

 Freshwater inflows carry sediments, nutrients, and organic materials into estuaries 

providing necessary components to maintain productivity and habitats of estuarine 

ecosystems (Montagna et al. 2002). The estuary is protected from strong tidal action and 

currents due to offshore peninsula and barrier islands, created by sediments settling out 

and forming banks. The sediments also support beaches and provision the inter-tidal 
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wetlands. Particulate matter delivered to estuaries by freshwater inflows the primary 

energy source for organisms living in the estuary (Day et al. 1989). The timing of 

conveyance of sediments, nutrients, and organic material is affected by changes upstream 

(Montagna et al. 2013). Upstream diversions of freshwater are decreasing the amount of 

freshwater inflows that carry water, sediment, nutrients, and organic material to the 

estuaries. 

 Dams are a cause of upstream diversions, affecting the water quality of freshwater 

inflows by catching sediment and reducing the downstream delivery of particulate 

materials (Alber 2002). The catchment of particulate material behind dams can lead to lag 

times in its release to the estuary disrupting the quality and accessibility of organic 

material (Vorosmarty and Sahagian 2000). 

 Other upstream changes affecting the loading of sediment, nutrients, and organic 

material include both point and non-point sources. Non-point sources are difficult to 

determine because the pollutants that result from them are wide spread and disperse. 

Some examples of non-point source discharges include agricultural runoff, gas and pipe 

leaks, salt from irrigation practices, and sediment from construction projects. The sources 

of point source discharges are more distinct and identifiable. Some examples of point 

source discharges include discharges from wastewater treatment facilities, industrial 

plant’s discharges, and sewer outfalls. Both point and non-point sources affect 

downstream water quality including nutrient and sediment concentrations and when 

combined with changes in freshwater inflow delivery times, can greatly alter loading 

patterns to an estuary. (Albers 2002) 
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B.1.3.3. Nutrients 

 In estuaries, primary producers take up nutrients such as nitrogen and phosphorus 

(D’Elia 1986). Therefore the growth of phytoplankton is correlated with a depletion of 

nutrients in estuaries. Freshwater inflows carry nutrients into estuaries, replenishing the 

stock for phytoplankton use (D’Elia 1986). The sources of many of the nutrients are from 

human activities including sewage inputs and agricultural runoff. 

 Annual variations in delivery of nutrient to the estuary by freshwater inflows are 

primarily due to annual rain and snowfall (TWDB 2012). Human activities have altered 

the concentrations and timing of nutrients like nitrogen and phosphorus. The changes in 

nutrient concentration have implications for the species dynamic of the estuary (D’Elia 

1986). The species composition of algae may change to favor species, such as toxic 

algae, having negative affects on human and aquatic species, such as oysters, health 

(USEPA 2013). 

 The EPA has developed nutrient pollution outreach and education materials for 

the public that can be found online (USEPA 2013). 

B.1.4. Estuarine Resources 

 Estuaries are important coastal areas, providing many natural resources for 

humans. A natural resource is any entity or process that contributes positively to humans. 

Some examples of estuarine resources include fish, shellfish, mollusks, crabs, benthos, 

seagrass beds, oyster reefs, and many other organisms. Some benefits provided by 

estuaries and their resources include pollutant filtration, nursery areas, protection from 

storm events, and much more. 
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 It is important for an estuary’s resources to maintain a good integrity and 

functionality in order to be considered sustainable resources (Alber 2002). The integrity 

of an estuarine resource can be evaluated by understanding the species’ composition, 

biomass, abundance and diversity (Alber 2002). The functionality of estuarine resources 

includes the primary production, secondary production, and nutrient recycling (Alber 

2002). Sustainability is the condition in which estuarine resources continue to carry out 

life functions and processes. The stability of the estuary relies on the persistance of 

habitats, valued resources, and ecosystem services. 

B.1.4.1. Integrity 

 The use of benthic organisms to indicate ecological integrity is beneficial for 

several reasons. Benthos are indicators of many environmental stressors because they are 

able to integrate spatial and temporal changes in ecosystem factors (Smith et al. 2001). 

Another rational for using benthos is that they cannot travel large distances when 

ecosystem condition change. This is important because abundance, diversity, and 

biomass changes can be measured over long periods of time at established sampling 

points and more accurately reflect the changes in ecosystem condition. Other marine 

organisms such as fish are more mobile and changes in biomass, diversity, and 

abundance can be the result of other biological responses including avoidance. 

 For the domino theory, the species used to determine the ideal freshwater inflow 

regime for a given estuarine system that will restore or maintain a sustainable estuary are 

that estuary’s benthos. Benthos are ideal indicator species for many reasons, namely their 

ability to reflect changes in salinity. Although benthos have a wide salinity range, they 
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often only function within a minute range (Montagna et al. 2013). Table 4 shows the 

salinity tolerance range of several estuarine system indicator species.  

 Benthos samples are taken using cores. Cores are tubes that take replicate samples 

at each study site at the surface of the bottom substrate and are then taken back to the lab 

where the substrate is removed and benthic organisms can then be studied to determine 

species composition, abundance, biomass and diversity. Replicates are multiple samples 

from the same location at the same time to increase confidence in data measurements. 

 Changes in benthos are determined by measures of their status and are referred to 

as indices. Therefore, qualifying and quantifying a species using indices can be used to 

determine the integrity of estuarine resources. For the purpose of understanding the 

relationship of freshwater inflows with the estuary, and as discussed earlier, indices that 

are studied here are of the indicator species of interest. The quantifiable indices include 

the indicator species composition, abundance, biomass, and diversity. In this way, 

indicator species indices can provide a measure of ecological changes in the environment.  

Salinity effects on selected estuarine macrobenthic and epibenthic organisms. 

Table 4. Salinity tolerance of estuarine system indicator species (Montagna et al. 2013). 

Authors Organism(s
) Studied 

Study 
Location 

Salinity Tolerance Results 

Chadwick & 

Feminella 
(2001) 

Burrowing 

mayfly 
Hexagenia 
limbata 

USA 

(Alabama) 

Laboratory bioassays showed 

that H. limbata nymphs could 
survive elevated salinities 

  Similar growth 
rates at 0,2,4, & 8 ppt. 

Saoud & 
Davis 

(2003) 

Juvenile 
brown 

shrimp 
Farfantepena

eus aztecus 

USA 
(Alabama) 

Growth significantly higher at 
salinities of 8 & 12 ppt than at 

salinities of 2 and 4 ppt. 

Tolley et al. Oyster reef USA Upper stations (~20 ppt) and 
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(2006) communities 

of decapod 
crustaceans 

& fish 

(Florida) stations near high-flow 

tributaries (6-12 m3 s-1) were 
typified by decapod 

Eurypanopeus depressus & 
gobiid fishes. Downstream 
stations (~30 ppt) and stations 

near low-flow tributaries (0.2-2 
m3 s-1) were typified by 

decapods E 

Montagna et 

al. (2008a) 

Southwest 

Florida 
mollusc 

communities 

USA 

(Florida) 

Corbicula fluminea, Rangia 

cuneata, & Neritina usnea only 
species to occur < 1 psu.  R. 

cuneata good indicator of 
mesohaline salinity zones with 
tolerence to 20 psu.  Gastropod 

N. usnea common in fresh to 
brackish salinities.  Polymesoda 

caroliniana prese 

Montague & 

Ley (1993) 

Submersed 

vegetation & 
benthic 
animals 

USA 

(Florida) 

Mean salinity ranged from ~11-

31 ppt.  Standard deviation of 
salinity was best environmental 
correlate of mean plant 

biomass and benthic animal 
diversity. Less biota at stations 

with greater fluctuations in 
salinity.  For every 3 ppt 

increase in standard 

Rozas et al. 

(2005) 

Estuarine 

macrobenthi
c community 

USA 

(Louisiana) 

Increased density and biomass 

with increases in freshwater 
inflow and reduced 
salinities.  Salinity ranged from 

1-13 psu. 

Finney 
(1979) 

Harpacticoid 
copepods 
Tigriopus 

japonicus, 
Tachidius 

brevicornis, 
Tisbe sp. 

USA 
(Maryland) 

All species tested for response 
to salinities from 0-210 
ppt.  Tigriopus became dormant 

at 90 ppt died at 150 
ppt.  Tachidius became 

dormant at 60 ppt, died at 150 
ppt.  Tisbe died shortly after 
exposure to 45 ppt. 

Kalke & 

Montagna 
(1991) 

Estuarine 

macrobenthi
c community 

USA 

(Texas) 

Chironomid larvae & polychaete 

Hobsonia florida: increased 
densities after freshwater inflow 
event (1-5 ppt).  Mollusks 

Mulinia lateralis & Macoma 
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mitchelli: increased densities & 

abundance during low flow 
event (~20 ppt).  Streblospio 

benedicti & Medioma 

Keiser & 

Aldrich 
(1973) 

Postlarval 

brown 
shrimp 
Penaeus 

aztecus 

USA 

(Texas) 

Shrimp selected for salinities 

between 5-20 ppt. 

Montagna et 
al. (2002b) 

Estuarine 
macrobenthi
c community 

USA 
(Texas) 

Macrofauna increased 
abundances, biomass & 
diversity with increased inflow; 

decreased during hypersaline 
conditions.  Macrofaunal 

biomass & diversity had 
nonlinear bell-shaped 
relationship with salinity: 

maximum biomass at ~19 ppt 

Zein-Eldin 
(1963) 

Postlarval 
brown 
shrimp 

Penaeus 
aztecus 

USA 
(Texas) 

In laboratory experiments with 
temperatures 24.5-
postlarvae grew equally well in 

salinities of 2-40 ppt. 

Zein-Eldin & 
Aldrich 

(1965) 

Postlarval 
brown 

shrimp 
Penaeus 

aztecus 

USA 
(Texas) 

In laboratory experiments with 

postlarval survivial decreased in 
salinities < 5 ppt. 

Allan et al. 

(2006) 

Caridean 

shrimp 
Palaemon 

peringueyi 

South 

Africa 

At constant salinity of 35 ppt, 

respiration rate increased with 
increased temperature.  At 

constant temperature of 15 

with increased salinity. 

Ferraris et 

al. (1994) 

Snapping 

shrimp 
Alpheus 
viridari, 

Polychaete 
Terebellides 

parva, 
sipunculan 
Golfingia 

cylindrata 

Belize Organisms subjected to acute, 

repeated exposure to 25, 35, or 
45 ppt.  A. viridari 
hyperosmotic conformer at 

decreased salinity, but 
osmoconformer at increased 

saliniry.  G. cylindrata always 
osmoconformer.  T. parva 
always osmoconformer; 

decreased surviv 

Lercari et al. Sandy beach Uruguay Abundance, biomass, species 
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(2002) macrobenthi

c community 

richness, diversity & evenness 

significantly increased from 
salinity of ~6 ppt to salinity of 

~25 ppt. 

Chollett & 

Bone (2007) 

Estuarine 

macrobenthi
c community 

Venezuela Immediately after heavy rainfall 

(~25 psu), spionid polychaetes 
showed large increases in 
density & richness versus 

normal values (~41 psu). 

Dahms 
(1990) 

Harpacticoid 
copepod 
Paramphiasc

ella 
fulvofasciata 

Germany 
(Helgoland) 

After 2 hours, no mortality in 
salinities of 25-55 ppt.  Almost 
all displayed dormant behavior 

< 20 ppt and > 55 ppt. 

McLeod & 
Wing (2008) 

Bivalves 
Austrovenus 

stutchburyi & 
Paphies 

australis 

New 
Zealand 

Sustained exposure (> 30 d) to 
salinity < 10 ppt significantly 

decreased survivorship. 

Rutger & 

Wing (2006) 

Esturaine 

macroinfaun
al 

community 

New 

Zealand 

Infaunal community in low 

salinity regions (2-4 ppt) 
showed low species richness & 

abundance of bivalves, 
decapods, & Orbiniid 
polychaetes, but high 

abundance of amphipods & 
Nereid polychaetes compared 

to higher salinity regions (12-
32 ppt). 

Drake et al. 
(2002) 

Estuarine 
macrobenthi

c community 

Spain Species richness, abundance, 
and biomass decreased in the 

upstream direction, positively 
correlated with salinity. Highly 
significant spatial variation in 

macrofaunal communities along 
the salinity gradient. Salinity 

range: 0-40 ppt. 

Normant & 

Lamprecht 
(2006) 

Benthic 

amphipod 
Gammarus 

oceanicus 

Baltic Sea Low salinity basin (5-7 

psu).  Physiological 
performance examined from 5-

30 psu.  Feeding & metabolic 
rates decreased with increasing 
salinity; nutritive absorption 

increased.  Feces production & 
ammonia excretion rates 
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decreased strongly from lowest 

to 

 

 Benthos samples are taken using cores. Cores are tubes that take replicate samples 

at each study site at the surface of the bottom substrate and are then taken back to the lab 

where the substrate is removed and benthic organisms can then be studied to determine 

species composition, abundance, biomass and diversity. Replicates are multiple samples 

from the same location at the same time to increase confidence in data measurements. 

 Changes in benthos are determined by measures of their status and are referred to 

as indices. Therefore, qualifying and quantifying a species using indices can be used to 

determine the integrity of estuarine resources. For the purpose of understanding the 

relationship of freshwater inflows with the estuary, and as discussed earlier, indices that 

are studied here are of the indicator species of interest. The quantifiable indices include 

the indicator species composition, abundance, biomass, and diversity. In this way, 

indicator species indices can provide a measure of ecological changes in the environment.   

B.1.4.1.1. Importance of species composition 

 Species composition is the number of taxonomic species in a given area and how 

well each of those species is represented in that area by the number of individuals in its 

population. The species composition of one area can be compared to other areas. Studies 

done on species composition over time can help determine ecological changes in each 

study area. 

 In regards to freshwater inflows, the chosen indicators’ species composition is 

often studied before during and after a freshwater inflow event at study sites close to the 
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mouth of the estuary to study sites further away. The species composition over time can 

indicate how the freshwater inflow events affect the community composition or structure. 

 Species abundance is simply a measure of the number of species in a sample. The 

species abundance of an area or of an entire estuary reflects the salinity of the estuary at 

the time the species samples were taken. In this way, it is representative of the species’ 

salinity tolerance. Some measure of the species abundance includes density, biomass, 

territorial area and the number of breeding pairs. 

 The biomass is the mass of the living or once living matter within a given 

environmental area. Biomass can be measured for both animal and vegetable derived 

material. Biomass is structured from a carbon base and composed of a mixture of organic 

molecules. 

 Species diversity measures the diversity within an ecological community by 

incorporating the two concepts of species richness and species’ abundances. A 

community with a greater number of species indicates greater diversity, so long as each 

species is similarly represented by species composition. 

B.1.4.2. Estuarine resources function 

 Estuaries are some of the most productive areas on Earth. Many species rely on 

estuaries for their survival. They provide feeding grounds, nursery habitats, and breeding 

grounds. Humans also depend on estuaries for recreational use, food, and job 

opportunities. 

 Some 22 of the 32 largest cities in the world are located on estuaries (Ross 1995). 

Human activities are causing greater degradation of estuaries and their resources, making 
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them amongst the most threatened ecosystems on Earth (NOAA 2013). The degradation 

of estuaries reduces the ability of the ecosystem to carry out many functions. 

 The functioning of estuarine resources include the distributions and abundances of 

estuarine biota based on how they interact and respond to estuarine conditions and the 

consequences of those interactions on community structure, food web interactions, rate of 

primary and secondary production, and material cycling (Alber 2002). Changes in 

estuarine resources’ functioning occur primarily from changes in freshwater inflows. 

 Salinity determines the habitat dynamics and in turn the distributions of 

organisms. This is because differing freshwater inflows in an estuary cause shifting 

isohalines that affect the vegetation and organism allocation (Alber 2002). The effect of 

changing locations of intertidal habitats caused by shifting isohalines can lead to 

implications on the suitability of the new location for benthic organisms. Changes in 

spatial distribution of critical habitat are therefore important to evaluating changes in 

freshwater inflows (Sklar and Browder 1998; Alber 2002). 

 As discussed earlier, although most of the estuarine organisms have a wide range 

of salinity tolerance, most occur within a focused salinity range depending on the 

organism’s life history stages. Organisms capable of horizontal and vertical movement 

such as blue crabs and fish species are also affected by changes in the estuarine salinity 

structure. Changes in species composition, distribution, abundance, and survival of 

estuarine organisms are linked to freshwater inflows (Montagna et al. 2013). Also linked 

to freshwater inflows are migration patterns, spawning habitats, and fish recruitment 

(Drinkwater and Frank 1994: referenced in Alber 2002). 
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 The timing of freshwater inflows is important for estuarine resources because the 

delivery of freshwater flows triggers cues in the life histories of many organisms. For 

instance, shellfish and fish are cued to high spring inflows but changes in inflows can 

affect spawning and nursery cycles (Alber 2002). In Texas, a study done on the impact of 

salinity variability on estuarine organisms, a negative correlation was found between the 

standard deviation of salinity and the density of benthos that showed frequent salinity 

fluctuations lead to increases in physiological stress (Montagna and Kalke 1992). 

 The impacts of changes in freshwater inflows and the sediment, organic matter, 

and nutrients carried in the flows due to upstream activity can affect primary production, 

secondary production, nutrient cycling and the trophic structures in the estuary (Alber 

2002). The relationship between freshwater inflows is a complex and dynamic one, with 

different trophic levels consequently affecting the other. Next, a brief overview of the 

trophic system will be given and information regarding primary, secondary, and nutrient 

cycling will be provided. 

B.1.4.2.1. Trophic structure  

 Tropic structure is a tiered structure of the organism in an ecosystem, with each 

level representing those organisms that share a similar function and food source. Trophic 

structure diagrams also depict the energy transfer from on trophic level to the next. By 

organizing the estuary into a trophic structure, we are given an indication of the 

productivity of the estuary. Productivity is basically the ability of the estuary to yield 

organic matter. A productive estuary is one that has high diversity, high survival rates, 

little to no invasive species, and whose organisms continually carry out life processes; in 



 

 

 

64 

other words, the estuary is sustainable. Freshwater inflows are fundamentally linked to 

estuarine productivity. 

 An example of a trophic structure is shown below. This trophic structure looks at 

the aquatic ecosystem from a bottom up point of view. The bottom tier organisms, or 

primary producers, are the most energy efficient, while the top tier, or top predators, are 

the least energy efficient. Primary producers produce their own food, making them more 

energy efficient, while top fish or predators require many organisms, making them less 

energy efficient. Another way to say this is that predators have a much higher energy 

demand than do phytoplankton. The trophic structure in Figure 10 below shows an 

ecosystem functioning by interrelationships and life processes. Freshwater inflows 

balance the estuaries by providing hydrological requirements for the organisms. 
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Figure 8.  A marine detritus food web (Lee et al. 2006a).  

B.1.4.2.2. Primary Production 

 Primary producers largely contribute to making estuaries some of the most 

productive ecosystems on the Earth. There is generally greater productivity near the 

coasts than in the open ocean. Coastal areas are hotspots for primary producers who 

require higher sunlight conditions, nutrient sediment, and organic inputs, and protection 

from large tidal events in order to be productive. 

 Primary production is the production of organic material from aquatic or 

atmospheric carbon dioxide through either photosynthesis where light is the source of 

energy or chemosynthesis, which uses the oxidation, or reduction of chemical compounds 

as the energy source. To carry out photosynthesis or chemosynthesis some necessities 

include energy from the sun, carbon dioxide, and nutrients such as nitrogen and 

phosphorus. 

 A source of nutrients for primary producers in an estuary is from freshwater 

inflow. Many studies have found a correlation between nitrogen loading and 

phytoplankton productivity (Flint et al. 1986; Nixon 1992; Mallin et al.1993; Boynton et 

al. 1995; referenced in Alber 2002). Solis and Powell (1999) studied 5 Texas estuaries 

and found a positive correlation between fish harvested and nitrogen loads (Alber 2002). 

The opposite is true that decreased freshwater inflows are correlated to decreased rates of 

primary and secondary production (Drinkwater and Frank 1994). 

 Human activity can increase the amount of nutrient inputs and increase the speed 

of inflow pulses, negatively affecting estuarine ecosystem primary production. Increased 

nutrients in the system, or nutrient loading, and high pulse inflow events lead to 
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decreased light penetration from turbidity and reduced flushing time, reducing the ability 

of phytoplankton to photosynthesize and grow (Alber 2002). 

B.1.4.2.2. Secondary Production 

 Secondary production is the rate of incorporation of biomass by heterotrophic, or 

consumers, organisms through consumption of organic material and/or primary 

producers. The process is driven by transference of organic material between different 

trophic levels. 

 The role of freshwater inflows and secondary production is often difficult to 

decipher. It is commonly accepted that organic material input is important for secondary 

and primary producers alike. One example is the existence of an upstream dam on the 

Mbashi estuary in South Africa caused a reduction in the input of silt and detritus, or non-

living organic matter that was linked with a decrease in fish abundance (Plumstead 1990). 

There is also isotope evidence land-derived organic material is important to estuarine 

bivalves (Day et al. 1994). In many systems, increased inflows led to increased fish and 

shellfish catches (Alber 2002). 

B.1.4.2.3. Nutrient cycling 

 Nutrient cycling in an estuarine ecosystem is the referral of organic and inorganic 

matter into an estuary and their transference into the production of living matter. These 

nutrients must maintain a balanced concentration in order to create a sustainable estuary. 

A conceptual model showing the nutrient cycle is shown in Figure 11. 
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Figure 9.  Nutrient cycling (Lee et al. 2006b).  

 Primary and secondary consumers, particularly benthic organisms play a large 

role in the regulation of nutrient concentrations and consequently the productivity in 

estuarine systems (Nixon 1981). Sediments, which are permanently or principally 

inhabited by macrofauna, can be a source or a sink for nutrients (Nixon 1981). A sink in 

an estuary occurs when substances or forms of energy are absorbed and therefore 

removed from the water cycle. Several studies have shown the life activities of 

macrofauna including eating, burrowing, and excretion of wastes can influence the 

interchange of matter between the sediment and the above water column (Aller 1979, 

1982; Kristensen et al., 1985, 1991; Hansen and Kristensen, 1997; Riefel et al. 1997; 

referenced in Pennifold and Davis 2001).  One study found that benthic macrofauna do 

indeed contribute largely to the nutrient cycling in their study of the Swan-Canning 

Estuary (Pennifold and Davis 2001). 

 Climate change can impact the ability of the estuary to carry out nutrient cycling 

processes. A combination of several or all factors including increased temperature, 

http://blog.cyberease.net/wp-content/uploads/2013/02/DominoTheory6.jpg
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reduced inflows, increased inflow pulses, and nutrient fluxes can create anoxic 

conditions, which occur when oxygen is depleted from the estuarine system. Anoxic 

events may alter the nutrient cycle by interrupting macrobenthic activities that can 

influence the nutrient cycle and transformations. (Pannifold and Davis 2001) 

 Anthropogenic influences can greatly affect the nutrient cycling processes of 

estuarine organisms through the increased introduction of waste discharges. The effects 

on organisms occur not only at the community level, but responses to anthropogenic 

wastes can be measured at the population, organismic, cellular and subcellular levels of 

organization (Kennish 1991). Rapid assimilation of heavy metals from water, food, 

and/or sediments has been shown for phytoplankton, zooplankton, and macroalgae 

(Kennish 1991). Macrobenthic invertebrates and mollusks eliminate heavy metals at a 

slow rate and are a source of bioaccumulation (Kennish 1991). Bioaccumulation is the 

accumulation of wastes and other substances via the organismal tissue. Disruption of the 

nutrient cycle can cause a decline in estuarine health and productivity.  Biomagnification 

is the accumulation of substances via trophic links. 

B.1.4.3. Sustainability 

 Estuarine ecosystems are among the most productive ecosystems on the planet. 

Marine habitats are valued at providing an estimated $14 trillion worth of ecosystem 

goods and services annually, or 43% of the global total (Costanza et al. 1997). Scientific 

evidence in the face of anthropogenic global change is showing many of these marine 

ecosystems are threatened (IPCC 2001). 

 Sustainability includes the valued habitats, resources, and ecosystem services 
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provided. It is important to look at freshwater management in terms of sustainability at 

these levels to determine what resources can be protected, the important habitats for their 

survival, and the economic importance of those resources. 

 Economists work with scientists to study how humans apportion natural resources 

based on their wants by valuing natural resources and processes. Ecosystem services are 

any resource or organisms that occur in a natural state and/or organism’s life processes 

that can be used for monetary gain; this includes freshwater. Economists and scientists 

can work together to provide tools that address the issues of balancing growth with 

conservation of natural resources. 

B.1.4.3. Habitats 

 Estuarine habitats can be categorized by vegetation type, sediment type, as well as 

depth. Estuarine habitat types are therefore grouped as unconsolidated sediments of sand 

or mud, seagrass beds, mangroves, saltmarshes, and oyster reefs. 

B.1.4.3.1. Key habitats 

 While unconsolidated sediments are the most common habitat in estuaries, several 

habitats are key to the high productivity characteristic of an estuary. These habitat types 

include mangroves, saltmarshes, oyster reefs, and seagrass beds. All habitats support 

estuarine biodiversity and provide many organisms with nursery grounds, feeding areas, 

and tidal and predator protection. Some habitats such as mangroves anchor the sediment 

to help prevent sediment erosion and displacement.  

B.1.4.3.1.1 Unconsolidated sediment 

 Unconsolidated sediments are estuarine habitats with little to no vegetation and 
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sediments smaller than pebbles. Area of the estuary where unconsolidated sediments 

occur can be hydologically classified as subtidal, permanently flooded, semipermanently 

flooded, and/or intermittently exposed. The composition and distribution of organisms is 

determined by the habitat’s exposure to wave and current action, temperature, salinity, 

and light penetration. Because there is little to no vegetative protection, most inhabitants 

are macroinvertebrates within the substrate.  

B.1.4.3.1.2 Seagrass beds 

 Seagrasses are flowering plants that are located in the subtidal zone of estuarine 

systems submerged in estuarine waters except for occasions when low tides expose 

seagrass to the air (NOAA 2004). Seagrasses appear similar to blades of grass, although 

they are not part of the grass family (NOAA 2004). Seagrass habitats occur where water 

clarity is high because the photosynthetic plants require high levels of sunlight. Seagass 

beds provide many services to the ecosystems including maintaining water clarity by 

capturing particulate matter in the water column with their leaves, providing shelter for 

fish, shellfish, and crustaceans, using their roots to stabilize bottom sediment, and 

providing a food source for many estuarine organisms as well as watering birds. 

B.1.4.3.1.3 Mangroves 

 Mangroves are trees or shrubs that grow in the intertidal zone of estuaries and 

provide erosion protection, storm damage, and tidal action (NOAA 2004). The 

mangrove’s roots and leaves filter sand and other material. Mangroves also provide 

shelter, food, nursery habitats, and protection for many fish species, crabs, shrimp, 

mollusks, sea turtles, manatees, and bird species. Mangroves have the ability to adjust to 
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changing tides, temperature, ocean currents, and various soil types including mud, sand, 

coral, rock and peat (NOAA 2004). 

B.1.4.3.1.4 Saltmarshes  

 A salt marsh is a marshy area occurring at the upstream portion of the estuary. 

Saltmarshes in estuaries are areas of high productivity and biodiversity. Food is supplied 

to marsh species through the decomposition of saltmarsh vegetation and other salt marsh 

organisms. Bacteria and algae aid in the decomposition of detritus, or dead and decaying, 

material resulting from marsh plants. Fish, crabs, shrimp, and worms eat the detritus 

material. The microorganisms then consume the feces of the fish, crabs, shrimp, and 

worms. Materials not taken-up by marsh inhabitants, act as fertilizer for the next 

generation of marsh plants. Salt marshes also provide protection from predators and 

nursery habitats for fish, turtles, bird species, and other organisms. 

B.1.4.3.1.5 Oyster reef habitats 

 Oyster reef habitats provide young, free-floating larval oysters with a substrate to 

settle on, protection of young mollusk, crab, and fish species, and water filtration. Oyster 

prevent algal blooms by filter feed on algae that can reduce the water quality and also 

inadvertently remove pollutants and other matter that may be harmful to estuarine health. 

Estuaries that experience excess nutrient loading can have algae populations explode in 

the upper water column until little nutrients are left and the population then crashes, 

leaving decaying organic matter in the water and creating hypoxic condition. Hypoxic 

conditions indicate an unhealthy estuarine system and are characterized by low oxygen 

levels and low visibility. Oyster reefs provide a means of preventing algal blooms, 
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insurance of future oyster generations, and protection of many organisms. 

 Today, only an estimated 15% of oyster reefs remain worldwide, making them 

among the most threatened marine habitats (Pollack 2012). Oyster reef habitats are 

constantly at risk of being destroyed or removed from anthropogenic activities, water 

quality degradation, climatic events, and pollution events (Pollack 2012). Oyster reef 

restoration and protection efforts in the Gulf of Mexico may provide a way to bring back 

the oyster reef habitats. The Figure 12 below shows oyster removals for anthropogenic 

use along the Atlantic and Gulf of Mexico coast are still occurring, showing oyster 

populations in these waters are still present. 

 

Figure 10. Commercial oyster landing in metric tons from the U.A. Atlantic and the Gulf 

of Mexico from 1950-2009 (Pollack et al. 2012). 

 

B.1.4.3.1.  Ecosystem Services 

 Ecosystem services are the goods and services provided by an ecosystem that 

translate into benefits for people. Some examples of ecosystem services include nutrient 
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cycling, flood control, water filtration, and habitat for plants and animals. Understanding 

how anthropogenic activities impact the ecosystem by valuing the ecosystem goods and 

services give information on how valuable the ecosystem is. 

 Ecosystem services integrate ecological economics and best available natural 

science. Ecosystem services provide a way to look at ecosystem functions in an economic 

context. An example of this would be putting a price on how much water is filtered by 

riparian plants a day by calculating the cost of filtering that same amount of water using a 

wastewater treatment plant. 

C. Management and policy implications 

 Since the 1960’s dewatering, or removal of water from streams and rivers, has 

doubled and around 60% of the Earth’s runoff is captured (MEA 2005). Freshwater 

inflows are essential to maintaining estuarine health. The removal of freshwater is 

depleting the supply available for coastal estuaries. There is an increasing interest in 

managing freshwater inflows in order to conserve and restore our estuaries. Figure 15 

below shows how much the total water withdrawals per day have increased from the U.S. 

from 1950 to 2005.  
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Figure 11. Total water withdrawals (bil. gal./per day) and U.S. population (USGS 

2013b). 

 

 Management initiatives are now being geared towards preserving or restoring 

natural flow regime patterns in order to create sustainable estuaries. This section provides 

information for management plans using EBM and policy procedures as avenues for the 

conservation of estuaries.  

C.1 Ecosystem-based management 

 For CDFIG to be as useful as possible to managers, it has been modeled using 

ecosystem based management concepts. Effective estuarine ecosystem based 

management strategies require a broad approach to analyzing information and making 

management decisions. Integration of a broad range of data, information, human 

components, and technology into useful management tools will create effective strategies 

for managing freshwater inflows and protecting estuarine habitats. 

 The type of ecosystem management requiring a comprehensive approach to 



 

 

 

75 

incorporate land, energy, and natural resource use and allocation involving species 

management, natural commodities, and humans as components is referred to as 

ecosystem-based management (EBM) strategies (Arkema et al. 2006). EBM also 

incorporates data analyzing various interactions over different amounts of time and space. 

This may be directed at the maintenance or enhancement of the entire riverine ecosystem, 

including its various aquatic and riparian biota and components from source to sea 

(Tharme 2003). 

 The purpose of using EBM strategies is to be able to use the information learned 

from your plan to achieve the main goal of that plan. The purpose of determining 

freshwater inflow regimes is ultimately to maintain or restore a sustainable estuary. To do 

this, a freshwater inflow regime can be determined, next it has to be accepted as valid, 

and then reasonable and enforceable regulations to fulfill that regime using ecosystem-

based management strategies must be implemented. 

 To develop the plan, the resources to be protected must first be identified. The 

resource of interest may very well depend on the values that the community holds as well 

as the agencies budget. Stakeholder engagement meetings to identify these resources 

should be done. First, the indicator specie or species should be identified. The critical 

habitat of the resource of interest should therefore be identified; this will be the estuarine 

area the freshwater inflow regime will be determined for. 

 It is important to research all historic and current information available including 

information on how other areas are addressing freshwater inflow concerns and data 

available by different agencies for the estuary of interest to create a baseline for 
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comparison for current or future changes that may occur. 

 Once research and agency coordination has been considered, the next step is to 

determine the goals of the strategy. Consider the questions you want to answer. The main 

goal for CDFIG is to create freshwater inflow regimes using EBM. Consider what you 

would like to accomplish by creating EBM strategies regarding freshwater inflows. Be 

aware of how to implement the plan through policy procedures. 

 The following tables show the steps to developing ecosystem-based management 

plans using the information provided through CDFIG. 

Figure 12. Model for creating ecosystem-based management strategies. 
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 The construction of the plan will include how you are actually going to 

accomplish the goals you have set out. After these steps, the plan can be implemented. 

The plan is essential because it is only useful if it is applicable to answering the questions 

you have. Know how you’re going to analyze the data. The plan you create may very 

well bring up more questions than answers but if planned correctly, those changes can be 

more easily addressed.  

 The following tables show the steps for the actual implementation of an 

ecosystem-based management plan using the information collected from the literature 

review. 

Figure 13. Model for implementing ecosystem-based management strategies. 

 SeaWeb provides information on Ecosystem based management strategies 

including definitions, benefits of ecosystems, implementing EBM, communicating EBM, 

tools for communicating EBM, and SeaWeb’s outreach projects (Seaweb 2013). 
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C.2 Freshwater inflow-related policies 

 Policies can alleviate the pressure on the freshwater supply. Policies ensure less 

detrimental practices are used in construction projects and water removal events. Policies 

allow agencies to issue permits that can be used to monitor water use and set restrictions 

that conserve the water supply. Some relevant policies are described in this section. 

C.2.1. Withdrawal permitting 

 Many states in the United States require people wanting to withdrawal substantial 

amounts of water to obtain a permit. These permits may apply to both surface and 

groundwater withdrawals and may stimulate practices that help protect other water users 

and/or wastewater.The person or persons receiving the permit receives reassurance that 

the allocation of this water will be available. 

C.2.2. Discharge permitting 

 Discharge permits are statewide permits that limit the discharge of pollutants by 

avoiding pollution of groundwater or prevent the mismanagement of wastewater 

treatment plants (Washington 2013). Industrial facilities that have any wastewater 

discharges to wastewater treatment plants must also attain a discharge permit unless the 

facility has previously obtained a pretreatment discharge permit (Washington 2013). 

C.2.3. Instream flow requirements 

 Instream flow requirements are the amount of flows or releases necessary to 

maintain the health and integrity of estuarine ecosystems (TCEQ 2009). Instream flow 

requirements are generally set to the minimum flows necessary, but they can also include 

maximum flow limits for hydropower dams, seasonal releases for fish spawning, or 
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weekend releases for recreational purposes (TCEQ 2009). There are a variety of methods 

used to set flow standards. 

 In Texas, Senate Bill 3 passed in 2007, which calls on scientists, stakeholders, and 

officials to address two issues: how much water is needed to keep the state’s estuarine 

systems healthy and how the state can protect that water (TCEQ 2009).  

C.2.4. Reservoir management 

 A reservoir is a place where water is collected and stored either naturally or 

artificially, general for human use including consumption, irrigation, electric facilities, 

etc. Reservoir management is a process of developing and implementing a reservoir 

management plan using rules and regulations in order to provide reliable water supplies.  

In some cases reservoir plans also endeavor to protect the ecosystem by requiring the 

most efficient and environmentally sound exploration and exploitation processes. 

Reservoir management teams who create the reservoir management plan are composed of 

reservoir engineers, field operators, reservoir geologists, production and facility 

engineers, and field staff. 

C.2.5. Inversions and interbasin transfers 

 Inversions and interbasin transfers are defined as the artificial withdrawal of water 

by dams, tunnels, canals or pipelines for anthropogenic uses, ranging from industrial to 

agricultural use.  This removal can be done by diversion of a river’s course, or by the 

assemblage of a large waterway with the ability to transfer large amounts of water 

(Micklin 1985). Licensing and regulations including pumping regulations can be imposed 

on the diversion of water practices, which can reduce the amount of water, removed as 
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well as increase irrigation efficiency. 

C.2.6. Flood Plane Modification 

 Flood planes are terrestrial areas adjacent to waterways that are exposed to 

periodic inundation (DRDEESESAOSA 1991). Inundation refers to the submergence of 

vegetation in water. Rivers and stream constantly change to some degree due to 

precipitation and runoff events. A major source of river and stream modification is 

anthropogenic development. When a river or stream experiences a heavy or continuous 

rainfall that exceeds the ability of water to percolate the adjacent soil and the flow 

capacity of a stream or river, flooding occurs (DRDEESESAOSA 1991). Flooding is 

when the water in a river or stream pores over the banks and onto the terrestrial area 

surrounding it. 

 Flood plane modification policies may prohibit development projects that cause 

river and stream modification or require methods aimed at flood control 

(DRDEESESAOSA 1991). 

C.2.7. Sediment and erosion controls 

 Topsoil vegetation protects soil erosion through root growth which holds the soils 

in place. The removal of vegetation increases the rate of erosion from natural weathering 

processes including water carrying off soil in runoff and wind (EPA 2012). The removal 

of natural vegetation and topsoil makes the exposed area particularly susceptible to 

erosion, causing transformation of existing drainage areas and disturbance of sensitive 

areas (EPA 2012). Regulations and policies that help prevent topsoil erosion are often 

implemented. The EPA webpage is a resource that explores some of the sediment and 
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erosion control regulations currently in place in several states (EPA 2012). 

C.2.8. Water Quality Standards 

 Water quality standards set expectations for the quality of water by controlling 

pollution (USEPA 2013b. The EPA controls pollution regulation, and are given 

regulatory powers under the Clean Water Act (USEPA 2013b). The EPA webpage 

describes the water quality standards for surface waters (USEA 2013b). 

 

 

 

 

 

DISCUSSION 

 

 The results of the information evaluated have implications in the use of 

ecosystem-based management strategies for managing freshwater inflows, provide 

managers with needed research, and address current information gaps. Future studies may 

be necessary to understand the usefulness of creating decision support tools.  

 As the human population continues to grow and the climate continues to change, 

management and policies for addressing the effects on estuarine systems will be 

increasingly important. Freshwater inflows are a key component for the management of 

estuarine health. Establishing freshwater requirements for estuaries is the clear trend in 

estuarine management. Dickson Hoese wrote,  

‘‘This paper will end in a plea, which is already partly evidenced and answered. 

The pressure of rising salinities [due to decreased freshwater inflow] will 
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increase, as first Texas and then the northeast have experienced, and while 

marshes may withstand the change better that most estuarine waters, all interests 

should make certain of this. After all estuaries are only downstream from the 

whole nation” (Hoese 1967). 

A. Organization of sections 

 The subjects that evaluated information related to freshwater inflows covered A) 

background information, B) factors influencing freshwater inflows, C) relationship 

between freshwater inflows and estuaries, and D) management and policy implications. 

Within each subject, further organization was done into sections. Here, the sections under 

each subject are described. 

 The first subject discussed is the background information. The sections are briefly 

explained as follows: 

 A.1) Introduction to Decision Support Tools for Managing Freshwater 

Inflows in the Gulf of Mexico: Freshwater inflows are the most important 

component of estuarine health. Decision-Support Tools for Managing Freshwater 

Inflows into the Gulf of Mexico is a web-based tool created to support coastal 

management decisions regarding freshwater inflows considerations to bays and 

estuaries by providing the best available science-based information using the 

Texas Coast estuaries in the Gulf of Mexico as the primary study area. 

 A.2) Introduction to estuaries: Understanding estuaries and the role of 

freshwater inflows is introduced. Also, the challenges estuaries face due to 

changing inflows is addressed as well as calls for action. 



 

 

 

83 

 A.3.) Background: Using Ecosystem based management to create web-

based decision support tools: This section provides background information on 

CDFIG including the approach of CDFIG, some current decision support tools, 

and the case studies area used for CDFIG. 

 The second subject discussed is the factors influencing freshwater inflows. The 

sections are briefly explained as follows: 

 B.1.) Valued resources in estuaries: Choosing the resource to protect first 

is very necessary because it will define the estuarine study area, the public 

interest’s and what they are willing to protect, the collection of data, as well as the 

policies that can be passed based on applicable Acts. 

 B.2.) Estuarine geography: GIS based maps can provide a better 

understand of estuarine dynamics including physical components like hydrology, 

sediments, climate and biology that make up a coastal environment and how it 

changes over time. 

 B.3.) Environmental flow: Analyzing changes in freshwater inflows and 

the responses from other environmental components in estuarine ecosystems can 

provide the information necessary to create flow standards. The general methods 

to determine flow standards are management strategies that can be described and 

repeated. 

 The third subject discussed is the relationship between freshwater inflows and 

estuaries. The sections are briefly explained as follows: 

 C.1.) The Domino Theory: This conceptual model provides a guide to 

http://blog.cyberease.net/?page_id=30
http://blog.cyberease.net/?page_id=43
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understanding the relationship between freshwater inflows and estuaries by 

linking estuarine ecosystem resources to estuarine condition and then estuarine 

condition to freshwater inflows. 

 The last subject discussed is the management and policy implications. The 

sections are briefly explained as follows: 

 D.1.) Ecosystem-based management strategies: This section covers 

ecosystem-based management strategies. Create an ecosystem-based management 

strategy for freshwater inflows requires the integration of large data sets, historic 

and current information, cooperation from multiple agencies, studies determining 

the freshwater inflow regime, policy considerations, public outreach, and a plan of 

how to implement the strategy. 

 D.2.) Freshwater inflow-related projects: This section describes policies 

related to freshwater inflows management. Policies are the most beneficial 

management tools of all because they are enforceable.  

 The information was formatted to increase usability. The format provides an 

avenue for any information to be housed under the appropriate subjects matter and 

section.  

B. DSS and significance to EBM 

 The purpose of this project was to integrate information available for estuaries 

along the Texas Coast in the Gulf of Mexico and use the information to create a web-

based decision support tool to aid in the management of freshwater inflows and evaluate 

its effectiveness as a DSS.  
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 EBM strategies attempt to conserve the environment in the face of a growing 

population that demands more and more resources. The study and evaluation of literature 

related to environmental flows management focused on categorizing subjects into areas 

where EBM strategies could be applied. The categorized subjects were then placed into a 

DSS format so each category had text, links to data, and links to modeling and 

informative tools. Tools support many of the elements needed for adaptive management 

strategies (Smith et al. 2007).  

 The subjects were organized with management implications in mind. The main 

management implication was to provide the information and resources necessary to assist 

managers in the creation of environmental flow standards. The organization was done as 

follows: factors influencing freshwater inflows, relationship between freshwater inflows 

and estuaries, and management and policy implications. The information included is 

appropriate knowledge for manager’s use in estuarine ecosystem restoration projects 

(Alber 2012; Montagna et al. 2013). Prioritization of information can be useful in 

directing management projects and decisions.  

 Effective ecosystem management decision support systems (EM-DSS) can be 

developed if ecosystem management processes are accurately defined (Jensen and 

Bourgeron). Unfortunately EM-DSSs are often unsuccessful in that all parties the system 

is intended for rarely agree on the methodology of the EM-DSS. According to Jensen and 

Bourgeron, no available EM-DSS is capable of integrating all components necessary for 

ecosystem management (Jensen and Bourgeron 2001). Although the current study that 

evaluates and integrates literature is not all encompassing, the web-based categorized 
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format provides a framework that can be useful a useful tool for addressing management 

and policy concerns.  

C. Significance of long-term data sets 

 For an EM-DSS to be successful, the integration of long-term data sets is 

important. Links to long-term datasets are available on DFIG to state, local, and federal 

agency webpages (Texas Water Development Board, Texas Commission on 

Environmental Quality, National Oceanic and Atmospheric Administration, Texas 

General Land Office, Texas Parks and Wildlife U.S. Geological Service).  

D. Future projects  

 The current project provides a methodology for accessing the health of an estuary 

based on freshwater inflows. An EM-DSS should incorporate text, data, and models. Not 

all subjects discussed meet these three requirements. Future projects to build upon the 

DFIG would increase effectiveness. Projects to add additional tools and long-term 

datasets could further enhance stakeholder engagement.  

 The text portion of each section could be improved upon with examples for each 

subject, instead of examples for a few subjects. Because of the project is based on a 

webpage, the addition of examples for each subject is possible and easy to perform. 

 The models provided could be improved upon. A model should represent an 

example for comparison. Geographic information system maps are increasingly useful 

modeling tools. A GIS component would contribute significantly to the webpage.  

 The links to long-term data sets on DFIG are currently found under each relevant 

subject, which could be modified in the future. The available access to long-term data 
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sets could be made accessible on a separate page, making navigation to all links on the 

site simpler.  

 

 

 

 

 

CONCLUSIONS 

 

 The three main benefits of this project is that it 1) Integrates long-term data sets 

on climate, freshwater inflows, nutrients, sediments, and biological components, 2) 

Assists in the creation of environmental flow standards, 3) Publishes information on a 

web site to aid in decision making and increase stakeholder engagement. 

 The webpage communicates how taking freshwater from rivers and streams that 

flow into estuaries harms the health of ecosystems. Reduced freshwater into these 

systems can increase salinity levels, decrease pH and dissolved oxygen (Palmer et al 

2011). This affects fish offspring’s ability to survive and therefore food and recreational 

activities (Ronnback et al. 2007). Coastal habitats provide many ecosystem services. For 

the coast, this includes buffer zones from storms, filtration of harmful substances by 

vegetation, habitat for fish and wildlife, food, recreation, and much more. 
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APPENDIX A 

 

Evaluation of DFIG as a decision support tool 

 

Person Interviewed:______________________ Phone: _______________________ 

 

Organization:___________________________ 

1. What do you like most about our new decision support tool? 

 

Narrative estuary content 

 

Narrative inflow content 

 

Narrative ecosystem based management 

 

Links to other sites 

 

Links to data 

 

 

2. What is most useful for decision support tools currently available from other 

organizations? 

 

Background narrative 

 

Literature review on previous studies 

 

Data availability 

 

Models 

 

Games 

 

 

3. What changes would most improve our site? 

 

More graphics 

 

More text 

 

It’s just about right balance between text and graphics 

 

More data 
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Some modeling 

 

 

4. If our new service were available today, how likely would you be to use it instead 

of other tools currently available from other organizations? 

 

Extremely likely 

 

Very likely 

 

Moderately likely 

 

Slightly likely 

 

Not at all likely 

 

 

5. If you are not likely to use our new service, why not? 

 

So not need a service like this 

 

Do not want a service like this 

 

Satisfied with competing services currently available 

 

Other (please specify) 

 

 

6. What would make you more likely to use our new service? 

 

Improve ease-of-use 

 

Improve readability 

 

Add more in-depth content 

 

Add more case studies 

 

Improve navigation 

 

 

7. How important is convenience when choosing this type of service? 
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Extremely important 

 

Very important 

 

Moderately important 

 

Slightly important 

 

Not at all important 

 

 

8. Overall, are you satisfied with your experience using our new service? 

 

Extremely satisfied 

 

Very satisfied 

 

Moderately satisfied 

 

Slightly satisfied 

 

Not at all satisfied 

 

 

9. What changes would most improve this new tool? 

 

 


