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Focused Flows to Maintain Natural Nursery Habitats

Abstract: Regulatory standards for environmental flows to estuaries are not common, but they are required in Texas. This 
has led to adoption of complex freshwater inflow regimes that reflect seasonal and yearly fluctuations that vary geographically 
throughout the state. The flow regimes are based on dilution of saline water with fresh water in whole systems. Because the estuar-
ies are large lagoons, large volumes of fresh water are required to meet standards. However, this volume of water is not available 
during dry periods. We present a new concept, focused flows, for lower flow volumes that would maintain the ecological health 
of the upper reaches of estuaries during droughts. The concept is based on maintaining ecological integrity of nursery habitats, 
which is an important ecological function of estuaries. These focused flows would protect nursery habitats during droughts and 
allow estuaries to recover more quickly when the hydrology returns to average or higher flow periods. This approach could be 
applied globally where increasing water infrastructure and deficits are a concern or increasing aridity due to climate change is 
reducing river flows to coasts.
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Terms used in paper

Acronym/Initialism Descriptive Name
ac-ft acre-feet
ha hectare
HB house bill
m3 cubic meters
NOAA National Oceanic and Atmospheric Administration
psu practical salinity unit
s second
SAC Science Advisory Committee
SB Senate Bill
y year

INTRODUCTION

While nearly every political jurisdiction on Earth has some 
kind of laws, rules, or regulations that protect water quality, 
very few jurisdictions have such protections for water quan-
tity. Yet rivers that do not flow are hardly river habitats at all, 
and the dilution of sea water with fresh water defines estuary 
habitats. Scientists and managers of freshwater ecosystems have 
long recognized the importance of flowing water in the envi-
ronment to define aquatic habitats, and that management of 
flow rates is important to protect freshwater species (Ward and 
Stanford 1979; Postel et al. 1996; Richter et al. 1997). The 
importance of natural flow regimes, which acknowledge the 
dynamic nature of the timing and flow of rivers instead of just 
a minimum flow rate, is now recognized as a critical manage-
ment approach (Poff et al. 1997). Recently, the field of hydro-
ecology (or ecohydrology) has arisen to examine the relation-
ship among environmental flow regimes, ecological responses, 
and potential management applications (Wood et al. 2008). 

Estuary habitats are different from river and stream habitats. 
Flow rates in flowing freshwater riverine environments define 
instream habitats, maintain riparian and floodplain communi-
ties, influence habitat quality, and transport matter and materi-
als downstream (Bain et al. 1988). This is not true in estuaries. 
In estuaries, freshwater inflow from rivers and streams delivers 
nutrients and sediments and dilutes sea water from the coastal 
ocean; thus, environmental flow is a driver of estuarine con-
dition and ecological responses to the varying estuarine con-
ditions (Alber 2002). The importance of salinity in defining 

estuary conditions also has a long history since first described 
by Pritchard (1952, 1967). The role of nutrients and sediments 
in shaping estuarine productivity and habitats along salinity 
gradients from the river to the sea is also well known (Day 
et al. 1989). Early studies of estuaries demonstrated that they 
provide nursery habitats, which support fish and shellfish fish-
ery species, and these nurseries are primarily located in marshes 
and near river mouths (Gunter 1967; Weinstein 1979).

While it has been firmly established that estuaries are com-
plex ecosystems with high spatial and temporal variability 
(which influences food webs, habitat complexity, and ecosys-
tem productivity characteristics), early attempts to address 
management of freshwater inflows focused on flow rates alone. 
This was true in many regions (Adams 2014). For example, 
in Texas, United States, the primary approach to identifying 
freshwater inflow needs was a model of fisheries harvest that 
was driven by freshwater inflow rates (Longley 1994; Powell et 
al. 2002). In Florida, United States, a percent of flow approach 
has been used in some estuaries (Flannery et al. 2002). In 
South Africa, static volumes were used to set inflow criteria 
(Adams et al. 2002). In other cases, the flow required to main-
tain a downstream salinity value was used, as in San Francisco 
Bay, California (Jassby et al. 1995; Kimmerer 2002a), Georgia, 
United States, estuaries (Alber and Flory 2002), and Swan Riv-
er Estuary, Western Australia (Kurup et al. 1998). These condi-
tion approaches to define inflow needs were replaced by more 
mechanistic and holistic approaches over time (Adams 2014). 

However, one consequence of these whole-estuary approach-
es to identify inflow needs is that very large volumes of fresh 
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water are required to dilute salinity in whole-bay and estuary 
systems or to maintain a salt wedge in the downstream area 
near the inlet or pass where sea water and fresh water are mix-
ing. These large volumes impose a problem for those resource 
managers setting inflow standards or others attempting to 
restore hydrology to ensure estuary functions. The problem is 
that the large volumes of fresh water may no longer be avail-
able. The reality is that there are about 16.7 million reservoirs 
larger than 0.01 hectare (ha; 0.08 acre-feet [ac-ft]) in the world 
(Lehner et al. 2011), and one-sixth of the river flow in the 
world is now captured behind these dams (Hanasaki et al. 
2006), which is severely restricting fresh water and sediment 
flow to the coasts (Tessler et al. 2018). In addition to land-use 
change, climate change will also alter water availability. Aridity 
is increasing worldwide because of climate change (Berdugo et 
al. 2020). This is particularly true in the southwestern region 
of North America where extreme droughts can extend many 
years (Seager et al. 2007). So, the problem is: How will we ever 
hydrologically restore estuaries if large volumes of water are no 
longer available in rivers and streams or are already allocated?

TEXAS ESTUARIES

There are 10 major river basins and nine coastal basins in 
Texas that provide freshwater inflow to seven major receiv-
ing estuaries, which range from hydrologically positive in the 
northeast to negative in the southwest (Montagna et al. 2011; 
Table 1). Water supply diversions are less than natural flows in 
every Texas river basin except for the Rio Grande in the south-

west (Wurbs and Zhang 2014; Table 1). However, on average, 
regulated flows at the outlet of the river basins to the estuar-
ies is 81% of the naturalized flows at the outlet, meaning that 
much environmental water is still reaching bays and estuaries. 
Reduced inflow may already be a problem in the southernmost, 
hydrologically neutral and negative estuaries, where water is 
already naturally scarce. An example of this is the Nueces River, 
where flushing rates are very slow and regulated flows are much 
reduced from naturalized flows (Table 1). 

Since the mid-1980s, the state of Texas has struggled with 
the issue of how to secure freshwater inflows to estuaries suf-
ficient to keep them healthy and productive while also meet-
ing the myriad of human demands on that limited resource. 
Because of these legislative mandates (1985 House Bill [HB] 
2, 1997 Senate Bill [SB] 1, and 2007 SB 3), Texas has led the 
world in efforts to characterize environmental water and espe-
cially freshwater inflows as the basis of making rational, sci-
ence-based decisions about water allocation and management 
to assure healthy and productive bays and estuaries. Much of 
that early work was synthesized in the seminal book Freshwater 
Inflows to Texas Bays and Estuaries (Longley 1994). A funda-
mental tenet of those early studies was a focus on recreation-
ally and commercially important shellfish species (i.e., crabs, 
shrimp, and oysters), and finfish (i.e., black drum, flounder, 
red drum, and spotted seatrout). That focus generated two sig-
nificant constraints on efforts to produce a model that would 
predict the required inflows, both in quantity and timing to 
meet the legislative mandate (Powell et al. 2002). The models 
necessarily had to encompass an entire bay system because of 

Table 1. Estuary and river basin characteristics on the Texas coast. Estuary inflow and river flows are in 103 acre-feet/year (ac-ft/y), 
estuary volume is in 103 ac-ft, and flushing rate (i.e., volume/surface inflow) is in days.

Estuary characteristics a River basin characteristics b

Estuary Volume Surface 
inflow

Inflow 
balance

Flushing 
rate River basin Naturalized 

flows at outlet
Regulated 

flows at outlet
Percent 

regulated flow

Sabine-Neches 492 13,866 13,919 13
Sabine 6,633 6,192 93%
Neches 6,224 5,572 90%

Trinity-San Jacinto 2,108 11,120 11,241 69
Trinity 6,630 4,829 73%
San Jacinto 2270 1,119 49%

Lavaca-Colorado 1,798 3,528 3,242 186
Colorado 3,119 1,908 61%
Lavaca 860 806 94%

Guadalupe 564 2,455 2,270 84 Guadalupe & 
San Antonio 2,220 2,063 93%

Mission-Aransas 702 490 280 522
Nueces 964 587 262 599 Nueces 648 440 68%
Laguna Madre 414 705 -595 215 Rio-Grande 1,100 75 7%

a Montagna et al. 2011
b Wurbs and Zhang 2014
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to live in. There is not a simple harvest = flow relationship. The 
original idea was a species-based management approach. The 
problem with species management is related to the problem 
with the direct relationship approach, in that species live in a 
complex environmental setting, and what is good for one spe-
cies may be bad for another. Modern environmental manage-
ment usually takes an ecosystem-based approach where hab-
itat and environmental quality is managed for the benefit of 
the full complement of species. The idea that evolved was that 
inflow has an indirect effect on bays and estuaries and is best 
managed by an ecosystem-based approach focused on habitats.

Role of fresh water in estuaries 

While it is recognized that freshwater inflow has indirect 
effects in estuaries (i.e., inflow affects water quality conditions, 
and water condition affects habitat quality), the idea was first 
formalized into a management strategy by Alber (2002). The 
Alber conceptual model was based on a quantitative model 
of the cumulative impacts on ecosystem processes as a func-
tion of changes in freshwater, sediment, and nutrient inflows 
created by Sklar and Browder (1998). The indirect approach 
was adopted by SAC to provide guidance to all science and 
stakeholder teams responsible for making inflow recommenda-
tions to the Texas Commission on Environmental Quality, the 
agency responsible for setting environmental flow standards in 
Texas (Brandes et al. 2009). The conceptual model developed 
by these earlier efforts was refined by Palmer et al. (2011) and 
Montagna et al. (2013) and named the domino theory (Figure 
1). 

these species’ mobility (only oysters remained a fixed commu-
nity). The focus on the entire bay meant models had to predict 
the effect of changing conditions over large areas and relate 
those changes to the adult stages of the target species. Such 
complexities made the margins of error in the models large and 
difficult to resolve. 

These scientific constraints created two significant political 
impediments to securing environmental flows for estuaries. 
The large margins of error in the models made it necessary to 
provide a range of inflows with differing biological impacts 
rather than more specific recommendations. While that may 
be a scientifically reasonable approach, detractors seized on 
that as an uncertainty to discredit the recommendations. Sec-
ond, and more importantly, because the focus of the effort was 
on entire bay systems, the quantities of water needed to meet 
legislative mandates was in the hundreds of thousands (even 
millions) of acre-feet, and that high volume proved to be polit-
ically, economically, and hydrologically impossible to secure. 

As described above, the state of Texas started with a concep-
tual model of direct effects of flow on harvestable species (Mat-
sumoto et al. 1994). The conceptual model was that “fisheries’ 
production may be considered a measure of an estuary’s over-
all health,” and the mathematical approach was essentially a 
regression between inflow and harvest (Matsumoto et al. 1994, 
page 700). The strengths and weaknesses of the method have 
been described in detail by the Texas Environmental Flows Sci-
ence Advisory Committee (SAC; Brandes et al. 2009, pages 
33-37). The main problem is that harvest is an economic factor 
driven by pricing and fishery regulation, not an ecological fac-
tor, and that finfish and shellfish need food to grow and habitat 

Figure 1. The domino theory conceptual model of freshwater inflow effects on estuary ecosystems (based on Alber 
2002; Brandes et al. 2009; Palmer et al. 2011; Montagna et al. 2013).
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The conceptual model is called the domino theory because 
there is a domino effect where inflow drives water quality con-
ditions, and living estuarine resources respond to the water 
quality conditions that drive habitat quality. Recent numerical 
modeling approaches use this idea to integrate the delivery of 
nutrients to the estuary that drives primary production, which 
in turn drives secondary production (Montagna and Li 2010; 
Kim and Montagna 2009, 2012).

Ultimately, biological resources in estuaries are affected more 
by salinity solely by flow, because salinity is the most important 
water quality component regulating community structure (Van 
Diggelen and Montagna 2016). Salinity is affected by inflow, 
but there are complexities because of the interactions between 
tides and geomorphology. Consequently, all salinity-flow rela-
tionships are characterized by very high variance or scatter, 
especially in the low flow end of the spectrum. Because of the 
links among flow, salinity, and biology, all the resource-based 
approaches are multi-step and essentially run the domino the-
ory backwards. First, the resource to be protected is identified. 
Second, the salinity range or requirements of that resource are 
identified in both space and time. Third, the flow regime need-
ed to support the required distribution of salinity is identified. 

It is impossible to manage freshwater inflow without a pol-
icy framework and an adaptive management process, both of 
which have evolved over time in Texas. After a drought in the 
1950s, the Texas Water Planning Act was passed by the Texas 
State Legislature in 1957. This act was amended over the next 
10 years and led to the creation of a Texas water plan that was 
adopted in 1969 and called for 13.5 million ac-ft of freshwater 
inflows annually to Texas bays and estuaries. Estuarine mon-
itoring programs to inform state water planning and permit-
ting decisions were enacted in legislation in 1985 (HB 2) and 
1987 (SB 683; Longley 1994; Powell et al. 2002). A major 
change occurred in 2007 when the Texas Legislature passed 
SB 3, which requires that new water permits contain, to the 
extent possible, a set aside for an environmental flow regime 
(Montagna et al. 2013). Complex inflow regimes were adopted 
for stream locations throughout Texas river basins that include 
provision for subsistence, base, and pulse flows during each of 
the four seasons (winter, spring, summer, and fall; Opdyke et 
al. 2014). Altogether, these volumes are large (millions of ac-ft/
year [y] or billions of cubic meters [m3]/y) because they are 
based on diluting whole estuary systems.

Freshwater inflow needs 

There are two issues that make identification of freshwater 
inflow needs problematic: 1) a large amount of fresh water is 
needed to maintain ecological integrity, which is dependent on 
salinity gradients from the river to the sea in the entire estuary, 
and 2) water in the upstream basins can be allocated to a high 

degree during droughts. Thus, finding water quantities neces-
sary to resolve these problems is going to be a challenge.

The state of Texas creates a new water plan every 5 years (Tex-
as Water Development Board 2017), which provides the fol-
lowing facts. Human water demand in 2017 was 18.4 million 
ac-ft/y (22 billion m3/y), but water supply during a drought 
is only 15.2 million ac-ft (19 billion m3/y). This data shows 
that during droughts, there are insufficient supplies to meet 
human needs, let alone environmental needs. Worse, it is pro-
jected that by 2070 annual water demand will increase 17% 
and annual water supply will decrease by 11%, which will con-
siderably widen the shortfall during droughts. It is obvious that 
fresh water is currently over-allocated to meet current demands 
during droughts. 

Where will the water come from to meet environmental 
needs and standards when it is most needed for human uses, 
i.e., during droughts? With so little water available and such 
large volumes necessary to maintain estuarine conditions, it 
appears that Texas estuaries are at great risk. The arid parts of 
Texas are already characterized by water scarcity, and this risk 
increases with climate change (Ward 2011).

Inflow creates different salinity zone habitats within bays 
(Montagna et al. 1996, and thus the critical need is to char-
acterize within bay dynamics, not bay-wide dynamics. In 
addition, we now know that minimal inflow during dry times 
would minimize a bay system from degrading during droughts 
(Palmer and Montagna 2015; Montagna et al. 2017). 

Advances in estuarine science have demonstrated that there 
are zones within bay systems. The critical zones are the estua-
rine habitats that are the natural nurseries for estuaries (Deegan 
and Day 1984) that support connectivity with the coastal sea 
(Vasconcelos et al. 2011). These zones have also been called 
refuges, or refugia, because this is a place where estuarine-de-
pendent species can seek refuge during times of stress (Boesch 
and Turner 1984). Often these nursery habitats are associat-
ed with edges of vegetated habitats near freshwater sources, 
such as mangroves (Nagelkerken et al. 2008), marshes (Boesch 
and Turner 1984), or areas near river mouths (McCambridge 
and Alden 1984; Zimmerman and Minello 1984; Kimmerer 
2002b; Fernández-Delgado et al. 2007). The key paradigms 
have been that estuaries are nurseries, many species are estua-
rine dependent, and freshwater inflow influences habitat (Able 
2005). Thus, salinity gradients define habitat utilization in Tex-
as estuaries (Zimmerman et al. 1990; Montagna et al. 2013).

Water resources in Texas are driven by spatial and temporal 
variability, and most flow occurs during floods separated by 
periods of low to moderate flows (Wurbs 2021). Thus, periods 
of higher inflow will occur after low-flow periods. So, if we 
maintain a natural nursery, this will enable the bay to recol-
onize more rapidly when higher flow periods resume, and we 
can ensure that we “maintain the productivity, extent, and per-
sistence of key aquatic habitats” over the long-term as required 
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by 2007’s SB 3. These two developments (drought regimes and 
refuges) provide a basis for a new goal: to determine how much 
fresh water is needed during dry times to maintain natural 
nurseries (i.e., refugia). 

The areas near river mouths are smaller and shallower, and 
thus have much smaller volumes of water. Therefore, these 
areas need much less water to maintain an estuarine salinity 
zone that would maintain these natural nurseries. A model of 
the Nueces Delta marsh predicts reductions in plant cover in 
both drought and moderate conditions, and marsh plant cov-
erage increases only during wet conditions (Montagna et al. 
2017). The delta marshes near river mouths are typically com-
posed of a community of marsh plants, such as Batis maritima, 
Distichlis spicata, Monanthcloe littoralis, Salicornia virginica, 
Borrichia frutescens, and Spartina alterniflora (Montagna et al. 
2017). These marshes are distinct from fringing marshes that 
are composed of only Spartina alterniflora and occur through-
out the bay systems, including the primary bays. Focused flows 
will not affect fringing marsh habitat in primary bays.

ONE POTENTIAL SOLUTION: FOCUSED 
FLOWS 

The issue of adequate freshwater inflows to maintain estuar-
ies was first raised in the 1960s (Copeland 1966). There have 
been at least four compilations or reviews on this topic since 
then: Cross and Williams (1981), Dyer and Orth (1994), 
Montagna et al. (2002a), and Acreman et al. (2014). So there 
is quite a bit known about the importance of freshwater inflow 
to estuaries and the science used to identify environmental flow 
needs of estuaries (Brandes et al. 2011; Montagna et al. 2013; 
Adams 2014). 

Small scale hydrological restoration projects have demon-
strated that measurable environmental benefits can be derived 
from relatively small amounts of water delivered strategically 
into the upper ends of Texas estuaries. For example, construc-
tion of two dams in the Nueces River watershed and an ensuing 
drought reduced flow to the Nueces Estuary and overbanking 
from the Nueces River to Rincon Bayou, which feeds the Nuec-
es Delta marsh (Ward et al. 2002). This led to higher salinities 
and a reverse estuary where salinity was higher at the mouth of 
the river than downstream in the bay (Palmer et al. 2002). In 
1995, an overflow channel was cut into the bank of the Nueces 
River to increase the frequency of flow into Rincon Bayou and 
the marsh. This solution led to higher abundance and diversi-
ty of intertidal vegetation (Alexander and Dunton 2002) and 
benthic communities (Montagna et al. 2002b). Additionally, a 
pipeline was built to move fresh water directly into the marsh 
in 2009, and the pumping was able to maintain salinities at 
less than 35 practical salinity units (psu) during droughts (Del 
Rosario and Montagna 2018). It was also determined that 

inflow volumes as low 0.41 m3/second (29 ac-ft/day) would 
maintain optimal salinity and water depth for infauna and 
epifauna communities (Montagna et al. 2018). Water depth 
is an important factor because focused flows would be deliv-
ered to shallow upland marshes and bayous. In Rincon Bayou, 
which is a good example of an area that requires focused flows, 
maintaining the ecological health of the marsh would require 
maintaining salinity between 6 and 18 psu and a minimum 
water depth between 0.2 meters to 0.3 meters (Montagna et 
al. 2018).

Flows that create and sustain natural nurseries can acceler-
ate recovery of estuaries, perhaps by years, following the end 
of droughts. A more rapid recovery of these productive sys-
tems has both economic and ecological benefits. Thus, a small 
amount of water delivered to strategic areas of the estuary 
during droughts can have great ecosystem and human benefits. 
These areas are nursery habitats, which are also of lower overall 
volumes and thus require less fresh water to dilute salt water. 
Therefore only thousands, rather than hundreds of thousands, 
of acre-feet of fresh water would be necessary. Small volumes 
of freshwater inflow could be focused on these nursery habitats 
at critical times, hence the name of this strategy is “focused 
flows.” 

Focused flows are likely not adequate to sustain ecosystem 
health and productivity for whole estuarine systems, and they 
cannot substitute for environmental flows that sustain fisher-
ies or ecosystem services beyond drought mitigation. However, 
focused flows do provide significantly more ecosystem value 
than a requirement to meet minimum water quality standards, 
and it has been shown that the public places high value on the 
impact of freshwater inflow (Yoskowitz and Montagna 2009).

The concept of focused flows could be a more palatable polit-
ical goal for securing environmental water than what has been 
attempted in the past. It is a strategy that many stakeholders 
would likely agree to because it does not force the false choice 
between securing water to serve people versus the environment. 
These focused flows may be the only viable option in systems 
where water is mostly allocated, or restoration is a desirable 
environmental goal.  

The focused flows concept also has economic benefits. Pay-
ment for conservation and restoration activities that have 
public benefits can be provided from the public sector, pub-
lic-private partnerships, or private social impact investing 
(Alix-Garcia et al. 2018; Holl and Howarth 2000; Pascal et 
al. 2018). Also, focused flows could be secured through mar-
ket-based approaches (i.e., purchasing permanent rights, spot 
market transactions, or options contracts) because smaller vol-
umes of water are more likely to be available than larger vol-
umes. It has been suggested that a water market in Texas could 
encourage water conservation (Vaca et al. 2019). Focused flows 
from water transactions could also be created by mitigation or 
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restoration actions, or a permanent water right. Part of the eco-
nomic value generated by a more rapid recovery from extreme 
droughts using a focused flow regime—where natural nurseries 
are maintained—can be calculated by the increase in the rate 
of recovery of habitat and infauna and epifauna communities 
(Montagna et al. 2018; Montagna et al. 2017) and commer-
cially and recreationally important fish recovery (Lellis-Dibble 
et al. 2008; Brown et al. 2018). Thus, focused flows is an eco-
nomically useful strategy for restoration projects.

Should a focused flows program be adopted, there will 
be many new questions that will need to be answered with 
research, as well as engineering challenges to be met. To design 
a focused flow regime, it will be necessary to know details about 
the species present at a specific location, their seasonal dynam-
ics, and the optimal salinity and depth ranges to support the 
habitat requirements of the species present. It will be necessary 
to identify valued ecosystem components that would benefit 
from the focused flows. Mechanisms to deliver water will also 
have to be resolved. For example, a pipeline was built to trans-
port water around the saltwater barrier (i.e., the Calallen Dam) 
on the Nueces River to deliver water directly to Rincon Bayou 
(Montagna et al. 2009). So some kind of conveyance, such as 
a pipeline or ditch, may be required to deliver water direct-
ly to where it might provide the most benefits. Water might 
be required from storage, return flows, or aquifer storage and 
recovery, which will provide additional engineering challenges. 

Additionally, a focused flow program will likely require some 
monitoring to determine if the project is working as designed. 
While the benefit is primarily for maintaining nursery habitat 
function for biological resources, it will be expensive to moni-
tor the target species utilizing the habitat. However, a minimal 
monitoring program is inexpensive and should measure habitat 
characteristics, such as salinity and water elevation, to ensure 
the habitat design requirements are being met.

The general public expects environmental programs to bene-
fit society (Kulin et al. 2019) and will support them when they 
are perceived as fair and effective. The focused flows concept 
provides a science-based approach that meets this desire and in 
doing so facilitates governmental agencies in meeting regula-
tory requirements related to water allocations. A focused flow 
program could also be a means to engage non-governmental 
organizations more productively (Bennett et al. 2018) to create 
projects and apply for funding to restore hydrological func-
tioning of estuaries. Water markets have successfully been used 
to address conservation issues in freshwater systems (Garrick 
et al. 2009). Focused flows expand those market possibilities 
to estuarine systems, providing both government agencies and 
conservation organizations with new cost-effective means to 
meet both regulatory and environmental needs.

ACKNOWLEDGEMENTS

Work on this project was funded in part by the Texas Envi-
ronmental Flows Initiative funded by the National Fish and 
Wildlife Foundation project number 6002.15.049317. Partial 
support was also provided by the National Oceanic and Atmo-
spheric Administration (NOAA), Office of Education Educa-
tional Partnership Program award number NA16SEC4810009, 
and its contents are solely the responsibility of the award recip-
ient and do not necessarily represent the official views of the 
United States Department of Commerce or NOAA.

REFERENCES

Able KW. 2005. A re-examination of fish estuarine depen-
dence: evidence for connectivity between estuarine and 
ocean habitats. Estuarine, Coastal and Shelf. Science. 
64(1):5-17. Available from: https://doi.org/10.1016/j.
ecss.2005.02.002. 

Acreman MC, Overton IC, King J, Wood PJ, Cowx IG, Dun-
bar MJ, Kendy E, Young WJ. 2014. The changing role of 
ecohydrological science in guiding environmental flows. 
Hydrological Sciences Journal. 59(3-4):433-450. Available 
from: https://doi.org/10.1080/02626667.2014.886019.

Adams JB. 2014. A review of methods and frameworks used to 
determine the environmental water requirements of estu-
aries. Hydrological Sciences Journal. 59(3-4):451-465. 
Available from: https://doi.org/10.1080/02626667.2013.
816426.

Adams JB, Bate GC, Harrison TD, Huizinga P, Taljaard S, Van 
Niekerk L, Plumstead EE, Whitfield AK, Wooldridge TH. 
2002. A method to assess the freshwater inflow require-
ments of estuaries and application to the Mtata Estuary, 
South Africa. Estuaries. 25:1382-1393. Available from: 
https://doi.org/10.1007/BF02692232.

Alber M. 2002. A conceptual model of estuarine freshwater 
inflow management. Estuaries. 25:1246-1261. Available 
from: https://doi.org/10.1007/BF02692222.

Alber M, Flory J. 2002. The effects of changing freshwater 
inflow to estuaries: a Georgia perspective. State of Geor-
gia: Georgia Coastal Research Council. 53 p. Available 
from: http://friendsofmerrymeetingbay.org/Cybrary/pag-
es/Freshwater%20regulation%20impacts%20inflow1119.
pdf.

Alexander HD, Dunton KH. 2002. Freshwater inundation 
effects on the emergent vegetation of a hypersaline salt 
marsh. Estuaries. 25(6B):1426-1435. Available from: 
https://www.jstor.org/stable/1352869.

https://doi.org/10.1016/j.ecss.2005.02.002
https://doi.org/10.1016/j.ecss.2005.02.002
https://doi.org/10.1080/02626667.2014.886019
https://doi.org/10.1080/02626667.2013.816426
https://doi.org/10.1080/02626667.2013.816426
https://doi.org/10.1007/BF02692232
https://doi.org/10.1007/BF02692222
http://friendsofmerrymeetingbay.org/Cybrary/pages/Freshwater%20regulation%20impacts%20inflow1119.pdf
http://friendsofmerrymeetingbay.org/Cybrary/pages/Freshwater%20regulation%20impacts%20inflow1119.pdf
http://friendsofmerrymeetingbay.org/Cybrary/pages/Freshwater%20regulation%20impacts%20inflow1119.pdf
https://www.jstor.org/stable/1352869


Texas Water Journal, Volume 12, Number 1

Focused Flows to Maintain Natural Nursery Habitats136

Alix-Garcia JM, Sims KRE, Orozco-Olvera VH, Costica LE, 
Fernández Medina JD, Romo Monroy S. 2018. Payments 
for environmental services supported social capital while 
increasing land management. Proceedings of the Nation-
al Academy of Sciences. 115(27):7016. Available from: 
https://doi.org/10.1073/pnas.1720873115.

Bain MB, Finn JT, Booke HE. 1988. Streamflow regulation 
and fish community structure. Ecology. 69(2):382-392. 
Available from: https://doi.org/10.2307/1940436.

Bennett NJ, Whitty TS, Finkbeiner E, Pittman J, Bassett H, 
Gelcich S, Allison EH. 2018. Environmental stewardship: 
A conceptual review and analytical framework. Environ-
mental Management. 61:597-614. Available from: https://
doi.org/10.1007/s00267-017-0993-2.

Berdugo M, Delgado-Baquerizo M, Soliveres S, Hernán-
dez-Clemente R, Zhao Y, Gaitán JJ, Gross N, Saiz H, 
Maire V, Lehman A, et al. 2020. Global ecosystem thresh-
olds driven by aridity. Science. 367(6479):787-790. Avail-
able from: https://doi.org/10.1126/science.aay5958.

Boesch DF, Turner RE. 1984. Dependence of fishery species on 
salt marshes: the role of food and refuge. Estuaries. 7:460-
468. Available from: https://doi.org/10.2307/1351627.

Brandes RJ, Heitmuller F, Huston R, Jensen P, Kelly M, Man-
hart F, Montagna PA, Ward G, Wiersema J. 2009. Method-
ologies for establishing a freshwater inflow regime for Texas 
estuaries within the context of the Senate Bill 3 Environ-
mental Flows Process. Austin (Texas): Senate Bill 3 Science 
Advisory Committee. Report # SAC-2009-03. Available 
from: https://www.tceq.texas.gov/assets/public/permit-
ting/watersupply/water_rights/eflows/fwi20090605.pdf.

Brown CE, Bhat MG, Rehage JS, Mirchi A, Boucek R, Engel 
V, Ault JS, Mozumder P, Watkins D, Sukop M. 2018. Eco-
logical-economic assessment of the effects of freshwater 
flow in the Florida Everglades on recreational fisheries. Sci-
ence of The Total Environment. 627:480-493. Available 
from: https://doi.org/10.1016/j.scitotenv.2018.01.038.

Copeland BJ. 1966. Effects of decreased river flow on estua-
rine ecology. Journal of the Water Pollution Control Fed-
eration. 38:1831-1839. Available from: https://www.jstor.
org/stable/25035675.

Cross R, Williams D, editors. 1981. Proceedings of the 
National Symposium on Freshwater Inflow to Estuaries. 
FWS/ OBS-81/04. U.S. Fish and Wildlife Service, Office 
of Biological Services. 2 volumes. Available from: https://
books.google.com/books?id=pRhTWc8AnQQC&print-
sec=frontcover#v=onepage&q&f=false. 

Day JW, Hall CAS, Kemp WM, Yáñez-Arancibia A. 1989. 
Estuarine Ecology. New York: John Wiley. 576 p.

Deegan LA, Day JW. 1984. Estuarine fishery habitat require-
ments. In: Copeland B, Hart K, Davis N, Friday S, editors. 
Research for Managing the Nation's Estuaries. North Car-
olina Sea Grant Publication UNC-4-08. Raleigh (North 
Carolina): North Carolina State University. p. 315-336.

Del Rosario EA, Montagna PA. 2018. Effects of the Rincon 
Bayou Pipeline on salinity in the upper Nueces Delta. Tex-
as Water Journal. 9(1):30-49. Available from: https://doi.
org/10.21423/twj.v9i1.7042.

Dyer KR, Orth RJ, editors. 1994. Changes in fluxes in estuar-
ies: Implication from science to management. Fredensborg 
(Denmark): Olsen and Olsen. 485 p.

Fernández-Delgado C, Baldó F, Vilas C, Garcia-González D, 
Cuesta JA, González-Ortegon E, Drake P. 2007. Effects 
of the river discharge management on the nursery func-
tion of the Guadalquivir River estuary (SW Spain). Hyd-
robiologia. 587:125-136. Available from: https://doi.
org/10.1007/s10750-007-0691-9.

Flannery MS, Peebles EB, Montgomery RT. 2002. A percent-
of-flow approach for managing reductions of freshwater 
inflows from unimpounded rivers to southwest Florida 
estuaries. Estuaries. 25(6B):1318-1332. Available from: 
https://www.jstor.org/stable/1352860.

Garrick D, Siebentritt MA, Aylward B, Bauer CJ, Purkey A. 
2009. Water markets and freshwater ecosystem services: 
Policy reform and implementation in the Columbia and 
Murray-Darling Basins. Ecological Economics. 69(2):366-
379. Available from: https://doi.org/10.1016/j.ecole-
con.2009.08.004.

Gunter G. 1967. Some relationships of estuaries to the fisher-
ies of the Gulf of Mexico. In: Lauff GK. (ed.), Estuaries. 
Washington (District of Columbia): American Association 
for the Advancement of Science. p. 621-638.

Hanasaki N, Kanae S, Oki T. 2006. A reservoir opera-
tion scheme for global river routing models. Journal of 
Hydrology. 327(1-2):22-41. Available from: https://doi.
org/10.1016/j.jhydrol.2005.11.011. 

Holl KD, Howarth RB. 2000. Paying for restoration. Resto-
ration Ecology. 8(3):260-267. Available from: https://doi.
org/10.1046/j.1526-100x.2000.80037.x.

Jassby AD, Kimmerer WJ, Monismith SG, Armor C, Cloern 
JE, Powell TM, Schubel JR, Vendlinski TJ. 1995. Isoha-
line position as a habitat indicator for estuarine popula-
tions. Ecological Applications. 5(1):272-289. Available 
from: https://doi.org/10.2307/1942069.

Kim H-C, Montagna PA. 2009. Implications of Colorado 
River (Texas, USA) freshwater inflow to benthic ecosys-
tem dynamics: a modeling study. Estuarine, Coastal and 
Shelf Science. 83(4):491-504. Available from: https://doi.
org/10.1016/j.ecss.2009.04.033.

https://doi.org/10.1073/pnas.1720873115
https://doi.org/10.2307/1940436
https://doi.org/10.1007/s00267-017-0993-2
https://doi.org/10.1007/s00267-017-0993-2
https://doi.org/10.1126/science.aay5958
https://doi.org/10.2307/1351627
https://www.tceq.texas.gov/assets/public/permitting/watersupply/water_rights/eflows/fwi20090605.pdf
https://www.tceq.texas.gov/assets/public/permitting/watersupply/water_rights/eflows/fwi20090605.pdf
https://doi.org/10.1016/j.scitotenv.2018.01.038
https://www.jstor.org/stable/25035675
https://www.jstor.org/stable/25035675
https://books.google.com/books?id=pRhTWc8AnQQC&printsec=frontcover#v=onepage&q&f=false
https://books.google.com/books?id=pRhTWc8AnQQC&printsec=frontcover#v=onepage&q&f=false
https://books.google.com/books?id=pRhTWc8AnQQC&printsec=frontcover#v=onepage&q&f=false
https://doi.org/10.21423/twj.v9i1.7042
https://doi.org/10.21423/twj.v9i1.7042
https://doi.org/10.1007/s10750-007-0691-9
https://doi.org/10.1007/s10750-007-0691-9
https://www.jstor.org/stable/1352860
https://doi.org/10.1016/j.ecolecon.2009.08.004
https://doi.org/10.1016/j.ecolecon.2009.08.004
https://doi.org/10.1016/j.jhydrol.2005.11.011
https://doi.org/10.1016/j.jhydrol.2005.11.011
https://doi.org/10.1046/j.1526-100x.2000.80037.x
https://doi.org/10.1046/j.1526-100x.2000.80037.x
https://doi.org/10.2307/1942069
https://doi.org/10.1016/j.ecss.2009.04.033
https://doi.org/10.1016/j.ecss.2009.04.033


Texas Water Journal, Volume 12, Number 1

137Focused Flows to Maintain Natural Nursery Habitats

Kim H-C, Montagna PA. 2012. Effects of climate-driven 
freshwater inflow variability on macrobenthic secondary 
production in Texas lagoonal estuaries: a modeling study. 
Ecological Modelling. 235-236:67-80. Available from: 
https://doi.org/10.1016/j.ecolmodel.2012.03.022.

Kimmerer WJ. 2002a. Physical, biological, and management 
responses to variable freshwater inflow into San Francis-
co Estuary. Estuaries. 25(6B):1275-1290. Available from: 
https://www.jstor.org/stable/1352857.

Kimmerer WJ. 2002b. Effects of freshwater flow on abundance 
of estuarine organisms: physical effects or trophic linkag-
es? Marine Ecology Progress Series. 243:39-55. Available 
from: https://doi.org/10.3354/meps243039.

Kulin J, Sevä IJ. 2019. The role of government in protecting 
the environment: quality of government and the transla-
tion of normative views about government responsibility 
into spending preferences. International Journal of Sociol-
ogy. 49(2):110-129. Available from: https://doi.org/10.10
80/00207659.2019.1582964. 

Kurup GR, Hamilton DP, Patterson JC. 1998. Modelling 
the effect of seasonal flow variations on the position of 
salt wedge in a microtidal estuary. Estuarine, Coastal and 
Shelf Science. 47(2):191-208. Available from: https://doi.
org/10.1006/ecss.1998.0346.

Lehner B, Liermann CR, Revenga C, Vörösmarty C, Fekete B, 
Crouzet P, Döll P, Endejan M, Frenken K, Magome J, et 
al. D. 2011. High‐resolution mapping of the world's res-
ervoirs and dams for sustainable river‐flow management. 
Frontiers in Ecology and the Environment. 9(9):494-502. 
Available from: https://doi.org/10.1890/100125.

Lellis-Dibble KA, McGlynn KE, Bigford TE. 2008. Estuarine 
fish and shellfish species in U.S. commercial and recre-
ational fisheries: economic value as an incentive to pro-
tect and restore estuarine habitat. Washington (District 
of Columbia): United States Department of Commerce. 
NOAA Technical Memorandum NMFS-F/SPO-90. 102 
p. Available from: https://spo.nmfs.noaa.gov/sites/default/
files/TM90.pdf. 

Longley WL, editor. 1994. Freshwater inflows to Texas bays 
and estuaries: ecological relationships and methods for 
determination of needs. Austin (Texas): Texas Water 
Development Board. 426 p. Available from: https://www.
twdb.texas.gov/publications/reports/other_reports/doc/
FreshwaterInflowstoTexasBays.pdf.

Matsumoto J, Powell G, Brock D. 1994. Freshwater inflow 
needs of an estuary computed by Texas estuarine MP mod-
el. Journal of Water Resources Planning and Management. 
120(5):693-714.  Available from: https://doi.org/10.1061/
(ASCE)0733-9496(1994)120:5(693).

McCambridge JT, Alden RW. 1984. Growth of juvenile spot, 
Leiostomus xanthurus Lacépède, in the nursery region of 
the James River, Virginia. Estuaries. 7(4B):478-486. Avail-
able from: https://doi.org/10.2307/1352051.

Montagna PA, Alber M, Doering P, Connor MS. 2002a. 
Freshwater inflow: science, policy, management. Estuaries. 
25:1243-1245. Available from: https://doi.org/10.1007/
BF02692221.

Montagna PA, Chaloupka C, DelRosario EA, Gordon AM, 
Kalke RD, Palmer TA, Turner EL. 2018. Managing envi-
ronmental flows and water resources. WIT Transactions 
on Ecology and the Environment. 215:177-188. Available 
from: https://doi.org/10.2495/EID180161.

Montagna PA, Hill EM, Moulton B. 2009. Role of sci-
ence-based and adaptive management in allocating envi-
ronmental flows to the Nueces Estuary, Texas, USA. 
WIT Transactions on Ecology and the Environment. 
12:559-570. Available from: https://doi.org/10.2495/
ECO090511. 

Montagna PA, Kalke RD, Ritter C. 2002b. Effect of restored 
freshwater inflow on macrofauna and meiofauna in upper 
Rincon Bayou, Texas, USA. Estuaries. 25:1436-1447. 
Available from: https://doi.org/10.1007/BF02692237.

Montagna PA, Li J. 2010. Effect of Freshwater Inflow on 
Nutrient Loading and Macrobenthos Secondary Produc-
tion in Texas Lagoons. In: Kennish MJ, Paerl HW, edi-
tors. Coastal lagoons: critical habitats of environmental 
change. Boca Raton (Florida): CRC Press. p. 513-539. 
Available from: https://www.taylorfrancis.com/chapters/
mono/10.1201/EBK1420088304-24/effect-freshwa-
ter-inflow-nutrient-loading-macrobenthos-secondary-pro-
duction-texas-lagoons-michael-kennish-hans-paerl.

Montagna PA, Li J, Street GT. 1996. A conceptual ecosystem 
model of the Corpus Christi Bay National Estuary Pro-
gram Study Area. Austin (Texas): Texas Natural Resource 
Conservation Commission. Publication CCBNEP-08. 
125 p. Available from: https://www.cbbep.org/publica-
tions/virtuallibrary/ccbnep08.pdf. 

Montagna PA, Palmer TA, Beseres Pollack J. 2013. Hydro-
logical changes and estuarine dynamics. New York (New 
York): Springer-Verlag New York. 94 p. Available from: 
https://www.springer.com/gp/book/9781461458326.

Montagna, PA, Sadovski AL, King SA, Nelson KK, Palmer TA, 
Dunton KH. 2017. Modeling the effect of water level on 
the Nueces Delta marsh community. Wetlands Ecology 
and Management. 25:731-742. Available from: https://
doi.org/10.1007/s11273-017-9547-x.

https://doi.org/10.1016/j.ecolmodel.2012.03.022
https://www.jstor.org/stable/1352857
https://doi.org/10.3354/meps243039
https://doi.org/10.1080/00207659.2019.1582964
https://doi.org/10.1080/00207659.2019.1582964
https://doi.org/10.1006/ecss.1998.0346
https://doi.org/10.1006/ecss.1998.0346
https://doi.org/10.1890/100125
https://spo.nmfs.noaa.gov/sites/default/files/TM90.pdf
https://spo.nmfs.noaa.gov/sites/default/files/TM90.pdf
https://www.twdb.texas.gov/publications/reports/other_reports/doc/FreshwaterInflowstoTexasBays.pdf
https://www.twdb.texas.gov/publications/reports/other_reports/doc/FreshwaterInflowstoTexasBays.pdf
https://www.twdb.texas.gov/publications/reports/other_reports/doc/FreshwaterInflowstoTexasBays.pdf
https://doi.org/10.1061/(ASCE)0733-9496(1994)120:5(693)
https://doi.org/10.1061/(ASCE)0733-9496(1994)120:5(693)
https://doi.org/10.2307/1352051
https://doi.org/10.1007/BF02692221
https://doi.org/10.1007/BF02692221
https://doi.org/10.2495/EID180161
https://doi.org/10.2495/ECO090511
https://doi.org/10.2495/ECO090511
https://doi.org/10.1007/BF02692237
https://www.taylorfrancis.com/chapters/mono/10.1201/EBK1420088304-24/effect-freshwater-inflow-nutrient-loading-macrobenthos-secondary-production-texas-lagoons-michael-kennish-hans-paerl
https://www.taylorfrancis.com/chapters/mono/10.1201/EBK1420088304-24/effect-freshwater-inflow-nutrient-loading-macrobenthos-secondary-production-texas-lagoons-michael-kennish-hans-paerl
https://www.taylorfrancis.com/chapters/mono/10.1201/EBK1420088304-24/effect-freshwater-inflow-nutrient-loading-macrobenthos-secondary-production-texas-lagoons-michael-kennish-hans-paerl
https://www.taylorfrancis.com/chapters/mono/10.1201/EBK1420088304-24/effect-freshwater-inflow-nutrient-loading-macrobenthos-secondary-production-texas-lagoons-michael-kennish-hans-paerl
https://www.cbbep.org/publications/virtuallibrary/ccbnep08.pdf
https://www.cbbep.org/publications/virtuallibrary/ccbnep08.pdf
https://www.springer.com/gp/book/9781461458326
https://doi.org/10.1007/s11273-017-9547-x
https://doi.org/10.1007/s11273-017-9547-x


Texas Water Journal, Volume 12, Number 1

Focused Flows to Maintain Natural Nursery Habitats138

Montagna PA, Ward G, Vaughan B. 2011. The importance 
and problem of freshwater inflows to Texas estuaries. In: 
Griffin RC, editor. Water policy in Texas: responding to 
the rise of scarcity. Washington (District of Columbia): 
RFF Press. p. 107-127. 

Nagelkerken I, Blaber SJM, Bouillon S, Green P, Haywood M, 
Kirton LG, Meynecke J-O, Pawlik J, Penrose HM, Saseku-
mar A, et al. PJ. 2008. The habitat function of mangroves 
for terrestrial and marine fauna: a review. Aquatic Botany. 
89(2):155-185. Available from: https://doi.org/10.1016/j.
aquabot.2007.12.007.

Opdyke DR, Oborny EL, Vaughn SK, Mayes KB. 2014. Tex-
as environmental flow standards and the hydrology-based 
environmental flow regime methodology. Hydrologi-
cal Sciences Journal. 59(3-4):820-830. Available from: 
https://doi.org/10.1080/02626667.2014.892600.

Palmer TA, Montagna PA. 2015. Impacts of droughts and 
low flows on estuarine water quality and benthic fauna. 
Hydrobiologia. 753:11-129. Available from: https://doi.
org/10.1007/s10750-015-2200-x.

Palmer TA, Montagna PA, Kalke RD. 2002. Downstream 
effects of restored freshwater inflow to Rincon Bayou, 
Nueces Delta, Texas, USA. Estuaries. 25:1448-1456. 
Available from: https://doi.org/10.1007/BF02692238.

Palmer TA, Montagna PA, Pollack JB, Kalke RD, DeYoe HR. 
2011. The role of freshwater inflow in lagoons, rivers, and 
bays. Hydrobiologia. 667:49-67. Available from: https://
doi.org/10.1007/s10750-011-0637-0.

Pascal N, Brathwaite A, Philip M, Walsh M. 2018. Impact 
investment in marine conservation. Duke Environ-
mental Law & Policy Forum. 28(2):199-220. Available 
from: https://delpf.law.duke.edu/article/impact-invest-
ment-in-marine-conservation-pascal-vol28-iss2/.

Poff NL, Allan JD, Bain MB, Karr JR, Prestegaard KL, Rich-
ter BD, Sparks RE, Stromberg JC. 1997. The natural 
flow regime. BioScience. 47(11):769-784. Available from: 
https://doi.org/10.2307/1313099.

Postel SL, Daily GC, Ehrlich PR. 1996. Human appropria-
tion of renewable fresh water. Science. 271(5250):785-
788. Available from: https://doi.org/10.1126/sci-
ence.271.5250.785.

Powell GL, Matsumoto J, Brock DA. 2002. Methods for deter-
mining minimum freshwater inflow needs of Texas bays 
and estuaries. Estuaries. 25:1262-1274. Available from: 
https://doi.org/10.1007/BF02692223.

Pritchard DW. 1952. Estuarine hydrography. Advance in 
Geophysics. 1:243-280. Available from: https://doi.
org/10.1016/S0065-2687(08)60208-3. 

Pritchard DW. 1967. What is an estuary: physical viewpoint. 
In: Lauff GH, editor. Estuaries. Washington (District of 
Columbia): American Association for the Advancement of 
Science. p. 52-63.

Richter BD, Baumgartner JV, Wigington R, Braun DP. 1997. 
How much water does a river need? Freshwater Biology. 
37(1):231-249. Available from: https://doi.org/10.1046/
j.1365-2427.1997.00153.x.

Seager R, Ting M, Held I, Kushnir Y, Lu J, Vecchi G, Huang 
H-P, Harnik N, Leetmaa A, Lau N-C, et al. 2007. 
Model projections of an imminent transition to a more 
arid climate in southwestern North America. Science. 
316(5828):1181-1184. Available from: https://doi.
org/10.1126/science.1139601.

Sklar FH, Browder JA. 1998. Coastal environmental impacts 
brought about by alterations to freshwater flow in the Gulf 
of Mexico. Environmental Management. 22(4):547-562. 
Available from: https://doi.org/10.1007/s002679900127.

Tessler ZD, Vörösmarty CJ, Overeem I, Syvitski JPM. 2018. 
A model of water and sediment balance as determinants 
of relative sea level rise in contemporary and future deltas. 
Geomorphology. 305:209-220. Available from: https://
doi.org/10.1016/j.geomorph.2017.09.040.

Texas Water Development Board. 2017. Water for Texas. 2017 
State Water Plan. Austin (Texas): Texas Water Develop-
ment Board. Available from: https://www.twdb.texas.gov/
waterplanning/swp/2017/.

Vaca M, Richards S, Davis A, Jackson K, Timur N, Manzoor F, 
Azam S, Feltman R, Griffin J. 2019. Interjecting econom-
ics into the surface water dialogue. Texas Water Journal. 
10(1):112-127. Available from: https://doi.org/10.21423/
twj.v10i1.7062. 

Van Diggelen AD, Montagna PA. 2016. Is salinity variability 
a benthic disturbance in estuaries? Estuaries and Coasts. 
39:967-980. Available from: https://doi.org/10.1007/
s12237-015-0058-9.

Vasconcelos RP, Reis-Santos P, Costa MJ, Cabral HN. 2011. 
Connectivity between estuaries and marine environment: 
integrating metrics to assess estuarine nursery function. 
Ecological Indicators. 11(5):1123-1133. Available from: 
http://dx.doi.org/10.1016/j.ecolind.2010.12.012.

Ward GH. 2011. Water resources and water supply. In: 
Schmandt J, North GR, Clarkson J, editors. The Impact 
of Global Warming on Texas. Austin (Texas): University of 
Texas Press. p. 69-95.

Ward GH, Irlbeck MJ, Montagna PA. 2002. Experimen-
tal river diversion for marsh enhancement. Estuaries. 
25:1416-1425. Available from: https://doi.org/10.1007/
BF02692235.

Ward JV, Stanford JA. 1979. The ecology of regulated streams. 
New York (New York): Plenum Press. 398 p.

https://doi.org/10.1016/j.aquabot.2007.12.007
https://doi.org/10.1016/j.aquabot.2007.12.007
https://doi.org/10.1080/02626667.2014.892600
https://doi.org/10.1007/s10750-015-2200-x
https://doi.org/10.1007/s10750-015-2200-x
https://doi.org/10.1007/BF02692238
https://doi.org/10.1007/s10750-011-0637-0.
https://doi.org/10.1007/s10750-011-0637-0.
https://delpf.law.duke.edu/article/impact-investment-in-marine-conservation-pascal-vol28-iss2/
https://delpf.law.duke.edu/article/impact-investment-in-marine-conservation-pascal-vol28-iss2/
https://doi.org/10.2307/1313099
https://doi.org/10.1126/science.271.5250.785
https://doi.org/10.1126/science.271.5250.785
https://doi.org/10.1007/BF02692223
https://doi.org/10.1016/S0065-2687(08)60208-3
https://doi.org/10.1016/S0065-2687(08)60208-3
https://doi.org/10.1046/j.1365-2427.1997.00153.x
https://doi.org/10.1046/j.1365-2427.1997.00153.x
https://doi.org/10.1126/science.1139601
https://doi.org/10.1126/science.1139601
https://doi.org/10.1007/s002679900127
https://doi.org/10.1016/j.geomorph.2017.09.040
https://doi.org/10.1016/j.geomorph.2017.09.040
https://www.twdb.texas.gov/waterplanning/swp/2017/
https://www.twdb.texas.gov/waterplanning/swp/2017/
https://doi.org/10.21423/twj.v10i1.7062
https://doi.org/10.21423/twj.v10i1.7062
https://doi.org/10.1007/s12237-015-0058-9
https://doi.org/10.1007/s12237-015-0058-9
http://dx.doi.org/10.1016/j.ecolind.2010.12.012
https://doi.org/10.1007/BF02692235
https://doi.org/10.1007/BF02692235


Texas Water Journal, Volume 12, Number 1

139Focused Flows to Maintain Natural Nursery Habitats

Weinstein MP. 1979. Shallow marsh habitats as primary nurs-
eries for fishes and shellfish, Cape Fear River, North Car-
olina. Fishery Bulletin. 77(2):339. Available from: https://
books.google.com/books?hl=en&lr=&id=1YiqSInWOa-
QC&oi=fnd&pg=PA339&ots=JVKqfeq7ol&sig=DeYIo-
ASqGm4RdQT_bq2TNKppEYQ.

Wurbs RA. 2021. Storage and regulation of river flows by dams 
and reservoirs. Texas Water Journal. 12(1):10-39. Available 
from: https://doi.org/10.21423/twj.v12i1.7106.

Wurbs, R, Zhang Y. 2014. River system hydrology in Texas. 
College Station (Texas): Texas Water Resources Institute. 
Technical Report No. 461. 443 p. Available from: https://
hdl.handle.net/1969.1/152426. 

Wood PJ, Hannah DM, Sadler JP, editors. 2008. Hydroecolo-
gy and ecohydrology: past, present and future. New York 
(New York): Wiley. 464 p.

Yoskowitz DW, Montagna PM. 2009. Socio-economic factors 
that impact the desire to protect freshwater flow in the 
Rio Grande, USA. WIT Transactions on Ecology and the 
Environment. 122:547-58. Available from: https://doi.
org/10.2495/ECO090501.

Zimmerman RJ, Minello TJ. 1984. Densities of Penaeus 
aztecus, Penaeus setiferus, and other natant macrofauna in 
a Texas salt marsh. Estuaries. 7:421-433. Available from: 
https://doi.org/10.2307/1351623.

Zimmerman RJ, Minello TJ, Castiglione MC, Smith DL. 
1990. Utilization of marsh and associated habitats along 
a salinity gradient in Galveston Bay. Washington (District 
of Columbia): United States Department of Commerce. 
NOAA Technical Memorandum NMFS-SEFC-250. 71 
p. [Accessed 19 February 2020]. Available from: https://
repository.library.noaa.gov/view/noaa/5997/noaa_5997_
DS1.pdf.

https://books.google.com/books?hl=en&lr=&id=1YiqSInWOaQC&oi=fnd&pg=PA339&ots=JVKqfeq7ol&sig=DeYIoASqGm4RdQT_bq2TNKppEYQ
https://books.google.com/books?hl=en&lr=&id=1YiqSInWOaQC&oi=fnd&pg=PA339&ots=JVKqfeq7ol&sig=DeYIoASqGm4RdQT_bq2TNKppEYQ
https://books.google.com/books?hl=en&lr=&id=1YiqSInWOaQC&oi=fnd&pg=PA339&ots=JVKqfeq7ol&sig=DeYIoASqGm4RdQT_bq2TNKppEYQ
https://books.google.com/books?hl=en&lr=&id=1YiqSInWOaQC&oi=fnd&pg=PA339&ots=JVKqfeq7ol&sig=DeYIoASqGm4RdQT_bq2TNKppEYQ
https://doi.org/10.21423/twj.v12i1.7106
https://hdl.handle.net/1969.1/152426
https://hdl.handle.net/1969.1/152426
https://doi.org/10.2495/ECO090501
https://doi.org/10.2495/ECO090501
https://doi.org/10.2307/1351623
https://repository.library.noaa.gov/view/noaa/5997/noaa_5997_DS1.pdf
https://repository.library.noaa.gov/view/noaa/5997/noaa_5997_DS1.pdf
https://repository.library.noaa.gov/view/noaa/5997/noaa_5997_DS1.pdf

	Ward and Stanford 1979
	Postel et al. 1996
	Richter et al. 1997
	Poff et al. 1997
	Wood et al. 2008
	Bain et al. 1988
	Alber 2002
	Pritchard 1952
	Pritchard 1967
	Day et al. 1989
	Gunter 1967
	Weinstein 1979
	Adams 2014
	Longley 1994
	Powell et al. 2002
	Flannery et al. 2002
	Adams et al. 2002
	Jassby et al. 1995
	Kimmerer 2002a
	Alber and Flory 2002
	Kurup et al. 1998
	Adams 2014
	Montagna et al. 2011
	Wurbs and Zhang 2014
	Lehner et al. 2011
	Hanasaki et al. 2006
	Tessler et al. 2018
	Berdugo et al. 2020
	Seager et al. 2007
	Montagna et al. 2011
	Wurbs and Zhang 2014
	Longley 1994
	Powell et al. 2002
	Alber 2002
	Brandes et al. 2009
	Palmer et al. 2011
	Montagna et al. 2013
	Matsumoto et al. 1994
	Brandes et al. 2009
	Alber 2002
	Sklar and Browder 1998
	Brandes et al. 2009
	Palmer et al. 2011
	Montagna et al. 2013
	Montagna and Li 2010
	Kim and Montagna 2009
	Kim and Montagna 2012
	Van Diggelen and Montagna 2016
	Longley 1994
	Powell et al. 2002
	Montagna et al. 2013
	Opdyke et al. 2014
	Texas Water Development Board 2017
	Ward 2011
	Montagna et al. 1996
	Palmer and Montagna 2015
	Montagna et al. 2017
	Deegan and Day 1984
	Vasconcelos et al. 2011
	Boesch and Turner 1984
	Nagelkerken et al. 2008
	Boesch and Turner 1984
	McCambridge and Alden 1984
	Zimmerman and Minello 1984
	Kimmerer 2002b
	Fernández-Delgado et al. 2007
	Able 2005
	Zimmerman et al. 1990
	Montagna et al. 2013
	Wurbs 2021
	Montagna et al. 2017
	Copeland 1966
	Cross and Williams 1981
	Dyer and Orth 1994
	Montagna et al. 2002a
	Acreman et al. 2014
	Brandes et al. 2011
	Montagna et al. 2013
	Adams 2014
	Ward et al. 2002
	Palmer et al. 2002
	Alexander and Dunton 2002
	Montagna et al. 2002b
	Del Rosario and Montagna 2018
	Montagna et al. 2018
	Yoskowitz and Montagna 2009
	Alix-Garcia et al. 2018
	Holl and Howarth 2000
	Pascal et al. 2018
	Vaca et al. 2019
	Montagna et al. 2018
	Montagna et al. 2017
	Lellis-Dibble et al. 2008
	Brown et al. 2018
	Montagna et al. 2009
	Kulin et al. 2019
	Bennett et al. 2018
	Garrick et al. 2009

