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       ABSTRACT 

Water is the key to the lives of all living creatures. Human beings need to ensure there 

will be safe and abundant water resources in the future. The important issue of water is not only 

about the water quality, but also about the water quantity. As the most effective indicator of 

water quantity, instream flow is critical for us to understand the water quantity. It includes the 

variations of water flows, representing the high and low periods of the river flow. The low flow 

of rivers is important to preserve the harmony of the environment physically, biologically, and 

socially. Jowett (1997) pointed out that the minimum flows in rivers and streams provide 

protection at a certain extent for the aquatic environment. In addition to the creatures that are 

living within the water, human beings also need water. However, with external drivers, such as 

climate change, population growth, and riparian policy relaxation, the low period of the water 

flows in the Cahaba River can be even lower in the future. Hence, this is what this research 

addresses and why it is critical. This research examines the effects of increasing human activities, 

such as irrigation and municipal water uses, and climate changes on instream flows in the Cahaba 

River, Alabama, and indicates what kind of actions might be implemented to prevent negative 

consequences. The goal of the result of this research is to estimate the possibility that the Cahaba 

River will be unable to meet the increasing needs of water uses due to the external changes. 

Based on the results of the scenarios designed in this study, with the external factors, such as 

climate change, population growth, and riparian policy relaxation, the instream flow of the 

Cahaba River can be at risk in the future, and we should start to take actions for preventing the 

trend.    



 
 

 

iii 
 

     ACKNOWLEDGEMENTS 

I dedicate this thesis to everyone who helped and guided me towards the goal that I have 

been seeking. I am grateful for my families that always support me in any ways that they could. I 

could not achieve what I have learned without their love and cheer.  A special thanks to my 

knowledgeable and professional academic advisor, committee chair Dr. Sarah Praskievicz, who 

patiently leads me through the darkness and mentored me to success.  Last but not least, I would 

like to thank all the people at the University of Alabama that I have encountered and worked 

with.   

 

  



 
 

 

iv 
 

CONTENTS 

ABSTRACT……………………………………………………………………………………....ii 

ACKNOWLEDGEMENTS………………………………………………………………………iii 

LIST OF TABLES………………………………………………………………………………. vi 

LIST OF FIGURES…………………………………………………………………………….. vii 

CHAPTER 1: INTRODUCTION………………………………………………………………… 1 

CHAPTER 2: METHODOLOGY………………………………………………………………... 7 

2.1 Study Area…………………………………………………………………………………….7 

2.2 SWAT Modeling………………………………………………………………………………8 

2.3 Climate Scenario……………………………………………………………………………… 9 

2.4 Population Scenario…………………………………………………………………………. 10 

2.5 Policy Scenario……………………………………………………………………………… 11 

2.6 The Analysis of Fish and Flow Relationship………………………………………………... 11 

CHAPTER 3: RESULTS AND DISCUSSIONS……………………………………………….. 13 

3.1 Result of Climate Scenario………………………………………………………………….. 13 

3.2 Result of Population Scenario………………………………………………………………..15 

3.3 Result of Water Policy Scenario……………………………………………………………..16 

3.4 The Response of Fishes……………………………………………………………………... 17 

3.5 Limitations…………………………………………………………………………………... 21 

CHAPTER 4: CONCLUSIONS………………………………………………………………… 22 

 



 
 

v 
 

REFERENCES………………………………………………………………………………….. 24 

APPENDIX……………………………………………………………………………………… 27 

  



 

vi 
  

                                 LIST OF TABLES 

 

1.  The projected population of the counties in the Cahaba River Basin………………………...11 

2.  The public freshwater demand of the counties in the Cahaba River Basin…………………..16 

 

3.  The number of relationships between hydrological metrics and fish metrics………………..17 

 

4.  The change of hydrologic metrics in RCP 4.5 climatic scenario from IHA…………………. 18 

 

5.  The change of hydrologic metrics in RCP 8.5 climatic scenario from IHA…………………. 18 

 

6.  The relationship between fish metrics and IHA metrics……………………………………...18 

 

7.  The responses of fish metrics in RCP 4.5 climate scenario…………………………………..19 

 

8.  The responses of fish metrics in RCP 8.5 climate scenario…………………………………..20 

 

 

  



 
 

vii 
 

LIST OF FIGURES 

1.  The location of the Cahaba River basin……………………………………………………… 27 

2.  The irrigated lands in the U.S………………………………………………………………... 28 

3.  The calibration results of SWAT outputs from SWAT-CUP………………………………... 28 

4.  The change of monthly mean daily discharge of climate scenarios…………………………. 29 

5. The change of mean maximum and minimum temperature of climate scenarios…………… 29 

6.  The change of precipitation of climate scenarios……………………………………………. 30 

7.  The projected population growth of the counties in the basin……………………………….. 30 

8.  The annual daily discharge surplus in RCP 4.5 with combined climate and population 

scenarios………………………………………………………………………………………….31 

 

9.  The annual daily discharge surplus in RCP 8.5 with combined climate and population 

scenarios………………………………………………………………………………………….31 
 

   



 
 

 1  
 

 

CHAPTER 1 

INTRODUCTION 

Environmental instream flow can be defined as how much water is needed in the river 

channel for protecting the ecological functions of watercourses and reasonable beneficial uses for 

human beings. If  instream flow meets the ecological standard, it will ensure plenty of water for 

maintaining water quality standards; protection of freshwater and estuarine fish and wildlife 

habitat, migration, and propagation; outdoor recreation activities; downstream uses; navigation; 

power generation; waste assimilation; future needs; and ecosystem maintenance (AWAWG, 

2013). However, human activities in the future may have the capacity to change the magnitude 

and variability of the river flow. It is likely that rivers, which are largely exploited for human 

needs, will face more severe depletion and not be able to meet the need of instream flow. The 

Alabama Water Agencies Working Group (AWAWG, 2013) points out that under conditions 

such as population growth and climate change, it is possible that Alabama might face depleting 

surface and groundwater supplies should there be no comprehensive water management plan.  

Currently, there are many challenges -- which include water resource development, 

climate change, population growth, and policy changes -- that will have to be dealt with at the 

present or in the near future. The anthropogenic influences from water resources development on 

the environment are ubiquitous, and one of the most direct physical developments is land use 

change. The natural environment physically, biologically, and intangibly suffers the 

consequences from land use developments. Several scholars point out one controversy of land us
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e change, such as urbanization, is that human beings can appropriate an increasing share 

of the resources on the earth while the capacity of ecosystems to sustain food production; 

manage climate, forest resources, and infectious diseases; and maintain  freshwater will possibly 

be undermined (Foley et al, 2005). Because the Cahaba River flows through the largest 

metropolitan area in Alabama, Birmingham, and the “Black Belt” agricultural area of Alabama, 

it will not be surprising to see the effects of land use changes in the Cahaba River basin on the 

river’s flows. The same scholars also believe that the surface water balance -- including the 

partitioning of precipitation into evapotranspiration, instream flow, and groundwater flow -- will 

be disrupted by land use changes (Foley et al, 2005). At the same time, these land use changes 

contribute to climate change. Some scholars determined that in the past century the land use 

changes are the major reason for the 0.27° C increase in temperature in the continental United 

States (Grimm, 2008). Therefore, human development, both directly and indirectly, affects the 

natural environment including instream flow. Human development of water resources can 

directly change the flow features, which influences the hydrologic cycle as a direct result. It also 

can affect the water by having impacts on climate change. For example, some scholars conclude 

that, since the middle of the 19th century, approximately 35% of anthropogenic CO2 emissions 

were caused directly from land use changes (Foley et al, 2005). As the result of increasing CO2 

emissions, the world is getting warmer, which will eventually affect the hydrologic cycle as well.  

Climate change is an ongoing issue in the world and is defined as an alteration in the 

pattern of climate over a long period of time (The Australian Academy of Science, 2015). At 

present, the most distinct climatic change pattern is warming temperatures. According to a report 

from the Earth Observatory of NASA, the planet’s mean surface temperature increased 0.6 to 

0.9° C (1.08°F to 1.62°F) from 1906 to 2006, and the increasing rate of temperature nearly 
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doubled in the last half-century (Riebeek, 2007). Particularly, the temperature of the 

Southeastern United States, where Alabama is located, is expected to increase during this 

century, and the regional average temperature is projected to increase in the range of 2.2 to 4.4° 

C (4°F to 8°F) by 2100 (Carter et al, 2014). Biologists believe that climate change has severe 

impacts on the ecological and biological systems. In the study by Parmesan and Yohe (2003), 

they found that meta-analyses of 334 species and global analyses of 1,570 species (or 

functional/biogeographic groups) proved highly significant, and none of their patterns of change 

are in accord with observed global warming in the 20th century. Another study also concludes 

that more than half, 59%, of 1,598 species exhibited measurable changes in their phenologies in 

the past 20 to 140 years (Parmesan, 2006). These studies indicate a relationship between climate 

change and degrading biological systems. As one of the most biologically diverse rivers in the 

Southeastern U.S., the Cahaba River may suffer loss of biological diversity from climate change, 

which gives more motive for discovering the impact of changing flows of the Cahaba River. 

However, more problems, as they have happened in history, could occur in near future because 

of climate change, such as less precipitation, and more frequent droughts. Banholzer et al. (2014) 

concluded that frequency and intensity of extreme climate events will be changed because 

climate change has already altered the environment which they occur. This study indicates that 

extreme climate events may become more frequent.  According to research, one consequence of 

global warming on water cycle processes is that the amount of stream discharge generated by a 

certain amount of precipitation is generally expected to decrease (Carter et al, 2014). In fact, 

Alabama has experienced severe droughts recently. In 2016, based on the data from the United 

States Drought Monitor, the entire state of Alabama experienced a severe drought. Over half of 

the counties in Alabama were experiencing D3 level of drought intensity, which is defined as 
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extreme drought, and above. Many counties were even worse in that they were experiencing D4 

level of intensity of drought, which means exceptional drought.                                                     

In addition, population growth will be an important factor that affects instream flow. At a 

global scale, some scholars estimate that the global population will continue to increase, 

plateauing at 9 billion people by the middle of the 21st century (Godfray et al, 2010). There is a 

global water stress issue associated with over-population. Almost 5 billion people out of a total 

population of about 8 billion will be expected to live in countries experiencing water stress in 

2025 (Arnell, 1999). Hence, it is foreseeable that there will be increasing tension for water 

resources because of population growth pressures. 

According to data from the Census Bureau of the U.S., Alabama’s population increased 

1.6% from 4,779,736 in 2010 to 4,858,979 in 2015. It is worth mentioning that the City of 

Hoover, which the Cahaba River runs through, experienced a 4.7% population growth from 2010 

to 2015, while Shelby County, where the City of Hoover is located, had 6.9% growth in 

population from 2010 to 2015. The urban area is growing in this region, and there will be a 

greater population in areas along the Cahaba River.  

In the meantime, it is worth mentioning that we also need to consider the influence of 

possible changes in Alabama’s water policies, which might affect instream flow. In the last 

century, the first instream flow standard was implemented by Oregon. Soon after that, many 

states in the Western U.S. -- including Alaska, California, Colorado, Idaho, Kansas, Montana, 

Nebraska, Utah, Washington, and Wyoming -- set the state legislatures as the primary source of 

the instream flow protection measures (Gillilan and Brown, 1997). After 2000, many states in the 

Southeastern U.S. also implemented water policies related to instream flows. Georgia uses an 

interim modified Tenant approach, which allows the permit applicants to provide three 
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measurement plans: a monthly 7Q10, a site-specific flow study, or the mean annual flow. 

Mississippi uses 7Q10 stream flow, which is defined as the average stream flow rate over seven 

consecutive days that might be expected to be reached as an annual minimum no more frequently 

than 1 in 10 years. Florida obligates its five water management districts to independently design 

limits of minimum flows standards, at which further withdrawals would be significantly harmful 

to the water resources or ecology of the area (AWAWG, 2013). However, Alabama does not 

have an effective and enforceable instream flow regulation, giving Alabama significant potential 

for creating a more comprehensive instream flow policy. In fact, Alabama is working on a more 

comprehensive policy. In the meantime, Alabama is a state that still uses riparian law, which 

only allows the landowners whose lands have direct contact with the river channel to exploit the 

water from the river. Riparian law restricts the potential water withdrawal from the non-riparian 

households, which restrains a most important component, water resources, in agricultural 

activity. This may cause a low productivity of agricultural economy. According to the data from 

Alabama’s agricultural statistics in 2011, the average value per acre of farmland in Alabama was 

$2,050, which is much lower than the average of Southeast states, $3,450. Meanwhile, Alabama 

has planted acreages for four major crops: corn, cotton, peanuts, and soybeans, totaling 

1,150,000 acres in 2010, an increase of 20,000 acres from 2009 (Alabama Field Office, 2011). 

These data indicate that there is a trend of expanding agricultural acreage and a space for 

increasing value of farmland in Alabama. If Alabama is going to make adjustments to water 

policies to allow non-riparians to withdraw from surface water, it may increase water 

withdrawals because of expanded agricultural irrigations. Hence, it is reasonable to assume that 

relaxation of riparian law will result in the increase of planted acreage, which might directly 

increase surface water withdrawal.  
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With all these potential changes and uncertainties in water policy, instream flow may 

become more vulnerable, and some rivers might not be able to meet the standards needed to 

maintain beneficial uses and the ecosystem. As the river that will be likely facing all these threats 

in the future, it is unclear whether the Cahaba River will be able to maintain sufficient 

environmental instream flows to ensure the beneficial uses to human beings and a healthy 

ecosystem. This study is intended to theoretically examine the impacts of external factors - such 

as climate change, population growth, and the relaxation of riparian law - on the instream flows 

of the Cahaba River in the future and explore the probabilities for the Cahaba River to maintain 

the sufficient instream flow for its environmental needs.  
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CHAPTER 2 

METHODOLOGY 

2.1 Study Area 

The Cahaba River is the longest substantially free-flowing river in Alabama and a 

tributary of the Alabama River. The Cahaba River originates east of Irondale and flows through 

Central Alabama, merging into the Alabama River near the City of Selma. As shown in Figure 1, 

the river basin is located in central Alabama, with a length of the river of around 312 kilometers, 

and an area of about 4,730 square kilometers.  

The river is a critical resource for Alabama based on multiple perspectives (Cahaba River 

Basin Clean Water Partnership). The Cahaba River is among the most scenic and biologically 

diverse rivers in the United States. The river is an important habitat for 69 rare and imperiled 

species that are listed under the U.S. Endangered Species Act and 131 fish species, which is 

more than any river its size in North America (Master, Flack, and Stein, 1998). Additionally, the 

Cahaba River is an important water resource for the water supply of the Birmingham 

metropolitan area. This background makes the Cahaba River an ideal study area because it is 

likely that all of the external changes discussed above will occur in the river’s watershed area. It 

has all the factors that might affect the instream flow besides climate change. The Cahaba River 

runs through the Birmingham metro area, and it is a major water source for Birmingham and 

Hoover. The Lower Cahaba River basin is part of the active agricultural region in Alabama, and, 

after the relaxation of the riparian law, the lower part of the Cahaba River will potentially 

experience an increase of water withdrawals for agricultural purposes. 
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2.2 SWAT Modeling 

The Soil and Water Assessment Tool (SWAT) was utilized to analyze and predict the 

future discharge in the Cahaba River basin. SWAT is a hydrological model designed to analyze 

and estimate the influences of the practices of land development and management on water, and 

agricultural inputs in complex watersheds with different external conditions, such as changes in 

landscape, soils, and climate, over long periods (Blackland Research & Extension Center, 2012). 

SWAT is a comprehensive hydrological model that has inputs ranging from weather, soils, and 

hydrology to nutrients, bacteria, and pesticides. Since this study is focused on the quantity of the 

Cahaba River, the inputs that are related to the river’s quality are not included. After a SWAT 

project is created, the model divides a watershed into multiple sub-watersheds, which are then 

further subdivided into Hydrologic Response Units (HRUs) that consist of homogeneous land 

use, slope, and soil characteristics, and each sub-watershed has its own flow outlet (Gassman et 

al, 2007). In this study, discharge at the most downstream sub-watershed’s outlet is used for 

analysis, which is near to the United States Geological Survey (USGS) gauge station, the Cahaba 

River near Marion Junction (USGS ID:02425000), as shown in Figure 2. The observed discharge 

data of the gauge station from USGS National Water Information System (NWIS) is collected 

for calibrating the model. The calibration is based on using a software program, SWAT-CUP, 

which is an auto-calibration and uncertainty analysis module program designed for SWAT with a 

relatively advanced optimization system that is able to deal with multiple input parameters to be 

predefined and optimized throughout the auto-calibration process or manually adjusted 

iteratively between calibration batches (Ha et al, 2017). The simulated SWAT discharge outputs 

were input into SWAT-CUP to compare with the observed discharge values from the USGS 

stations based on the calibration of parameters, such as soil. In this study, the chosen calibration 
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period is from 1983 to 1989, and the validation period is 1990 to 1996 to check whether the 

calibrated model is a good fit for the entire study period. After the model was calibrated, to 

check if it is reasonably matches with real observed discharge data from NWIS, the model is 

ready to conduct scenarios.  

2.3 Climate Scenario 

 In this study, the CMIP5 (Climate Model Intercomparison Project Phase 5) is adopted to 

construct the scenario design. CMIP, as a standard framework for researching the results of 

coupled atmosphere-ocean general circulation models, can help scientists to assess and explore 

the uncertainties of climate (National Center for Atmospheric Research Staff, 2016). The CMIP5 

projections of climate change are determined by concentration or emission scenarios consistent 

with the four Representative Concentration Pathways (RCP), which are formulated on the 

projections of future population growth, technological development, and societal responses 

(Taylor, Stouffer, Meehl, 2012). RCP 4.5 and RCP 8.5 are used for conducting the scenario of 

climate change in this study. RCPs are referred to as pathways in order to create time-dependent 

projections of atmospheric greenhouse gas (GHG) concentrations and were adopted by 

Intergovernmental Panel on Climate Change (IPCC) for climate projection (Moss et al, 2008). 

Currently, there are four RCPs commonly used in studies of climate change: RCPs 2.6, 4.5, 6 

and 8.5. The four RCPs are produced from Integrated Assessment Modelling (IAM) scenarios 

found in open literature and represented the radiative forcing values spanning from 2.6 to 8.5 

W/m2 by 2100 (Vuuren et al, 2011). Among the four RCPs, RCP 8.5 is the pathway with highest 

concentration and tends to continue to rise for some amount of time; RCPs 4.5 and 6 are two 

intermediate “stabilization pathways”; and RCP 2.6 is the pathway that predicts that the radiative 

forcing peaks at approximately 2.6 W/m2 before 2100 and declines afterward (IPCC Expert 
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Meeting Report, 2007). In this study, RCPs 4.5 and 8.5 were chosen for designing the climate 

scenarios, and the climate data were collected based on current and future periods: the current 

period refers to 1980 to 2017, and the future period was from 2040 to 2077. Although the CMIP5 

climatic data are based on each month, the monthly climatic data was stochastically rewritten in 

the weather generator of the SWAT model to produce daily weather conditions for running the 

SWAT analysis.  

2.4 Population Scenario 

The population scenario was based on the projections of population in Alabama that are 

provided by the Center for Business and Economic Research at the University of Alabama. 

According to the projection, the populations of Perry, Dallas, and Bibb counties in the Cahaba 

River Basin will decline, and Jefferson, Chilton, St. Clair, and Shelby counties will increase by 

2040. More detailed population data can be found in Table 1. The population projection was 

combined with the data of water withdrawal in 2010 to conduct the scenario analysis. The water 

withdrawal data is the public supply of total freshwater withdrawal for each county, which is 

provided from the official website of USGS, and freshwater consumption per capita is assumed 

to remain the same to 2040 (USGS, 2010). Therefore, the growth of public water demand in 

percentage will be the same as the percentage of population growth.  
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Table 1: The projected population of the counties in the Cahaba River Basin. 

 

2.5 Water Policy Scenario 

 The water policy scenario refers to the scenario of a relaxation of riparian law. Alabama 

is one of the few states that still implement a strict riparian law. Currently, as shown in Figure 2, 

the irrigated lands in Alabama are much less than other Southeastern states, such as Mississippi. 

Therefore, this scenario assumes that the croplands in the Cahaba River Basin will all be 

irrigated in 2040 and the amount of water withdrawal per acre of irrigated land would be the 

same as Mississippi’s statewide average-level. In this way, the scenario would carry out a total 

water withdrawal for irrigation that can apply to the discharge outputs of previous scenarios.  

2.6 The Analysis of Fish and Flow Relationship 

 This section is intended to explore the potential consequences of the variation of flows on 

the fish species in the Cahaba River Basin. Two steps are designed in this section of the study. 

First, the Indicators of Hydrologic Alteration (IHA), a software program that provides 

comprehensive analyses of anthropogenic impacts on rivers’ flows, was used to analyze 

discharge variability that is produced from the SWAT model based on the scenarios. The input to 

IHA software is the data of daily discharge, and IHA allows users to compare two different 

datasets or two periods of analysis. IHA metrics are calculated using either parametric or 

nonparametric statistics, and, if the hydrologic datasets are skewed, non-parametric statistics are 

Census Census

County 2000 2010 2020 2025 2030 2035 2040 Number Percent

Perry 11,861 10,591 9,703 8,875 8,343 7,925 7,632 7,479 -3,112 -29.4

Dallas 46,365 43,820 41,264 39,219 37,762 36,743 35,914 35,393 -8,427 -19.2

Bibb 20,826 22,915 22,575 22,354 22,174 22,023 21,932 21,885 -1,030 -4.5

Jefferson 662,047 658,466 660,367 662,458 663,999 665,244 666,342 667,433 8,967 1.4

Chilton 39,593 43,643 43,938 44,308 44,793 45,388 46,109 46,953 3,310 7.6

St. Clair 64,742 83,593 86,946 90,634 94,713 100,206 106,219 113,123 29,530 35.3

Shelby 143,293 195,085 208,085 224,628 239,859 253,485 265,330 276,373 81,288 41.7

                Cahaba Counties Population 2000-2015 and Projections 2020-2040 
   Change 2010-2040April 1, 

2015 
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a better choice (The Nature Conservancy, 2009). As the goal is to compare the future periods and 

past periods to observe their difference and the consequences of the difference, the analysis of 

two periods with non-parametric statistics is used in the IHA software in this study. Second, the 

IHA results were used to compare with the relationship between fish and flow in Virginia’s study 

of Ecological Limits of Hydrologic Alteration (ELOHA) to examine how the fishes would 

respond to the alterations of discharge. The main reason for choosing to compare with the study 

in Virginia was based on the similarities of climate and physiographic regions between Virginia 

and the Cahaba River Basin.  
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Results of Climate Scenario 

 Based on the monthly calibration in SWAT-CUP from 1983 to 1989, the NS (Nash-

Sutcliffe) coefficient, an indicator of the goodness-of-fit of hydrological models, was 0.43, which 

demonstrates that the simulated flow values are moderately matched with the observed flow 

values. However, based on the manual validation, the NS coefficient is -0.22 which indicates the 

model might be overly fitted for the selected calibration period. The validation is conducted by 

taking data of another same amount of years to check how the calibrated model would fit it. 

Therefore, if the validation values are not reasonably high, it indicates that calibrated model does 

not fit the long-term period that well.  

The SWAT model indicated that the discharge of the Cahaba River can either increase or 

decrease in the future based on different climate scenarios. In RCP 4.5, the mean annual 

discharge is predicted to increase from 72.2 m3/s to 80.3 m3/s from 2040 to 2077. On the other 

hand, mean annual discharge is predicted to decrease in the RCP 8.5 scenario from 88 m3/s to 

74.4 m3/s. This indicates that climate change could play a critical role in the discharge of the 

rivers. As shown in Figure 4, it is explicit that the response of discharge varies between different 

climate scenarios based on the level of radiative forcing values. The x-axis of Figure 4 is month, 

and the y-axis is the percentage of change in mean discharge for each month in the Cahaba River 

between current (from 1980 to 2017) and future (from 2040 to 2077) time periods, and the 

percentage change is using the future mean discharge for each month to compare with the current 
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ones. The Cahaba River is predicted to have higher mean daily discharge in most months, 

particularly in spring and winter, in the RCP 4.5 scenario, and the summer months would remain 

at similar levels of mean discharge or slightly decrease in June and July. However, the change in 

mean daily discharge for each month in RCP 8.5 is much more drastic. Most of the months 

through the years show declining mean discharge rates, and only two months in winter, 

November and December, would have slight increases in mean daily discharge. In May and 

June, the mean discharge is projected to decline by over 30 percent, which could cause a severe 

water supply issue in future summers.  

The reason for the different future discharge rates might be explained by the temperature 

and precipitation of the RCP scenarios. The values of RCP, such as 2.6, 4.5, 6.5, and 8.5, 

represents the possible range of radiative forcing values in future. The unit of radiative forcing is 

watts per square meter, which explains surplus or deficit of energy that the earth received. If the 

radiative forcing values are positive, it indicates that the earth receives more energy from space. 

Therefore, a greater value of radiative forcing values indicates a greater range of received energy 

from space, which explains why RCP 8.5 is the scenario that has the most extreme warm and 

arid climate. From Figures 5 and 6, the increase of temperature and precipitation are unlike in the 

two climate scenarios. In RCP 8.5, both maximum and minimum temperatures increased by 3° 

C, and temperature only increased around 2° C in RCP 4.5. Meanwhile, RCP 4.5 predicts a 

greater increase in precipitation of over 14 percent from 2040 to 2077. However, in RCP 8.5 

precipitation growth is only over 12 percent. The more drastic and arid climatic change scenario 

of RCP 8.5 gives a clue for revealing the decline of discharge. 
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3.2 Results of Population Scenario 

According to the 2010 U.S. Census Bureau, the population was about 4.78 million in 

Alabama, which increased to 4.85 million in 2015. The Center for Business and Economic 

Research at the University of Alabama projected the population of Alabama will be 5.32 million 

in 2040, reflecting an increase of 11.3% from 2010. Although the population at state level will be 

increasing, as shown in Figure 7 among the counties in the Cahaba River Basin, three counties in 

the lower river basin (Perry County, Dallas County, and Bibb County) will experience 

population declines. On the contrary, Shelby County and St.Clair County, which are located on 

the outskirts of the Birmingham metropolitan area, will experience over 35% growth of 

population in the next two decades. In population scenario design, these population growth rates 

would apply to the current public water supply use rate to acquire the predicted public water use 

in 2040. As shown in Table 2, based on the water withdrawal data from USGS, the public 

freshwater supply of the counties in the Cahaba River Basin is expected to be 128.71 million 

gallons per day in 2040. The method used to identify whether discharge is able to remain 

sufficient for the steadily increasing supply for public uses involves taking the mean daily 

discharge (gal/d) of the two study periods, the current period (1980 to 2017) and the future 

period (2040 to 2077), and then comparing these values. The future public freshwater supply is 

subtracted from the difference of mean daily discharge between the current and future periods, 

and, if the value is negative, it indicates that mean daily discharge for the year is not sufficient to 

satisfy the increasing public freshwater demand. The results of the population scenario are shown 

in Figures 8 and 9. It turns out that the majority of years during the future period (2040 to 2077) 

are able to maintain sufficient public freshwater supply. However, 9 years out of 37 years of the 

study period, about 24 percent of the study period, are unable to satisfy the increasing public 
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freshwater demand. This outcome is more dramatic in RCP 8.5. As shown in Figure 9, for 29 

years of the future period, which is about 78% of the entire study period (2040 to 2077), 

discharge is not able to balance the needs of public freshwater demand in the future period. 

 

Table 2: The public freshwater demand of the counties in the Cahaba River Basin.  

  

3.3 Results of Water Policy Scenario  

The water policy scenario is mainly concerned with the increase of irrigation demand 

resulting from a relaxation of riparian law in Alabama. This scenario has two assumptions: that 

irrigated croplands in the Cahaba River Basin will increase to 100% of all available cropland, 

and that the irrigated water use per acre will increase to the current Mississippi statewide average 

irrigation water use level per acre. According to the water use data from USGS, Mississippi’s 

current statewide mean irrigated water use per acre is around 1,169 gal/d, which is greater than 

that of the Cahaba River Basin, 640 gal/d. Furthermore, based on the land cover data from the 

National Land Cover Dataset (NLCD), cropland in the Cahaba River Basin is about 15,870 

acres, which is about 1.3 % of the watershed area of the river basin. Hence, if irrigation is 

implemented for all croplands of the Cahaba River Basin in 2040, the irrigation water use will be 

18.56 Mgal/d in the watershed. Because the irrigation season is usually spring or early summer, 

Public Freshwater Supply (Mgal/d)

County 2010 2040

Bibb County 4.89 4.67

Chilton County 4.89 5.26

Dallas County 5.9 4.77

Jefferson County 75.86 76.89

Perry County 1.7 1.2

Shelby County 15.88 22.5

St Clair County 9.92 13.42

Total 119.04 128.71
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the irrigation water uses would be an additional water supply challenge for some months, such as 

the springs and summers. 

3.4 The Response of Fishes 

 According to a study in Virginia (Tetra Tech, 2012), the five most significant hydrologic 

metrics affecting fish communities were included for examining hydro-alteration’s impacts on 

stream ecology. As shown in Table 3, the five most significant hydrologic metrics were 3-day 

maximum flow, 7-day maximum flow, 30-day minimum flow, 1-day maximum flow, and July 

low flow. From Tables 4 and 5, it is interesting to note that two climatic scenarios, RCP 4.5 and 

RCP 8.5, have established different trends for the hydrologic metrics. In RCP 4.5, all hydrologic 

metrics are expected to increase, and most of the hydrologic metrics in RCP 8.5 are projected to 

decrease. Table 6 shows the relationships between the fish metrics and the IHA metrics. Because 

most IHA metrics were increasing for RCP 4.5 and decreasing for RCP 8.5, the first column of 

Table 6 compares IHA outputs of RCP 4.5, and the second column of Table 6 compares IHA 

parameters from RCP 8.5. After the comparison with Table 6, the responses of fish metrics to the 

change of IHA metrics are listed in Tables 7 and 8. The majority of fish metrics are expected to 

decrease in both scenarios, which indicates the potential negative impacts on fishes in the 

Cahaba River Basin because of the variations of discharge. 

Table 3: The number of relationships between hydrologic metrics and fish metrics. 

 

Hydrologic Metrics Number of Relationships with Fish Metrics

3-day maximum 20

7-day maximum 18

30-day minimum 18

1-day maximum 17

July low flow 17
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Table 4: The change of hydrologic metrics in RCP 4.5 climatic scenario from IHA. 

 

Table 5: The change of hydrological metrics in RCP 8.5 climatic scenario from IHA. 

 

Table 6: The relationship between fish metrics and IHA metrics. 

 

IHA Metrics (RCP4.5) Past Future Growth

1-day maximum (m³/s) 240.1 281.4 41.3

3-day maximum (m³/s) 228.4 269.3 40.9

7-day maximum (m³/s) 202.1 247.5 45.4

30-day minimum (m³/s) 171.9 218.5 46.6

July low flow (day) 13.79 14.91 1.12

IHA Metrics (RCP8.5) Past Future Growth

1-day maximum 301.8 288.8 -13

3-day maximum 288.7 272.4 -16.3

7-day maximum 239 238.8 -0.2

30-day minimum 0.9336 1.026 0.0924

July low flow 60.95 25.23 -35.72

Fish Metrics Decrease (increase) with increases in these IHA metrics: Decrease (increase) with decreases in these IHA metrics:

Number individuals - total 1-day max

Number taxa - benthic insectivores 30-day min; 3-day max; July low flow 3-day max; 7-day max

Number taxa - benthic 30-day min; July low flow 3-day max; 7-day max

Number taxa - darters 30-day min;  Jul low flow 1-day max; 3-day max; 7-day max

Number taxa - flow preference, fast 30-day min; 3-day max; Jul low flow 1-day max; 3-day max; 7-day max

Number taxa - flow preference, moedrate 30-day min; 3-day max; Jul low flow 1-day max; 3-day max; 7-day max

Number taxa - flow preference, solw Jul low flow

Number taxa - intolerant suckers 30-day min; 3-day max; Jul low flow 3-day max

Number taxa - native benthic 30-day min; Jul low flow 3-day max; 7-day max

Number taxa - native Centrarchidae 30-day min; Jul low flow

Number taxa - native Cyprinidae 30-day min; Jul low flow 1-day max; 3-day max; 7-day max

Number taxa - native insectivorous Cyprinidae 1-day max; 30-day min; 3-day max 3-day max

Number taxa - native 30-day min; Jul low flow 3-day max; 7-day max

Number taxa - native round-bodiesd uckers 1-day max; 30-day min; Jul low flow

Number taxa - native sunfish Jul low flow

Number taxa - suckers 30-day min; Jul low flow 7-day max

Number taxa - sunfish Jul low flow

Number taxa - total Jul low flow 3-day max; 7-day max

Percent individuals - Cottidae 1-day max 1-day max; (3-day max)

Percent individuals - dace 1-day max 1-day max

Percent individuals - dominant 01 taoxn (1-day max); (3-day max); (7-day max)

Percent individuals - flow preference, fast 3-day max 1-day max; 3-day max; 7-day max

Percent individuals - flow preference, moderate 3-day max 7-day max

Percent individuals - flow preference, slow (3-day max) (1-day max); (3-day max); (7-day max)

Percent individuals - game fish (3-day max); (7-day max)

Percent individuals - insectivore 1-day max; 30-day min; Jul low flow

Percent individuals - insectivorous Cyprinidae 1-day max; 30-day min

Percent individuals - invertivorea nd piscivore 1-day max 1-day max

Percent individuals - lithophils 1-day max; 3-day max

Percent individuals - non native (30-day min); (Jul low flow)

Percent individuals - omnivores (30-day min); (Jul low flow)

Percent individuals - top carnivorse (3-day max); (7-day max)

Index - evenness 7-day max

Index - Shannon Wiener (log base e) 30-day min 3-day max; 7-day max
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Table 7: The responses of fish metrics in RCP 4.5 climate scenario. 

 

 

Fish Metrics Response:

Number individuals - total Not Significant 

Number taxa - benthic insectivores Decrease

Number taxa - benthic Decrease

Number taxa - darters Decrease

Number taxa - flow preference, fast Decrease

Number taxa - flow preference, moedrate Decrease

Number taxa - flow preference, solw Decrease

Number taxa - intolerant suckers Decrease

Number taxa - native benthic Decrease

Number taxa - native Centrarchidae Decrease

Number taxa - native Cyprinidae Decrease

Number taxa - native insectivorous Cyprinidae Decrease

Number taxa - native Decrease

Number taxa - native round-bodiesd uckers Decrease

Number taxa - native sunfish Decrease

Number taxa - suckers Decrease

Number taxa - sunfish Decrease

Number taxa - total Decrease

Percent individuals - Cottidae Decrease

Percent individuals - dace Decrease

Percent individuals - dominant 01 taoxn Not Significant 

Percent individuals - flow preference, fast Decrease

Percent individuals - flow preference, moderate Decrease

Percent individuals - flow preference, slow Increase

Percent individuals - game fish Not Significant 

Percent individuals - insectivore Decrease

Percent individuals - insectivorous Cyprinidae Decrease

Percent individuals - invertivorea nd piscivore Decrease

Percent individuals - lithophils Not Significant 

Percent individuals - non native Increase

Percent individuals - omnivores Increase

Percent individuals - top carnivorse Not Significant 

Index - evenness Not Significant 

Index - Shannon Wiener (log base e) Decrease
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Table 8: The responses of fish metrics in RCP 8.5 climate scenario. 

 

Fish Metrics Responses:

Number individuals - total Decrease

Number taxa - benthic insectivores Decrease

Number taxa - benthic Decrease

Number taxa - darters Decrease

Number taxa - flow preference, fast Decrease

Number taxa - flow preference, moedrate Decrease

Number taxa - flow preference, solw Not Significant

Number taxa - intolerant suckers Decrease

Number taxa - native benthic Decrease

Number taxa - native Centrarchidae Decrease

Number taxa - native Cyprinidae Decrease

Number taxa - native insectivorous Cyprinidae Decrease

Number taxa - native Decrease

Number taxa - native round-bodiesd uckers Decrease

Number taxa - native sunfish Not Significant

Number taxa - suckers Decrease

Number taxa - sunfish Not Significant

Number taxa - total Decrease

Percent individuals - Cottidae Either

Percent individuals - dace Decrease

Percent individuals - dominant 01 taoxn Increase

Percent individuals - flow preference, fast Decrease

Percent individuals - flow preference, moderate Decrease

Percent individuals - flow preference, slow Increase

Percent individuals - game fish Increase

Percent individuals - insectivore Increase

Percent individuals - insectivorous Cyprinidae Increase

Percent individuals - invertivorea nd piscivore Decrease

Percent individuals - lithophils Decrease

Percent individuals - non native Increase

Percent individuals - omnivores Increase

Percent individuals - top carnivorse Increase

Index - evenness Decrease

Index - Shannon Wiener (log base e) Either
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3.5 Limitations 

It is acknowledged that limitations and uncertainty exist in this study.  First, the time 

frame is important for interpreting the results. It is possible that a longer study period would give 

a somewhat different result, which gives the study an uncertainty. Second, the manual validation 

NS coefficient is a negative number, which indicates the model is overly fitted to the selected 

calibration period. The model could be adjusted to improve the NS coefficient. Third, 

groundwater scenario is not considered in this study. The major irrigation water withdrawal in 

Mississippi is actually from the groundwater. According to USGS data, over 90% of total 

irrigation water withdrawal is extracted from the ground-water. However, the situation is 

opposite in the Cahaba River basin, and over 70% of irrigation water withdrawal is from the 

surface water. This indicates the potential of ground-water withdrawal in the watershed, which 

may also affect the instream flow of the Cahaba River in the future. Finally, the discharge data 

are simulated. Although the model can produce a similar trend using real observed discharge 

data, it is not likely to be the same as the observations. In addition, the population data is only 

projected to 2040, which introduces uncertainties about the public water demand in the 2060s 

and 2070s. Because Alabama does not have a permitting system for water use, it is difficult to 

capture the actual number of farms that are using surface water from the river for irrigation, 

which is another limitation for estimating the irrigation water use in the future. 
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CHAPTER 4 

CONCLUSIONS 

 This study examined the potential impacts of external changes to flow of the Cahaba 

River, including climate change, population growth, and increasing irrigation. Simulated results 

from the SWAT model demonstrated that the discharges are slightly different in two climate 

scenarios. In RCP 4.5, the future discharge of the Cahaba River is more optimistic with mean 

daily discharge tending to increase in the future. However, when the population scenario is 

introduced, which means combining the greater public water demand, 9 years of the future 

period (2040 to 2077) are predicted to be unable to satisfy the increasing public freshwater 

demand due to the increasing population. In addition, the increasing irrigation demand would be 

another major challenge for some months in spring. On the contrary, it appears that the situation 

of the discharge of the Cahaba River will degrade in RCP 8.5. The mean annual daily discharge 

will be lower than the current level in the future, and almost 80 percent of the future study 

period, 29 years of the 37-year-long future study period, are unable to supply the public 

freshwater demand, indicating there might be competition with irrigation demand. Therefore, it 

is reasonable to confirm the hypothesis that the discharge of the Cahaba River, at least for some 

future periods, might be insufficient for meeting the increasing demands from external changes, 

such as climate change, population change, and increasing irrigation demand. Additionally, it is 

also worthy to mention that climate change plays an important role in shaping the long-term 

discharge trend, which indicates that flow of the Cahaba River Basin could be extremely 

sensitive to climate change. Future research that considers more external variables is required to 
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provide a more comprehensive insight into the changes of the discharge of the Cahaba River 

Basin. 
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APPENDIX 

 

Figure 1: The location of the Cahaba River basin. 
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Figure 2: The irrigated lands in the U.S.. URL: https://www.ers.usda.gov/topics/farm-practices-management/irrigation-water-

use/background/ 

 

Figure 3: The calibration results of SWAT outputs from SWAT-CUP. 
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Figure 4: The change of monthly mean daily discharge of climate scenarios. 

 

Figure 5: The change of mean maximum and minimum temperature of climate scenarios. 
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Figure 6: The change of precipitation of climate scenarios. 

 

Figure 7: The projected population growth of the counties in the basin. 
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Figure 8: The annual daily discharge surplus in RCP 4.5 with combined climate and population scenarios. 

 

Figure 9: The annual daily discharge surplus in RCP 8.5 with combined climate and population scenarios. 

 


